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Medium Voltage

A MEDIUM VOLTAGE

Medium voltage is defined as the range above 1 kV up to and including 52 kV (AC). Itis really a
sub-range of high voltage, for according to international rules there are initially only two voltage
groups:

e Low voltage: up to and including 1000 V- (or 1500 V-)
o High voltage: above 1 kV- (or 1500 V-)

It is with low voltage that most electrical devices in the household and industrial spheres work.
High voltage is used for very long-distance transmission of electrical energy, as well as for distrib-
uting it (on a more finely branched regional basis) to the load centers. These processes of transmis-
sion and regional distribution involve differently high voltages, because the duties and demands
imposed on switching devices and substations themselves differ substantially. That is why for those
voltages with which electrical energy is distributed regionally the term medium voltage came into
being.

e Medium voltage: above 1 kV- up to and including 52 kV-
Most network operating voltages are in the range 3 to 40,5 kV

Low

voltage High voltage

Medium voltage
1kV < U < 52kV

| ] | »
>

| ! !
0 1kV 52 kv AC voltage

Figure A-1: Voltage designation according to international rules

Why do the operating voltages have to vary so much? Generating plants are located depending on
the presence of primary energy sources, on the availability of cooling systems and on other ambient
conditions, and are usually therefore at some distance from the centers of consumption. The power
transmission and distribution networks do not just link generating plants with consumers; they also
form a supra-regional backbone with reserve capacity to ensure a dependable supply and for balanc-
ing out load fluctuations. So as to minimize transmission losses, high operating voltages (and lower
currents) are preferred. Only when the energy reaches the load centers near the consumers is the
high voltage transformed down to the values customary in the low-voltage network.

L

= i | ’”3 ‘ml;aqu"- ' = EEE' P :
(11} FH '[E Wr _ﬁl]l! l Il nml_? Mgy | | o e i:".li
N J AN NG _J
Y N ' ~
Medium voltage High voltage Medium voltage Low voltage

Figure A-2: Voltage levels from the generating plant to the consumer
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Medium Voltage

In public electricity supplies, most medium-voltage networks are operated at between 10 kV and 30
kV. These figures can vary tremendously from country to country, influenced by how technology
has developed historically and by local conditions. The spatial supply radius of a medium-voltage
network is in an urban area (operating at 10 kV) about 5 to 10 km, and in a rural area (operating
voltage 20 kV) in the order of 10 to 20 km. These figures serve just as a guide; in practice the re-
gion supplied can depend significantly on local factors, e.g. consumer structure (load) and the geo-
graphical situation.

In industrial plants with medium-voltage networks there are — apart from the infeed from the public
power supply- other voltages that depend on the loads; usually the operating voltages of the in-
stalled motors are the decisive factor. Operating voltages between 3 kV and 15 kV are frequently
found in industrial networks.

Medium voltage | | | Generation

High voltage Transmission grid

: : Substation
Primary

Medium voltage
{ l' \L distribution level

Secondary
distribution level

Low voltage

Figure A-3: Medium voltage in an electricity supply network

Figure A-3 shows schematically where medium-voltage equipment is found in the network struc-
ture:

e In the generating station (generators and auxiliaries),

 In transformer substations (public power supply networks or in large industrial plants) on the
primary distribution level, where the energy is fed in from the HV network, transformed down to
the MV level, and taken from there to

e In secondary unit substations, transformer substations or main substations for larger-scale loads —
the so-called secondary distribution level where the energy is stepped down from medium to low
voltage and distributed to the ultimate consumer.

12 © Siemens AG - 19E0



Fundamental Characteristics of Switching Devices
B FUNDAMENTAL CHARACTERISTICS OF SWITCHING DEVICES

B1l What is switchgear?

Switchgear is a generic term meaning all that equipment which is used for distributing, interrupting
and disconnecting voltage and current in electrical circuits. Specifically, switching devices for con-
necting and interrupting electrical circuits are subject to three basic duties:

e current-free switching (when negligible current is flowing)
e interruption of operating currents
e interruption of short-circuit and other fault currents

B2 What are the individual devices and what can they do?

e Circuit-breakers
Can switch on and off (make or break) all values of current within their rated capability, from
small inductive or capacitive currents, up to full short circuit currents, under all possible fault
conditions in the network; earth fault, phase opposition etc.

e Switches
Can switch on and off operating currents up to their rated interrupting capability and may be
able close onto existing short circuits up to a rated fault making current.

e Disconnectors (Isolators)
Have the purpose of opening or closing an electrical circuit and providing a specifically safe
isolating distance so that equipment downstream can be worked on in safety. They are designed
to open and close only under voltage or current-free conditions.

e Switch-disconnectors
Combine the functions of switches and disconnectors or, put another way, they are switches
with the specific safety gap required of disconnectors.

e Contactors
These are load switching devices with limited short circuit making and breaking capacity. They
are electrically operated and are used for high switching rates, eg. for motor control.

e Earthing switches
Are used for earthing circuits, or parts of circuits, which have already been disconnected.

e Make-proof earthing switches
Are used for the safe earthing of circuits, or parts of circuits, even if these may be live, that is,
also for the case where the circuit to be earthed has accidentally not been disconnected.

e Fuses
Consist of a fuse base and a fuse link for short circuit current interruption. The fuse base will
provide a safe disconnection gap when the fuse link is removed under volt-free conditions (as
with a disconnector). The fuse link will interrupt a short circuit current once only, then it must
be replaced.

e Surge arresters
Conduct excessive electrical charges, caused by lightning strikes (external overvoltages) or
switching operations and earth faults (internal overvoltages), to earth, thus protecting the con-
nected equipment against voltages which it is not designed to withstand.

© Siemens AG - 19E0 13



Fundamental Characteristics of Switching Devices

B3 Selection of switching devices

Switching devices are selected according to their rated values as well as according to their switch-
ing duties. The following tables list the selection criteria. Table B-1 shows selection according to
rated data, Table B-2 to Table B-4 show selection according to switching duties in normal service
and Table B-5 to Table B-7 the same for abnormal service (fault conditions).

B3.1 Selection according to rated data

The network characteristics, that is, the features of the primary circuits, determine the necessary
values. The most important are:

a) Rated voltage
is the upper limit of the highest system voltage, for which the device has been dimensioned.
Since all high voltage switching devices interrupt the circuit at current zero (see chapter C
1.1) - with the exception of certain types of fuses - the network voltage is the most important
dimensional criterion. It determines the dielectric stress on the device, caused by recovery
and restriking voltage, especially when opening.

b) Rated insulation level
is the insulating capability of the phases against earth, between the phases and across the
open gap or disconnecting distance. The insulation level is the measure of the capability of a
device to withstand all voltages to which it is subjected, from normal network fluctuations to
those which may occur during network operation. These latter may be operational or high
frequency overvoltages, caused by switching, earth faults (internal overvoltages), or light-
ning (external overvoltages). The insulation level is proven by the application of a standard
impulse voltage 1.2/50 ps and an alternating current voltage (50 Hz for 1 minute).

C) Rated (normal) current
is the current which the main circuit of the device can carry continuously, under defined
conditions. The temperature of components - particularly contacts - shall not exceed speci-
fied values. Permissible temperature rises always relate to the surrounding temperature. If a
device is fitted into an enclosure, its current carrying capacity may be reduced - dependent
upon the quality of heat transfer.

d) Rated peak withstand current
is the highest value of the first major loop of current during the transient period following
the beginning of current flow, which the device can carry when in the closed position. This
is a measure of the electro-dynamic (mechanical) stress on a device. For equipment which
has a full closing capability (see rated short circuit making current), this value is of no im-
portance.

e) Rated peak making current
is the peak prospective current which the device is proven to close onto with safety, antici-
pating the condition of short circuit close to the terminals at the instant of closing. Stress is
greater than for peak withstand current because mechanical forces may act against the clos-
ing movement of the contacts.

14 © Siemens AG - 19E0



Fundamental Characteristics of Switching Devices

f) Rated (normal) breaking current

is the current which can be safely and repeatedly interrupted during normal operation. For
equipment which has a full closing capability (see rated short circuit breaking current), this

value is of no importance).

g) Rated short-circuit breaking current

is the maximum short circuit current which can be safely interrupted, even if the short circuit

is at the terminals of the device.

The characteristics of the secondary equipment are not taken into account here.

Device Withstand capability: rated ... Switching capability: rated ...
Insulation | Voltage |Normal |Peak Breaking | Short-circuit | Short-circuit
level current | withstand | current breaking making

current current current

Circuit-breaker X X X X X

Switch X X X X X

Disconnector X X X

Earthing switch X X

Make-proof earth. X X X

switch

Contactor X X X X x? XV

Fuse link X X X

Fuse base X X

Surge arrester * X2 X3 X4 X%

Current limiting reactor X X X

Bushing X X X

Post insulator X x©

X Selection criterion

1) Limited short-circuit 3)
switching capability

2) Selection criterion only in special  4)

cases, e.g. extraordinary stress due
to pollution layer

For spark gap arresters
= recovery voltage

Rated discharge current
of surge arresters

Table B-1: Selection according to switching duties

B3.2 Selection according to switching duty

*) See also chapter B 3.4

5) For surge arresters: fault withstand
capability in case of overload

6) For post insulators and bushings:

specified failing load

Table B-2 and Table B-4 list the switching duties which may apply in actual system service, and
indicate the economically most suitable switching devices ("rational application™). Every switching
operation has characteristics which stress the switching device in different ways. These characteris-
tics are described in detail in chapters B 4 to B 6. A distinction is made between normal, undis-
turbed service (load currents) and abnormal, disturbed service (fault currents).

© Siemens AG - 19E0
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Fundamental Characteristics of Switching Devices

B32a Normal service (Undisturbed service)
No. | Switching duty Switching device (rational application)
Circuit-breaker Switch / switch-disconnector Contactor
Vacuum SFs Air, hard-gas
' gwght)terlgfgatrrti?rs]gotrgﬁgformer) X X X X X
2 | Loaded transformer X X X X X
3 | Overloaded transformer X X X X X
4 | Transformer inrush X X X
5 | Furnace transformer X X
6 | Earthing coils X X X
7 | Shunt reactor X
8 | Motor, normal operation X X X X
9 | Motor, during starting X X X X
Table B-2: Inductive circuits
No. | Switching duty Switching device (rational application)
Circuit-breaker Switch / switch-disconnector Contactor
Vacuum SFg Air, hard-gas
10 | Capacitor X X X X X
11 Efagl;pg)asi?gl:SSW|tch|ng X X X
12 | Unloaded cable X X X X
13 | Unloaded overhead line X X X X
14 | Filter X
15 | Ripple control system X X X
Table B-3: Capacitive circuits
No. | Switching duty Switching device (rational application)
Circuit- Switch Lasttrenn | Discon- | Earthing | Make- Surge
breaker (vacuum) |schalter |[nector |switch proof arrester
(air, SF¢ earthing
hard-gas) switch
16 | Ring main sectionalizing X X
17 | Busbar transfer X X
18 | Earthing and short-circuiting X X X X X
19 | Synchronising X
20 | Isolating X X
21 | Diverting overvoltages X

Table B-4: Other switching duties in normal service

16
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Fundamental Characteristics of Switching Devices

B32b Disturbed service

No. | Switching duty

Switching device (rational application)

Circuit- Switch / switch-disconnector | Contac- HRC fuse
breaker Vavuum | SFs | Air, hard-gas | ©F
22 | Fault making X X X X X!
23 | Short-circuit across terminals X X
24 | Auto reclosing X
25 | Short-circuit downstream generator X
26 | Short-circuit downstream reactor X
27 | Short-circuit downstream
X X
transformer
28 | Locked motor rotor X X X X X
29 | Double earth fault X X
30 | Out-of-phase condition X
Table B-5: Switching in case of short-circuit
No. | Switching duty Switching device (rational application)
Circuit-breaker Switch-disconnector
SFg Air, hard-gas
31 | Unloaded cables, overhead lines, 2
; X X X
fault on the supply side
32 | Loaded cables, overhead lines,
. X X
fault on the supply side
33 | Unloaded cables, overhead lines, X X X
fault on the load side
34 | Loaded cables, overhead lines, 2
fault on the load side X X X
Table B-6: Switching under earth fault conditions *
No. | Switching duty Switching device (rational application)
Circuit- Switch / switch-disconnector Make-proof HRC fuse
breaker Vavuum | SFs | Air, hard-gas |  €arthing
switch
35 | Protective disconnection X X
(isolating under load)
36 | Rapid load transfer
37 | Transformer with %
shorted winding
38 Swm_:hmg under short-circuit X X X X X
condition

Table B-7: Other fault conditions

! Limited short-circuit making capacity

2 Limited short-circuit breaking capacity; take data of manufacturer into account!
3 Earth fault in networks with isolated or resistive earthed neutral, and in networks with earth fault neutralization

© Siemens AG - 19E0
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B 3.3 Selection according to switching frequency

If a number of devices meet the electrical requirements and no other criteria take precedence, the
required switching frequency can constitute a further selection criterion. The following tables show
the service lifetime of switching devices and give recommendations for use. The respective stan-
dards make a distinction between classes of electrical and mechanical service lifetime. A “mixture”
of classes is possible; for example a switching device can belong mechanically to Class M1 and in
electrical terms to Class E3.

B33a Switches to IEC 60265-1

The standard defines classes only for the so-called multi-purpose switches, although, besides these,

there are also "special purpose switches" and "limited purpose switches™.

As the name suggests, multi-purpose switches must be capable of switching different kinds of oper-
ating currents, for example load currents, ring currents, currents of unloaded transformers, charging
currents of unloaded cables and overhead lines, and also of making short-circuit currents. Multi-
purpose switches intended for use in networks with an isolated star point or with earth fault com-
pensation must also be capable of switching under earth fault conditions. Their diversity is reflected
in the fairly exact designations for the E classes.

Class Switching Description
cycles
M M1 1000 Mechanical endurance
M2 5000 Increased mechanical endurance
El 10x 1y ] )
10X |y, 20x0.05- 1, I, active load-breaking current
2% | l,,  closed-loop breaking current
ma 10 X lgg . .
l,,  cable-charging breaking current
E2 30x Iy 10X 0.2t00.4 - Iy, l;»  line-charging breaking current
E 20X |z ox] lsa earth fault breaking current
3X lma X lap lg, cable- and line-charging breaking
E3 100x I, 10 X lgy current under earth fault conditions
20X Iy, 10 X lgp Ima  Short-circuit making current
5X Ima

Table B-8: Classes for multi-purpose switches

SFs switches are advisable if the switching frequency averages < 1 / month. Regarding the electrical
endurance those switches mostly are rated for class E3.

Air or hard-gas switches are advisable if the switching frequency averages < 1/ year. The design of
these devices is simpler and in the majority they belong to class E1, however, also class E2 switches
are available.

Vacuum switches constitute a special case. Their performance distinctly exceeds the M2 / E3
classes. They are used for special purposes only, for example in industrial systems or if switching
rates > 1 / week are required.

* Limited purpose switches need only master a selection of a multi-purpose switch's duties. Special purpose switches
are intended for switching tasks such as those of single capacitor banks, parallel switching of capacitor banks, ring
circuits formed by parallel-connected transformers or motors (in the normal or braked state).
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B33b

Circuit-breakers
While the numbers of mechanical switching cycles of the M classes are expressly mentioned, the

circuit-breaker standard does not define the electrical endurance of the E classes with specific num-
bers of switching cycles, but unfortunately only vaguely with a verbal description.

The type test switching sequences of the short-circuit type tests provide some orientation as to what

is to be understood by "normal electrical endurance™ and "extended electrical endurance”. The

numbers of making and breaking operations are specified in the gray-highlighted boxes in the table.

It must also be said that modern vacuum circuit-breakers are generally capable of making and

breaking the rated normal current with the number of mechanical switching cycles.

Class Description
M M1 2,000 switching cycles | Normal mechanical endurance
M2 10,000 switching cycles | Extended mechanical endurance, low maintenance
2 x C and 3 x O with 10%, . -
El 30%. 60% and 100% I, Normal electrical endurance (circuit-breaker not covered by E2)
2 x C and 3 x O with 10%, Without
E 30%, 60% and 100% I auto-reclosing duty .
Extended electrical endurance
E2 | 26xC 130x0O 10% s without maintenance of the arcing
26xC 130x0O 30% Il With chamber
4xC 8x0 60% ls | auto-reclosing duty
4xC 6x0O 100% Iy

C = closing, O = opening; Iy = rated short-circuit breaking current

Table B-9: Circuit-breaker classes

B3.3c

Disconnectors
Disconnectors do not have any switching capacity”, and so classes have only been defined for the

number of mechanical switching cycles.

Class Switching Description
cycles
MO 1,000 For general requirements
M M1 2,000
Extended mechanical endurance
M2 10,000

Table B-10: Disconnector classes

® Disconnectors up to 52 kV are only allowed to switch negligible currents up to 500 mA (e.g. voltage transformers) or

higher currents only if the voltage difference is insignificant (e.g. when changing busbars with the bus coupling
activated).

© Siemens AG - 19E0
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B33d Earthing switches

In the case of earthing switches, the classes designate their short-circuit making capacity (earthing
to an applied voltage). EO corresponds to a normal earthing switch and switches belonging to
classes E1 and E2 are also referred to as "make-proof earthing switches".

Class Switching Description
cycles
EO 0X Ima No short-circuit making capacity )
For general requirements
E El 2X lma - - .
Short-circuit making capacity -
E2 5X Ima Reduced need for maintenance

Table B-11: Classes for earthing switches

The standard does not define how often an earthing switch can be actuated mechanically. There are
no M classes for these switches.

B33e Contactors

The standard for contactors has not yet defined endurance classes. Customary designs feature me-
chanical and electrical endurance in the order of 250,000 and 1,000,000 operation cycles. The can
be encountered where extremely high switching rates occur; e.g. > 1/ hour.
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B34 Selection of surge arresters

For surge arresters, partially different selection criteria apply than for switchgear in the normal
sense of the word. The most important characteristics are described hereafter. Additional explana-
tions are given in Figure B-1.

a)

b)

d)

Rated voltage (arresters with spark gap)

is the highest system voltage, at which the surge arrester can still recover after it has operated.
In the case of metal-oxide arresters (MO-arresters), this corresponds to the rated voltage and
the continuous operating voltage.

Rated voltage (Metal-Oxide-Arresters)

is the highest permissible voltage at which the arrester, under the condition of a temporary rise
in voltage (maximum 10 s), will still function correctly; i.e. there is no residual current which
causes an impermissible rise in high temperature.

Continuous operating voltage (Metal-Oxide-Arresters)
is the highest permissible network voltage which may be continuously applied to the arrester.

Sparkover voltage

is the voltage which causes the arrester to operate, that is, to cause flashover of its spark gap(s).
The wave shape determines the response time and the limiting level. The sparkover voltage
(sometimes also called the limiting voltage) is more accurately defined by the:

1 = Prospective impulse voltage
(without operation of the arrester)

2 = Impulse voltage at the surge arrester

3 = Discharge current

u,, = Lightning impulse sparkover voltage

U, = residual voltage

i = Discharge current

Figure B-1: Characteristics of surge arresters

Switching impulse sparkover voltage which is the peak value of the lowest switching impulse
voltage that causes the arrester to operate.

Front of wave sparkover voltage, i.e. the value at which the arresters discharges at the front-
of-wave of a very steep impulse voltage (representative for close lightning).

100% lightning impulse voltage which is the peak value of the lowest impulse voltage that
always causes the arrester to operate (representative for remote lightning).

Power frequency sparkover voltage which is the r.m.s. value of a power-frequency voltage
(50 Hz or 60 Hz) that causes the arrester to operate (this characteristic is of no importance for
the insulation coordination, power-frequency voltages of this value must not appear at the ar-
rester).
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€)

f)

9)

h)

Residual voltage

is the voltage across the arrester terminals when the discharge current flows. Sparkover and re-
sidual voltage define the level of protection given by the arrester and are thus the critical mag-
nitudes for coordination of the system's insulation levels.

Rated discharge current
is the peak value of the impulse current which will not cause the permissible residual voltage to
be exceeded.

Energy absorption capacity
is the permissible energy which may be converted in the resistances of the arrester during dis-
charge.

Fault withstand capability
is the capacity of an arrester to carry short circuit currents of specified magnitude and duration
after sparkover, without endangering the surroundings by bursting.

Additionally, other aspects can be important for selection, such as the insulating capacity of the
housing (with heavy pollution at the site of installation, surface contamination stress), altitude
above sea level and special installation conditions (enclosure in insulating gas, SFe).

Just as other devices, arresters are also selected according to the application. Depending on the
method of connection, the characteristics mentioned above may have different priorities.

22
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B4 Switching duties and their characteristics

When selecting switching devices, not only the rated data, but also the switching duties arising dur-
ing normal service must be considered, in order to use the best switching device for each applica-
tion. The following tables list the most important switching duties again and indicate the character-
istic criteria.

Explanations:

@®  This column indicates whether the stress condition concerned occurs during closing
or opening.

@  Column 2 indicates normally expected values for the power factor.

®  Column 3 lists the currents to be switched in the worst case, with the following definitions:
I, = Rated current of the load
Ir = Follow current (only for surge arresters)
Isc = Rated short-circuit breaking current
I, = Peak short-circuit current of the system
@  Column 4 lists the possible transient recovery voltages. The value in parenthesis,

e.g. (1.5 U/3), indicates the power-frequency recovery voltage in the first-quenching pole
(first pole to clear); U is the maximum phase-to-phase voltage (operating voltage).

The factors used are:

1.4 = Amplitude factor y

\2 = Conversion from r.m.s. value to peak value

1.5 = Factor for the voltage displacement in the first pole-to-clear (pole factor)
\3 = Conversion delta voltage to star (phase-to-earth) voltage

®  Column 5 indicates the maximum rate of rise of the transient recovery voltage after the instant
of current interruption.

®  Column 6 shows the main problems that could present special difficulty for the switching
device. If nothing is indicated, this switching duty does not present a problem for the switch-
ing devices selected.
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B4.1 Normal service (undisturbed service)
No | Switching duty Load condition encountered
Off =0 | cos ¢ Cur- | Transient recovery | Rate of rise | Nature of duty
On=C rent™ | voltage (TRV) of TRV
@ @ ©) @ ® ®
0.15 Overvoltages due to chop-
1 | Unloaded o to |<0.03l <0.1kV/ps | ping of small currents are
transformer .
0.30 possible
0.7
Loaded U
2 {2} O to < Ir 1!4 \/5(115 _J <0.2 kV/H.S -
transformer 10 V3
0.7
Overloaded
3 transformer 0] 1t% <121, <0.2kVius |-
Transformer Switching off 15- I,
4 inrush O 0.15 | <1541, <0.2kV/pus |atcos ¢ =0.15;
1,4-x/§-(1,5-ij overvoltage possible
Furnace 0.2 V3 High switching frequency,
5 C; 0O to <2, <0.2kV/us |overvoltage possible, indi-
transformer . :
0.9 vidual surge protection
o <10A |etwa0.1.U ™ <0.2kV/us |-
6 | Earthing coils 0.15 U Overvoltages possible
o® éggﬁ) 14-42- 7 <4kV/us | when switching off
3 during earth fault
7 | Shunt reactor o] 0.15 = 14-+2- 15-i <6kV/ High rate of rise of TRV
=2 1 2000A |7 VN B g
0.8
Motor U
8 ! : o) to <1, |14-42- 15-—} <02KV/ps |-
normal operation 0.9 ' V3
02 Interruption of 7- I, at cos
Motor ' U le =0.2; high recover
O <71 14422 —= ® » g y
9 during starting © (;03 <7l V2 ﬁ) <02kVips voltage due to residual
' motor voltage
{1} I, is the rated normal current of each load.
{2} This means distribution transformers
(not included are unit transformers with with spezial loads, such as motors, furnaces etc.)
{3} Usually earthing coils are not switched off during an earth fault in the network.
{4} The voltage indicated with 0.1-U ist he maximum voltage which occurs during normal service. In case of an earth
fault the full rated voltage can appear across the break distance when the device is open.
{5} During an earth fault in the network the current can amount up to 60 A in normal cases, however, exceptionally it
may reach 300 A as well.
{6} The factor 2 considers the residual motor voltage, which can increase the transient recovery voltage by this factor

in case of phase opposition (180°).

Table B-12: Characteristics of inductive circuits

24
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No | Switching duty Load condition encountered
Off =0 | cos ¢ Cur- | Transient recovery | Rate of rise | Nature of duty
On=C rent™ |voltage (TRV) |of TRV
O] @ ® @ ® ®
) lead- up to u Power .
. 2| 1+15—
10 | Capacitor 0] ing 141, @ V2 [[ + 5] ﬁ] frequency High recovery voltage
Back-to-back High value and rate of
11 | switching C :ﬁad' 1Ouoplt(12} rise of inrush current
of cappacitors g o (f up to 50 kHz)
lead- up to
12 | Unloaded cable @] ing 100 A
Unloaded lead- up to .
13 overhead line ) ing 10 A High recovery voltage
. lead- up to U Power
14 | Filter 0] . . L
ing 2000 A V2 ([1+1,5] J3 ] frequency
High recovery voltage;
. i audio-frequency current
15 | Fipple control o || Ut (160 Hz up to 1.6 kHz) is
4 g superimposed to the p.f.
current (50 Hz / 60 Hz)
{1} The first value 1-U/N3 which results from the calculation of the brackets, indicates the voltage at which the capaci-

{2} I, is the rated normal current (50- or 60-Hz power-frequency current) of the capacitor.

tance of the device remains charged under worst case conditions. The value 1.5-U/v/3 is the power-frequency re-
covery voltage, including the first pole-to-clear factor 1.5.

Table B-13: Characteristics of capacitive circuits

No | Switching duty Load condition encountered
Off =0 | cos ¢ Current™™ | Transient recovery | Rate of rise Nature of duty
On=C voltage (TRV) of TRV
O] @ ® @ ® ®
Ring main . .
16 sectionalizing 0] 0.31. uptol, |ca.03-U <1.0kV/us
) 0.7- Power
17 | Busbar transfer C;0 10i | UP tol, [upto20V frequency
18 Earthln.g aqq c
short-circuiting
19 | Synchronising C
20 | Isolating 0
Diverting 2 Power Interruption of follow
21 @] I U
overvoltages frequency currentat U
{1} I, is the rated normal current of each load.
{2} Since the follow current through an arrester is resistive, the operating voltage appears without high-frequency

transient components.

Table B-14: Characteristics of other duties in normal service

25
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B4.2 Disturbed service
No [ Switching duty Load condition encountered
Off =0 | cos ¢ Cur-  [Transient recovery Rate of rise of | Nature of duty
On=C rent™ |voltage (TRV) TRV
O, @ ® @ ® ®
22 | Fault making c 0.15 I, Peak shc_)rt—urcqlt cur-
lag. rent during closing
Short-circuit 0.15 .
23 across terminals 0] lag. Ik <1.0kV/us |Full breaking current
@ A 0.15 2x Off, 1 xOn
24 | Auto reclosing 0-t,-C-O lag. Ik < 1.0 kV/us within 300 ms
Short-circuit 015 Interruption at high
25 | downstream o] Ié Ik U <6.0 kV/us |initial rate of rise of
generator 9. 1442115 — TRV
3
Short-circuit 015 Interruption at high
26 |downstream 0] Ié Ik <10.0 kV/us |[initial rate of rise of
reactor g TRV
Short-circuit 015 Interruption at high
27 |downstream 0] Ié Ik <4.0kV/us |initial rate of rise of
transformer g TRV
Locked 0.2 @ e U Interruption 7-1, at
28 motor rotor o lag. <7k 14:+/2: 15 V3 <10kVius cos ¢ =0.2
Double 0.15 {4} .
29 | corth fault 0 lag. 0.87-1¢ 1.22-U <1.0kV/us |High recovery voltage
Out-of-phase 0.15 U | Very high TRV and
- . 21442115 — 7l .
30 condition © lag. 0.25-I V2 ( > \/§J <2.0kVips high initial rate of rise
{1} Ik is the short-circuit current of the system, I is the corresponding peak current.
{2} Dead timet, = 300 ms
{3} I, is the rated normal current of the motor.
{4} The amplitude factor is only y = 1.2 in the case of double earth fault.

{5}

The factor 2 takes into consideration the least favourable switching conditions under which the two system part are
out of phase by 180°.

Table B-15: Switching in case of short-circuit

26

© Siemens AG - 19E0




Fundamental Characteristics of Switching Devices

No | Switching duty Load condition encountered
Off=0 | cos¢ | Current™ |Transientre- |Rateof rise | Nature of duty
On=C covery voltage |of TRV
(TRV)
O] @ ® @ ® ®
Unloaded cables,
overhead lines, .
31 fault on the sup- @] leading [ upto5 A
ply side J 3 Power High recovery
2-[U+U
Loaded cables, [U+U)] frequency | voltage
- . upto5A
overhead lines, leading,
32 O +upto
fault on the sup- lag. >0.7
. 300 A
ply side
Unloaded cables,
overhead lines, . up to . .
33 | fault on the load © leading | 100 o High cta?arfltlv_e
side U current (charging
V2. (1,5~—] Power current of network)
Loaded cables, up to V3 frequency |7
34 overhead lines, 0 leading, | 400A load current
fault on the load lag.>0.7| +upto
side 300 A

{1}

The first value U in square brackets indicates the voltage at which the capacitance of the device remains charged
under worst case conditions. The value in parenthesis represents the power frequency recovery voltage.

Table B-16: Switching under earth fault conditions

No | Switching duty Load condition encountered
Off =0 | cos ¢ Cur- | Transient recovery | Rate of rise Nature of duty
On=C rent™ |voltage (TRV) |of TRV
O] @ ® ©) ® ®
Protective discon-
- U
35 [ nection (isolating @] O.I7a1 10 upto I, 1,4~\/§~(1,5-—j <0.2kV/us |---
under load) g V3
0.15-
U
@] 1.0 |uptolk 1,4-\/5-(1,5-TJ <0.2 kV/us
36 |Rapid load transfer lag. 3 Load transfer in less
0.7-1.0 than 150 ms
C | up to I,
ag.
0.15- Interruption at high rate
Transformer with 0.3 Iy up Sl YU of rise of TRV. Currents
37 shorted winding o to I 1442:(15 J3 <20kVips between I, and |, for
lag. fuses
Switching under L
38 | short-circuit c 0.15 I Peak shc_>rt—0|rcu_|t cur-
i lag. rent during closing
condition

Table B-17: Other fault conditions

© Siemens AG - 19E0
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B5 Normal system service (Undisturbed service)

B5.1 Switching operations in inductive circuits

The main problem when switching inductive circuits is the possibility that switching overvoltages
can occur. These are overvoltages generated by the switching device during switching on and espe-
cially during switching off. There are three possible causes to be considered:

B51la Current chopping

umax r

N\
j U \/> 1.|_.|2:%.C-U2 {1}

2

max C a

Figure B-2: Current chopping during inductive switching

If the current is suddenly interrupted before the natural current zero (ic in Figure B-2) when switch-
ing very small inductive currents (up to approx. 20 A), magnetic energy remains in the iron of the
circuit on the disconnected side, proportional to the chopped current. This magnetic energy is dis-
charged through the capacitance on the disconnected side (mainly the cable capacity) {1}. Trans-
posing formula {1} gives formula {2}. The maximum overvoltage is Uma =V(L / C) - ic. As L and C
are defined by the system, the only item that can be influenced is the magnitude of the chopped cur-
rent ic. So, one objective is to develop switching devices with small chopping currents. However,
the chopping effect cannot be reduced at will, because intensive arc quenching is required for other
switching duties, such as switching of capacitive currents.

B51b Multiple re-ignitions

When switching small inductive currents (approx. 20 A up to some hundred amps), higher overvolt-
ages can be generated if the arc reignites after the first interruption of the current, and if the device
is then able to interrupt the high-frequency transient current i, which appears after the reignition.
This process always includes a transient reaction between the capacitance on the system side and
that on the load side. If it occurs repetitively, it is defined as multiple reignition. The voltage ampli-
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tude increases with each reignition (voltage escalation), so that extremely high overvoltages can
result.

NN TN
§ 1.ign. d \ el
A

S~ 2.ign.

\ Recovering
Kdielectric strength
i

A [l .
v U [hs]

Figure B-3: Reignitions during inductive switching (principle)

200us
=

Multiple reignitions in the breaking of a purely inductive 6 kV circuit;
without voltage limiting (left) and with voltage limiting (right).

Figure B-4: Oscillogram of multiple reignitions
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B51lc

Virtual current chopping

With an increasing voltage amplitude, caused by reignition, the correspondingly high frequency
transient current rises with each reignition. If this transient current (it in the figure) is coupled in-
ductively / capacitively into the other two phases, which are still carrying the power-frequency cur-
rent at this time, high-frequency current zeros (is, ir) may also appear there. If the breaker interrupts
in one of these current zeros, this is called virtual (= induced) current chopping. This high-
frequency current only flows in the immediate vicinity of the switchgear, whereas the load still car-
ries the 50-Hz-current. Current interruption at a high-frequency current zero described above has
the same effect on the 50-Hz current as real current chopping at this time. So, formula {2}

Umax = V(L / C) - ic mentioned in a) will also give the height of this possible overvoltage.

UN

LN CnN

_________
- ~.

- ~<

~——. -

2 3 3+

Ca
x
z
T

High-frequency
current zeros in the
last poles-to-clear
caused by induction

e

Figure B-6: Virtual (induced) current chopping in the phases S and R
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As this virtual current chopping can occur at comparatively high instantaneous values of the 50-Hz
current, correspondingly high overvoltages are possible. These overvoltages can be controlled by
surge arresters (surge limiters).

B5.1d Transient closing voltages

Every closing of an electrical circuit in high voltage systems will cause pre-arcing with transient
oscillations. The following theoretical treatment describes the closing conditions in the most unfa-
vourable case, in which the maximum transients occur. Damping and other effects are neglected.

L Ch=IxC'
L~ W a
X < -

Ny,

|

Figure B-7: Network and load capacitances on closing

The arrangement in Figure B-7 shows an inductive load, which is connected to the switchgear by a
cable. The load capacitance C, results from the cable, whereas the inherent capacitance of the load
(e.g. transformer, motor) is some mutiples of ten less, so it can be neglected in this treatment. Many
cables are connected to the busbars, so the network capacitance is very large (Cy — o). Thus full
transient voltage appears at the load side of the breaker.

ULs

2 T T
| »=——=UJ [p.U.
‘015 ULl =+ 1!0 [p ] 1 /\ /\ {\ f\

L2

Figure B-8: Voltages at time t; and voltage trace in first pole to close

In the time scale of the oscillations described here, the operating frequency voltage remains almost
constant. Up to time t1, consider the line to earth voltage U, ;to be at the maximum + 1 p.u. (Figure
B-8 left). Also, consider the first closing pole to be in line L1. The breakdown of voltage over the
switch contacts L1 (due to pre-arcing or galvanic contact) causes, as a result of the sudden voltage
change, a travelling wave which runs periodically along the cable. In the first pole to close, L1, this
builds an oscillating voltage with an overvoltage factor k = 2 (Figure B-8 right). The travelling
wave sees the inductive load as a quasi open cable end, since the wave resistance of, for example,
motors and transformers lies in the region of Zjp,q = 1000 €2, in contrast to Zcape = 10 Q. At the
switch, the cable connection has a wave resistance approaching Z = 0. Thus the cable natural fre-
quency fx = v/ (4:1); where v = wave velocity, approx. 150 m/ps.
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Simultaneously with the closing of the first pole, an equalising oscillation of frequency fa is set up
in the two last closing poles L2 and L3. This is represented by the circuit in Figure B-9. Through
the bridging of the contact gaps in the last poles to close, the oscillation fa moderates into an oscil-
lation with the natural frequency of the cable fx (Figure B-10), which then oscillates into the instan-
taneous value of the operating frequency voltage (half line-to-earth voltage. Overvoltages up to k =
3 result.

La
L1 N YN
25 s b N
( )
L2 } 228 N /:
| T l
L3 ! 228 : . YN !
| /
i gt
I C, = e /
I a I |
CN— || | | fq
\‘ ———————————————————— ‘/——— —//
|

Figure B-9: Oscillations in last poles to close before contacts touch

é U [p.u.]

2 fa
11 /W ﬂfK
N
0 AR
14 t; t3
24 . 1 U
31 % 2n/15-L,20,

Figure B-10: Voltage trace in last poles to close

Related to the peak value of the line-to-earth voltage, overvoltages with factor k = 2 can occur in
the conductor of the first pole to close and, in the conductors of the last poles to close, with k =3
resp. k' =5 (bipolar). Theoretically, a value of k = 6 is possible for the overvoltage between the
phases of the last poles to close. In practice, the stresses are less than the theoretical maximum val-
ues, because of the statistical distribution of the overvoltages.

The described phenomena can occur in all switching devices, regardless of the method of arc ex-
tinction and arc quenching medium used.
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B5.2 Switching operations in capacitive circuits

A distinction has to be made here between switching off and switching on capacitive consumers.
Different stresses may arise:

B5.2a  Switching off

When switching off at a current zero (time t1), the capacitor remains charged at the peak value of
the source voltage (uc). The system voltage (un) continues changing sinusoidally and reaches its
opposite peak value after 10 ms. The recovery voltage (difference between uc and uy) now starts
rising slowly. In this case, the stress is not caused by the rate of rise, but by the absolute value of the
voltage. If there is a new ignition within 5 ms after arc quenching, this is called a reignition. This
type of new ignition is not dangerous. If the new ignitions take place after a de-energized pause of
more than 5 ms, they are called restrikes. However, if they appear after approx. 10 ms, these re-
strikes can be the origin of high switching overvoltages for the following reason: The restrike re-
charges the residual energy of the capacitor. Due to this, the voltage theoretically oscillates to a
value corresponding to the capacitor voltage + the instantaneous system voltage (Figure B-11, time
t2), but this value is not fully reached due to the existing system damping. Multiple recharging
(more reignitions) can generate very high switching overvoltages, so that the switchgear insulation
may be overstressed and flashover may occur.

u
o ety C
NN —|_ u N u C
LN ] -t
Us
Un System voltage
Uc Capacitor voltage
Us Voltage at the breaker
ic Capacitor current
Ly System inductance .
C Capacitance of load side ! i ,\
' J =
‘ t t2 t3 U

Figure B-11: Restrikes during capacitive switching

B5.2b  Closing onto and parallel switching of capacitors

When the switch contacts approach each other, pre-arcing occurs across the open gap before gal-
vanic contact. At this moment, a transient process takes place between the system and the capacitor,
in which making currents up to some 10 kA with frequencies up to several kHz can appear. As pre-
arcing occurs approx. 1 to 2 ms prior to galvanic contact, the full transient current (2) flows through
the arc when switching on capacitors. In contrast to this, when making onto a short-circuit (1) the
instantaneous current value at this time is much smaller. This means that switching on capacitors is
a much harder duty than making onto a short-circuit with the same values of current amplitude.
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Figure B-12: Current variation when switching on a capacitor

B5.3 Switching duties in inductive circuits
These are the switching duties listed in Table B-2 and Table B-12.

1 Unloaded transformers and network earthing transformers: switching devices must
have very low current chopping characteristics so that unacceptable overvoltages do not
arise from current chopping during switch-off.

2,3 Loaded and over-loaded transformers: present no critical problems for any switching
device.

4 Transformer inrush: when interrupting a transformer inrush current, its value can be up
to approx. 15 times the rated transformer current with a power factor of 0.15 and addition-
ally it can be superimposed with harmonic components. Therefore, for example, switches
or disconnectors are not suitable

5 Furnace transformers: when switching furnace transformers up to 100 operating cycles
are possible per day. The currents range from no-load operation up to twice the rated trans-
former current (rated transformer current up to 2000 A). For this switching duty, only cir-
cuit-breakers with a high electrical and mechanical service life are adequate, such as vac-
uum circuit-breakers. Furnace transformers should always be equipped with an individu-
ally matched protective circuit to avoid the danger of overvoltages arising from virtual cur-
rent chopping after multiple reignitions.

6 Earthing (Petersen) coils: under normal conditions only a very small current flows
through the coil because the network is loaded symmetrically. Air or hard gas switch (dis-
connectors) are not suitable. Switching devices must have very low current chopping char-
acteristics to avoid overvoltages during switch-off. A special case occurs when a Petersen
coil is disconnected under earth fault conditions. Then an inductive current flows which
can have the same magnitude as the capacitive earth fault current of the network (normally
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B54

up to 60 A, in exceptional cases up to 300 A). For this switching duty only circuit-
breakers, vacuum switches and some SFg switches are suitable. Additionally, multiple
reignitions can occur, necessitating a special protective circuit.

Shunt reactors: the current switched are mostly very large. since such coils are frequently
used to offset the reactive power of extensive h. v. networks. Thus only circuit-breaker are
suitable for this duty. The previously mentioned multiple reignitions, which can occur dur-
ing switch-off, lead to resonance excitation in many networks. Compensation coils also,
therefore, require an individually matched overvoltage protection circuit.

Motors in normal operation: switching devices must have very low current chopping
characteristics to avoid excessive overvoltages during switch-off. Small motors are often
switched very frequently, therefore, contacors are most economical but circuit-brakers and
vacuum switches may also be used.

Motor starting: the current may be as high as 7 times the rated full load current, at very
low power factor. Over a specific current range, multiple reignitions and virtual current
chopping may occur during switch-off.

Switching duties in capacitive circuits

Switching duties according to Table B-3 and Table B-13. Switching duties 10 and 12 to 15 require
unconditionally a restrike-free disconnection, in order to avoid overvoltages. In contrast to inductive
switching, the transient currents during capacitive switching can be very high. It is then very diffi-
cult or even impossible to limit the overvoltages by surge arresters. It must be the aim to use reigni-
tion-free breakers, in order to avoid overvoltages right from the beginning, even if these breakers
should possibly generate higher overvoltages during inductive switching. But, as already men-
tioned, those latter overvoltages can be controlled by surge arresters.

10

11

Capacitors: the r.m.s. value of the operating current is larger than the value of the rated
current of the capacitor bank because harmonic current is superimposed on the basic 50 Hz
current. Harmonics add frequency-proportionally to the current (inversely to the frequency
dependant impedance of the capacitors - 1/wC). In normal networks one anticipates a
maximum total addition of 40 %, so the switching device must be able to carry 140 % of
the rated current of the capacitors. For rectifier or furnace transformer installations, even
larger harmonic content will sometimes appear.

Parallelling of capacitors: stresses the breaker contacts especially due to the rate of rise
and the magnitude of the current flowing during pre-arcing. Depending on the type of con-
tact system, the following problems can arise. In the case of tulip contacts (for example,
minimume-oil, air-blast and SFg circuit-breakers) the contraction of the contact fingers
makes it more difficult for the moving contact to enter the tulip. The moving contact
brakes and this reduces the closing speed, perhaps to an unacceptable extent. In the case of
flat contacts (as in the vacuum circuit-breaker) pre-arcing can melt parts of the contact sur-
faces, and this may lead to contact welding. If the making current exceeds the permissible
breaker value due to the system arrangement, damping measures are required (e.g. reac-
tors). However, it must be mentioned, that only limited making currents are allowed for
any form of capacitor switching (l. < 100 - I¢).
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12, 13 Cables and overhead lines: present no critical problem for any switching device.

14

15

36

Filter circuits: when switching off filter circuits or reactor-capacitor banks, the breaker is
even more stressed by the recovery voltage than when switching capacitors only. This is
due to the electric behaviour of the series connection of an inductance and a capacitance: if
the same current flows through both elements, the voltages at the capacitor and at the in-
ductor are in phase opposition. Thus, the capacitor voltage Uc exceeds the source system
voltage by the value of the inductor voltage u,. After switching off, the breaker has the
voltage uc, as the capacitor stores the electric charge. The capacitor voltage - and thus, the
breaker stress - depends on the natural frequency of the filter circuit. If necessary, a
breaker of a higher rated voltage class must be chosen.

l U |A Un = System voltage
U L U, = Voltage at reactor
U = Capacitor voltage
Uc U = Voltage at the filter
Ie Ur Fe = Filter fregency
* 2 fn = Power frequency
UF U|_ -
2
1% f
I * UC U c = U N 5 V= _F
vo -1 fy

Figure B-13: Voltages of a filter circuit

Ripple control systems: If switching takes place during transmission, a capacitive current
flows, consisting of superposed portions at network and at audio frequency (160 to 1600
Hz). This results in steep current zero crossings, which can be critical for hard gas and air
switch-disconnectors. Such devices are therefore not suitable for this switching duty.
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B5.5

Other switching duties in normal service

Switching duties of Table B-4 and Table B-14. These operations cannot be clearly assigned to the
switching duties in inductive and capacitive circuits mentioned above.

16

19

20

Ring main sectionalising: a typical example is the sectionalizing of a cable which inter-
links substations. At the main switchboard at the primary substation, the ring is connected
to a circuit-breaker whilst at the switchboards at the distribution transformer units, the ring
can be sectionalized by switches.

Synchronizing: the switching device must have a short and defined closing time (i.e. from
instant of closing command to contact make in all poles). Manually closed, spring assisted
devices are unsuitable. Stored energy spring operated devices are used.

Isolation: isolating (disconnecting) devices must have higher gap voltage withstand capa-
bility than other parts of the installation (120 %). Additionally it shall not be possible for
leakage current to cross the gap and the gap may be bridged by insulating material only
when there is effective protection against surface pollution (gas encapsulation) or when it
is ensured that any leakage current is conducted to earth. Circuit-breakers do not fulfil
these conditions because they are designed for high electrodynamic stresses and frequent
switching. It is more economical to use a separate disconnecting device. In contrast, in
secondary distribution switchboards, where lower currents and switching frequency are the
rule, it is practical and economical to combine both functions in one device.
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B6 Disturbed service

B6.1 Characteristics of the short-circuit current

The characteristic values of the short-circuit currents for the different fault types are described be-
low (see IEC 60909 / VDE 0102).

Generally, phase displacement between current and voltage before the short-circuit is small (cos >
0.9), since the loads are mainly ohmic, or power factor corrected if highy inductive.

upper envelope

decaying direct current (A = initial value)

I \C i ﬂuﬂuﬂuﬂum\}
U U AL

N2

lower envelope

Figure B-14: Short-circuit remote from generator (short-circuit in the system)

If a short-circuit occurs, the phase angle is determined by the nature of the short-circuit. Since the
inductive content is much greater than the ohmic content in the case of cables, transformers and
generators, short-circuit calculations generally only consider the inductive part of the circuit. This
means, that when a short-circuit occurs, the almost ohmic current prior to fault converts into an al-
most inductive current. Taking the worst case for the magnitude of the short-circuit current as a
basis, that is, when the short-circuit occurs at a voltage zero, the current would have to jump to the
peak value of the initial symmetrical short-circuit current (I"), due to the phase displacement which
results. But this is not possible due to the inductivity of the circuit; the short-circuit current must
start with a finite rate of rise and reaches its peak value after one halfwave. The displacement of the
current from the zero line and the subsequent decaying-to-zero process is called the direct current
displacement (A) or the DC component of the short-circuit current (Figure B-14 to Figure B-16).
The alternating current decays from the initial symmetrical short-circuit current I to the sustained
short-circuit current . The peak value of the initial symmetrical short-circuit current with the su-
perimposed DC component is called the peak short-circuit current I,. This is the highest instantane-
ous value of the short-circuit current.

B6.l1a DC component

The direct current decays according to the relation between the inductivity and the ohmic resistance
(X/R) of the circuit. Generally, this occurs within a few cycles. Only if the fault is close to the gen-
erator (generator circuit-breaker) may the direct current decay very slowly, since the ohmic resis-
tance of generators is very small and thus the relation X/R is very large.

38 © Siemens AG - 19E0



Fundamental Characteristics of Switching Devices

B6.1b Short-circuit close to generator

If the short-circuit is close to a generator, then not only the DC component, but also the AC compo-
nent decreases. IEC 60909: A short-circuit is close to a generator, when in a three-pole short-
circuit the contribution to the initial symmetrical short-circuit current from a synchronous machine
exceeds at least twice its rated current ”(Figure B-15).

i A upper envelope

T | /_ decaying direct current (A = initial value)
2421, A

e

R

Iower envelope

N

/

Figure B-15: Short-circuit close to generator

In the case of short-circuits close to generator terminals, it is possible under extreme conditions, that
the AC component of the short-circuit current decays faster than the DC component, so that there
are no current zeros for some cycles (Figure B-16).

| A\/ upper envelope
decaying direct current (A = initial value)

lower envelope

Figure B-16: Short-circuit close to generator woth missing current zeros

B6.1c Short-circuit remote from generator (in the system)

If a short-circuit is remote from the generator, then the AC component of the short-circuit practi-
cally does not decay, that is, the symmetrical current remains almost constant throughout the total
short-circuit duration (I"=ly), see Figure B-14.
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B6.1d Initial symmetrical short-circuit current

The initial symmetrical short-circuit current (r.m.s. value) of the symmetrical short-circuit current at
the instant that the short-circuit occurs.

B6.1le Peak short-circuit current

The peak short-circuit current (Ip) is the highest instantaneous value of the current after the instant
of fault inception.

B6.1f Sustained short-circuit current

The sustained short-circuit current (li) is the r.m.s. value of the symmetrical short-circuit current
that remains after all the transient processes are over.

B6.1g Breaking current

The breaking current is the current that flows through the breaker at the time of the first contact
separation. It consists of the AC component at this time, and the possibly still existing DC compo-
nent at this time. The AC component of the breaking current is the symmetrical current ..

In the case of a short-circuit close to generator terminals, 1" > 1, > Ix. In the case of a short-circuit
remote from the generator, I " = 1, = Ix. That means, that depending on the

e short-circuit location (close to/remote from the generator)
e Dbeginning of the short-circuit (e.g. at voltage zero)
e time of interruption (relay time and breaking time)

the breaker must be able to switch off a current, which can possibly still run asymmetrically to the
zero line (DC component), and whose AC component has not yet decayed to the sustained short-
circuit current.

B6.2 Recovery voltage and transient recovery voltage

Figure B-17 shows how the voltage recovers across the break distance after the short-circuit current
has been interrupted. It is assumed that contact separation takes place at the time t;. The short-
circuit current ix now flows through an arc and is first interrupted at the next current zero (time t2)
in one of the three poles. (In Figure B-18, L1 is the first pole to clear). In the other two poles, the
current continues flowing for approx. 5 ms until it is interrupted at a common current zero. (L2' and
L3"). As shown in Figure B-18, the recovery voltage in the first pole to clear (L1) in the isolated
neutral system jumps to the delta vector between L2 and L3, and exceeds the phase-to-earth voltage
by a factor of 1.5 (1.5 - U/ V3). A high-frequency component is superimposed upon this power-
frequency recovery voltage. The standards assume that this transient recovery voltage, which is
indicated as a peak value (V2), overshoots the power-frequency recovery voltage by the factor 1.4.
Thus, the transient recovery voltage uc in the first pole to clear has a total value of
1.4-15-N2-U/3=uc (see IEC 62271-100 / VDE 0671-100).
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Figure B-17: Transient recovery voltage after short-circuit in the system
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Figure B-18: Vector diagram of a short-circuit in the system

B 6.3 Making onto a short-circuit

When making onto an existing short-circuit (switching duty 22 of Table B-15), the making current
is the peak assymetrical current I, (Figure B-14, Figure B-15). That means, the current at this time
is much higher than for the breaking duty. For short-circuits remote from the generator, the stan-
dards for AC switching devices of more than 1 kV (IEC 62271-100) indicate a value of 2.5 for the
relation between the rated short-circuit making current and the AC component of the rated short-
circuit breaking current. The ratio 2.5 comprises two factors. Factor k = 1.8: effect of the DC com-
ponent at the time of the first peak of the short-circuit current. It is assumed that, from the inception
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of short-circuit up to this time, the DC component has decayed from 2 to 1.8. Factor \2: Ratio of
the r.m.s. value of the AC component of the short-circuit breaking current to the peak value. Thus
we have k - V2 = 1.8 - V2 = 2.5,

Figure B-15 shows that for short-circuits close to generator terminals, the ratio of the making cur-
rent to the AC component of the breaking current can become much higher than 2.5, because, as
mentioned above, the symmetrical short-circuit current also decays.

In systems with asynchronous motors, the short-circuit current can present a similar characteristic to
that of the case of short-circuits close to generator terminals. Here, the ratio of the making current to
the AC component of the breaking current can also considerably exceed the value 2.5. This is due to
the fact that asynchronous motors can seriously increase the peak short-circuit current of the system
in the case of short-circuit, whereas their effect can be neglected regarding the breaking current.

IEC 60909 / VDE 0102 "Calculation of short-circuit currents in three-phase systems” considers the
different system conditions when calculating the peak short-circuit current. For a short-circuit being
singly fed from many sides, the withstand ratio « is defined as k = 1.15 - kp. Ky IS the partial factor
resulting from the ratio R/X at the fault location. 1.15 is a safety factor for consideration of inaccu-
racies resulting from different R/X ratios in parallel system branches. However, the withstand ratio
k is limited to a total of 1.15 - x, = 2.0. This results in a relation of the making current to the AC
component of the breaking current of up to « - V2= 2.0 - V2 = 2.8.

B6.4 Breaking of short-circuit currents

Switching duties of Table B-5 und Table B-15

23 Terminal short circuit: on occurrence of short circuit close to the terminals of the device,
the full prospective short circuit current must be interrupted.

24 Auto-reclosing (AR) or delayed auto reclose (delayed AR): means that when a short cir-
cuit occurs, the circuit-breaker immediately upstream of the fault, when controlled by an
appropriate auto-reclose relay, first interrupts the current. Then, to avoid the need for a
manual fault location exercise (e.g. by using a voltage tester), the circuit is automatically
reclosed after a short time interval - approx. 300 ms - in the hope that the fault will have
cleared itself. However, this procedure is only reasonable in overhead systems, where more
than 50% of all faults are transitory. This offers a chance to reduce the number of long
short-circuit interruptions, increases the reliability of the power supply and avoids the ne-
cessity to locate the point of fault.

On the other hand, not all faults on an overhead system can be cleared by auto-reclosing,
even after multiple attempts (unsuccessful auto-reclose). Some faults are permanent short-
circuits, which must be definitely disconnected by the circuit-breaker. This means, that
during an unsuccessful auto-reclose attempt (and in the worst case this may be a terminal
short-circuit), the circuit-breaker must open twice and close once in a few hundred milli-
seconds. Therefore the testing sequence for a single shot A/R breaker is:
O-300ms-C-0.
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25 - 27 Short circuit at generator, reactor or transformer:

28

29

when switching off a short-circuit directly behind (downstream of) a generator, a reactor or
a transformer, the problem for the circuit-breaker is that the transient recovery voltage in-
creases with a very high rate of rise. If dielectric recovery in the gap is not fast enough,
there is the risk that the circuit-breaker may not break the current safely.

Figure B-19 to Figure B-21 show the network configuration and the corresponding
equivalent circuit diagram.
L ™

(©) dD—
"short" u —_
connection

Figure B-19: Short-circuit downstream generator

Substation 1 Substation 2 N

e 4—@? ::CL?
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Figure B-20: Short-circuit downstream current limiting reactor
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— = )— T

20/ 0,4 kV - C

Figure B-21: Short-circuit downstream transformer

Stalled motors: when switching off stalled motors, the device must interrupt a compara-
tively high current (approx. 5 to 7 times the rated motor current). Further, there is the risk
of causing overvoltages as described above if a motor is switched off during starting (swit-
ching duty 9).

Double earth fault: when clearing a double earth fault with one fault location before the
breaker and one after the breaker, the recovery voltage (after breaking the short-circuit cur-
rent) is higher than in the case of a three-phase short-circuit. Figure B-22 shows, that in the
case of such a double earth fault, the power-frequency recovery voltage is the phase-to-
phase voltage (L2 in the fig.), whereas in the case of a three-phase short-circuit there is
only the phase-to-earth voltage. If both faults of the double earth fault are located down-
stream of the breaker, there is the same stress in the two last poles to clear as in the case of
a three-phase short-circuit.
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Figure B-22: Double earth fault

Out of phase: switching off under out-of-phase conditions (phase opposition) means a
high voltage stress for the circuit-breaker (circuit-breaker b in Figure B-23). In the branch
a three-phase short-circuit occurs in the feeder after breaker a. The systems N' and N" with
the supply impedances Z' and Z" become asynchronous. In medium voltage systems, this
case can occur, if there is on site power generation (system “N”) and an external supply
(system N"). As soon as breaker a breaks the short-circuit, a transient current flows between
N'and N", since the two systems will have fallen out of synchronism. As a consequence,
when circuit-breaker b is tripped by its overcurrent protection, it opens under an out-of-
phase condition, and the voltage stress is much higher than during switching off under
normal short-circuit conditions. In the worst case (phase opposition by 180°), the voltages
can double the value, as shown in Figure B-23: the power-frequency recovery voltage can
reach the value 2 - 1.5 - U / V'3, and the transient recovery voltage can reach the value 2 -
1.4-15-42-U/A3.

Where the factors are as follows:
e Amplitude factor 1.4
e Conversion to the peak value of the phase-to-earth voltage 2

e Factor for the voltage displacement in the first pole to clear
(abbreviated as first-pole-to-clear factor) 1.5

In the worst case and when the system impedances Z' and Z" have the same value, the tran-
sient current flowing after switching off the short-circuit can be 0.5 times the short-circuit
current of the feeder (breaker a). Assuming different system impedances Z' and Z", and
taking as a basis that the appearance of the most unfavourable phase relation is rather im-
probable, the transient current is much smaller in most practical cases. This has also been
taken into account in the standards, which define the transient current in the case of phase
opposition as 25% of the rated short-circuit breaking current.
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Figure B-23: Switching off under out-of-phase condition
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B 6.5 Switching in the case of earth fault

Switching duties of Table B-6 and Table B-16.

When an earth fault occurs on one phase of a system with an isolated neutral or with an arc suppres-
sion coil (Petersen coil), the voltage to earth of the two healthy phases will rise to the phase-to-
phase voltage. Switching operations at any point of the system then result in an increased current or
voltage stress for the switching device. The stress depends on the location of the earth fault (in front
of or behind the breaker), and whether there is a load current or not. Figure B-24 shows the network
conditions related to the breaker which must open immediately.

In a switchboard (Figure B-24), breaker S now opens. Viewed from the network side, the discon-
nected circuit is after the breaker (load side), all other circuits on the switchboard lie before the
breaker (network side). The conductor/earth capacitance of all the cables on the network side can be
summated as Cy, which includes all cables electrically connected to the network. On the load side
of the breaker, the cable gives the load capacitance C,. In extensive networks, the capacitance can
reach very high values, whereas the load capacitance is very small by comparison. In meshed net-
works, on the other hand, even the load capacitance can be comparatively large.

—— D ®\ S Earth fault

V %7 : : % : %7 @ "before" switch S
Supply | | @) after" switch S

L = —_—

~
Sum of the cable capacitances on the network  Capacitance on the load side of the
side of the switch (S) = network capacitance C, switch (S) = load capacitance C,

Sum of the cables
on the network side S Cable on the load side

] > <
_‘ L Load
| & | &

Figure B-24: Network conditions or earth fault before and after a breaker

B6.5a Fault on the system side
Here, the critical breaker stress is the high transient recovery voltage. The fault is not cleared if it is

on the system side (e.g. in L3). The earth fault and also the displaced higher voltage in the healthy
phases remain present. The transient recovery voltage is therefore much higher in the poles L1 and
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L2. The breaker must interrupt the charging current of an unloaded cable or overhead line at an in-
creased transient recovery voltage (duty 31), or additionally, the superimposed load current (duty
32).

> " d I

995
|

Route of the capacitive load current, e.g. inthe  Switching duty 31: without load
healthy phase L2, that must be switched off by ~ Switching duty 32: with load
the breaker.

C_ = Capacitances on the load side
Cy = Capacitances on the network side

Figure B-25: Earth fault in L3 on the system side (supply side)

B65b Fault on the load side

Here, the critical breaker stress is the large capacitive current. If the earth fault is located on the load
side of the breaker, pole L3 must switch off the capacitive load current of the whole system (duty
33). This capacitive current can reach very large values, depending on the extent of the galvanically
connected cable or overhead-line system. In addition, it is possible that another capacitive current is
superimposed (duty 34). Here, the transient recovery voltage is normal, because the fault is cleared
by the breaker concerned.
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Route of the capacitive load current of the entire  Switching duty 33: without load
galvanically connected system, that must be Switching duty 34: with load
switched off by pole L3 of the breaker.

C_ = Capacitances on the load side
Cy = Capacitances on the network side

Figure B-26: Earth fault in L3 on the load side

B6.5c Location of earth faults in unearthed systems

In distribution systems, with substations connected to cable rings, the location of an earth fault is
often traced by opening switch-disconnectors and not, as recommended, by means of circuit-
breakers. One switches out cable sections in sequence and thus seeks to find the fault. As the fault
location is unknown at first, any of the switching duties 31 to 34 described can appear at any of the
operated switching devices. Depending on the extent of the system, the capacitive currents to be
switched can reach such large values, that conventional switch disconnectors are overstressed.

The reason why the fault is searched by opening the switch-disconnectors is the ease of opening and
the comparatively short power outage time for the consumer - as long as this method works. Using
switch-disconnectors for this purpose is only safe, when the switching devices are able to control all
four switching duties 31 to 34, with all the currents and voltages of the associated system. However,
it is not easy to precalculate these values. For the safe location of earth faults, it is recommended:

o first, to switch off parts of the system with the circuit-breaker, then to isolate individual cables
or overhead-lines, off load, using the switch-disconnectors. This means however, that the con-
sumer must suffer longer power outages during the process.

e to limit the extension of galvanically connected cable systems, and thus, to limit the load cur-
rents to be switched.
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B 6.6

Other switching duties under fault conditions

Switching duties of Table B-7 und Table B-17.

35

36

37

38

Protective isolation: in this case, switch-disconnectors are used instead of simple discon-
nectors, in order to be sure that accidental operation under load will not cause danger for
the operating personnel. Remember: disconnectors are only suitable for de-energized
switching. Chapter D 9.1 will examine whether it is useful to adopt the protective isolation
concept or to use other protective measures, such as the installation of switchgear inter-
locking systems.

Rapid load transfer: for rapid load transfer, switching devices with short making and
breaking times, with accurately reproducible switching times are required, in order to
transfer important consumers safely from one power supply to another without long de-
energized pauses (< 150 ms).

Transformer with shorted winding: when switching a transformer with a shorted wind-
ing, or when switching off similar inductive currents with small cos ¢, comparatively high
rates of rise of transient recovery voltage appear. For fuses, this can cause the problem that
the currents lie between the rated fuse current In and the smallest permissible breaking cur-
rent Imin. In this area, fuses must not operate, because safe quenching cannot be ensured
(see chap. C 5 Fuses and C 7 transformer protection).

Switching on under short-circuit condition:

when short-circuiting an applied voltage, the peak short-circuit current rises during the
closing operation (compare with switching duty 22: making on a short-circuit). That is the
reason why only switching devices with the corresponding short-circuit making capacity
can be used.
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C TYPES AND APPLICATION OF SWITCHING DEVICES

Cl Circuit-breakers

Cl1 Arc-quenching

AC arcs are interrupted by taking advantage of the natural sinusoidal current zeros (current-zero
quenching) — in contrast to DC arc-quenching. Accordingly, the main duty of the arc-quenching
system is to deionize the gap between the contacts at the instant of current zero in order to restore
the dielectric strength of the gap as quickly as possible. An additional aim of every arc-quenching
principle must be to keep the arc energy low, so that the arc chambers are stressed as little as possi-
ble by the effects of heat and pressure.

Before describing the different arc-quenching principles in detail, let us summarize the processes in
"conventional” circuit-breakers. We define conventional circuit breakers as all those except the
vacuum circuit-breaker. For arc-quenching, all these circuit-breakers rely upon a relative movement
between the arc and the arc-quenching medium. In most of these breakers, the arc-quenching me-
dium is set in motion and flows into the arc in order to de-ionize the contact gap as fast as possible
at the instant of the first current zero after contact separation. But there are also circuit-breakers
where the arc is made to move in the arc-quenching medium. These are called rotating arc breakers.
SF circuit-breakers often operate according to this principle.

However, homogeneous arc cooling throughout the total duration of current flow, i.e. also during
the maximum, automatically increases arc power and arc energy, and thus the chamber stress. The
reason for this is:

Depending on the current intensity and on the medium in which it is burning, every arc has a spe-
cific temperature and, accordingly, a specific internal arc resistance. Intensive cooling reduces the
arc temperature but increases the resistance. In its attempt to maintain the current flow the arc volt-
age rises. This results in increased arc power.

Other arc-quenching principles use the energy of the arc itself to assist the flow of the arc-
quenching medium. This is called a current-dependent arc-quenching effect. The problem with
these arc-quenching principles is, however, to attain the correct balance between the flow of the arc-
quenching medium and the strength of the arc in order not to increase the quantity of energy unnec-
essarily. However, in practice, there is no time-relation between the moment of contact separation
and a current zero which coincides with sufficiently large contact separation (tripping is not syn-
chronized with the current half-wave). Thus, for most break operations, the flow of the arc-
quenching medium is larger than necessary. As mentioned above, this leads to unnecessarily high
arc energy.

The strength of flow of the arc-quenching medium is particularly critical when switching small in-
ductive and capacitive currents:

Clla  Current-dependent arc-quenching

Current-dependent flow of the arc-quenching medium is particularly suitable for switching small
inductive currents (soft switching). However, when switching capacitive currents, there is the risk
of restrikes, because the dielectric strength of the contact gap cannot be restored fast enough, result-
ing in restrikes Figure B-11 with the corresponding explanations.
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Moreover, unnecessarily long arcing times may occur when switching small currents, because there
is insignificant or even no flow of the arc-quenching medium.

C11b  Current-independent arc-quenching

Current-independent flow of the arc-quenching medium must be very strong if it is to achieve inter-
ruption of short-circuit currents and therefore, in most cases it will also interrupt capacitive currents
without restrikes ("hard" switching). On the other hand, it gives the advantage that small inductive
currents may be chopped so harshly, that high switching overvoltages result (see Figure B-2).

C1l1lc  Combined arc-quenching

For these reasons, experience has shown that a combined flow is the most suitable solution for all
switching duties. The current- independent flow is kept at a comparatively low level, thus reducing
the risk of high switching overvoltages when switching small inductive currents but, on the other
hand, the flow can be designed to be sufficient to interrupt capacitive currents without restrikes and
arcing times can be kept short even when breaking small currents. The strong flow of the arc-
guenching medium required for interrupting short-circuit currents is generated by the current itself,
and is superimposed upon the forced flow, which has a constant value.

Our minimume-oil circuit-breakers 3AC (T-breakers), for example, used the principle of combined
flow of the arc-quenching medium.

The processes in vacuum circuit-breakers are fundamentally different and are described in detail
later.

C1l1d  Designs of circuit-breakers

At present, circuit-breakers with the following arc-quenching principles are in operation in medium
voltage distribution systems:

e Bulk-oil circuit-breaker

e Minimum-oil circuit-breaker

e Expansion circuit-breaker

e Air-blast (compressed air circuit-breaker)
e SFs circuit-breaker

e Air-magnetic (air circuit-breaker)

e Vacuum circuit-breaker

The first 5 types (bulk-oil to SFg), all have the common feature that the arc is extinguished by gas,
because the high arc temperatures develop gases or vapours from the liquid, even in the first three
types. In bulk-oil circuit-breakers, hydrogen develops from the oil. Hydrogen has very good arc-
guenching properties due to its high thermal conductivity and a good dielectric behaviour because
of its high arc resistance (13.5 times higher than air). These features are also called the hydrogen
effect.
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Cl.2 Bulk-oil circuit-breaker

A typical feature of bulk-oil circuit-breakers is the two current terminals or isolating contacts per
pole, which are brought out of the top of the tank through bushings (they require special
switchboard constructions). In the most simple design, there were no arc chambers. The arc is di-
vided into two partial arcs, and is drawn by means of a switching cross-arm. The three phases are
installed in one common tank. The general advantages of the bulk-oil circuit breaker are the good
dielectric characteristics of the oil. Disadvantages are the large oil volume, the high arc energy
(long arc, long arc duration) and the large amount of gas generated, which must be vented from the
breaker, often taking oil with it. Another disadvantage is possible tank explosion as, due to the large
tank surfaces, it has to withstand very large pressures if the arc is not successfully interrupted.

___ Partial arc

| _ Switching cross-arm

Some of these disadvantages were overcome by the introduc-
tion of arc chambers under the oil. The switching characteristics
of these designs correspond approximately to those of mini-
mume-oil circuit-breakers with a current-dependent arc-
quenching effect.

Bulk-oil circuit-breakers are, however, not very important any-
more. Even in the British influenced countries, where they used
to predominate, manufacture is declining.

Figure C-1: Bulk-oil circuit-breaker

C1l3 Minimum-oil circuit-breaker

The minimum-oil circuit-breaker has the advantages of the bulk-oil circuit-breaker, but not its dis-
advantages. In the minimume-oil circuit-breaker, the arc is extinguished by an oil flow. This oil flow
is either initiated by the arc itself or it is forced by the operating mechanism of the breaker with the
help of suitable supplementary devices.

Current-dependent oil flow is caused either by a special diversion of the gas bubble or by a differen-
tial piston.

Current-independent oil flow is achieved either by pumping devices or by making use of the vol-
ume compensation of the moving contact (rigid arc chamber), but this is only possible when the
contact moves downwards.

The most favourable result is achieved with a combination of the current-dependent and the current-
independent oil flow systems (as in Siemens T-breaker).
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Radial pressure on the arc (transverse flow) is generally more effective than axial pressure (longitu-
dinal flow). However, the radial flow carries the risk that the arc is elongated artificially and that it
may be cooled too much before reaching the minimum quenching distance. These two factors lead
to a high increase of arc power.

Transverse flow, Transverse flow, Longitudinal flow, which Longitudinal flow

elongating the with a sustainable has only a small effect in the T-breaker,

arc artificially streaming angle when streaming in which cools the
in the T-breaker parallel to the arc arc roots

Figure C-2: Arc-quenching in minimume-oil circuit-breakers

Left: breaker is closed
Middle: breaking a small current

Right:  breaking a large current
(short-circuit)

Figure C-3: Example of a minimume-oil circuit-breaker with combined oil flow

Cl4 Expansion circuit-breaker

In the expansion circuit-breaker, the arc develops hydrogen from water. The arc therefore burns in
the same arc-quenching medium as in the oil circuit-breaker.

Most expansion circuit-breakers operate according to the expansion principle, i.e the arc produces
gas, which surrounds the arc under high pressure. Due to this effect, the arc chamber lifts up from
its seat. The pressure is compensated through a resulting annular gap. As new gas is produced con-
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tinuously, a high pressure is maintained. But when the current approaches its current zero, the gas
development is reduced, the pressure decreases suddenly. The water around the arc evaporates
abruptly and de-ionizes the gap.

Due to the residual conductivity and to a certain continuous conductivity of the water, high transient
frequencies are controlled safely. There is no sudden chopping of small inductive currents, but re-
strikes can easily appear when switching capacitive currents.

Since the water has a residual conductivity, air-break isolators are installed in series with the gap.

The conductivity is also a disadvantage when making onto a short-circuit, as the pre-arcing time and
thus the gas development times are very large (leading to burning down of the moving contact).
Relief is afforded by high making speeds and switching on in air with the air-break blade. However,
the main disadvantage of the expansion circuit-breaker is its costly construction, which also obliged
us to give up this product. No expansion circuit-breakers are manufactured anymore.

C1l5 Air-blast circuit-breaker

Air-blast circuit-breakers always have a current-independent flow of the arc-quenching medium,
and so they are especially suitable for switching capacitive currents; but, without supplementary
equipment they generate high switching overvoltages when breaking inductive currents. To avoid
switching overvoltages, high resistances must be connected in parallel to the break distance.

The main reason why air-blast circuit-breakers do not control high transient frequencies well, is the
absence of hydrogen effect. Hydrogen effect is that which results from the good arc-quenching and
dielectric features of hydrogen, whose thermal conductivity is 17 times that of air, and whose arc
drop-voltage is 13.5 times that of air. For better control of the recovery voltage, low resistances are
often connected in parallel to the break distance. These resistances reduce the amplitude.

In air-blast circuit-breakers there is one value of contact separation by which the arc must have been
extinguished, because the pressure available may have been reduced to such an extent that the dif-
ference between it and the back pressure from the arc is insufficient to extinguish the arc. Addition-
ally, contact travel may not be adequate to establish an isolating distance and an additional isolating
contact or stroke may be necessary.

As the air-blast circuit-breaker always has to store a large volume of air, which must be lead
abruptly to the break distance through complicated valve arrangements, and for the above men-
tioned reasons (parallel resistances, two-step contact stroke, or air-break blade respectively), this
circuit-breaker type is rather expensive. At medium voltage, it is only economic for high breaking
capacities and high rated currents.

Other disadvantages of air-blast circuit-breakers are:

o the circuit-breakers cannot be operated if the compressed air supply fails;

e additional safety distances must be observed, because of the exhausting switching gases;
e the circuit-breakers can only be manufactured with pneumatic operating mechanisms;

e due to the large amounts of air required within an extremly short time, high operating pressures
and large pipe sections are required, which, combined with the required safe design of the com-
pressed-air supply, lead to a costly compressed-air system;

e due to the open contact system, there may be insulation or corrosion problems if air humidity is
high;
e the loud switching noise.
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Regarding the high costs (for the breaker itself as well as for the corresponding compressed-air sys-
tem and for maintenance) and since there are now other non-oil circuit-breakers on the market
which are able to control the different switching duties in a better way, the air-blast circuit-breaker
is not very important today. It is still used for special applications, e.g. as generator circuit-breakers
(high short-circuit and operating currents).

C 1.6  Air-magnetic circuit-breaker

The air-magnetic circuit-breakers operate with the so called direct current arc-quenching effect, i.e.
the arc voltage is increased until it is higher than the source voltage. The following arc-quenching
methods are used:

a) The arc is blown between insulating plates by magnetic forces and arc extinction is improved
by wall cooling.

b) The arc is divided into many partial arcs by means of conductive steel plates, making use of the
cathode drop effect. Cathode drop is a process in which, immediately after arc extinction, a
space is created in front of the cathode, free of charge carriers, which immediately has a dielec-
tric strength of approx. 250 V. This is caused by the faster movement of electrons to the anode
in contrast to the slower movement of ions to the cathode.

As the dielectric strength of the break distance is restored rather slowly after the current is inter-
rupted, air-magnetic circuit-breakers are not restrike-free when interrupting capacitive currents (see
also Figure B-11). As they are also very expensive (production costs, maintenance costs), they are
increasingly being replaced by other non-oil circuit-breakers (vacuum circuit-breakers, SFg circuit-
breakers).

C17 SFs circuit-breaker

SF¢ has very good arc-quenching and dielectric properties. Compared with nitrogen, (on which the
arc-quenching effect of air-blast circuit-breakers is based), the thermal conductivity at high tem-
peratures (3,000 up to 10,000 K), such as those arising in the arc, is much lower. Therefore, the ra-
dial temperature slope is much steeper and the arc radius smaller. Thus, the arcing time-constant
near current zero is also much smaller. The arcing time-constant is a measure for the increase in arc
resistance when that energy flow ceases. For SFg it is only approx. 1/100 that of nitrogen. The di-
electric recovery after cessation of current flow is therefore much better.

On the other hand, below 3,000 K, the thermal conductivity of SFs much exceeds that of nitrogen,
and this is favourable for heat dissipation (see also chapter G 1).

As SFg is expensive, it is used only in circuit-breakers with a closed gas system.

Basically, there are 3 types:

e Dual-pressure type

e Puffer type

e Circuit-breakers with self-generated arc-quenching

Dual-pressure circuit-breakers are not in production anymore (they were manufactured e.g. by Sie-
mens from 1963 to 1970). They were followed by puffer type circuit-breakers. In these circuit-
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breakers, the flow of the arc-quenching medium is produced by the operating mechanism. As the
strength of this flow is designed for breaking the full short-circuit current, SFg puffer type circuit-
breakers belong to the so-called hard breakers. That means when switching small inductive cur-
rents, they produce high switching overvoltages by current chopping and/or by multiple re-ignitions
(see also Figure B-2 to Figure B-6 with the corresponding explanations). In contrast to this, they are

very suitable for capacitive switching.

Figure C-4: Arc-quenching principle of an SFs-puffer type circuit-breaker

Now, puffer type circuit-breakers are increasingly being succeeded by SFg circuit-breakers with
self-generated arc-quenching (especially for cost reasons and because of the above mentioned
switching overvoltages). In these circuit-breakers, the arc-quenching effect depends on the primary
current. There are two different methods:

e agas flow is initiated by the arc, depending on the current magnitude

e the arc is forced by the magnetic effect of the current to move in the SFs filled space (rotating-
arc or roll-arc circuit-breaker).

Figure C-5: Example of an self-extinguishing
SFg circuit-breaker

These circuit-breakers are "soft" breakers because of the current-dependent arc-quenching, i.e. they
produce only minor switching overvoltages when switching small inductive currents. However, as
they may have problems when switching capacitive currents (very long arcing times with the risk of
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switching failures as a consequence of the absence of or only very small gas flow), they may be
equipped with supplementary pistons in order to ensure perfect capacitive switching capability. On
the other hand, this leads to high overvoltages when switching very small inductive currents
(switching of unloaded transformers).

C18 Vacuum circuit-breaker

In vacuum, the arc is extinguished in a totally different way than in gas. This arc-quenching princi-
ple is therefore described here in more detail.

The switching element of the vacuum circuit-breaker (\V-breaker) is the vacuum interrupter (Figure
C-6). It consists of an arc chamber, which is located between two ceramic insulators. Terminal studs
connect the contacts to the external terminals. One contact is fixed within the housing, the other one
is moveable. The metal bellows enable the contact movement and provide a hermetic connection to
the interrupter housing. The contact stroke is only a few millimeters. The internal pressure in the
vacuum interrupter is less than 107 bar. The vacuum circuit-breaker has no arc-quenching medium.
The properties of the contact material and the contact geometry define the switching behaviour and
the switching capacity.

2
4
)
: 1 1 Fixed contact piece
3 2 Connection disc
! 3 Ceramic insulator
X
> 4 Arc chamber
bl 5 Metal bellows

6 Guide

6
7 Moving contact piece

. 8 Moving contact piece terminal

Figure C-6: Structure of a vacuum interrupter

After contact separation, the resultant arc evaporates contact material from the contact surfaces. The
arc current thus flows through a metal vapour plasma until the next current zero. Near the current
zero, the arc is extinguished, and the metal vapour looses its conductivity within a few micro-
seconds as a consequence of the recombination of the charge carrier ions. In this way, the contact
gap is de-ionized and the dielectric strength restored very fast. The metal vapour condenses on the
contact surfaces. Only a very small portion condenses on the arc chamber wall. The arc chamber
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wall has the function of a vapour shield, to prevent condensation of the metallic vapour onto the
insulators.

The dielectric strength in vacuum is very high. Figure C-7 shows a laboratory comparison of the
dielectric strength of flat plate contacts (slightly inhomogeneous field) in different arc-quenching
media. The characteristic for vacuum has the steepest front: with a contact gap of only a few milli-
meters, a very high voltage impulse strength is achieved. Then the curve flattens, that means that
from a specified value on, a larger contact stroke scarcely increases the dielectric strength. Vacuum
circuit breakers for rated voltages from 7.2 kV up to 36 kV have contact gaps between 5 mm and 25
mm.
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When interrupting normal currents and short-circuit currents with momentary values below 10 kA,
the current flows through a diffuse arc. When breaking currents of more than 10 kA, the arc con-
tracts, compressed by its own magnetic field. If not prevented this would excessively heat the con-
tacts at the arc roots. In order to prevent such local overheating of the contact surfaces, the arc is
either forced to rotate, or kept as a diffuse arc even above 10 kA. This can be achieved, for exam-
ple, by special contact geometries: radial magnetic field contacts and axial magnetic field contacts
(Figure C-8).

The radial magnetic field contact prevents local overheating of the contacts by forcing the arc to
rotate.

Two inversely slotted contact carriers form a loop-shaped current circuit, thus generating a supple-
mentary radial magnetic field. Together with the current flowing through the arc, a force is devel-
oped which makes the arc rotate on the arcing rings of the contacts. Thus, erosion at the arc roots is
distributed over the whole ring surface.

If the instantaneous value in the course of a current half-wave drops below 10 kA, the arc becomes
diffuse again, i.e. it flows again through many parallel single arcs (when breaking currents <10 kA,
the arc generally remains diffuse). A current of approx. 100 A flows through each partial arc. When
the current diminishes within a half-wave, increasingly more partial arcs are extinguished, until
there is only one single arc left.
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Figure C-8: Contact types for vaccum circuit-breakers

To handle the largest short-circuit currents met in practice, another method is used. Two equally
slotted contact carriers form a coil-shaped current circuit. This generates a supplementary axial
magnetic field, which keeps the arc diffuse even in the case of very large currents. The arc is dis-
tributed regularly over the whole contact area, so that there are no undue local stresses.

The energy produced during arc-quenching is low. The reasons for this are the short arc duration,
the small contact gap, and the fact that the arc is not cooled. This results in a long electrical service
life of the contacts, far beyond that which is attained by any other arc-quenching principle. This is
the main reason, why today the V-breaker is the circuit-breaker with the minimum maintenance
requirements, with long maintenance intervals and little maintenance costs.

As the dielectric strength of the contact gap is restored very quickly, the VV-breakers interrupt ca-
pacitive currents without restrikes (see Figure B-11). The fast recovery of the dielectric strength of
the contact gap is not achieved by a strong flow of the arc-quenching medium, but by the contact
properties. So, in contrast to conventional breakers, higher overvoltages are not an inevitable conse-
quence when switching inductive currents. In VV-breakers, the magnitude of the chopping current
depends on the contact material. Today, modern V-breakers have such small chopping currents, that
no unduly high overvoltages arise, even when switching unloaded transformers (see also Figure
B-2).
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Figure C-9: Arc energy in different quenching media in the comparison

However, in some special switching duties and due to their good arc-quenching capability, vacuum
circuit-breakers tend to generate overvoltages as a consequence of multiple reignitions (see Figure
B-3 to Figure B-6 with the corresponding text), but these overvoltages can be controlled without
any problems with suitable protective elements (e.g. surge limiters).

As modern vacuum circuit-breakers present the best balanced arc- quenching capability regarding
the sum of all switching duties to be controlled, they have become the most frequently installed
breakers. Today, their share of the world-wide market is far more than 50 %.
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C?2 Switches and Switch-Disconnectors

Switches are used for opening and closing electrical circuits carrying any current up to their rated
operating current. Since, when closing a circuit, making onto an existing short-circuit cannot be
excluded, switches and switch-disconnectors generally have fault closing capability nowadays. If a
switch has the required safety insulation levels across the open gap and to earth, it becomes a switch
disconnector.

In combination with fuses, the combination can also be used for breaking short-circuit currents. The
short-circuit is interrupted by the fuses. Afterwards, striker pins in the fuses trip the switch in all
three poles, thus separating the faulty circuit from the system.

According to the standards, switches and switch-disconnectors are divided into definite-purpose and
general-purpose switches. Definite-purpose switches are used for special applications, e.g. as ca-
pacitor switches. Tables A2 and A3 show which switching duties can be controlled by these de-
vices.

At present, the following arc-quenching principles are used at medium voltage levels:
Hard-gas

Air (switches)

L SF6

e Vacuum

For general switchgear construction, practically only the first two arc-quenching principles are used.
SF¢ and vacuum switches are mostly used in switchgear that is especially designed for these de-
vices.

Cc21 Gas evolving switch (**hard-gas switch™)

In the hard-gas switch, the arc develops gas from an insulating material which surrounds the arcing
contacts. The arc-quenching effect corresponds approximately to that of bulk-oil breakers, where
gas (hydrogen) is developed from the oil.

Figure C-10 shows a diagram of the breaking
operation with main and quenching contact
(Siemens Type 3CF).

As the material for the gas cannot renew itself as
the oil can (by circulation and replacement) the
service life is not long. These switches or switch-
disconnectors are therefore only used for low
switching rates, e.g. in distribution substations.
In spite of this, hard-gas switches or switch-
disconnectors are very popular because they
have a good cost/performance ratio.

Figure C-10: Arc quenching with hard-gas
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Figure C-11: Typical switch with enclosed arcing chamber (Driescher Type LDTM)

C 2.2  Air-break switch (compression switch)

In air-break switches, the arc is extinguished by air flow initiated by the operating mechanism of the
switch during the breaking movement. The air flow is specifically directed to give fast de-ionization
of the gap. These switches are especially suitable for switching capacitive currents and for switch-
ing under earth fault conditions in unearthed networks. In both of these switching duties, a high
recovery voltage appears after interruption of the current, but the gap can withstand it very well due
to the fast recovery of dielectric strength.

c23 SF¢ switch

The main properties of SFg as a quenching gas can be found in the circuit-breaker section.

In SFg switches, the flow of the arc-quenching medium is generally initiated by the operating
mechanism. As switches only have to break operating currents, this flow can be comparatively low.
When switching small inductive currents the risk of extreme switching overvoltages by current
chopping is also low.

The electrical service life and the switching capacity of SFg switches are larger than those of the
devices described in B 2.1 and B 2.2. This is one of the advantages that justify their higher cost.
Other advantages are:

e as SFg switches require a closed gas circuit, the switching element can also be installed in a
hermetically closed housing filled with SFg, which makes the whole switchgear unit independ-
ent of its environment

e in addition to making and breaking a circuit, the switching elements can perform other func-
tions, such as safe earthing.
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C24 Vacuum switch

Vacuum switches offer all the advantages of the vacuum switching principle
e |low or zero maintenance vacuum tube

e long service life

e suitable for all duties required of a switch, without restriction.

The use of vacuum switches in a line-up combination with vacuum circuit-breakers allows consis-
tant use of all the advantages mentioned. Vacuum switches have extremly long contact and me-
chanical life. So it is possible, for example, to switch off unloaded transformers in industrial sys-
tems daily, thus minimizing no-load losses and reducing operational costs.

Short-circuit protection is provided by means of fuses, just as for other switches. As a switch-fuse
combination, the vacuum switch can be used with all HRC fuses, up to the highest available current
ratings.

C3 Disconnectors, earthing switches and
three-position disconnectors

C31 Disconnectors

Disconnectors (isolators) are used to make a safe gap in an electrical system. They are intended to
be operated off load but they may switch negligible currents (these are currents up to 500 mA, e.g.
capacitive currents of busbars or voltage transformers) or larger currents, when no significant volt-
age appears between the terminals when switching off, for example during busbar transfer in a du-
plicate-busbar switchgear when a bus coupler is closed.

Since the duty of disconnectors is to provide an isolating gap, in order to enable safe working on
other equipment isolated by these devices, the voltage withstand of the gap is about 15% higher
than that to earth, and moreover the isolating distance has also to meet high requirements regarding
reliability and recognizability.

Leakage currents

For reasons of safety, disconnectors shall be designed in such a way that no dangerous leakage cur-
rents can pass from the terminals of one side to any of the terminals of the other side of the discon-
nector. This means that the isolating distance may not be bridged by insulating material unless the
insulation is effectively protected against pollution in service, for example by hermetic encapsula-
tion as it is used for gas-insulated switchgear. Sometimes an insulant brace cannot be avoided over
the isolating distance, for example because of the mechanical stability of the switch. An earth con-
nection then must reliably lead possible leakage currents to the earth in the middle

Indication of the position: for safety reasons the position of a disconnector must always be reliably
recognizable; this essential requirement is met either if

e the isolating distance is visible, or
e areliable position indicating device is used.

The kinematic chain between the movable contacts and the position indicating device shall be de-
signed with sufficient mechanical strength. The kinematic chain shall be a continuous mechanical
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connection to ensure a positively driven operation. Springs or torque limiters must not be part of the
position indicating kinematic chain.

With regard to types of construction there are, in Germany at least, few differences between the
manufacturers. In general, they all manufacture knife type disconnectors. In some countries there
are other types, e.g. rotary disconnectors in Italy, (also called bushing disconnectors). They have
two partial isolating distances and can be installed in the wall between 2 compartments, thus provid-
ing the function of bushings as well as the isolating function.

Disconnectors are not required if the isolating distance is provided in another way, such as in the
case of truck-type switchgear or withdrawable switchgear.

C3.2 Earthing switches

Earthing switches are used for earthing and short-circuiting specific parts of switchgear units, cables
or lines. They enable safe working on isolated equipment.

In principle, earthing switches are three-pole disconnectors with one side short circuited and
earthed. They must be designed to withstand the maximum short-circuit current which is possible at
their location. That means, just as all other devices, that they must be designed dynamically for the
peak short-circuit current I, and thermally for the symmetrical short time current (I and I accord-
ing to Figure B-14 and Figure B-15). They must withstand the sustained current I, until an upstream
circuit-breaker (or fuse) clears the circuit if the circuit is energised accidentally.

If make-proof earthing switches are installed, earthing and short-circuiting is safe even if, by mis-
take, the circuit was not previously isolated.

In this case, the make-proof earthing switch must make onto a live circuit, and it must be able to
withstand the peak short-circuit current as a making current and the symmetrical short-circuit cur-
rent (I" and l), until the short-circuit is disconnected as described above.

Make-proof earthing switches are constructed like knife disconnectors. Both types are often at-
tached to disconnectors, switches or switch-disconnectors, but they can also be supplied as single
devices or integrated into switchgear.

Earthing switches are usually interlocked with the corresponding disconnectors, switch-
disconnectors or with the movement of the circuit-breaker truck or the withdrawable circuit-
breaker, in order to prevent earthing of live circuits as far as possible. When using make-proof
earthing switches, this interlocking may be omitted.

C33 Three-position disconnectors

Three-position disconnectors combine the functions of disconnecting and earthing in one device. As
the name implies, there are three possible positions, whereby the device energizes the feeder, dis-
connects or earths it, and short-circuits it. In circuit-breaker panels the the three-position disconnec-
tor usually combines a plain earthing switch without short-circuit making capacity (on left in Figure
C-12); it just prepares the feeder for earthing, whereas the circuit-breaker subsequently performs the
actual earthing and short-circuiting. In contrast, in load-interrupter switch panels the three-position
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disconnector is usually designed as as a make-proof earthing switch with short-circuit breaking ca-
pacity.

l Switch, disconnector and

Disconnector and
earthing switch \ make-proof earthing switch
1= 1[=N

N

Feeder Feeder

Figure C-12: Pattern of three-position disconnector or switch

Three-position disconnectors are typical of gas-insulated switchgear, because the good insulating
characteristics of the SF¢ allow a compact design with short rotary movements (contact travel). SFg
can also be used as quenching medium for three-position disconnectors.

See also E 8.2 on the use of three-position disconnectors in gas-insulated switchgear.

C4 Contactors

Contactors are electro-magnetically operated switching devices. They are used for frequent opera-
tional switching of consumers, such as motors, transformers and capacitors. They may also have a
limited short-circuit switching capacity, but this is generally not enough for the short-circuit stresses
appearing at their location. Other devices with a short-circuit switching capacity must be connected
in series. Normally, these devices are fuses, but circuit-breakers, particularly moulded case type
may also be used.

Contactors have a long electrical and mechanical service life: Magnitudes longer than that of
switches. Contactors are mainly used where a high switching rate is required.

The following contactor types are to be considered:
e Air-break

e Vacuum

o SFg

C41 Air-break contactor

Air-break contactors are switching devices that work in similar fashion to air-magnetic circuit-
breakers (see also chap. C 1.6 Air-magnetic circuit-breakers). As air-break contactors are very large
and expensive in comparison with modern contactors, they have no significance anymore.
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C4.2 Vacuum contactor

Vacuum contactors operate with to the same arc-quenching principle as vacuum circuit-breakers
(see chap. C 1.8 Circuit-breakers). The electrical and mechanical service life of vacuum contactors
is much longer than that of vacuum circuit-breakers.

As the switching forces are low in comparison with those for circuit-breakers (contactors switch
normal currents and only onto very low short-circuit currents), contactors have relatively simple
solenoid operating mechanisms (Figure C-13). The difference in the interrupter is largely the longer
bellows (dimensioned for a higher number of operating cycles). Modern vacuum contactors can for
example switch their rated normal current 1 million times. For this reason and for those described
under “Circuit-breaker”, the vacuum contactor represents nowadays the most common quenching
method worldwide.

Fixed terminal stud

Contact pieces

—— Arc chamber

L Insulator

!‘ ——— Metal bellows
= Guide

Moving terminal stud

Figure C-13: Principle of a vacuum contactor and an interrupter

C4.3 SF¢- contactor

SF¢ contactors operate with a self-generated arc-quenching effect, the same as the SFg circuit-
breakers described in the chapter C 1.7 "Circuit-breakers” (rotating arc). When compared with vac-
uum contactors, they have advantages when switching inductive currents, but disadvantages regard-
ing capacitive switching. The fundamental difference with SFg contactors lies, however in opera-
tional factors. The electrical and mechanical life is significantly less than that of vacuum contactors.
Furthermore, their construction is more complex and the number of components larger than that of
modern vacuum contactors, leading to a higher failure rate possibility.
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C5 Fuses

Fuses consist of the fuse-base and the fuse-link. When the fuse- link is pulled, the fuse-base pro-
vides an isolating distance corresponding to disconnector requirements.

Fuse-links are used for breaking overcurrents once-only; afterwards they must be replaced.

Fuses can be designed as switch fuses and as current-limiting fuses. The current-limiting fuses can
be divided into back-up fuses and general-purpose fuses.

Ch.1 Gas filled fuse

These fuses are similar to the switching devices described above (circuit-breakers, switches) regard-
ing the arc-quenching principle. They are current zero interrupters, i.e. they make use of the natural
current zero in order to break the current. An advantage is that they can break any current that oper-
ates them. Gas filled fuses are designed for example as vacuum fuses. The tube structure is similar
to the vacuum interrupter. The difference is that the vacuum fuse has two fixed-mounted contacts
which are linked by a fusible wire. When a specific overload or short-circuit current is exceeded,
the fusible conductor melts, the current flows through an arc until the next current zero and is inter-
rupted in the same way as in the vacuum circuit-breaker. Due to their expensive construction, simi-
lar to the vacuum interrupters, such fuses are very costly. Moreover, they are not current limiting, as
the current always flows at least until the next current zero, as described above.

C5.2 Current-limiting fuse

The standard IEC 60282 / VDE 0670-4 distinguishes between the following types of current limit-
ing fuse.

e General-purpose fuse
is capable of breaking, under specified conditions of use and behaviour, all currents from the
rated maximum breaking current down to the current that causes melting of the fuse element in
1 h or more. This type is not described in greater detail here.

e Back-up fuse
is capable of breaking, under specified conditions of use and behaviour, all currents from the
rated maximum breaking current down to the rated minimum breaking current.

e Full-range fuse
is capable of breaking, under specified conditions of use and behaviour, all currents that cause
melting of the fuse element(s), up to its rated maximum breaking current.

The basic function of current-limiting fuses is explained with reference to the back-up fuse (most
widespread in operation).
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The ceramic body is filled with silica sand as
quenching medium. The fusible elements — de-
pending on their rated current, there can be
nmore than one connected in parallel — are
wound around a ceramic star. The striker with
auxiliary fusible element can be seen in the lon-
gitudinal axis.

Figure C-14: Sectional view of an HRC fuse

When a short circuit flows through the fuse, the main elements fuse and evaporate at defined points
as the current rises. Arcs occur at these confined points; these arcs are cooled so much by the sinter-
ing and melting of the quenching medium (silica sand) that the total of their voltages attains the
level of the operating voltage. The series connection of a number of arcs produces — owing to the
anode and cathode fall of each partial arc — a higher voltage than a single arc, which would be
scarcely controllable. Depending on the magnitude of the current to be broken, a minimum number
of arcs must burn simultaneously. The auxiliary fusible element is connected in parallel with the
main elements; it releases the striker when it (the auxiliary element) melts. The auxiliary element (>
150 Q) is very thin and of high resistance in comparison to the main fusible element (in the order of
a few tens of mQ). It (the auxiliary element) burns right through and does not contribute to quench-
ing the current.

m
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*’ I- arcs required for
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Figure C-15: Phases of breaking

The advantage of this fuse is that in the case of large short-circuit currents, the current is already
interrupted as it rises and the peak value of the prospective maximum is not reached at all (Figure
C-16). In this way, the connected equipment is protected against high dynamic and thermal effects,
and does not have to be dimensioned for the full short-circuit current that can appear in front of the
fuse. Cut-off characteristics show the maximum cut-off current I as a function of the initial sym-
metrical short-circuit current and the rated fuse current (Figure C-17).
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Figure C-16: Breaking operation of an HRC fuse
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Figure C-17: Cut-off characteristic of an HRC fuse

The current/time characteristic of an HRC fuse gives the pre-arcing time as a function of the 3-
phase steady state short circuit current (Figure C-18). The characteristic has a current tolerance. For
a specific pre-arcing time, the current may, therefore, deviate from the average value.

The time tolerance in contrast is not firmly defined but depends on the value of the current itself. At
a specific current Iy, the pre-arcing time lies between Tnin and Tmax, dependant upon where the par-
ticular fuse lies in the tolerance band.

In 3-phase circuits with 3 fuses, the fuse with the lowest current/time characteristic will operate
first; the two others later. The larger the current, the smaller the time difference between the upper
and lower tolerance limits. For currents of kA magnitude, all three fuses operate practically simul-

taneously.
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Mostly, fuses are combined with load breaking devices (switches or contactors). The current time
characteristic is then essential to ensure co-ordination between the fuse and the associated switching
device. The first fuse to operate trips the switch with its striker pin (a mechanical component of the
fuse, designed to release another device). Whether the current in the other two phases is broken by
the fuse or the switch is determined by the time difference between operation of the first and last
fuse and the inherent opening time of the switching device. When the opening time is smaller - the
switch is faster - it interrupts the current in the other two phases; otherwise the fuses interrupt first.
Therefore the HRC fuse must be coordinated with the switching capacity of the switching device.
Factors to be considered are standardised in IEC 62271-105 / VDE 0671-105.

Moreover, the characteristics are required for protective grading (selectivity) in combination with
low-voltage circuit-breakers and low-voltage fuses for transformers.
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Figure C-18: Current/time characteristic of an HRC fuse

The shaded "critical current range™ is the working range of the fuse in which the effort is maximum.
At critical current levels, the maximum energy (1°t) conversion occurs. The fuse must safely inter-

© Siemens AG - 19E0

71



Types and Application of Switching Devices

rupt this current and the body of the fuse must remain intact. The critical current lies in the range
between 10-times and 20-times fuse rated current.

C5.3 Back-up fuse

Back-up fuses are current-limiting fuses, which may only be provided for breaking short-circuits.
They must not operate in a range between rated current and approx. 3 times rated current (this is the
minimum breaking current I, in Figure C-18.

This forbidden range can be sub-divided: up to twice the rated current liyy < I < 2-I;un Will cause
thermal overload. The fuse becomes too hot and endangers its surroundings. The fusible element
does not yet operate! If the fuse has a thermal striker pin (“thermal protection™), the associated
switch clears the overload. Thermal striker pin release means that, at excessive temperature, a
striker pin is released mechanically; e.g. by melting of a plastic retainer.

Over approx. 2-1,yy the element operates but the fuse cannot clear. Again, the switch must clear the
overload; initiated by the striker pin. Operation means: each of the parallel elements in the fuse are
galvanically broken at at least one point so that each current has commutated to the neighbour and

broken that too.

If currents can occur in the forbidden range, they must be broken by other switching devices, e.g.
switches or contactors. Despite this limitation, back-up fuses are those most frequently used, for
reasons of cost.

See also C 6.1 for a more detailed explanation of the electrical behavior.

Ch54 Full-range fuse

Full-range fuses are current-limiting fuses that can interrupt any current that makes them melt. They
have no minimum breaking current as the back-up fuses have. Essentially, the full range is covered
by superposing a number of time/current characteristics, as shown in Figure C-19.
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| Figure C-19: Current/time characteristic of a
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Prospective short-circuit current — Source: Driescher Wegberg
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Creating a multi-range characteristic was previously no easy matter; for example, various fusible
element metals were soldered together. Such designs were subject to aging, fault-prone, expensive
and consequently not widespread. Modern designs without these disadvantages have been available
for some time. When breaking sizable currents, this fuse works in the same way as the back-up fuse
described above.

At low current levels, the fusible element is mechanically forced to break at a suitable number of
points. This ensures that there are always enough partial arcs for quenching. Thanks to the me-
chanical break, the fuse is not dependent (at low levels of current) on many of these confined points
having to burn through “electrically”. The switching movement operates a rod that activates a gas
generator (similar to the principle of an airbag).

Before tripping

After tripping

Source: Driescher Wegberg

Figure C-20: Full-range fuse before and after tripping
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C6 Switch-fuse combinations

Switch and fuse combinations are used mainly in secondary distribution substations and industrial
networks where relatively small currents and switching frequencies occur. The switch switches the
normal load current; it has only a specific and limited switching capability. Fault current interrup-
tion is the responsibility of the fuses. Between these two values there is an overload current range
where the operation of the two devices overlaps. This overlap area will only function properly if the
two devices are correctly matched.

The standard IEC 62271-105 / VDE 0671-105 regulates the co-ordination between switch and fuse
so clearly, that no grey zones can occur in the over-current range. It applies to combinations of
switches and switch-disconnectors and current limiting fuses. They must be able to interrupt:

e any load current up to the rated current of the switch;

e any over-current up to the rated short circuit current of the combination, with automatic release
(operation of the striker pin).

The fuses have striker pins which will trip the switch if the fuse attempts to interrupt a current
which is less than the minimum interrupting current of the fuse. The switch must be able to clear
this current. On the other hand, a correctly chosen fuse protects the switch against currents which it
cannot clear. Furthermore, the combination can be fitted with overcurrent or shunt release.

C6.1 The responsibilities within the combination

At first sight, the responsibilities of the components in a switch-fuse combination are quite clear.
The switch switches normal load currents and the fuses take care of short circuit currents. Between
normal load and short circuit currents the components share the duty. In all, the combination must
safely control any current up to full short circuit.

Note: In the following, only partial range fuses (back-up fuses) are considered.

Figure C-21 shows the division of function between the components, dependant upon current. The
current ranges are given as multiples of rated current of the HRC fuse (l,nrc), Whereby the given
factors are average values.

Cé6.la Rated current of the combination I,k

This is generally less than the fuse rated current. Because of the thermal conditions at the fuse loca-
tion (in a cubicle or compartment), heat dissipation is limited in comparison to a fuse in the open.
Thus the combination cannot be loaded with the normal rated fuse current.

Up to the value Ik only the switch operates.

C6.1b  Overload range (Iryn <1 <3 lrun)

Above its rated current, the fuse is overloaded thermally. Until it reaches the characteristic curve (at
roughly 2 - I.yy) the fuse exhibits no defined behavior. The term “forbidden region” is even used.
There is a risk of the ceramic body rupturing and the fuse losing its breaking capacity. To avoid
this, some manufacturers offer the option of “thermoprotection” or a “thermostriker”, meaning that
the striker pin operates at a defined excess temperature and the load interrupter switch then breaks
the circuit.
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Figure C-21: Interaction between switch and fuses in combination

Over approximately 2 - I,yy the elements start to melt but the fuse cannot clear the arc. The striker
pin is released and the switch must clear the overcurrent.
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"Starts to melt” means: all the main elements (parallel paths) within the fuse become galvanically
broken at least one point; the current commutates to the neighbouring element and breaks that too.

Ce6.lc Minimum breaking current I3 = Imin

At currents larger than approximately three times rated current, the fuse is also able to clear the fault
after release of the striker pin. Above Imin the fuse definitely operates. In a three phase circuit, one
of the three fuses will be the first to react, to release its striker pin and clear. The switch clears the
fault current in the other two phases; both of the other two fuses may have reacted but the switch
will be faster and clears the current first.

Which fuse, in which phase, operates first, depends on the
e type of fault (earth fault, two pole or three pole fault)
e magnitude of the current

e tolerance of the fuse characteristics

C6.1d Range of the transfer current (Iyc)

This extremely important current range is clearly defined in the standard; because incorrect selec-
tion of the fuse could lead to the switching capacity of the switch being exceeded.

With increasing fault current, the time difference between operation of the three fuses decreases. Up
to the value of the transfer current, the fuse in only one pole operates, the switch clears the other
two poles. All currents greater than I+c are cleared by the fuses, the switch operates off load.

The transfer current is the largest current which the switch - at the occurring power factor - must be
able to interrupt. It lies between five times (small fuses) and 15 times (large fuses) the rated current
of the HRC fuse.

Cé6.le Current limiting range

With large fault currents, above some 20 times fuse rated current, the fuse operates within the first
half loop of fault current and limits the peak current to the value of its let-through current (cut-off
current) le,. The current is already cleared after the half loop.

Ce6.2 The transfer current

C6.2a Definition

Transfer current is the value of the three-phase symmetrical current at which the switch and the fuse
exchange switching duty. Immediately below this value, the first pole will be interrupted by one
pole of the fuse and the other two by the switch. Immediately above the value, the current is inter-
rupted only by the three fuses.

The transfer current is also the largest current which a series switch must be able to handle. It is
given by the opening time of the switch and the tolerance of the current-time characteristic of the
fuse. Whereby one must differentiate between:
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e Rated transfer current l4, which is the maximum interrupting capability of the switch (rated
value and maximum value for the combination); that is, this value gives the largest fuse which
can be used in the combination

e Transfer current ltc, which is that which relates to the fuse actually used in the combination.

C6.2b  The maximum breaking current required

A switch can, by definition, interrupt currents in normal operation. Its interruption capability is very
limited, especially for pure inductive or capacitive currents. Not every switch will handle the high
transient voltages which occur under earth fault conditions. In practice, there are vast differences in
capability, depending upon the principle of extinction. For short circuit conditions, the fuses are
there. These current limiting part range fuses only interrupt in all three phases with high fault cur-
rents. In between, there is a range of overcurrents where the switch must interrupt two phases. The
maximum value which the switch must interrupt is the transfer current, which is determined by the
fuse.

The most unfavourable condition for the switch: The first fuse to melt operates the switch by its
striker pin. In its characteristic time, the switch interrupts the other two phases. The highest switch-
ing capacity is demanded of the switch when the last two poles open just before the last two fuses
melt. Under that condition, the switch must interrupt the largest possible current. This largest value
is attained when

e the current tolerance between the fuses is at a maximum, that is, when one lies on the two on the
upper tolerance line,

e the opening time of the switch is short (if it were long, the fuses would have time to melt and
interrupt).

C6.3 The procedure to determine the transfer current

One needs the following data to calculate the transfer current from Figure C-22 the:
e current/ time curve of the HRC fuse

e opening time of the switch, Ty
(for direct striker pin operation or via electrical trip)

e rated transfer current of the switch 1, (manufacturer's data)

Striker pin initiated opening:

@® Draw a line parallel to the current axis, through the point 0.9-T, on the melting time axis.
Continue with ®.

Release initiated opening (Striker pin activates auxiliary switch):

@ Draw a line parallel to the current axis, through the point TO on the melting time axis. If an
external relay is in the relase circuit, draw the line through the point TO + 0.02 s on the melting
time axis (the delay of the relay is assumed to be 20 ms).

® The intersection of this line with the lower time-current characteristic of the fuse gives the as-
sociated transfer current Iy¢ (three-phase, symmetrical value).
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@ The transfer current thus determined shall not be larger than the rated transfer current I, stated
by the manufacturer.
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Figure C-22: Determination of the transfer current from a fuse characteristic

Example with a 40 A HRC fuse and an RMU unit type 8DJ10

- HRC fuse, type 3GA: lun =40 A
- Switch opening time: To=30ms
=> Transfer current for this combination: ltc =250 A

The following paragraph describes the mathematical background for the striker pin initiated open-
ing. Figure C-23 shows a section of a current/time characteristic, in the region of the transfer cur-
rent. Over this small range the characteristic can be represented as straight lines.

In a three-phase circuit, the first fuse melts after time T, under conditions of symmetrical fault cur-
rent lspol.

The second fuse melts after Ty, , under the residual fault current 0.87:13p0. Time T2 is smaller than
the melt time for 0.87-13,01 in accordance with the upper characteristic (Px), because this fuse has
already carried the larger current lzyo for time Tpy.

The time-current characteristic is a measure for the melt-energy, from which the times Ty and T,
can be calculated. The mathematical procedure is described in appendix B of the standard.

Under the conditions assumed in IEC 62271-200, there is a fixed relationship between Ty und T
AT = Tm2 = ij_ = 1.1 ) Tm]_

At the transfer point: To = AT = 1.1 - Try. To IS the opening time of the switch.

From the melt time of the first fuse T1 = 0.9 x T follows the associated transfer current in accor-
dance with the time/current characteristic of the fuse (see also Figure C-22).
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Figure C-23: Melting time of fuse in the region of the transfer current
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C7 Transformer protection in unit substations

This mainly concerns the unit substations of the utility companies. In industrial plants, the operating
conditions are different; e.g. climatic stress, accessibility, substation building. Moreover, different
switchgear types, devices and auxiliary equipment are used there. The large number of unit substa-
tions used by the utility companies requires economically acceptable equipment. This requirement
is especially taken into consideration here; however, the technical aspects apply basically for all
switchgear types.

In Germany, several 100,000 unit substations are in operation in the power distribution system.
Short-circuit protection of the transformers in these substations has been cared for by HRC fuses for
decades. In recent years, alternatives are increasingly being discussed in connection with SFe-
insulated ring-main units. There, the HRC fuse is the only device that is not integrated into the her-
metically sealed housing. However, the location of the fuse must conform with the concept in order
not to detract from the advantages of the gas-insulated technology; and this is a hard task. The alter-
natives for the short-circuit protection of distribution transformers are:

e HRC fuses
e |K-interrupters
e circuit-breakers

All three possibilities have their pros and cons. Technical and economical aspects must be evalu-

ated; safety and reliability can stand against the demand for freedom from maintenance. The deci-
sion has to be taken by the user, as there is not only one correct solution. The comparison explains
the features of the three protection concepts; possible transformer faults are described in advance.

C7.1 Internal transformer faults

Most transformer faults begin as turn, winding or layer faults. They can develop over a long period
of time. The fault currents can often lie in the range of the rated transformer current. Depending on
the duration, the fault current

e can be self-extinguishing due to the arc-quenching effect of the oil
e develop to a three-phase short-circuit current (evolving fault).

Tests were carried out with 10 and 20 kV distribution transformers in order to examine fault devel-
opment. The transformers had different built-in faults. Figure C-24 shows the fault currents and
their duration as well as the tripping characteristics of the protection relay and the HRC fuse. Low-
current faults are either not recognized at all (1) or only detected by the protection relay after some
time (2), (3) and (4). Higher fault currents are cleared by the fuse and the protection relay (5), (7)
before they evolve to a short-circuit. Case (6) is critical because the low-current fault is not cleared
before it evolves to a short-circuit.
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Figure C-25: Fault development in a distribution transformer
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Figure C-25 shows the development of the short-circuit and the pressure in the transformer for this
case. The 10 kA short-circuit (r.m.s. value) makes the tank burst after 10 ms. The circuit-breaker
does not open until 60 ms after, due to the operating time of the protection relay and that of the
breaker. Therefore it would not have been able to prevent the bursting of the tank. In contrast to
this, a HRC fuse would have operated after 10 ms, and thus prevented the explosion of the trans-
former. The result shows that the options of transformer protection with a circuit-breaker or a HRC
fuse must be carefully considered.

C7.2 Protection by HRC fuses

For short-circuit protection, the HRC fuse offers
e a limitation of the peak short-circuit current
e an arc-quenching time of a half-wave, 10 ms

The very short pre-arcing time and the current-limiting features of the fuse reduce the mechanical
and thermal stresses for the transformer considerably. These are the electrodynamic forces of the
peak short-circuit current, as well as the pressure and temperature rise due to the arc. In the case of
evolving faults, the fuse can therefore prevent the bursting of the transformer tank.

The limitation of the peak short-circuit current also reduces the stress for other connected equip-
ment, such as the incoming cables.

Small fault currents ranging between the rated fuse current and the minimum breaking current are
not cleared by the fuse; it is a back-up type fuse (see chapter C 5). It is only operated by a higher
fault current.

When selecting HRC fuses, the switching capacity of the switch has to be observed. In the case of
single-pole operation of the fuse, the switch-disconnector must break the fault current in two poles.
Hereby the current must not exceed the breaking capacity of the switch. To avoid this, the selection
criteria according to the IEC Publication 62271-105 for fuse-switch combinations must be ob-
served.

Regarding its application in unit substations, the fuse requires
e no auxiliary equipment
e N0 maintenance

In contrast to protection relays, the HRC fuse itself does not need a power supply, which is nor-
mally not provided in unit substations anyway. The fuse itself is maintenance-free, but it needs care
in its installation. It must be installed so that it is independent of the climate, in order to

e Kkeep its insulating capacity intact

e prevent the flow of surface creepage currents.

Moreover, the location of the fuse must not lead to an undue temperature rise, as the consequence
would be failure due to pre-ageing.

These are stringent requirements, but they are met by modern switchgear. Single-pole insulated fuse
chambers which are sealed to all sides guarantee a climate-proof installation. In most of the cases,
the fuse chamber is still included in the switchgear interlocks; it can only be replaced when the
feeder is de-energized, and this excludes faults due to maloperation.

82 © Siemens AG - 19E0



Types and Application of Switching Devices

C73 Protection by IK-interrupter

The IK-interrupter is a special fuse installed in the transformer tank. It is also hermetically sealed
and oil-insulated — and thus, climate-proof. Its function corresponds to that of a HRC fuse. The IK-
interrupter is only available for transformers up to 630 kVA.

Its disadvantages are the inaccessibility of the elements and the installation in oil, as the need for
replacement cannot be excluded, even without a transformer fault; e.g. after a short-circuit on the
low-voltage side.

C74 Protection by circuit-breaker

Circuit-breakers with a CT-operated protection relay open in the event of fault, according to the
inverse-time or definite time characteristic of the protection relay. In comparison with the switch-
fuse combination, this method has the following features

e the circuit-breaker controls all fault currents
e the protection relay can also detect smaller fault currents

The circuit-breaker is able to break all currents appearing at its location - in contrast to the switch,
which can only perform this in combination with a fuse. The replacement of components (fuses) is
also not required. CT-operated protection relays enable transformer protection without an additional
auxiliary voltage. The critical range, in which fault current is not detected, is smaller than that of a
fuse (tripping characteristic 1).

Only a range of very small fault currents is not detected by this combination.

Disadvantages when compared with HRC fuses:
e no current-limiting effect
e long breaking time

The grading time for evolving faults is critical. Based on the operating time of the protection relay
and the operating time of the circuit-breaker, the switching operation is delayed 60 milliseconds at
least, which has negative effects on the extent of the damage. The missing current-limiting effect
increases the stresses for the equipment.

Additional expenses are required for

e the additional isolating distance for the circuit-breaker

e the maintenance of the breaker and the CT-operated relay
e climate-protected installation of the protective equipment

A circuit-breaker or a suitable switch always requires an additional disconnector or a mechanism to
establish the isolating distance (e.g. three-position switch). Circuit-breakers and instrument trans-
formers are not maintenance-free. Also regarding the resistance to extreme climates, they must meet
the same requirements as the fuse-switch combinations.

The aforesaid applies to small transformers, usually in utility network unit substations. At higher
transformer ratings — in industrial plant — (as from about 2 MVA, depending on the voltage level),
adequate transformer protection is generally possible only with a circuit-breaker.
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C38 Surge arresters

Surge arresters protect devices and switchgear units. They limit overvoltages by diverting them.
Overvoltages appear either due to lightning strikes in overhead lines (external overvoltages), or as
internal overvoltages in the form of switching overvoltages or earth faults. The usual types of surge
arresters today are shown in the following figures.

HV terminal
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Figure C-26: Surge arrester (example Siemens 3EG type)

C8.1 Spark-gap arresters

They consist of a non-linear, voltage-dependent resistor (varistor) with a series-connected spark
gap. In most cases, the varistor is made of silicon-carbide (SiC), abbreviated as SiC-arrester.

Sparkover voltage
\ .
Residual voltage
Spark gap

Discharge current
. . Follow current
SiC resistor

]\
SiC arrester 0 10 ms

Figure C-27: Structure and mode of operation of SiC-arresters with spark gaps
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The spark gaps have two duties. First, they prevent the resistors from being continuously live during
normal service. Second, they interrupt the discharge current in the next power- frequency current
zero after operation of the arrester. When overvoltage waves with high currents rush in, the voltage-
dependent resistors prevent the limiting voltage (residual voltage) from rising without limit (Figure
C-27), and they limit the follow current.

C8.2  Arresters without spark gaps

They consist of a stack of metal-oxide resistors with a strongly non-linear, voltage-dependent char-
acteristic. The metal-oxide material (MO) is zinc-oxide (ZnO) in most cases. They are referred to as
MO-arresters or ZnO-arresters.

Residual voltage

MO resistor

Discharge current

- -

MO arrester 0 10 ms

Figure C-28: Structure and mode of operation of MO-arresters

C83 Surge limiters

Surge limiters have a zinc-oxide resistor in series with the spark gap. This type is used to protect
against switching overvoltages, especially where low operating voltages are required, e.g for motor
protection.

Figure C-29 compares the current-voltage characteristics of SiC and ZnO. The SiC-characteristic is
flat, in contrast to the ZnO- characteristic. A current of approx. 100 A would flow through the SiC-
resistance at normal voltage. That is why the arrester must be separated from the system by means
of a spark gap. The characteristic is due to the spark gap, as shown in Figure C-27. After disruptive
discharge of the gap, the voltage adjusts itself to the lower residual voltage.

ZnO has a steeper characteristic. At operating voltage, a residual current smaller than 1 mA flows
through the ZnO-resistor. This current is permissible without time limitation. The resistor does not
have to be separated from the system by means of a spark gap. The residual current heats up the
resistor, and this is followed again by a current rise (negative temperature coefficient of the resistor
material). Therefore, the characteristic must be exactly adjusted to the system conditions. Transient
or short-time voltage increases and the neutral-point connection of the system have especially to be
taken into account.
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Figure C-29: Current voltage characteristics of SiC and ZnO

Effectively earthed systems

In effectively earthed systems, there is only a limited voltage increase in the healthy phases in the
case of an earth fault; earth fault factor 6 < 0.4. Due to low earthing impedance the short-circuit
current lies in the order of KA and is cleared within a few periods. Thus the surge arresters are not
subjected to high voltage stress. In such systems, ZnO-arresters provide very low protection levels.

Systems with an isolated neutral or compensated systems

In compensated systems or in systems with an isolated neutral, there is a voltage increase in the
healthy phases if an earth fault occurs. Then, the characteristic must be selected in such a way that
negligible currents flow in the arresters of the healthy phases, even in the presence of that earth
fault. The arrester is designed for the highest voltage stress which may occur under fault conditions;
see dotted line in Figure C-29. The protection level is then, however, correspondingly higher.

Resistance-earthed systems

In resistance-earthed systems, the voltage increase in the healthy phases in case of an earth fault is
time-limited, as the fault is detected and the corresponding circuit is switched off within seconds.
Here, a ZnO-arrester with similar data as in the effectively earthed systems can be installed, if its
energy absorption capacity is dimensioned for an operating voltage that may be increased for a
short time.

Spark-gap arresters (SiC) can operate in any system, regardless of the method of neutral earthing.
As a rule, their rated voltage is selected according to the maximum phase-to-phase system voltage.
Thus, the earth fault condition in an unearthed network has already been considered.
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When especially low protection levels are required for special applications, e.g. for motor protec-
tion, surge limiters are used. Their ZnO-resistance gives a very low residual voltage. The spark gap
separates the arrester from the system during normal service (there is no residual current flow), and
"connects" it only in the event of overvoltages. Thus, the surge arrester enables low protection lev-
els also in unearthed or compensated systems. This type of arrester is only available for switching
overvoltages (low-energy overvoltages). It does not have the energy absorption capacity required
for lightning protection duties. Small dimensions are more important here, as its typical applications
also require installation in indoor switchgear.

Figure C-30: Examples of plug-in surge arresters

© Siemens AG - 19E0 87






Planning of Switchgear Installations

D PLANNING OF SWITCHGEAR INSTALLATIONS

D1 Planning criteria

The planning of switchgear installations requires the creation of a harmony between objectives,
duties, functions and influencing factors, and finding an economical solution from the many possi-
bilities offered. There is no single, patent solution, because:

e the duties of switchboards can differ widely
e many influencing factors are interrelated or contradictory
e the same influencing factors and requirements can have different values for different users.

Before the question about switchgear construction can be considered, other questions must be clari-
fied, for example its location and purpose in the network.

D11 Main uses and requirements

Switchgear has to provide a high degree of safety, in order to ensure the protection of personnel and
trouble-free system service. It must offer protection against electric shock and exclude the possibil-
ity of maloperation. If a fault occurs, its effects should be limited to the fault location and should
never lead to personal injuries.

Medium voltage switchboards are components of a supply network, used in primary or secondary
distribution systems. Characteristic of the primary distribution level are high load and short-circuit
currents, along with substantial secondary equipment for the switchgear in terms of protection,
measuring and (remote) control.

On the primary distribution level (Figure D-1) the following are found

e transformer substations (primary substations) where energy is fed in at a higher voltage and
stepped down to medium voltage. The substations are almost all equipped with circuit-breakers.
They switch large loads — usually in industrial plant, or cable ring feeders, which themselves
provide the infeed to switchgear on the secondary distribution level.

On the scondary distribution level substations are equipped with load interrupter switches or with
a mixture of load interrupter switches and circuit-breakers, the proportion of load interrupter
switches being significantly higher. The currents are lower; short-circuit protection is often pro-
vided by the assigned circuit-breaker on the primary distribution level. Generally, less is demanded
of the secondary equipment. Typical forms are the

e consumer substation, where the energy is distributed with the infed network voltage (medium
voltage). A tie breaker (coupler) in the substation can mark the boundary between the utility’s
property and that of the consumer, who is free to expand the substation. Measuring and meter-
ing equipment are comprised for billing the electrical energy provided.

e unit or rural secondary substations, where the energy is stepped down from medium voltage to
low voltage and distributed at this level. In industrial plants, unit substations are often installed
in the production centres and, at the same time, in the consumption centres. Then they are called
load-centre substations. For compact non-manned walk-in unit substations, the terms prefabri-
cated substations, packaged substations or kiosk substations have become conventional.
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Figure D-1: Main uses for substations in the distribution network

The selection of the equipment most suited to these locations may be predetermined by the network
planners and finally defined by the amount of energy to be distributed at each location.

D1.2 Selection criteria

Selection criteria may be determined by the existing system, others are conditionally selectable, and
some others are free, i.e. they can be chosen according to the best functional compliance and the
needs of the user.

Pre-determined factors are for example the
e nominal system voltage

e system frequency

e peak short-circuit current

e system type (cable, overhead line)

e neutral point connection

e environmental conditions

e standards and legislation

Conditionally selectable criteria are the

e insulation level, depending on the system type, neutral point connection,
over- voltage protection, site altitude
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e short-circuit duration, depending on the system structure and the protection concept
e classification of the location, depending on the type of personnel that will be allowed access
e type of construction of the switchgear, depending on the selected classification of the location

Many criteria still remain freely selectable:

e main switching device: circuit-breaker, switch-disconnector, contactor, fuse

e disconnecting device: withdrawable or truck-type systems or fixed-mounted disconnectors
e switchgear type and insulation: air-insulated or hermetically sealed, gas-insulated (SFg)
e hand or power operated mechanism

e local or remote control or station control system

e circuit arrangement: single busbar or multiple busbars

e enclosure

e partitioning

e accessibility of compartments

e category of service continuity (when accessing a compartment)

e type of shock protection when working (metal or insulating partitions)

e method to verify the safe isolation from supply

e method of earthing and short-circuiting

e resistance against internal arc faults (IAC classification)

Depending on the combination required and the degree of compliance with individual criteria, these
multiple considerations lead to an almost unlimited number of different switchgear types.

The following chapters describe first the main influencing factors mentioned above.

D2 Rules for design and construction

D21 Standards and application guides

The construction, production, testing, erection and operation of switchgear is regulated by numer-
ous standards.

e Electrotechnical standards specify safety features in e.g.
- Design
- Manufacture and testing
- Erection and operation

=> The most important standards for switchgear are listed in section H
e Design standards govern e.g. protection against electric shock (from touching), protection

against the ingress of foreign bodies and water, temperature rise in busbars, or the dimensions of
connections and joints.
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¢ Rules laid down by the German statutory industrial accident insurance institutions,
known as “Berufsgenossenschaften” or “BGs”, (accident prevention regulations) deal par-
ticularly with sector-specific hazards. These institutions devise rules that companies must com-
ply with. They define safety requirements applicable to equipment, processes, organizational
procedures and occupational safety. Typical accident prevention regulations and references to
other occupational safety regulations and standards are listed in the BG rules and BG informa-
tion for health and safety.

e There are also guidelines (recommendations) issued by associations, such as the VDN / VDEW?®
publications on the requirements applying to the planning, construction and operation of
switchgear used by utilities.

e Finally, internal factory or user standards, which may possibly add to the national standards,
may exist.

D22 Types of manufacture and installation according to the standards

The standards distinguish between two main switchgear groups

e factory-assembled, type-tested switchgear subdivided in those with
- metal enclosure acc. to IEC 62271-200 / VDE 0671-200 (former IEC 60298 / VDE 0670-6),
- insulation enclosure acc. to IEC 62271-201 (former IEC 60466)

e switchgear assembled at site or workshop-assembled according to IEC 61936 / VDE 0101
(which nowadays is only very rarely built new, but many examples of which are still in service)

D22a  Switchgear according to IEC 61936 / VDE 0101

In terms of development, these are the oldest designs. The switchgear is dimensioned according to
tables or standardized calculation procedures. The clearances between live parts and against earth
are stipulated by minimum dimensions (Table D-1). When the clearances are smaller than the
minimum, the dielectric strength must be proved by tests. This can occur, for example, when install-
ing components. For this case, the standard provides a "tested terminal zone". The dielectric
strength of smaller clearances is proved by means of an impulse voltage test and a power-frequency
test (also on a model with 1:1 scale). The final installation conditions must then be included in the
installation or operating instructions.

Almost without exception, this type of switchgear is now standardized. Standard switching devices
and instrument transformers are fixed-mounted in the supporting structure and interconnected by
means of bars. Such constructions are more flexible than type-tested switchgear. In most of the
cases, any necessary repairs can be carried out with local resources, without stocks and without
waiting for special parts. Planning with standard switchgear is simple. It is only necessary to select
and combine the suitable panel types for each case.

The rules according to IEC 61936 / VDE 0101, such as minimum clearances, apply also to individ-
ual built-on units or to modifications to type-tested switchgear (e.g. surge arresters, cable termina-
tion cubicles).

VDN, VDEW see Appendix Al 1
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Nominal | Highest equip- | Rated short-duration | Rated lightning Minimum clearances
system ment voltage | power-frequency impulse withstand | phase-to-earth and
voltage withstand voltage voltage 1.2/50 ps phase-to-phase
(Upr.m.s) (Upr.m.s) (rms) ( peak value) Indoor installation
kV kv kV kV mm
3 3.6 10 20 60
40 60
6 7.2 20 40 60
60 90
10 12 28 60 90
75 120
20 24 50 95 160
125 220
30 36 70 145 270
170 320

Table D-1: Minimum clearance in air according to IEC 61936 / VDE 0101

D22b  Switchgear according to IEC 62271-200 / VDE 0671-200

This type of switchgear is smaller and more compact in terms of its dimensions, as the dielectric
strength is not determined by minimum clearances. Tests replace the minimum clearances.

All technical data are proven by type tests. The quality of manufacture is controlled by routine tests.
Extensive machining guarantees dimensional constancy (which is important for interchangeability).
The high investment for tests and production are only acceptable for a large number of units, and
that is why standardization is essential. However, this can restrict the degree of freedom when plan-
ning.

The testing program prescribed comprises.

Type tests

e insulation level

e temperature-rise and resistance tests of the main circuits

e rated peak withstand current and rated short-time current

e making and breaking capacity of the switching devices

e mechanical function of the switching devices and of the removable switchgear parts
e touch protection against live parts and moving parts

e protection of personnel against dangerous electrical effects (leackage currents)

e Optional: protection agianst interal arcing

Routine tests

e power-frequency test of the main circuits

e voltage test of auxiliary circuits and control circuits
e resistance test of the main circuits
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e mechanical function test
e test of the auxiliary equipment
o verification of the wiring

D22c Insulation enclosed switchgear according to IEC 62271-201

On this design, the outer enclosure is made of solid insulation material. In other respects the same
applies (concerning testing) as does to metal-enclosed switchgear. Switchgear enclosed in nothing
other than insulant is however seldom produced any more today.

D22d  Erection and connection of switchgear

IEC 61936 / VDE 0101 includes additional chapters on general erection specifications and governs
the setup, connection and earthing of switchgear at its place of operation. This standard applies to
all types of switchgear, both type-tested and built up in stages; see also D 8.2.

Operation of all types is governed by EN 50110 / VDE 0105.

D3 Insulation level

The insulation level is selected according to the voltage stress expected and other factors that may
have an influence on the insulation:

e alternating voltage under normal service conditions

e temporary voltage increases

e lightning overvoltages

e pollution of the insulator surfaces

e site altitude above 1000 m

According to the standards for the insulation level of medium voltage switchgear, switching over-
voltages do not have to be generally taken into account. If switching overvoltages can arise due to

specific system conditions (e.g. cable oscillations) or specific consumers (e.g. switching of pure
inductive currents), protective measures have to be taken directly in the feeder concerned.

Insulation levels are standardized. The values shown in table C3 are valid for site altitudes up to
1000 m above sea level. At higher altitudes, the insulation level must be adjusted; see chapter D 4.3.
If it is not adequate for the place of installation, further measures must be taken, e.g. surge arresters
to limit possible internal or external overvoltages, or selection of the next higher rated voltage, with
overall higher dielectric strength levels.
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Rated voltage Rated lightning impulse withstand voltage | Rated short-duration power-frequency
U /kV (r.m.s.) U, / kV ( peak value ) withstand voltage Uq / kV (r.m.s.)
Phase-to earth, between | Across the Phase-to earth, between | Across the
the phases and across the | isolating dis- | the phases and across the |isolating dis-
open switching device tance open switching device tance
3.6 20 23 10 12
40 46
7.2 40 46 20 23
60 70
12 60 70 28 32
75 85
17.5 75 85 38 45
95 110
24 95 110 50 60
125 145
36 145 170 70 80
170 195

Table D-2: Insulation levels according to IEC 60694 / VDE 0670-1000

D4 Environmental influences

IEC 60694 / VDE 0670-1000 defines "normal”, i.e. permissible environmental conditions for indoor
switching devices. Normal indoor conditions can be achieved either by appropriate design of the
buildings or by provisions at the enclosure or at the devices themselves. The decision depends on
the type and size of the substation. In extensive transformer substations, it may be better to invest in
the building, whereas in unit substations, provisions at the enclosure and at the devices may be more
economical.

If there are no “normal ambient conditions” at the place of installation, manufacturer and operator
must reach special agreement and take particular measures.

D41 Temperature

Maximum value 40° C
Average over a period of 24 hours  35°C
Minimum value class minus 5 -5°C
Minimum value class minus 25 -25° C

If it is expected that the maximum values will be exceeded at site, the devices must be operated at a
value lower than their rated current, or devices of a higher class must be installed. If it is expected
that the temperature will drop below the minimum values, room or panel heating must be installed.

The limit values mentioned apply during operation. In general they may be exceeded during trans-
port or storage. The manufacturers supply the relative information.

© Siemens AG - 19E0 95




Planning of Switchgear Installations

D4.2 Atmospheric humidity

For indoor switchgear it is assumed that the humidity within the enclosure can reach high values,
but that there is normally no condensation on the equipment installed. This assumption in IEC
62271-200 / VDE 0671-200 is valid as a modification of IEC 60694 / VDE 0670-1000.

A heater in the panel or at the switching device avoids condensation problems. Temperature-
dependent or humidity-dependent heating is widely used but constant heating is better and safer.
Room heating is also useful. In larger substations it is in any case necessary because other equip-
ment, such as protection, control and telecontrol systems also require a dry indoor atmosphere.
Even battery rooms require heating, as the capacity of a battery depends on the temperature of the
acid. At temperatures below 20°C, the capacity decreases by approx. 1% of the rated value per de-
gree Centigrade.

D43 Site altitude

The standardised insulation levels are related to standard atmospheric conditions, i.e. 1013 hPa at-
mospheric pressure, 20°C temperature and 11 g/m?3 water content. Air density decreases with in-
creasing altitude, and so does its insulation capability. According to the standards, the quality of the
insulation required at sea level is considered adequate for site altitudes of up to 1000 m, i.e. the re-
duction of approx. 9% for this altitude is ignored. The standards do not provide guidelines for site
altitudes above 1000 m.
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Figure D-2: Correction factor for the insulating capacity

As the insulation quality required by the standards has proved to be satisfactory for altitudes up to
1000 m, the concept is considered valid for higher altitudes. Therefore the correction factor a for the
altitude is based on the insulation capability at 2000 m, which is already 9% lower than at sea level
(corresponding to 0.91 or 1/1.1).

The following formula results:

required insulation level
11-a

Rated insulation level to be selected >
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Example: Site altitude 3000 m above sea level
Required rated lightning impulse withstand voltage
for a 15 kV switchgear (acc. to ANSI/IEEE) 95 kV
Correction factor a 0.73
Rated lightning impulse withstand
voltage to be selected 95 kV/(1.1-0.73) =118 kV

Switchgear with a rated voltage of 24 kV, List 2 (rated lightning impulse withstand voltage 125 kV)
meets this requirement. However, to determine the actual insulating capability at site, for testing
purposes, the reduction of the insulation withstand capability must be calculated from its value at
sea level:

Withstand voltage = a - Rated withstand voltage of the selected device

Example: Site altitude 3000 m above sea level
Rated lightning impulse withstand voltage (specified value
at sea level) for a 15 kV switchgear according to ANSI 95 kV
Correction factor a 0.73
Actual insulating capacity at 3000 m 69 kV

Definition:  Rated insulation level = Rated short-duration power-frequency withstand voltage Uy
rated lightning impulse withstand voltage U,

Insulation level = short-duration power-frequency withstand voltage and
lightning impulse withstand voltage

D4.4 Environmental atmosphere

IEC 60694 / VDE 0670-1000 defines: The environmental atmosphere is not substantially polluted
by dust, smoke, corrosive or inflammatory gases, vapours or salt.

© Siemens AG - 19E0 9 7



Planning of Switchgear Installations

D45 IP Degrees of Protection

This refers to the protection against ingress of water and solid foreign objects, but above all the pro-
tection of personnel against electric shock and against touching of moving parts. The degree of pro-
tection is classified by IEC 60529 / VDE 0470-1 in the form of an IP-code.

Code letters IP 3XDW —— Supplementary letter*
(International Protection)/ | \ (H, M, S, W)

First number Second number Additional letter*
(0to 6 or X) (0 to 8 or X) (A,B,C,D)

* The use of an additional or supplementary letter is optional.

The first number describes the quality of protection against ingress of solid foreign objects, against
electric shock and touching of moving parts; the second one the protection against ingress of water.
For medium-voltage switchgear, the following degrees of protection are preferred:

First number 23o0r4
Second number lor4

For indoor switchgear, the designation of the protection against ingress of water is considered to be
superfluous in most cases. Thus an X is used instead of the second figure, e.g. IP3X.

Especially for indoor switchgear - generally speaking for installations in clean rooms - the addi-
tional letter for protection against contact is of interest. The coupling of personnel protection with
foreign body protection, indicated by a common number, can cause considerable difficulty in de-
sign. If, for example, large ventilation holes are necessary, a higher degree of protection against
foreign body ingress is difficult to achieve - although not exactly necessary in clean rooms. In con-
trast, a high degree of personnel protection can be achieved by relatively simple means, even with
low foreign body protection, by adequate shrouding, labyrinths or distance to live parts within the
housing.

Therefore an additional letter can specify the degree of protection against the access to hazardous
parts, if

e the actual personnel protection is of higher quality than that given by the first number, or

e only the personnel protection is indicated, without stating a degree of foreign body protection;
first number = X.

The additional letter is, however, allowed only when the housing fulfils all lower degrees of protec-
tion.
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First Degree of protection (description / definition)
number against access to hazardous parts ’ against ingress of solid foreign objects

0 Not protected Not protected

1 Protected against access to hazardous parts | Protected against solid foreign objects of
with the back of a hand 50 mm & and greater
The access probe, sphere 50 mm &, shall | The object probe, sphere of 50 mm &, shall
have adequate clearance from hazardous not fully penetrate®
parts

2 Protected against access to hazardous parts | Protected against solid foreign objects of
with a finger 12.5 mm < and greater
The jointed test finger, 12 mm &, 80 mm | The object probe, sphere of 12.5 mm &,
length, shall have adequate clearance from |shall not fully penetrate ®
hazardous parts

3 Protected against access to hazardous parts | Protected against solid foreign objects of
with a tool 2.5 mm < and greater
The access probe of 2.5 mm & shall not The object probe, sphere of 2.5 mm &,
penetrate shall not penetrate at all ®

4 Protected against access to hazardous parts | Protected against solid foreign objects of
with a wire 1.0 mm O and greater
The access probe of 2.5 mm < shall not The object probe, sphere of 1.0 mm &,
penetrate shall not penetrate at all ®

5 Protected against access to hazardous parts | Dust protected
with a wire Ingress of dust is not totally prevented, but
The access probe of 2.5 mm & shall not dust shall not penetrate in a quantity to in-
penetrate terfer with satisfactory operation of the

apparatus or to impair safety

6 Protected against access to hazardous parts | Dust tight
with a wire No ingress of dust
The access probe of 2.5 mm & shall not
penetrate

Table D-3:  Degrees of protection against access to harzadous parts

and ingress of solid foreign objects

" In the case of the first characteristic numerals 3, 4, 5 and 6 protection against access to hazardous parts is satisfied if
adequate clearance is kept.
8 The full diameter of the object probe shall not pass through an opening in the enclosure.
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Second Degree of protection against ingress of water
number

0 Not protected

1 Protected against vertically falling water drops
Vertically falling drops shall have no harmfull effects

2 Protected against vertically falling water drops when enclosure tilted up to 15°

Vertically falling drops shall have no harmfull effects when enclosure is tilted at any
angle up to 15° on either side of the vertical

3 Protected against spraying water
Water sprayed at an angle up to 60° on either side of the vertical shall have no harmful
effects

4 Protected against splashing water

Water splashed against the enclosure from any direction shall have no harmful effects

5 Protected against water jets
Water projected in jets against the enclosure from any direction shall have no harmful
effects

6 Protected against powerful water jets

Water projected in powerful jets against the enclosure from any direction shall have no
harmful effects

7 Protected against the effects of temporary immersion in water

Ingress of water in quantities causing harmful effects shall not be possible when the en-
closure is temporarily immersed in water under standardized conditions of pressure and
time

8 Protected against the effects of continuous immersion in water

Ingress of water in quantities causing harmful effects shall not be possible when the en-
closure is continuously immersed in water under conditions which shall be agreed be-
tween manufacturer and user but which are more severe than for numeral 7

Table D-4: Degrees of protection agianst ingress of water
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Additional | Degree of protection against access to hazardous parts
letter

A Protected against access with the back of a hand
The access probe, sphere 50 mm <, shall have adequate clearance from hazardous
parts

B Protected against access with a finger
The jointed test finger, 12 mm &, 80 mm length, shall have adequate clearance from
hazardous parts

C Protected against access with a tool
The access probe of 2.5 mm &, 100 mm length, shall have adequate clearance from
hazardous parts

D Protected against access with a wire
The access probe of 1.0 mm &, 100 mm length, shall have adequate clearance from
hazardous parts

Table D-5:  Degrees of protection against access to hazardous parts
indicated by the additional letter

To prove the degree of protection IEC 60529 / VDE 0470-1 specifies test devices and methods. The
following tables clarify the meanings of the code numbers and letters

A supplementary letter can, furthermore, be added behind the second code number or after the first
extension letter, if the associated product standard permits.

Supplementary | Significance
letter

H High voltage apparatus

M Water protection, when moving parts of the apparatus are in operation, e.g. rotat-
ing parts of a machine

S Water protection, when moving parts of the apparatus are stationary

w Suitable for use under specified weather conditions and provided with additional
protective features or processes

Table D-6: Supplementary letter of the IP code

Enclosed switchgear that is suitable for specific weather conditions (outdoor installation) can be
designated by adding the letter W, e.g. IP44W. The standard does not provide a definition of this
weather protection, the provisions required must be agreed upon.

© Siemens AG - 19E0 101




Planning of Switchgear Installations

D5 Switchgear availability

High availability means: no breakdown or very rare breakdowns of the power supply and, if a fault
should still occur, then only with a short interruption of power flow. When considering the desired
degree of availability it should not be forgotten that an appropriate system layout (multiway supply)
is also important for this aim. Very high requirements justify provisions not only within the system,
but also in the switchgear.

Switchgear achieves a high availability if

e the need of maintenance is low

e the extent of required maintenance is small

e the possibility of maintenance is good

e the probability of faults is low

o the fault effects are limited

e the components to be repaired are accessible easily and without danger.

While an interruption of the power for the purpose of maintenance can be planned, in the case of
faults it happens suddenly and very often at the worst time. Economical and operational reasons
decide which of the a.m. features are the priorities for a particular switchboard.

The different constructional principles of switchboard types offer different possibilities.

D5.1 Influence of the type of switchgear construction

D51a  Gas-insulated, metal-enclosed switchgear

All external disturbances (pollution layers, corrosion, humidity) are completely and totally excluded
from the components of the main circuit. Maloperation is prevented by interlocks. The probability
of faults due to external influences is extremely low. Moreover, if the construction is single-pole
encapsulation, fault effects are very limited (only earth faults are even conceivable, that is, phase to
phase faults are impossible).

The use of practically maintenance-free components (vacuum interrupters, current and voltage
transformers without high- voltage windings, metal-enclosed cable sealing ends) minimizes the
need for maintenance. Under these circumstances, the need for accessibility becomes less and less
important.

D5.1b  Air-insulated metal-enclosed switchgear

External disturbances are precluded to a large extent, and mal-operation is prevented by interlocks.
Therefore, the probability of faults is low.

The importance of freedom from maintenance for the components is not so important, because they
are easily accessible.
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D51c Compartmented switchgear

Those switchgear is internally subdivided into functional compartments, e.g. for the busbar, the
circuit-breaker and the cable terminals. In contrast to metal enclosed switchgear without partitions,
it has the following advantages:

e automatic protection against electric shock during work on specific components, while adjacent
components remain in operation,

e limitation of the effects of faults is archivable.

In gas-insulated switchgear, compartmentalization is inherent for constructional reasons. Air-
insulated switchgear is available with or without partitions, or with a partial compartmentalization
where several functions are in one compartment.

The arrangement and design of the compartments has a major influence on the availability of
switchgear; see chapters D 5.2 and D 5.3 below.

D5.1d  Cubicle type switchgear

If adjacent panels are live, working in one part of the panel (e.g. at the cable termination) is only
safe after insertion of protective barriers (insulating plates, in most cases). If that is not possible, the
system must be shut down (at least the busbar section concerned). In non-compartmented or par-
tially compartmented switchgear the limitation of fault effects is lower than in compartmented
switchgear.

D51le Switchgear with withdrawable components

In most cases, only the main switching device is withdrawable. Gives ease of accessibility not only
to the part withdrawn, but also to the components remaining in the stationary part, as there is more
space left for access after the main device has been withdrawn. Furthermore, in this switchgear
type, disconnectors have been replaced by isolating contacts. Fewer devices imply less maintenance
and fewer sources of fault. The compact arrangement enables robust mechanical interlocks.

D51f Switchgear with fixed-mounted components

Offers the greatest freedom regarding the selection of components. Faults due to maloperation can
also be prevented here by mechanical and electrical operation. The degree of accessibility for main-
tenance or repair purposes depends on the particular design, the better it is, the larger is the panel.
Working is only possible after insertion of protective barriers. Replacement of components (e.g.
breakers) is complicated, as the fixing and connecting bolts must be detached and heavy devices
must be lifted. That applies less to gas-insulated fixed-mounted switchgear, as the GIS and its built-
in components are largely maintenance-free, dispensing with the need for access.

D51g Open switchgear

It offers no protection against external influences and hardly any limitation of fault effects. It is in-
stalled only where a clean, dry, heated or even air-conditioned room is available; where the breakers
are operated from a remote location or at least from outside the switchgear room, and where, if nec-
essary, a longer reconditioning time is acceptable. Open type switchgear is practically never built
nowadays, but it is still permissible.
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D5.2 Accessibility of compartments

The overall availability of switchgear is likewise significantly influenced by how quickly (and with
what method) a compartment can be opened. With reference to these aspects, the standard distin-
guishes between four types of compartment. Three of them differ in terms of access control:

o With an interlock-controlled accessible compartment, an interlock in the switchpanel allows
access after the live parts have been isolated and earthed. It is envisaged that this type should be
opened in the context of normal operation or maintenance, e.g. for changing HRC fuses (all
forms of repair or installation work are not counted as operation or maintenance).

o With a procedure-based accessible compartment, access is controlled by a lock in combina-
tion with instructions. It is likewise intended that this type should be opened for normal opera-
tion or maintenance.

e A tool-based accessible compartment — for example a cable termination compartment — can
only be opened by means of a special tool in accordance with particular instructions. This type of
compartment can only be opened in certain eventualities, i.e. not in the course of normal opera-
tion or maintenance.

The fourth type is found in gas-insulated switchgear where access to built-in components is not re-
quired:

e A non-accessible compartment must not be opened. Opening the compartment can destroy it
and impair the function of the overall system.

D5.3 Operational availability during maintenance/modification work

It is the subdividing of the switchgear and the design of the compartments that determine the avail-
ability of the overall system while work is being done, i.e. which parts of the system must be taken
out of operation when a compartment is opened. The more appropriately the functions are divided
up between a number of compartments (busbar, disconnector, main and earthing switch, cable ter-
mination), the lesser the extent of stoppages if a compartment has to be isolated and earthed.

The standard has created a category of “loss of availability”. This category indicates which parts of
the switchgear have to be taken out of operation when an accessible compartment is opened; acces-
sibility usually concerns mainly the switching device.

Category LSC 2B indicates the highest level of availability and means that - apart from the panel
with the opened compartment — all other adjacent panels remain energized and in operation; the
system remains available.

Category LSC 2A applies to switchgear in which the panel with opened compartment goes com-
pletely out of operation; all other panels can however remain in operation.

Category LSC 1 refers to switchgear that does not comply with LSC 2A or 2B. The “1* stands for
the lowest level of availability and means that — apart from the opened panel — at least one other has
to be shut down, or even the entire busbar section.

The LSC categories designate accessible compartments and are intended for installations in which
the switching device is accessible. Since with gas-insulated systems it is neither necessary nor con-
sequently possible to open the compartments, no LSC category is generally stated for gas-insulated
switchgear.
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D54 Redundancy, reserve and back-up

In every case, the achievment of higher reliability requires provision of reserves: in the cable sizes,
the power of the transformers, the components and the material as well as in emergency generators.
Depending on the admissible duration of the breakdown of the power supply, we distinguish be-
tween instantaneous, minutes and hours reserves.

D54a Instantaneous reserve

This reserve generally avoids a de-energized pause, or the de-energized pause is so short (< 350
ms), that most consumers do not notice it.
Some simple examples:

e Two transmission paths are operated in parallel. If one of them breaks down, the total demand is
supplied from the other one. Precondition: both of them must be dimensioned for the full power.

e The current is supplied through one of two possible transmission paths only. If this path breaks
down, automatic transfer to the reserve path takes place. There may be a common reserve for
several paths or feeders.

D54b Minutes reserve

This reserve limits the de-energized pause to minutes. Within this period of time, alternative sources
in the transmission system can be selected by means of switching operations which take load flows
and priorities into account.

D54c  Hours reserve
Here, the de-energized pause lasts until either the damage is repaired, or a power supply is provided
again through a provisional arrangement or through emergency equipment.

It is evident that the power supply in industrial and commercial areas as well as in densely popu-
lated residential and business areas must provide for instantaneous reserve. Secondary possibilities
for minutes or hours reserve can be required additionally, or may at least be useful.
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D6 Busbar systems

The decision on single or multiple busbar systems depends on the operational requirements. The
following points play an important part:

e Number of outgoing and incoming feeders

e Shall any parts of the switchgear be operated separately?

e Shall any consumers be transferable to different supplies?

e Is uninterrupted transfer required?

e Which switchgear sections shall remain in operation during maintenance?

D6.1 Single busbar

For switchgear with a low power throughput or for switchgear with only a few feeders (up to
approx. 5 feeders), an undivided single busbar is sufficient in most cases, even if there are two in-
coming feeders (typical example: ring main unit; see chapter D 6.4). If there are more feeders,
which automatically implies a higher power throughput, it is advisable to subdivide the single bus-
bar one or more times. The most important principle to be observed is: one section for each incom-
ing feeder. Disconnectors, switch-disconnectors or circuit-breakers may be used to achieve this
busbar sectionalization.

/\I
- L
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Figure D-3: Single busbar with sectionalizer (left) and in a unit substation (right)

D6.1a  Bus sectionalization using disconnectors

A disconnector can be used, when the busbar sections are normally operated either constantly sepa-
rated or constantly interconnected, and if they are only switched over in special cases, e.g. to enable
maintenance or only to allow "minutes reserve”. In the case of disconnectors or switch-disconnec-
tors, which are firmly connected to both sides of the busbar, it must be taken into account that they
can only be maintained when both sections are de-energised. In contrast, disconnect and isolating
contacts of switchgear trucks (withdrawable switchgear) are such simple elements, that they hardly
need any maintenance.

D6.1b  Bus sectionalisation using circuit-breakers

A circuit-breaker is used when the busbar sections are alternately operated in separate or intercon-
nected mode, or when changes of the actual switching state shall be carried out automatically and
instantaneously, e.g. to provide instantaneous reserve or for selective system division in the case of
fault.
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D6.1lc Open or closed bus section?

Both possibilities are correct under appropriate circumstances. The mode of operation has no direct
influence on the selection and the equipment of the switchgear, but the following has to be ob-
served:

In open operation, subsystems are formed, so that only part of the consumers are directly involved
in the event of breakdowns. As only few system impedances (e.g. transformers, cables) are in paral-
lel, the short-circuit currents remain low, and this possibly allows lighter breakers, smaller cables,
i.e. cheaper components. In the case of a breakdown of supply, instantaneous reserve can still be
guaranteed by means of a bus section with circuit-breaker and an automatic transfer system. The
short-circuit current does not increase, as one incoming path has been disconnected. Reserves must
be planned and installed; but then, they are available without restrictions in the event of fault.

In the closed bus section mode, load differences can be balanced automatically, but faults can also
have effects on the whole system. A faulted incoming feeder can cause an overload in a second one,
which is then also disconnected. This has the consequence that the load is supplied through fewer
and fewer paths, because they break down one after the other (Cascade disconnection). Moreover,
the short-circuit current can reach very high values; all components must be dimensioned for it,
even when selective isolation from the system is provided by means of a bus section with circuit-
breaker and an automatic system for instantaneous fault clearance. Common reserve paths can be
installed instead of dedicated paths; but they are also only available depending on the actual switch-
ing and load conditions.

Most switchgear assemblies are equipped with single busbars, which demonstrates their adequacy
for almost all supply duties. Not only small substations use this principle, but also others with more
than 40 feeders and several bus sections. Among these, there are switchgear assemblies where four
sections are connected in a busbar ring, so that each section has a neighbour to the left and to the
right as a possible reserve source. Another frequent type is main substations, where all incoming
feeders are arranged on one side and all outgoing feeders on the other side of the bus section, which
is additionally equipped with measuring and metering equipment. The purpose is to obtain clear
differentiation between a consumer network and the general system of a regional utility.

D6.2 Double busbar

Some operational requirements are influenced by contractual or technical conditions in such a way,
that they cannot be satisfactorily met by a single busbar switchgear. Reasons for that could be, for
example:

a) A factory receives its power supply from the regional utility company, but it also uses its own
production steam for power generation. Its own generator is not allowed to be connected to the
utility system, but optimum use of its capacity must be made.

b) Ina system there are some consumers which cause heavy load impulses, some which are sensi-
tive to system fluctuations, and some which are insensitive to them. These latter shall be trans-
ferrable to the steady or to the affected busbar depending on the load conditions.

c) Inasystem there are consumers with different priorities, which may therefore be connected to a
secure or a less secure busbar.

d) A system must be divided into two subsystems due to limited fault withstand capability of the
existing equipment, or increase of demand necessitates transfers for load equalization e.g. in
case of an unforeseen power requirement.
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Figure D-4: Double busbar with a bus section with disconnectors and a bus coupler

Example a) leads to a double busbar without bus coupler. For every busbar transfer, the current flow
to the consumer must be momentarily interrupted. Interlocks are only required, within each panel,
between the circuit-breaker and the disconnectors, then between both busbar disconnectors under an
either/or condition.

The classical double busbar, suitable for the examples b) - d), has a transverse bus coupler which
enables a busbar transfer without interruption of current flow. However, besides the individual
panel interlocks, this arrangement also requires interlocks with the bus coupler.

As a general rule, double busbars are operated separately and, if a coupling has been provided, they
are only interconnected for a short time for circuit transfer. For this short coupling phase, and under
specified safety conditions, The standards (IEC 61936 / VDE 0101) even permit the short-circuit
current to exceed the rated values of the switchgear.

D 6.3 Transfer busbar

For extreme requirements, such as uninterrupted operation "at all events", and where even a double
busbar is not sufficient, a transfer busbar can be added. It is available as a double busbar plus single
busbar assembly. Theoretically, it could also be arranged as a combination of the bypass disconnec-
tor with a double busbar, but this leads to complicated types of construction. The cost depends deci-
sively on the switchgear type; see chapter D 7.

When operating the transfer busbar, the effect of its use upon the protection system must be consid-
ered:

a) If the current transformers are mounted directly at the cable termination, the tripping command
of the protection must be switched over from the bypassed circuit-breaker to the bus coupler
circuit-breaker.

b) If the current transformers are mounted at the circuit- breaker, only the bus coupler protection
can be effective, as the existing transformers are also bypassed. In this case, the ratios of the in-
strument transformers in both feeders must be approximately the same, and the tripping thresh-
old relay setting has to be adjusted to suit the feeder concerned.
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Figure D-5: Transfer busbar

D6.4 Unit and consumer substations

Unit substations contain a single busbar with a transformer feeder for supply of the low voltage sys-
tem (LV). In most of the cases they are looped into a ring cable which runs between two main
switching substations. Switch-disconnectors operate the supply cables. In the case of a fault, the
ring can be opened at any unit substation. A fused switch-disconnector combination enables a sepa-
rate disconnection of the transformer in the case of a fault and limits the short-circuit current to the
transformer at the same time. As shown in Figure D-6 there are extended unit substations as well,
called “consumer substations®, in which the switchgear (of any configuration) of a customer is con-
nected to the the ring cable. At the supply point — with load interrupter switch or circuit-breaker —
the energy is measured and metered for billing.

Unit substation Consumer substation

N \-Jf * \-Jr = j{- T L
Lol 2% )
Ring main cable

LV LV LV

Figure D-6: Unit and consumer substations in a cable ring
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D7 Double-busbar switchgear

Double-busbar switchgear is available in different designs:

1) with one disconnector per busbar, fixed-mounted in the supporting structure. The circuit-
breaker can also be fixed- mounted (Figure D-7a) or be arranged on a truck or on a with-
drawable unit (Figure D-7b).

N | A

1
HJ

a) Fixed mounted b) Withdrawable circuit-breaker

Figure D-7: Double busbar switchgear, fixed mounted disconnectors

(2) asaso called two-breaker switchgear in truck-type or withdrawable-unit design, where each
feeder consists of 2 stationary parts with common instrument transformers and cable termina-
tions; as a rule, the circuit-breaker is only provided once per feeder. Each of the two panel
rows comprises one of the busbar systems. Depending on preference, two arrangements are
possible:

(2a) Back-to-back arrangement, where circuit-breaker connections are linked through the rear
walls (Figure D-8).

(2b) Face-to-face arrangement (also called wall-to-wall arrangement), where the two panel rows
are placed with their fronts facing the common operating aisle.
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Figure D-8: Back-to-back and face-to-face arrangement
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Each of the three designs has its advantages and disadvantages, which are, briefly.

D71 Fixed-mounted disconnectors

This switchgear design is very suitable for hand-operated switchgear where a busbar transfer is car-
ried out very often, because it is much easier to switch a disconnector than to move switchgear
trucks around. It is especially suitable for remote control, as the additional expense for power-
operated mechanisms at the disconnectors is quite low. However, depending on the switchgear size,
a sophisticated and costly interlocking system (switchgear interlocking system) may become neces-
sary, see also chapter D 9.1.

The floor area required is less than for truck-type switchgear, but the rooms must be higher.

D72 Two-breaker arrangement

This is very suitable for hand-operated switchgear where a busbar transfer is not carried out very
often, because the distances for a busbar transfer can be quite long, e.g. in the case of back-to-back,
right around the complete switchboard. A remote-controlled busbar transfer is possible when all
feeders concerned are equipped with two circuit-breakers and both of them are equipped with a mo-
tor-operated drive mechanism. In modern designs (switchgear with withdrawable units) the addi-
tional expense remains within reasonable limits.

A bus coupler is not required when the expected balancing current between the two busbars during
the coupling operation does not exceed the rated (normal) current of the feeders. In this case, the
coupling operation is performed by means of a second circuit-breaker, which is inserted in the
feeder concerned. This procedure requires at least one reserve breaker on a truck, or withdrawable
unit. After the transfer and decoupling operations have been finalized, the formerly active breaker
becomes the reserve breaker. The overcurrent protection of a feeder does not detect the coupling
current. No more interlocks than the obligatory ones between the main switching device and the
drive mechanism are necessary.

If a bus coupler is required due to the magnitude of the coupling current, only one of the stationary
parts of the bus coupler panel has to be equipped with a circuit-breaker. In the other one, a rigid bar
connection from the lower connection to the busbar is sufficient. However, in most cases this sta-
tionary part is also equipped with isolating contacts, but only an isolating truck or disconnector link
is inserted. In addition, interlocks must be provided between the bus coupler circuit-breaker and the
feeders.

D72a Back-to-back arrangement

The main advantage in contrast to 2b is the short link between the two stationary parts of a feeder.
This link remains within the enclosure and it can therefore be dimensioned without problems for
higher currents by means of bars. Furthermore, the combined cable compartments of the two sta-
tionary parts offer a lot of space for parallel cable terminations, instrument transformers, surge ar-
resters if required, and an earthing switch. The interlocking of the earthing switch against the two
switchgear trucks or withdrawable units can easily and safely be achieved with simple mechanical
means.

A disadvantage regarding 2b is the more complicated busbar transfer, due to the long way around
the complete switchgear row and the subsequent risk of confusion of panels.This disadvantage dis-
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appears when each feeder is equipped with two circuit-breakers, as e.g. in case of switchgear with
full remote control.

The floor area required is the largest of all three designs, as it requires two operating aisles of the
width required to withdraw the breaker and at least one free access at both front sides. A room
height of 2.5 to 3 m is enough, the same as for single busbar switchgear.

D7.2b  Face-to-face arrangement

The main advantage in contrast to 2a is the clear spatial segregation of the two busbar systems and,
at the same time, the clear identification of the two panels corresponding to the same feeder. Their
interconnection, however, is more complicated, because it has to run underneath the common oper-
ating aisle, thus reaching a length of 5 to 8 m outside the enclosure. For smaller currents, cables are
installed, which are frequently preassembled single-core plastic-insulated cables. This can increase
the number of sealing ends per feeder three times; moreover, the connecting cables are not covered
by the overcurrent protection of the feeder but by the busbar protection. So, if there is a fault on one
interconnecting cable, the incoming feeder protection operates, causing shutdown of a complete
busbar section.

The interconnections can also be designed as bar ducts. In the case of higher currents, bars are al-
ways required. The expense is quite high, especially when the bars have to be transposed in order to
get the same phase sequence from the left to the right.

The interlocking of the earthing switch against the opposite stationary part is also more compli-
cated. In most of the cases, a solenoid interlock is provided, or an earthing truck instead of earthing
switches.

The floor area required is smaller than in 2a, as it only requires one operating aisle. The room height
is the same as in 2a. The interested reader is also referred to the vertical isolation method of provid-
ing double busbar selection.

D73 Aspects of selection

When deciding on a single or a double busbar, the following should be generally taken into consid-
eration: In single-busbar switchgear the switching state is always clear to see. Therefore it is always
easy to assess its status during a hectic situation resulting from system faults, thus reducing the pos-
sibility of maloperation. For any transfer required after a fault, only circuit-breakers have to be op-
erated. If a wrong breaker should be opened or closed, this has no extensive consequences, except
that a part of the system (consumer) could possibly be separated from its supply without need.
However, this can be corrected immediately, as the circuit-breakers are suitable for making and
breaking of load currents, short-circuit currents and earth fault currents several times consecutively.

On the other hand, in double-busbar switchgear with fixed-mounted disconnectors, the bus coupler
circuit-breaker and several disconnectors must be operated in an exactly prescribed sequence for
busbar transfer. Disconnectors are not adequate for breaking currents of a considerable magnitude.
If a disconnector is operated under load by mistake, an internal fault occurs (arc fault), causing
damage to the equipment relative to its current value and the duration of the arc. The repair work
can last hours or days. To avoid that, a sophisticated and expensive interlocking system must be
installed. In spite of this system, multiple-busbar switchgear is still not very easy to survey, i.e. an
operator may possibly not realize immediately why a particular disconnector will not open or close
although the interlocking has authorized it.
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Figure D-9: Example for a busbar transfer

Double-busbar switchgear is only really viable, when several supply systems must be operated side
by side and the consumers must be transferred frequently from one system to another.

One should never try to ensure reliable power supply by providing as many possibilities of transfer
as possible, e.g. by combined bus sections, bus couplers and diagonal bus couplers. The more com-
plicated the switchgear, the more sources of fault; not to mention the investment required, because
finally it will be found necessary to "interconnect” busbars at 1000, 2000 or even 3000 A, and not
only control cables, although the draft of the circuit diagram may look like that at first.

The following example with a combined coupler (Figure D-9) shows that no less than 18 single
switching operations must be carried out in a prescribed sequence in order to transfer feeder (5)
without interruption from busbar system BB 1 (as shown) to busbar BB 2.

A reliable power supply cannot be achieved effectively and economically in one switchboard only,
but only in combination with the system, e.g. by means of several supplies through different routes.
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D74 Switch disconnectors in double busbar switchboards

There are networks, in which operational requirements necessitate frequent changes of busbar. Be-
cause of the low number of operations for which switch disconnectors are suitable, compared with
primary switching devices, not all types of switchboard are adequate for this duty. Switches and
switch-disconnectors have, in practice, a mechanical life of 2000 (IEC minimum) to 5000 opera-
tions. Thereafter, at the very least, maintenance work is necessary. In gas insulated assemblies par-
ticulary, where access requires a lot of work - if access is possible at all — the necessity for frequent
busbar changeover must be taken into account when selecting the type of switchboard.

T e i e
[ I "|‘1 =
1) \ \
=

Figure D-10: Disconnector arrangements in double busbar switchgear

DB switchboards are available in the "classic” arrangement (A), as two-breaker systems (B) or us-
ing two single busbar boards as in (C). For frequent busbar changeover only (B) and (C) are suit-
able. In these systems, only the circuit-breakers need to be operated, the switch-diconnectors are
opened only for work on the system. The classic arrangement (A) is not suitable since the switches
must be opened and closed for each system changeover. Their design life is then soon exhausted,
maintenance intervals rapidly shortened and the effectiveness of the systems reduced.
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D38 Electrical operating areas

D 8.1 Type of operating area

In closed electrical operating rooms, i.e. in rooms that are provided for exclusive operation of elec-
trical installations and that are kept under lock and key, not only enclosed switchgear, but also open
switchgear may be installed. Electrical staff and electrotechnically qualified personnel have free
access, but others must be accompanied by authorized personnel (EN 50110 / VDE 0105).

The doors and exits of closed electrical operating rooms must open outwards; they must be pro-
vided with warning labels; their door-locks must prevent the access of unauthorized people but en-
able personnel inside to leave the room without a key (panic lock).

In ordinary workrooms, i.e. in rooms that are provided for any kind of operational work and that can
be accessed regularly by uninstructed personnel, e.g. workshops or factory rooms, only enclosed
switchgear, which provides full protection against direct contact, may be installed,. If it is expected
that personnel will permanently stay near an enclosed switchgear, additional measures must be
taken to restrict the danger to the personnel in the case of fault (IEC 61936 / VDE 0101).

Furthermore, when installing switchgear in public buildings (e.g. office buildings, department
stores, meeting rooms, residential buildings), governmental regulations must be observed.

D 8.2 Installation of switchgear

D8.2a  Indoor switchgear

The installation of switchgear in an operating room is regulated by IEC 61936 / VDE 0101. Consid-
ering the safety aspect, this standard defines:

e Aisles must have a width of at least 800 mm. The aisle width must not be reduced by any ob-
jects projecting into it, e.g. fixed-mounted operating mechanisms, switchgear trucks in discon-
nected position.

e Switchgear doors must close in the escape direction, or it must be possible to open them only so
wide, that the remaining aisle width is at least 500 mm.

e For installation aisles behind enclosed switchgear, a width of 500 mm is sufficient.
e For extensions, the aisle widths of the existing switchgear are admissible.

e EXxits are to be arranged in such a way, that the escape route within the room does not exceed
20m.

e |If an operating aisle does not exceed 10 m, one exit is enough. An exit or emergency possibili-
ties shall be provided at both ends of the escape route if its length exceeds 10 m.
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Figure D-11: Installation of switchgear (example)

The following applies for the height of the aisles:
e The minimum aisle height beneath covers or enclosures is 2000 mm.

e The aisle heights beneath active parts must have a minimum height specified in tables; however
not less than 2500 mm.

e The transport of switchgear parts must be considered when selecting the aisle heights.

D8.2b  Switchgear accessible to the public

A typical example for such installations are unit substations. The following items are also valid for
all other "Installations in enclosed construction outside closed electrical operating rooms"” (IEC
61936 / VDE 0101).

These substations must be designed in such a way that they do not endanger people standing close
to them - even in case of fault. On the other hand, external influences must also not disturb the
switchgear.

If a permanent presence of people close to the switchgear is expected, additional measures must be
taken, such as:

e increased insulation

e minimum-oil or no-oil circuit-breakers
o rapidly operating protective equipment
e pressure relief equipment

D8.2c  Gas-insulated switchgear

This applies especially to SFe-insulated switchgear. IEC 61936 / VDE 0101 generally requests the
following:

e Pressure relief devices (bursting devices) must not endanger operating personnel.

e Pipes and valves for gas supply must be protected; i.e. they may not project into aisles.

e SFg pipes must be marked, if they could be confused with other pipes.

e For gas-insulated switchgear with several pressure chambers, clearly assigned drawings must be
provided, showing the switchgear structure and the location of the barriers.
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Moreover, the ventilation of SFg switchgear rooms is prescribed:

Switchgear above the ground requires only natural transverse ventilation; half of the ventilation
section shall be close to the floor (SFs is heavier than air). Non-manned switchgear rooms are
exempted. In case of fault, forced ventilation must be possible.

Underground rooms require facilities for forced ventilation in case gas should accumulate in
dangerous quantities.

Rooms, wells, pits and ducts that are in connection with the switchgear room must also be venti-
lated.

In the case of forced ventilation, any gas-air mixture close to the floor must also be drawn off.

Forced ventilation is not required when the gas volume of the largest gas chamber at atmos-
pheric pressure is at most 10% of the room volume. This also includes the gas storage tanks.

Other requirements regarding the design of the operational room result from the protection against
the effects of arc faults; see chapter D 10.2 c.
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D9 Personnel protection

For every switchgear construction, protective measures are prescribed against direct contact or haz-
ardous approach to active parts. In the most simple case, this can be a barrier or a railing at the ap-
propriate distance; the best protection against electric shock is the total metal enclosure.

The definition of the degree of personnel protection required and the type of operating room are
decisive for the type of enclosure of the switchgear. The operational action for which the protection
is provided also has to be be observed, as well as the qualification of the personnel operating and
working at the switchgear.

Which degree of protection shall the switchgear provide
e during operation and control

e when performing planned work

e during reconditioning after faults?

D9.1 Protection during operation

According to EN 50110 / VDE 0105 the operation of switchgear comprises observation and setting
(switching).

Since numerous old-design, open switchgear installations are still in use (and will remain so for
many years), accident prevention regulations specify minimum personal safety requirementsfor
such equipment. For example in Germany the BGV A3 regulation® states that people must be pro-
tected to a substantial extent from arcs, to which end the following (or equivalent) measures can be
taken:

a) Switch-disconnectors instead of disconnectors with interlocks

b) Protection against maloperation for disconnectors and earthing switches, e.g. interlocking,
make-proof earthing switches, non-interchangeable key interlocks.

c) Protection against maloperation for disconnectors and earthing switches, e.g. interlocking,
make-proof earthing switches, non-interchangeable key interlocks.

d) Provision of suitable protective devices, e.g. arc guide plates, arc windows, full-wall doors,
separation walls.

Open switchgear with its barriers, railings or screens can only provide a low degree of protection
(only against accidental contact according to IEC 61936 / VDE 0101). In enclosed switchgear or in
switchgear with at least enclosed operating fronts, the circuit-breakers are generally operated e.g. by
means of an outside pushbutton, i.e. with the front door closed. Disconnectors, switch-disconnectors
and earthing switches are also operated from outside by means of linkages. Today, constructions
implying the opening of the door for this purpose should not be taken into consideration anymore. It
is absurd to reduce the quality of protection considerably just when carrying out a switching opera-
tion, which is a change of state that is undoubtedly more dangerous than static operation, and which
always implies a person standing close to the switchgear.

BGV A3 (formerly VBG 4) is an accident prevention regulation issued by the statutory industrial accident insurance
institution (“Berufsgenossenschaft”). It requires that old switchgear be retrofitted. Details are specified in VDE
0101, issue 05.1989. See also BG-Information 559, which provides instructions for modifying high voltage switch-
gear (01-2002) and describes examples.
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The alternatives mentioned in a) and b) require critical consideration.

Switch-disconnectors or disconnectors with switchgear interlock?

Item a) ”Switch-disconnectors instead of disconnectors with switchgear interlock”, continues: "The
switch- disconnectors must be able to break the maximum normal current arising at their location,
and they must be suitable for making onto a short-circuit." At first sight, the following arguments
speak for the simplification:

e simple technology with fewer components, because then
e no feeder interlocking is required, and
e no inter-cubicle switchgear interlocks are required.

However, it must be considered that incorrect switching operations are possible, which can result in
breakdown of supply.

Cable disconnectors - if provided - must be switch- disconnectors, as disconnectors cannot switch
off under load.

Feeder earthing is possible, even if voltage is still applied. Consequently, the switchgear must be
equipped with make-proof earthing switches. This is safe for the operating personnel, but it does not
avoid a fault and possible supply failure.

In this case earthing is already possible when only the circuit-breaker is open, but the isolating dis-
tance to the busbar has not been established. For this reason, (in switchgear with disconnectors and
a switchgear interlocking system) the earthing switch is only interlocked against the disconnector
and not against the circuit-breaker!

Double busbars can be interconnected via the two switch- disconnectors of a feeder, without the bus
coupling circuit-breaker. In this case, not only the rated normal current, but also the short-circuit
current of this link can be exceeded, which means a serious danger if this under-rated coupling is
not removed after busbar transfer of the feeder. On the other hand, an inter-cubicle switchgear inter-
lock would force the opening of the coupling.

Another argument against the solution with switch-disconnectors - independent of the above men-
tioned reasons - is the breaking capacity of the devices. Further to the maximum normal current,
additional marginal conditions affect the breaking capacity required:

e the power factor cos ¢

e apossible system earth fault

e apossible earth fault in the feeder to be disconnected

e the possibility of an evolving fault, i.e. the normal current turns into a short-circuit current dur-
ing switching off.

In the case of strong inductive currents e.g. with motors, shunt reactors and other special consum-
ers, most of the conventional (not SFg or vacuum) switches have only a limited breaking capacity.

In the case of a system earth fault, i.e. on the busbar side, the switch is stressed in the healthy phases
with a higher transient recovery voltage.

In the case of an earth fault in the feeder to be disconnected, the switch must not only break the
normal current, but also the superimposed earth fault current of the system.

In the case of a short-circuit (evolving fault) the switch-disconnector has no short-circuit breaking
capacity.
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The probability of these critical cases can by no means be neglected. Thus, the solution with switch-
disconnectors does not provide the protection required for all service conditions.

In contrast to this, a disconnector with switchgear interlock completely provides the personnel pro-
tection required. A circuit-breaker has the breaking capacity required; the disconnector always
opens in the de-energized condition.

Today, withdrawable circuit-breakers are replacing the disconnectors to a large extent. Moving be-
tween connected and disconnected position should only be possible with the front door closed, ex-
cept when a second protective wall with covers is located behind the front door, providing (almost)
the same protection as the front door. Compartmented switchgear is often designed in this way to-
day. Constructions with the front plate moving out totally or partially are also safe, if protection
against electric shock is ensured by other means.

Protective devices and remote control

The items ¢ and d can only be considered as supplementary measures. Remote control as the only
measure would only ensure personnel safety, but it would not prevent operational or supply break-
downs if no provisions have been made against remote maloperation. The same applies for protec-
tive devices. Only the combination of active and passive measures (interlocks, switchgear interlock-
ing system and resistance to internal faults) enables a trouble-free service and the safety of the per-
sonnel.

D 9.2 Protection during work

D92a General

According to EN 50110 / VDE 0105, working on switchgear covers maintenance, e.g. cleaning,
modifying, commissioning and clearing of faults. The ideal case that the whole switchgear is
switched off before beginning with the work is very rare during practical service. So, as part of the
switchgear remains in operation, it is nesessary to work near live parts. According to EN 50110, the
following "5 Safety Rules" for the place of work must be carried out

e Isolation

e Securing against reclosing

e Verifying safe isolation from voltage (dead state)
e Earthing and short-circuiting

e Covering or fencing adjacent live parts

In principle, these are requirements concerning the future user, but the possibility to comply with
them must already be taken into account during planning, and the procurement of the required de-
vices must also be considered. Designs of switchgear which require to be opened the front door in
order to carry out the check for dead state, earthing and short-circuiting and covering live parts
should not be considered for new installations. It does not make any sense to lower the protection
against hazardous parts during work which needs even more protective measures and where per-
sonnel is always present in contrast to normal operation.
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D9.2b  During planned work

In open and in enclosed but non-compartmented or semi-compartmented switchgear, enough port-
able devices for protection against adjacent live parts must be provided besides the fixed- mounted
panel partitions. When the work has been previously planned, suitable protective devices e.g. insu-
lating plates or covers can be provided in time. According to EN 50110, these need only offer par-
tial protection against reaching into dangerous zones, i.e. protection against accidental contact. The
working personnel themselves must always take care that they do not reach into dangerous zones
with the body nor with objects (EN 50110). This means, that a certain direct responsibility is ex-
pected of qualified personnel in charge of the work. Today, there is partially compartmented
switchgear on the market offering total protection against touching at least for important parts of the
components installed, e.g. the cable connection, by means of portable protective devices. In this
way, this switchgear type already exceeds the requirements of EN 50110.

In enclosed and compartmented switchgear, the partitions are an always effective, fixed-mounted
part of every panel besides the separation walls. They provide permanent total protection against
contact and they do not need to be brought along when required.

D9.2c After faults

For this type of work, basically the same applies as in the previous section. However, additionally it
happens that in the hectic state of such actions even highly qualified personnel may forget some
safety rule or ignore it consciously in order to save time. This risk is almost non-existent in switch-
gear with permanent total protection against electric shock by means of automatic shutters or inter-
locked access barriers.

D 9.3 Degree of protection of the enclosure

For the enclosures, the degree of protection against electric shock is specified with regard to the size
of openings, according to IEC 60529 / VDE 0470-1. Hereby it is determined if test objects of dif-
ferent sizes (fingers, tools, wire) can enter the enclosure, unduly approaching live parts. The classi-
fication is parallel to that of the protection against solid foreign bodies; see also chapter D 4.5.
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D 10 Internal arc faults

Disruptive discharges between the poles or to earthed parts leading to an arc burning freely within
the switchgear are called internal faults or arc faults. Although the probability of such an event is
low, it cannot be neglected completely. In the old German Federal States, the frequency of such a
fault is estimated to be 1 internal fault per 10,000 (10 p.a.) panels and per year with air-insulated
switchgear and to be even only 1 fault per 100,000 (10° p.a.) panels with gas-insulated switchgear.
Such an event can imply risk of injuries to the personnel present, but this probability is even lower.
When making efforts regarding the maximum personnel safety possible, the main aim should be to
avoid internal faults or to limit their duration and their effects.

D 10.1 Causes and effects

Causes for internal faults can be:

e Defects of material or functional faults of devices
e Overstressing, pollution, humidity

e Negligence during operation and maintenance

The first group appears rarely, but if it does, it appears in conjunction with causes of the second
group in most cases. The user can exclude these sources of fault to a large extent by correct use and
appropriate maintenance in time. The third group can be reduced by instructing the personnel, but
especially by installing switchgear types offering a high degree of protection against electric shock,
which implies a high protection against ingress of solid foreign bodies e.g. when working, as well
as a complete interlocking system.

IEC 62271-200 / VDE 0671-200 list the most frequent causes of fault in Appendix A, as quoted
below. The standard also gives examples of methods by which the probability of fault and the re-
sults can be reduced.

Fault location Possible causes

Cable compartments - Inadequate design
- Faulty installation
- Failure of solid or liquid insulation (defective or missing)

Disconnectors, switches Maloperation
and earthing switches

Bolted connections and - Corrosion
contacts - Faulty assembly

Instrument transformers | Ferro-resonance; short-circuit on secondary (LV) side of VT,
open terminals of CT

Circuit-breakers Insufficient maintenance

Allgemein - Error by personnel

- Ageing under electric stresses

- Pollution, moisture ingress of dust, vermin, etc.
- Overvoltages

Table D-7: Internal fault arcs — locations and causes
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The short-circuit current (Ix) flowing through the arc and the arc voltage (Uarc), which depends on
the distances between phases (arc length), determine the power converted; W, ~ Upp - Ik - t. An arc
burning freely in air has a voltage of approx. U g = 15 - 20 VV/cm. In Figure D-12 the listed effects
of such an arc are taken from a fault arc test.
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Figure D-12: Basic pressure characteristic of a fault arc

Examples from a fault arc test 12 kV / 50 kA / 0.1 sec (Type 8BK)

Temperature ~ 10.000° C

Energy 7.8 MWs = 2.2 kWh
Power 200 MW after 9 ms
Peak pressure 1.1 bar after 8.8 ms
Surface load ~ 10 t/m?

The enormously high power of the arc effects, above all, a sudden temperature rise of the air within
the cubicle which, in turn, (within 10 ms) causes a steep fronted pressure wave. The pressure peak
can be limited by the provision of pressure relief vents but the pressure wave will severely stress the
cubicle and the building. Flying debris can present serious hazards for personnel. If pressure relief
is inadequate, even the building may collapse.

After approximately 100 ms, the thermal phase begins: material melts, vapourises and decomposes;
fire may result. Hot gases and decomposition products, perhaps toxic, can seriously endanger per-
sonnel.

Whilst the pressure rise is unavoidable, the effects of the thermal phase can be prevented by fast
acting protective devices; by detection of the arc by sensors, which react to optical or pressure sig-
nals and rapidly open the feeder breakers.

In the case of arcs in SFg, the pressure rise is slower. The arc voltage of the SF arc is smaller than
that of air. Thus, the arc energy is lower. The enclosure subjected to pressure may remain closed,
i.e. the pressure relief does not operate.

However, if gas does stream out, (toxic) SFs decomposition products must be expected. Gaseous
and dusty decomposition products containing fluorine and sulphur are aggressive and react with the
air humidity. Therefore, measures must be taken after an arc fault, such as room ventilation (com-
pare with chapter C D 8.2 c¢) and putting on breathing protection and protective clothing when en-
tering the room; Health and Safety authorities have issued instructions on this subject.
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D 10.2 Protection against arc faults

Accident prevention regulations demand that systems be set up such that persons are largely pro-
tected against the effects of internal faults. This applies not only to new equipment but to existing
installations too (In Germany, BGV A3 states that these must be upgraded by means of measures
specified in VDE 0101, issue 05.1989, item 4.4; see also chapter D 9.1, items a — d).

An effective protection against arc faults can be achieved by:
e the switchgear

e the system layout

e the switchgear building

D 10.2a Measures during system layout

The system configuration and the magnitude of the short-circuit current are decisive for the effects
of a possible fault. Some measures could be:

e Division of the switchgear installation into several sections each with its own incoming feeder

e The use of feeder transformers with high short-circuit impedance (u,) i.e. a smaller short-circuit
current

e Special consumers, such as motors, require a higher system fault level in order to avoid strong
voltage dips during starting. Such consumers can also be separated from "normal” ones and be
fed by a separate transformer.

The division of the switchgear into several sections has the following advantages:
e smaller short-circuit currents are possible; this implies a smaller arc energy,

e asimple system structure enables system protection with short tripping times,
e only small parts of the system break down if a fault occurs.

D 10.2b Measures in the switchgear

First of all, the construction of the switchgear itself should prevent arc faults. This comprises e.g.
feeder-related and switchgear-related interlocks and interlock systems, protection against electric
shock, automatically closing shutters as well as type and extent of the insulating material used. For
air-insulated switchgear, this may become quite expensive depending on the degree of realization,
whereas gas-insulated switchgear automatically comprises a great part of the provisions mentioned
due to its construction.

Second, protective systems with a short tripping time can reduce the fault duration. Suitable systems
are busbar differential protection or sensors reacting to light, pressure or temperature. When
switchgear is remote controlled, there is no need for personnel to stay next to it.

Third, there are arc killers for limiting the duration of the arcing fault. They stop the flow of energy
to the arc by short-circuiting the incoming feeders, e.g. by means of a make-proof earthing switch
(earthing switch with short-circuit making capacity). An arc killer can be activated electrically via
sensor electronics, or mechanically, as is the case for example with hermetically sealed gas-
insulated secondary distribution switchgear, in which — in the event of an arc — the deformation of
the vessel (caused by pressure) triggers a make-proof earthing switch.
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Fourth, a switchgear enclosure which is resistant against internal faults reduces the danger so much,
that the required personnel safety is guaranteed. The criteria an enclosure must comply with in order
to prove its resistance against internal faults are described in chapter D 10.3 c.

Fifth (in special eventualities), additional precautions in the design of the pressure relief can effec-
tively reduce the stress on the switchgear compartment and the surrounding area. Figure D-13
shows an example with the so-called pressure absorber: Expanded metal sections in a pressure relief
duct on the panel rear cool the outgoing arc gases and consequently effectively reduce the excess
pressure.

Such measures are however costly and therefore only appropriate in certain circumstances, e.g. in
order to protect the structure of old buildings. Since arcs only very seldom occur in modern switch-
gear, pressure absorbers are generally not required.

RSN

Pressure relief duct ———

Expanded metal —f—=

Figure D-13: Absorbers damp the overpressure in the building

D 10.2c¢c Measures in the switchgear building

In the event of fault, the conditions in the building must also be considered, even when installing
switchgear that is resistant to internal faults.

Hot gas streaming out through the pressure relief flaps of the switchgear can be reflected at walls
and low ceilings and hurt somebody.

Relief is accomplished by a correct opening direction of the pressure relief flaps and air guides lead-
ing the gas flow to the ceiling. If the room is low, the air guides should reach up to the ceiling; the
pressure is relieved to the outside or to another room (cable basement).

The pressure wave stresses the ceilings, walls, doors and windows of the building. An overpressure
of approx. 1 kPa (this corresponds to a force of 100 kg/m?2) can destroy a brick wall; a concrete wall
withstands about 5 kPa.
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Figure D-14: Pressure relief (example) for high and low buildings

So it is necessary to provide constructional measures for pressure relief in the building. These are
e.g. wall and ceiling openings or ventilation ducts.

e They must be closed during normal service in order to prevent ingress of climatic influences and
vermin.

e When the pressure relief opens, no parts may fly around and endanger people.

e The pressure relief must be designed to prevent danger to people by gas streaming out. This is
especially important in unit substations at public places.

Computer programs are available for the pressure stress in the event of arc faults. The manufacturer
and the user of the switchgear must agree upon the measures to be taken for pressure relief of the
building during the planning stage. In most of the cases no expensive additional measures must be
taken, as the openings (ventilation) provided for other purposes can be used for pressure relief.

D 10.3 Internal arc test

The behaviour of metal-enclosed switchgear in case of internal arc faults — regarding the level of
protection to persons — can be determined by a test. IEC 62271-200 / VDE 0671-200 Appendix A
defines the test sequence, the marginal conditions and the evaluation of the results. It is mainly a
matter of proving that no doors open, no parts fly off, no holes burn into the accessible outer walls,
and that personnel standing in front of the switchgear is not hurt by dangerous hot gas streaming out
of slots or being reflected from the ceiling.

126 © Siemens AG - 19E0



Planning of Switchgear Installations

D 10.3a Test arrangement

The test arrangement takes the actual conditions in a service room into account. When placing the
indicators, the question of access to the switchgear is decisive. It is divided into two types: type A is
only installed in closed electrical operating rooms, type B is generally accessible for the public (unit
substation). The main requirements regarding the test arrangement are:

The installation conditions have to correspond to the normal service conditions as much as pos-
sible. At least the ceiling, the floor and two perpendicularly arranged walls should be repro-
duced.

The test object has to consist of two switchgear panels (in the case of a panel-type switchgear).

The switchgear panel has to be equipped with internals; but mock-ups of the same material and
volume are permissible.

The power supply and the point of ignition are to be selected to produce the maximum stress.
The direction of power flow must be arranged so that the test represents an outgoing feeder
panel (the most likely case).

Each switchgear compartment has to be tested.

The thermal effect of the hot gases is registered by indicators of black cotton cloth that have to
be arranged as shown in Figure D-15 and Figure D-16. For degree of accessibility A (qualified
staff) more resilient materials are used (working clothes) than for degree of accessibility B (pub-
lic).

Horizontal and vertical material
indicators arranged in a chessboard
pattern show whether — during the
arc- dangerous hot gases escape
from the enclosure.

The room simulation consists of
ceiling, floor and two right-angled
arranged walls.

Figure D-15: Test set-up in the room simulation
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D 10.3b Test duration

It has to be equal to the actually expected arc duration, in accordance with the protective equipment;
preferred values are 0.1 /0.5 and 1.0 s. In practice, most switchgear installations must undergo a
test lasting 1 s.

D 10.3c¢ Evaluation and acceptance

Five criteria take the effects of an internal arc fault into consideration. For switchgear to be desig-
nated as qualified in terms of arc faults, they must all be met.

Criterion No. 1

Correctly secured doors and covers do not open. Deformations are accepted, provided that no part
comes as far as the position of the indicators or the walls (whichever is the closest) in every side.
The switchgear and controlgear do not need to comply with its IP code after the test.

If the switchgear will be mounted closer to the wall than tested, two additional conditions shall be
met: the permanent deformation must be less than the intended distance to the wall, and no exhaust-
ing gases are directed to the wall.

Criterion No. 2

No fragmentation of the enclosure occurs within the time specified for the test. Projections of small
parts, up to an individual mass of 60 g, are accepted (This means small plastic parts such as for ex-
ample pushbuttons).

Criterion No. 3
Arcing does not cause holes in the accessible sides up to a height of 2 m.

Criterion No. 4
Indicators do not ignite due to the effect of hot gases.

Should they start to burn during the test, the assessment criterion is met, if it can be proved that the
ignition was caused by glowing particles rather than hot gases. Pictures taken by e.g. high-speed
cameras or video can establish evidence.

Indicators ignited as a result of paint or stickers burning are also excluded.

Criterion No. 5
The earthing conections of the enclosure must remain effective.

In the test report, the evaluation is written down together with other prescribed information, com-

prising:

e Rated values and description of the switchgear panel tested, together with a drawing. The draw-
ing shall describe details that are important for the mechanical strength. In addition, the follow-
ing must be included: the location of the pressure relief flaps, the replica of the room and the
switchgear fixing.

e Location of the supply and the point of ignition

e Arrangement and type of material of the indicators
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Test current:

- the r.m.s. value of the AC component during the first three half-waves
- the highest peak current

- the mean value of the AC component over the actual test duration

- the test duration

Oscillograms of currents and voltages
Arrangements of the test specimen deviating from the normal service condition.
The evaluation of the test results

Tests of the behaviour in the case of internal faults are very expensive, and they are therefore only
viable for standard types manufactured in large quantities. Even these types comprise many variants
of rated values and component combinations. Therefore it is permissible to deduce the behaviour of
a comparable design from that of tested arrangements.
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E DESIGNS AND APPLICATION OF SWITCHGEAR

E1l Classification of the designs

Starting with the standard according to which they are built, medium-voltage switchgear designs
can be classified by way of their features, as shown in Figure E-1. The systematic classification
scheme starts with the type of enclosure and the standard in line with which the switchgear is built.

Medium Voltage Switchgear up to 52 kV

v Lo l

IEC 62271-200 IEC 62271-201 i IEC 61936
VDE 0671-200 VDE 0671-201 VDE 0101

e Metal enclosure e |nsulation enclosure e Non enlosed type
- factory assembled - factory assembled | ¢ Metal enclosure
- assembled at site

- tyge tested - tyge tested
; - not type testet

| | itch Internal arc
Metal-enclosed switchgear = classification IAC
VL 4
Isolating distance Compartments Partition class
¢ Withdrawable device ¢ non-accessible e accessible » o Metal (PM)
¢ Disconnector e Insulation (PI)
\ y Y
Switching device Insulation Access control
¢ Circuit-breaker o Air o Interlocks
¢ Contactor e Fluid: Gas e Procedure & padlock
e Switch (ail) e Tool
\ Y
Switchgear type Service continuity
e Primary distribution e Category: LSC1
e Secondary distribution Lste 20
LSC 2B

¢ Ring-main unit (block)

Figure E-1: Classifications of the switchgear designs

Further subcategorization and classificationof the switchgear reflect the main design features and
the operational requirements.

 Isolating distance: Must switching devices be replaceable (withdrawable or fixed-mounted)?

o Switching device and panel type are determined by the switching duty and the contextual condi-
tions of the network.
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o Compartments: Which ones must be accessible and with what manner of control, which parts of
the system can be shut down (availability)?

 Insulation: By means of gas (hermetically sealed) or air, depending on ambient conditions, re-
quired degree of safety, space requirement etc.

o Classification in terms of arc faults: This means evidence of particular behavior relevant to per-
sonal safety in the event of an internal short-circuit with arc.

A classification in terms of age starts with non-type-tested switchgear to IEC 61936 / VDE 0101.
This type of switchgear is assembled with type-tested equipment (circuit-breakers, disconnectors,
instrument transformers etc.), but it is not type-tested itself. The security of the type-test is replaced
by the security of the ratings. The "minimum clearances in air" as fundamentals for the insulation
rating are based on decades of experience. This also applies for the design of the current carrying
bars regarding the loading capacity, and according to IEC 60865 regarding the fault withstand ca-
pability. This type of design without obligatory tests offers a certain freedom of assembly. The air
insulation conforming with minimum clearances leads to larger dimensions in most cases, but it
reduces the amount of insulating material, and thus, the problems caused by deterioration of the
dielectric strength and by fire.

Switchgear to IEC 61936 / VDE 0101 is usually not factory assembled, but put together in work-
shops or on site. Many years ago, most switchgear was built this way, hence numerous such assem-
blies still being in use. Such switchgear is usually open, i.e. not enclosed (or only partially). For
special cases, switchgear may still be built in accordance with this standard, but with metal enclo-
sure.

E 2 Enclosure

For the purpose of power distribution, it would be simplest to screw the busbar and the devices to
the wall side by side. Such "installations" did and do really exist. However, the whole installation
must be switched off for any work to be carried out. For safe working and, in the event of fault, the
complete installation is always affected. Historically, subdivisions were soon provided by means of
separation walls between the feeders, then separation from the aisles, first by means of barriers or
ropes, later on by screen doors and finally by sheet steel.

The highest level of protection is given by completely enclosed switchgear. If it is designed accord-
ing to the standards, it has a full enclosure, and interlocks that prevent maloperation of the switch-
ing devices.

The metal enclosure has a double function. It protects

e the switchgear against disturbing influences, thus ensuring reliability

e the personnel against contact with live parts or against dangerous approach from outside. The
degree of this protection is designated with IP (see chapter D 4.5).

According to IEC 61936 / VDE 0101 IP2X is sufficient for closed electrical operating areas which
are only accessible to qualified staff. In rooms without access of the public, at least IP3X must be
achieved, and in rooms that are accessible to everybody, even IP4X is not enough.
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E21 Metal enclosure

The all-round earthed metal enlclosure provides a very high degree of safety, both for persons and
in terms of operating reliability. For switchgear according to IEC 62271-200 / VDE 0671-200, all
data are proven by type tests of a defined extent. The quality of manufacture is controlled by routine
tests. Machining and (often) automatic production, especially that of the supporting structures,
guarantees narrow and constant tolerances. However, the expense of type tests, the production plan-
ning and the manufacture are only viable for large production quantities. The specifications of all
countries of the European Community and many other countries, are harmonised. That is why these
switchgear types are the basis of the world-wide export trade of the switchgear manufacturers.

Nowadays these designs dominate the market, and are available for up to very heavy duties — 63 kA
rated short-circuit breaking current and 5000 A rated normal current of the busbar / 4500 A rated
normal current of the feeders. The following sections describe further classifications and features.

E22 Insulation enclosure

Switchgear to IEC 62271-201 / VDE 0671-201 is likewise factory-assembled and type-tested, but
has no metal outer enclosure; this is made of insulating material, usually cast resin. This type of
enclosure involves considerable effort in terms of manufacture and testing. Solid insulation must be
free of partial discharges, since these can cause serious deterioration in the insulation over the long
term. Insulation enclosures are used only for special purposes; there are very few such systems on
the market. This switchgear type is consequently not dealt with in the following.

E3 Isolating distance

The question of the isolating distance — fixed-mounted or withdrawable switching devices — arises
almost exclusively for air-insulated switchgear, since (owing to the sealed enclosure) gas-insulated
switchgear comprises only fixed-mounted equipment, with certain very rare exceptions.

The isolating distance required between the busbar and the circuit-breaker can be established by
means of disconnectors. But then, an interlock between the disconnector and the circuit- breaker is
always required. There are not many good solutions available for this purpose — especially in the
case of double-busbar switchgear and manually operated drives. That is why some switchgear de-
signs refrain from interlocks and use switch-disconnectors instead of disconnectors. This is permis-
sible according to the standards, but many technical questions regarding safety and reliability re-
main open.

Therefore, in air-insulated switchgear the isolating distance is often established by moving the main
switching device (circuit-breaker), which is connected via moving contacts, within the panel from
the connected to a "disconnected" position and vice versa. Of course, this must only be possible
when the breaker is open. The interlocking required is feeder-related and easy to implement. When
assigning the attribute “disconnectorless” to this type of switchgear, the responsibility for all the
problems encountered in non-withdrawable switchgear types has been put on the disconnector. This
is not an objective view however, as the switching errors are not caused by the disconnector, but by
missing or bad interlocking.

The "withdrawable" part of the switchgear, a circuit-breaker in most cases, was a so-called switch-
gear truck for a long time. In that design, every breaker has its own truck, on which it rests even
when it is outside the panel, e.g. for maintenance. This truck is heavy and expensive and makes
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high demands on the floor of the switchgear room. The maintenance requirements of modern cir-
cuit-breakers are so low, that it is not worth providing one truck for every circuit-breaker. That is
why it has now become the common practice to move the breaker to its positions within the panel as
a carriage on a rail. If a breaker must be totally removed from the panel as an exception, a central
service truck provided for the whole switchgear is enough. This truck can be very convenient. Re-
garding all other aspects — e.g. interlocking — switchgear trucks or withdrawable units are treated in
the same way and provide the same facilities.

E4 Methods of compartmentalization

So that work can be done while the switchgear is in use and without having to shut down the entire

system, the switchgear is divided up into individual compartments with a defined mutual IP degree

of protection. This way, personnel safety and power supplies can be maintained at the same time. In
most switchgear

e the bushars (for double busbars, each system),
e the main switching device and
e the cable connection

are located in separate compartments. If each of these functions has its own space, this is referred to
as “compartmentalization; otherwise “cubicles” are spoken of if a number of functions are com-
bined in a shared space. The partitions and shutters must comprise a degree of protection of at least
IP2X. The following lists some main variants of compartmentalization in air-insulated switchgear.

Section through metal wall - Insulating material

Partition made of metal Compartment without

or insulating material partitions (no separations
between panels)

Figure E-2: Legend to the following grafics

E4.1 Compartmentalization

Figure E-3 shows a typical example of switchgear with three compartments: for busbar, cable ter-
mination and switching device (on a truck or withdrawable unit). The circuit-breaker establishes or
interrupts the connection between the busbar compartment and the cable compartment by means of
its isolating contacts. In the disconnected position, it is therefore comparatively easy to isolate the
circuit-breaker compartment from the other compartments. The other compartments can remain live
while maintenance or other kind of work is carried out in the circuit-breaker compartment. The
openings for the isolating contacts are automatically closed safe to touch in the disconnected posi-
tion

Variant (a) has three compartments (separated by bushings in the connected position too) and a
straight-through busbar compartment. In Variant (b), the compartments are not separated in the
connected position. Variant (c) reflects (b) with additional busbar compartmentalization from panel
to panel. The standard makes no detailed distinction between the variants, because it considers only
the level of personal safety in the disconnected position.
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Figure E-3: Withdrawable or truck-type design with ,,compartmentalization*

Examples a to ¢ feature most frequently the compartment classifications:

e Bushar — interlock-controlled accessible

e Switching device - interlock-controlled or procedure-based accessible (padlock)
e Cable — tool-based accessible

e Loss of service continuity category LSC 2B (see chapter E 4.6)

However, during service it can make a great difference whether all three compartments are sepa-
rated from each other (a), whether all partitions are open (c) or whether the three compartments of a
panel are separated from the adjacent panel. Version ‘a’ makes it possible to maintain the compart-
mentalization even in case of an internal fault and to limit the effects of the fault to its location; but
this is not requested by any standard, and it is not common practice. Partitions are exclusively pro-
vided for protection against electric shock.

E4.2 Cubicles

Switchgear is therefore available with cubicles. Figure E-4 shows a two-space variant (d) with fixed
compartmentalization of the busbar and a shared space for switching device and cable termination.
Arrangement (e) features temporary segregation (protective barrier) from the busbar; this plate can
only be inserted in the disconnected position.

For the examples in Figure E-4 a distinction is made between the compartment classifications. For
fixed-mounted compartmentalization (d) the following applies:

e Busbar: — tool-based accessible

e Switching device, cable - interlock-controlled or procedure-based (padlock) accessible

e Loss of service continuity category LSC 2A (see chapter E 4.6)

For temporary compartmentalization (e) with protective plate the following applies:

e Bushar — tool-based or procedure-based accessible

e Switching device, cable - interlock-controlled or procedure-based (padlock) accessible
e Loss of service continuity category LSC 2A (see chapter E 4.6)
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Figure E-4: Cubicle design with withdrawable or truck-type switching device

The degree of compartmentalization has a great influence on the panel dimensions. In the case of
fixed mounted metal compartmentalization, the depth clearances required for insulation are more
often needed than in the case of partial compartmentalization. That is why partially compartmented
switchgear is much smaller in depth, by up to 800 mm. This is the reason why this type of switch-
gear is widespread.

Does the partially compartmented design have clear disadvantages in service when compared to the
design with three compartments?

Service Design
compartmented or metal-clad cubicle type

Normal (undisturbed) no difference

withdrawable unit in disconnected position

manual insertion of temporary

Work in the cable automatic shock protection (shutter) barriers or temporary partitions

compartment
remove partition

to cable compartment cable compartment freely accessible

Table E-1: Influence of compartmentalization on service

The table sets out the effects of the different types of partitioning on faults and work on the
switchboard. The difference in the case of faults is not very significant — regarding the very reduced
probability of fault in modern switchgear installations. Trained staff will also have no problems
when working in partially compartmented switchgear, and there is no difference regarding safety.
Assuming, that the insulating protective barrier has the full degree of protection, and that it is inte-
grated into the feeder interlocking system when inserting and removing it. Partially compartmented
switchgear can therefore often be found in the installations of utility companies. In contrast to this,
in industrial plants, integral compartmentalization is often required in order to relieve the personnel
of this responsibility.

136 © Siemens AG - 19E0




Designs and Application of Switchgear

E 4.3 Partitioning of the busbars

Has additional partitioning — which is not required by the standards — of the busbar chamber, from
cubicle to cubicle (busbar cross partitioing), in compartmented switchboards any purpose? Cross or
transverse partitioning of the busbar compartment cannot improve protection against contact be-
cause work on the busbars always requires that the whole system be shut down.

If a fault occurs in a busbar chamber which does not have partitioning, the arc will run rapidly along
the busbar, within 100 m/s, away from the source of energy - the incomer - and stand and burn at
the end of the board until the power is cut off. Tests have shown that the busbar itself remains intact
and shows only insignificant oxidation marks up to that point. The fault arc seriously damages only
the end cubicle which is easily accessible for repair work. One could even extend the busbar beyond
the end cubicle, into a sacrificial enclosure, but merit of this may be debatable because the direction
in which the arc will travel is not always totally predictable. It is determined by the position of the
incomer. If this is at the side (A in Figure E-5) the direction is clear but if it is in the middle (B), the
arc could wander to both ends. In example (C) the direction is indefinite.

Varc Varc Varc ?

i i
T T 1 1

A B C

Figure E-5: Direction of fault arc travel for various locations of incomer

Transverse partitioning confines the arc. It burns at its source until it is cleared — if the partitioning
is strong enough. Damage is largely confined to that cubicle but repair work in the centre of a
switchboard will be more difficult than at an end cubicle.

Thus, whether transverse partitioning is advantageous or not must be examined case for case, but
one should not over-emphasise such remotely likely arc faults. Transverse partitioning is an inher-
ent feature in partly compartmented switchboards, because the busbars are almost always supported
on bushings at the cubicle separation walls.

E4.4 Accessibility of compartments

The operation of (and work done on) switchgear are significantly influenced by not only the internal
subdivision, but also by how the compartments can be accessed and opened. The standard distin-
guishes between four types of compartment. Three of them differ in terms of access control:

e Itisenvisaged that an interlock controlled accessible compartment should be opened in the
context of normal operation or maintenance, e.g. for changing HRC fuses (all forms of repair or
installation work are not counted as operation or maintenance). An interlock in the switchpanel
allows access after the live parts have been isolated and earthed.

e Itis likewise intended that a procedure-based accessible compartment should be opened for
normal operation or maintenance. Access is controlled by a lock in combination with instruc-
tions.

© Siemens AG - 19E0 137



Designs and Application of Switchgear

e Atool-based accessible compartment — for example a cable termination compartment — can
only be opened in certain eventualities, i.e. not in the course of normal operation or mainte-
nance. Such compartments can only be opened by means of a special tool and in accordance
with particular instructions.

The fourth type concerns gas-insulated switchgear where access to built-in components is not re-
quired and consequently not possible.

e A non-accessible compartment must not be opened. Opening the compartment can destroy it
and impair the function of the overall system.

E45 Partition classes

While work is being done on the opened switchgear, partitions and shutters provide protection
against high voltage from the next compartment or adjacent panel. The standard also defines the
material of the partitioning.

e Class PM (partition metallic) indicates earthed, all-metal partitions and shutters between the
main circuit and the opened compartment.

e Class PI (partition of insulating material) applies when at least one part of the partitioning is not
metallic, i.e. one or more partitions or shutters are made of insulating material.

Which partition class is preferable? The instinctive reaction to this question is to tend towards the
Class PM with its metal partitions, because it reliably earths all parts exposed to touching and pro-
vides shielding against electrical fields where work is being done. But both classes attain the same
degree of safety-to-touch. The standard therefore allows partitions made of insulating material,
which must however comply with very stringent test conditions:

e The insulation between conductor and touchable surface must withstand rated short-duration
power frequency voltage and lightning impulse voltage.

e The insulating material of the partitions and shutters must itself withstand the same voltages.

e The insulation between conductor and inner surface of the partition (air) must withstand 150 %
of the switchgear rated voltage

e Leakage currents must not be allowed to reach the touchable side of the partition or exceed 0.5
mA (threshold).

In objective terms, partitions made of insulating material tested in this way provide the same safety
as metallic ones. In view of its other advantages, it should not be disregarded. Many thousands of
panels with insulant partitions are giving successful, trouble-free service.
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E 4.6 Loss of service continuity category (LSC)

This category makes it possible to keep other compartments or panels energized while one com-
partment in the main circuit is open; accessibility usually concerns the switching device. LSC (Loss
of Service Continuity) categories apply only to switchgear with accessible compartments. The defi-
nitions are best explained with reference to single-busbar systems.

Category If an accessible compartment in a panel is open, ...
LSC1 e other panels must be shut down, i.e. at least one more
LSC 2 LSC 2A o all other panels can remain energized.
LSC 2B « all other panels, and also the cable termination compartment of
the opened panel, can remain energized.

Table E-2: Loss of service continuity categories

LSC 2B applies to switchgear featuring other accessible spaces apart from the busbar compartment
(the busbar compartment is an exception, because opening it prevents switchgear operation). 2B
means that apart from the panel with an opened compartment, all other adjacent panels (and even its
own busbar compartment) remain energized and in operation; the system remains therefore avail-
able. Class 2B provides the highest degree of availability, and calls for partitions to the adjacent
panels, in addition to at least 3 compartments and 2 isolating distances in the panel.

LSC 2A applies to switchgear of category LSC 2 that does not meet LSC 2B; the panel with opened
compartment is taken fully out of operation. Class 2A requires partitions to the neighboring panels,
in addition to at least 2 compartments and 1 isolating distance in the panel.

LSC 1 applies to switchgear that does not meet LSC 2. The 1 stands for the lowest level of avail-
ability and means that apart from the opened panel at least one more must be shut down. If the bus-
bar is opened, all panels of this section must be isolated.

Gas-insulated switchgear: The LSC categories concern accessible compartments and are intended
for installations in which the switching device is accessible. Since with GIS it is neither necessary
nor consequently possible to open the compartments, no LSC category is generally stated for gas-
insulated switchgear.
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ES5 Internal arc classification

The arc-related qualification IAC applies to switchgear that meets prescribed rating characteristics
for the safety of personnel in the event of an internal arc fault. Evidence hereof is provided by
specified tests.

=> For details of internal arc tests see chapter D 10.3.

After the test has been passed, the rating plate provides information on the scope of protection
against arc faults, on the degree of accessibility, on the tested sides of the switchgear, on the current
and on the test duration.

Classification: IAC (Internal Arc Classified)
Accessibility: A, B or C, indicating the side: F, L, R *°
Test values: Current [ kA ] and duration [ s ]

Example 1: Internal arc qualification IAC A FLR 31.5kA 1s
is granted to switchgear tested with 31.5 kAt for 1.0 s, accessible only to qualified staff, indicators
at front, lateral and rear.

Mixed forms of accessibility are possible, e.g. certain sides are accessible to the public and others
only to qualified staff or not at all. Switchgear according to example 2 could serve as a load center
substation in a factory.

Example 2: Internal arc qualification IAC BF-AR 16KA 1s

goes to switchgear tested with 16 kA for 1.0 s, with indicators at front and rear. Accessibility var-
ies; the front is accessible to the public and the rear only to qualified staff, whereas the sides are
inaccessible (e.g. surrounded by walls).

The internal arc qualification was introduced as evidence of defined criteria under specified test
conditions, in order to make test results more comparable, thereby enabling a user to more easily
assess the safety level.

0 E = front, L = lateral, R = rear
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E6 Gas insulation

Compartments can be filled with insulating media other than air. In the systematic representation
(Figure E-1) they are classified as non-accessible, because the insualting medium has to be sealed
inside. The standard uses the generic term “fluid* for both gas and liquid, meaning in practice SFg
and oil (oil-insulated switchgear is however now very rare).

Gas-insulated switchgear accounts in the meantime for a substantial share of the market. This is due
to its notable advantages in terms of technology, efficiency and ecology, as described in the follow-
ing section. Further information on the characteristics and handling of this gas is given in

— chapter G 1.

E6.1 Outstanding advantages of SFgswitchgear

Most practical experience with SFs comes from the high-voltage level (voltages above 52 kV)
where circuit-breakers with an arc quenching medium other than SF are the exception. Most new
indoor installations these days are gas-insulated and even outdoor ones employ SF¢ as the insulating
and arc quenching medium. Medium-voltage circuit-breaker switchgear employ SFs as the insulat-
ing gas and almost exclusively vacuum interruption for handling high operating currents and short-
circuit currents with high operating frequencies. Load-break switchgear on the other hand uses SFg
for insulation and as the arc quenching medium (see chapter E 8.2). Both types of breaker — vacuum
and SFg — have sealed enclosures and so can be classed as hermetically-sealed-for-life. In compari-
son with other available technologies SFs equipment offers a number of distinct advantages:

Maximum operational reliability

e It offers greater operational reliability than any other type of equipment currently available. In-
side the enclosed gas compartments the primary conductors have complete protection against all
external effects.

e Compartmentalization limits the effects of faults which are, in any case, extremely rare.

e The minimal use of plastics reduces the fire load, both in the extremely rare case of a fault in the
equipment itself and in the event of fire due to external factors.

e The SF¢ insulation ensures complete freedom from oxidation for the contacts and screwed
joints, which means that there is no gradual reduction in the current carrying capacity of the
equipment as it ages.

e There is no reduction in insulation capacity due to external factors.

Optimum security of supply

Total enclosure also means that the equipment is almost completely independent of the environ-
ment. SFg-insulated switchgear can also be used under difficult climatic conditions, for example,

e in humid areas where there is often condensation and frequent temperature changes, and even in
places where there is a possibility of flooding.

o where the reliability of the insulation might otherwise be at risk from contamination, e.g. dust
from industry or agriculture or from saline deposits in coastal areas. Enclosed switchgear com-
pletely eliminates this possibility throughout the whole service life of an installation.
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In contrast to air insulation, whose insulating capacity reduces with increasing altitude, SFe-
insulated switchgear retains its full insulating capacity regardless of height above sea level. So
larger and more costly special designs, or equipment with higher insulation ratings - and there-
fore more costly - are avoided.

SF¢ installations have the lowest failure rate of all; the MTBF is well in excess of 500 years.

Maximum operator safety

The total enclosure of all live parts in earthed metal enclosures provides complete protection
against electric shock and so ensures unrestricted operator safety.

There is no possibility of an operator accidentally opening a gas vessel and thereby causing a
dangerous situation.

High-grade, maintenance-free switchgear remains hermetically sealed for its whole service life.

SFe-insulated switchgear makes a substantial contribution to reducing the accident risk.

Minimum space requirement

Thanks to the high dielectric strength of the gas it is possible to build compact switchgear with a
minimal space requirement.

This often allows existing buildings to be used again by replacing old equipment with new.

The excellent safety and low space requirement of SFg switchgear allows it to be sited directly
in conurbations and at load centers, such as pedestrian zones, industrial manufacturing plants
and caverns. The use of SFg secondary substations in the cabling projects for medium-voltage
distribution networks that are currently in progress in Germany is also allowing many cables to
be laid more conveniently in built-up areas.

Therefore, this fulfils one of the basic essentials of power distribution, namely that substations
should be placed as close as possible to load centers in order to keep transmission losses to a
minimum, to conserve resources and to minimize costs.

Major savings in building, land and transport costs can be achieved throughout the whole proc-
ess chain.

In several cases SFg switchgear is the only possible solution: for wind power plants (offshore),
for large generator circuit-breakers and for extensions to existing installations.

Excellent economical and ecological features

Distinct economic benefits come from:

- the much longer service life

- minimal maintenance expenditure thanks to maintenance-free gas compartments

- reduced costs for land, buildings, transport and commissioning

- maximum operational reliability as a prerequisite for the remote control and automation of
power networks

Ecological and economic benefits arise from:

- Minimum transmission losses as a result of siting at load centers.

- Thus making a valuable contribution to the reduction of primary energy consumption, and
therefore emissions, and helping to optimize the overall economy of power supply systems.

142 © Siemens AG - 19E0



Designs and Application of Switchgear

- And the long service life of SFgswitchgear also contributes to the conservation of resources.

e Aesthetic and ecological benefits for rural and city landscapes:

- Because SFg installations are compact, need no maintenance, have extraordinarily high
availability and are independent of climate they offer not only major ecological and eco-
nomic advantages but can also be incorporated seamlessly into the existing landscape and
architecture of our towns, cities and countryside.

- Reclamation of areas previously barred to conventional secondary substations in cabled me-
dium-voltage networks.

There is no longer any need to have anything to do with oil, previously the most popular insulating
and arc quenching medium, and so the associated danger for the environment is much reduced.
Since oil-filled switches needed more frequent maintenance, which also involved oil work - drain-
ing, sampling, cleaning, refilling, etc. — there was inevitably a likelihood of oil leaks.

Without using SFg as an insulating gas it would no longer be possible to meet the demand for safe,
efficient switchgear. Assuming the same safety standards, the cost of building installations with
solid insulation for operating voltages of 30 kV would be prohibitive. The same applies to the
higher rated operating currents of up to, say, 2000 A.

Medium voltage switchgear with air-insulation for 20 kV are larger, for 30 kV even significantly
larger than gas-insulated designs and require substantially more space.

In power stations, generator circuit-breakers for the higher ratings of more than several hundred
MVA are only feasible thanks to the use of SFs.

For high-voltage and extra-high-voltage switchgear for more than 145 kV the main benefit of SFg is
the extraordinary amount of space it saves. In addition, when switching high-voltage operating cur-
rents and short-circuit currents with any arc quenching media other than SFg it is impossible to
achieve anything like the same level of safety. Nonetheless, high operating pressures of between
approximately 6 and 7 bar are still needed. Alternative arc quenching media are neither available at
present nor forthcoming in the foreseeable future.

For voltage levels < 36 kV in distribution systems, the saving in space and building volume
achieves about 50% compared to switchgear using air or solid insulation — less than for high-
voltage installations, since the insulation gas is filled at pressures in the order of only the atmos-
pheric pressure. Nevertheless this argument is particularly important because of the very large num-
bers of switchgear installations and transformer substations that exist.

Looking at the ecological balance-sheet it is obvious that SF installations are more economical than
others and that they make a significant contribution to providing eco-friendly power supplies. In
addition, the compact size of the equipment means that fewer materials are needed to manufacture it
and, thanks to the small dimensions, the currents paths are also shorter and therefore the power
losses lower.

=>» For further information about SF¢ see chapter G 1.
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E 6.2 Characteristic features of gas-insulated switchgear

The particular character of this switchgear type has led to the appearance of many (almost) identical
features:

e SFe as insulating medium

e Circuit-breakers employ vacuum as arc quenching medium
Switches / switch-disconnectors employ SFe also for quenching

e three-position switch for isolation and earthing, or preparation for earthing

e earthing by means of circuit-breaker (in circuit-breaker switchgear)

e no cable disconnector

e shock-proof plug-in cable terminations

e very compact construction at all voltage levels

e all-round shockproofing (safe-to-touch) and protection against external influences

e largely maintenance-free.

The advantages of these features are evident and require no further explanation. The last item
(maintenance-free) is a condition for this design, because switching devices inside the hermetically
sealed enclosure are no longer accessible. But there are other advantages. All active parts are in
insulating gas and are consequently protected against contamination, the ambient climate and small

animals (vermin). In view of the high and constant quality of the insulation (which is unaffected by
external influences), earth faults are practically ruled out. This means notably higher reliability.

An additional observation has to be made regarding the SF¢ insulation. There are also hermetically
metal clad circuit-breaker switchgear assemblies that are not filled with SFg but with dry air, in or-
der to spare the users the discussion about the gas and its decomposition products. The primary
aims of hermetically sealed switchgear are also achieved by this switchgear type: the best shock
protection as well as full protection against external influences. However, the other advantages of
SF¢ are not provided. Many other switchgear installations are SFs-insulated: switch-disconnector
units, other types of circuit-breaker switchgear, high-voltage switchgear.

E 6.3 Encapsulation variants

The encapsulation can apply to the whole switchgear system or to parts thereof:
¢ single-pole encapsulation (Figure E-6)

e three-pole encapsulation (Figure E-7) oder auch in

e hybrid encapsulation (Figure E-8).

E6.3a Single-pole encapsulation

Switchgear with single-pole encapsulation can be manufactured economically when the number of
different housings is minimized and an automated production is possible. Special attention must be
given to the sheath currents. Normally, they are allowed to flow unhindered. This requires an en-
capsulation that is practically able to carry the rated busbar current. This represents no problems for
the usual aluminium housings. In the case of short-circuit currents, the opposite current flows
through the housings and the dynamic forces are eliminated to a large extent.
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Metal enclosure

- Gas insulation

- Fixed mounted design

- Non-accessible compartments
1 1 - Partition class PM (metal)

- Single-pole encapsulation
* * gle-p p

V = Vacuum circuit-breaker

Figure E-6: GIS design with single-pole encapsulation

Seals have to be provided in a greater number, but they can be manufactured using the experienced
O-ring system with a high quality and reliability. Switchgear faults are limited to one phase. Single-
phase faults are often low in current and self-extinguishing in SFs. Current transformers are
mounted outside the housings at earth potential, as toroidal-core current transformers. The single-
pole encapsulation is, so to speak, an extension of the feeder cable sheath, a "thick section in the
cable run™.

E6.3b  Three-pole and hybrid encapsulation

Metal enclosure

- Gas insulation

- Fixed mounted

- Non-accessible
compartments

- Partition class PM

Disconnectors in busbar compartment or circuit-breaker compartment

Figure E-7: GIS design with three-pole encapsulation
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The three-pole encapsulation can be made of sheet steel due to small sheath currents; this can have
economical advantages. The volume of a gas compartment is large in relation to the lengths of seals
which may — depending on the method used — make the construction easier.

In the event of short-circuit currents, the dynamic stress for the components becomes very high, due
to the small clearances in SFg; and it is almost sure that every fault in the switchgear will be a three-
phase fault. Nevertheless, the likelihood is extremely low, because of the high, almost unaffected by
external influences, quality of the insulation.

Metal enlosure

- Gas insulation

- Fixed mounted design

- Non-accessible compartments
- Partition class PM (metal)

- Hybrid encapsulation

V = Vacuum circuit-breaker

Figure E-8: GIS design with hybrid encapsulation

Switchgear with hybrid encapsulation (Figure E-8) features for example three-pole encapsulation in
the feeder, whereas metal partitions separate the three phase conductors in the busbar compartment.
Holes in the partitions ensure gas pressure equalization, with the result that the busbar compartment
nonetheless forms just one gas compartment.

Metal enclosure
- Gas insulation
- Fixed mounted design
- Busbar compartment
tool-based accessible
- CB compartment non-accessible
- Partition class PM (metal)

Silicone rubber

- Three-pole encapsulation

- Pluggable busbar
with solid insulation

V = Vacuum circuit-breaker

Figure E-9: GIS design with solid-insulated pluggable busbar
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A further variant of three-pole encapsulation features SFg-insulated individual panels, connected
with an external, in-air busbar (Figure E-9). The pluggable bar is insulated and graded with silicone
rubber, i.e. the insulation features a conductive, earthed coating that means it can be touched and
makes it insensitive to climatic effects. Cross-pieces (Figure E-10) provide (via a conical plug-on
system) the contact to the individual panels. The busbar with its pluggable connections can be quasi
deemed a cable. Thanks to the metal cover on the busbar compartment the entire switchgear instal-
lation remains fully metal-enclosed. The advantage of this design is that neither at the installation
stage, nor in any subsequent on-site expansion or modification, is any work on the gas system re-
quired.

Cross adapter End adapter

Grading layer

Silicone rubber

S @
Vessel Bushing
Figure E-10: Pluggable busbar with silicone rubber insulation

In all designs, current transformers must either be placed in the single-pole area (e.g. outside the
encapsulation as cable-type versions, or in the area of the cable plug-on termination) or they must
be of conventional design with their own high-voltage insulation. Most panels have current trans-
formers with low-voltage insulation ouside the high-voltage compartment; only few manufacturers
use "classic" SFs-insulated transformers.
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E 6.4 Pressure systems and gas filling

Medium voltage circuit-breaker switchgear is operated with gauge pressures of 50 kPa to 300 kPa.
A series of factors determines the level of the gas pressure. Some of these are:

e the insulating capability;
to achieve the required values, even with the very small clearances, only a small overpressure is
necessary, due to the outstanding dielectric character of SFe.

e the rated current;
this determines the heat loss in the switchgear. Increased gas pressure improves the thermal
conductivity of the gas. So for higher current ratings higher gas pressures are used. Due to its
low viscosity and high density, SFs is a better heat conductor at the same pressure than air.

o the vessels;
these must be designed to withstand the pressure, thus the lowest possible pressure is favoured.
In any event, the enclosure must have a base strength - to carry its own weight and that of the
components as well as to withstand the switching forces. Evacuation of the gas must also be
considered.

For maintaining the pressure in gas-insulated switchgear, three different systems are recognized by
the standards IEC 60694 / VDE 0670-1000:

e Controlled pressure system with automatic refilling,
which is not used for medium voltage switchgear.

e Closed pressure system with manual refilling,
which is the one most used at the moment. A leakage rate of <1 % per year, which means a
control and refilling interval of 10 years should be achieved at least, otherwise the saved main-
tenance (cleaning) of the insulators will be replaced by the maintenance of the gas; in practice,
the leakage rate is < 0.5 % per annum.

e Sealed pressure system without treatment of the gas filling during the expected service life, of
minimum 35 years (in practice, a term of 40 to 50 years can be expected). All medium-voltage
installations use this pressure system. The leakage rates are below 0.1 % per year; where welded
enclosures are used the figure is even lower.

The gas pressure determines the construction and the dimensions of the switchgear housing to a
large extent. For cost reasons, the gas pressure is selected as low as possible. If — as usual — SFg is
used as insulating gas, atmospheric pressure is already sufficient to provide the insulating capacity
required. However, an overpressure is applied, as pressure equal to atmospheric in a hermetically
sealed housing has several disadvantages.

A hermetically sealed enclosure may suffer under-pressure when the external temperature falls to
extremely low levels. This causes a reversal of the stress on all welded seams, joints and seals. This
alternating stress is significantly more difficult to reliably withstand than a constant positive pres-
sure.

A definite overpressure provides clear conditions for the mechanical stress. Figure E-11 shows a
slightly positive over-pressure at even lowest temperatures, around -15°C. This also makes pressure
monitoring more secure. In practice, the filling pressure varies depending on the manufacturer, be-
tween 20 kPa and 300 kPa (gauge, related to an atmospheric pressure of 101.3 kPa at 20°C).
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Pressure [kPa] ?

Bursting pressure of vessel
(overpressure ) 450 iy

Operation of pressure relief device

250

Reference value:

The overpressure
is related to the
atmospheric pressure

50 Rated filling pressure 101,3 kPa at 20° C
20 Operating range
0 » Ambient temperature [°C]

40 -20 O 20 40 60 80

Figure E-11: Pressure range of a representative GIS (example)

For all three systems it is very important not only to maintain the gas density, but also its dryness.
The dew-point temperature of the gas always has to be clearly below 0°C, in order to exclude the
condensation of water inside.

Despite an overpressure of SFg, there is a low pressure of water vapour in the enclosure compared
to outside. Thus these partial pressure differences try to equalize in that water vapour diffuses con-
stantly into the enclosure. The quantity of penetrating water depends on the quality of the seals.
Only pure metallic seals (welded or soldered) or very long diffusion paths will ensure negligible
ingress

The moisture content of the gas during operation is determined by the following parameters:

e Moisture in the containers during filling
Water condenses out of the air on all surfaces. This can be removed only by careful drying and
evacuation during the filling process. Not all enclosure designs allow evacuation; in those cases
the air is driven off by the entry of SFg which, since it is heavier than air, is filled from the bot-
tom, driving the air off through an opening in the top. This procedure allows a greater residue of
moisture to remain on the internal surfaces.

e Moisture content of the gas
New SFg at 100 kPa filling pressure has a dew point at approx. -40 °C. The moisture thus intro-
duced is negligable.

e Moisture ingress
This depends on the operating cycle, the external water vapour pressure (surrounding climate),
length of seal perimeters and their water vapour diffusion characteristics.

e Absorption capacity of drying agent

Usually, the absorption capability is approx. 20 %, related to weight, and can be exhausted after
a few years.
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Dryness is of essential importance over the whole operating temperature range, since the insulation
strength of the gear is based on dry gas. Condensation can easily lead to flashover and failure.

Insulating gas can be filled by two methods:

First, the housing is evacuated, and then SFg is fed in. This method subjects the housing to strong
mechanical stresses during evacuation, but has the advantage that moisture is mostly removed with
the air.

This is not the case when using displacement filling. Here, the SFs is filled in slowly from below.
As SF is heavier than air, it displaces the air, which streams out of the housing at the top. This
method causes far less mechanical stress and allows more economic design of the enclosure.

As a residual humidity can never be avoided, dehydrating substances are always put in the housing,
regardless of the filling method, because the moisture content of the gas is a critical factor. A conti-
nous, satisfactory degree of dryness in the enclosure is ensured only when thorough drying, evacua-
tion and diffusion-proof sealing (metallic, welded enclosure) is achieved during manufacture.

E 6.5 “Sealed-for-life“technology

How can an enclosure be built to remain gastight for year, even when various conductors and oper-
ating mechanisms pass through its walls?

Figure E-12 shows the hermetically welded enclosure of a sealed pressure system that meets these
requirements. The welded enclosure brings a number of advantages. The entire enclosure can, when
manufactured, be examined in an integral leak tester. The measured degree of tightness remains
stable, for welding seams (unlike conventional seals or gaskets) are not subject to aging. Following
evacuation and subsequent filling with insulating gas the enclosure attains factory-assembled status;
there is no need for any work on the gas system when the switchgear is installed at its place of use.
This greatly simplifies commissioning, since no gas-handling equipment nor specially trained staff
are required.

The illustration shows a load switch
block (RMU) for two ring cables and a

transformer feeder with HRC fuse. The
welded conductor bushings for fitting the
fuse boxes can be seen at the top; below
1 @ @ are the conical bushings of various sizes
: ! | for the network cables (left and center)
and the cable to the transformer. The
' middle of the vessel features the welded
e, bellows for the moving mechanism parts.

eee eee @@l

Figure E-12: Example of a gas-tight, welded vessel

The electrical conductors and the mechanical parts for the switch operating mechanism must like-
wise be led out via sealed-for-life bushings (see Figure E-13). With static conductor bushings that is
a relatively easy matter; the cast resin features a metal collar that is then welded to the vessel wall.
Creating seals for moving parts is more complex. For gastight transmission of a mechanism move-
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ment metal bellows are used; they have been proving themselves for many years in conjunction
with vacuum interrupters. Figure E-13 shows a typical switch disconnector operating mechanism.

High-grade steel flange
with grading electrode

Coupling electrode for
voltage detecting system

Cast resin

Bushing conductor

Figure E-13: Gas-tight bushing for conductor and gas-tight penetration for drive lever

Gas-filled compartments generally include a pressure relief device; this prevents — in the rare event
of an internal fault involving excess pressure — bursting of the switchgear vessel. A rupture dia-
phragm is provided. The operating level (see Figure E-11) is coordinated such that the diaphragm
breaks at a multiple of the normal pressure load, yet well below the pressure strength of the vessel,
thus preventing an impermissible internal pressure buildup. This component is similarly welded into
the vessel wall.

In the event of impermissible internal pressure, the concave
membrane bends outwards and is cut open by the sharp metal
points.

Figure E-14: Bursting disc for overpressure relief (example)

E 6.6 Gas monitoring

There are also different principles for this:

e direct pressure measuring

o differential pressure measuring

e indirect measuring; e.g. of the dielectric strength

Direct measuring by means of pressure gauges indicates the actual pressure; but this pressure is
subject to fluctuations — independently of the sealing of the housing — due to the changes of tem-
perature that are caused by the current load of the devices installed and by the environment. The
connection of the measuring device to the housing is a possible weak point for leaks. Thus, direct
measuring is not free from problems.
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Differential pressure measuring is shown in Figure E-15. Actually, this is not a measuring, but a
"ready for service" indication. The indication provides a qualitative statement whether the pressure
lies within a permissible area or not, but it displays no absolute value. It shows a change of pressure
between the housing pressure psrs and the reference pressure p,. The reference housing consists of a
gas-filled bellows; its length is changed by the force acting on its front surfaces as a consequence of
the pressure difference.

——1
—2 1 Vessel
Py 4 2 Pressure gauge box
/3 3 Magnets
=5 =g
= 5 Indicator:
e | 4 Not ready for operation

5 Ready for operation

Figure E-15: Gas pressure monitoring, example of a qualitative indication

This system is temperature-compensated and self-monitoring. Temperature fluctuations are almost
equally transferred to both gas volumes. The housing pressure and the reference pressure change in
the same way; the indication remains unchanged. If SFg streams out, the bellows expands - the indi-
cation moves to the red area. The same happens when the reference housing itself or both housings
get leaky. The indication is transferred to the outside by means of two magnets. This makes this
type of monitoring suitable for sealed pressure systems.

Indirect measuring is e.g. to check the dielectric strength of the gas. This method tests one charac-
teristic — in fact, the decisive function — of the insulating gas. The principle is based on the meas-
urement of the dielectric strength between two electrodes with a defined clearance.

E 6.7 Location of the disconnertors

Just as in other designs, the disconnector (three-position switch) can be installed in the circuit-
breaker compartment or in the busbar compartment. However, as the disconnector has its insulating
capacity only in SFg, its most suitable location is different for single and double busbar arrange-
ments.

E6.7a  Single busbar

For single busbars: the disconnector is better not installed in the circuit-breaker compartment which
would have to be evacuated for work on the interrupter (arrangement B in Figure E-16). If located
in the busbar chamber however, (arrangementA) the internals below the separation plate can be
removed, whilst the busbar and the disconnector remain fully pressurised and in operation.
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Place of work Condition during work
Arrangement A Arrangement B
BB Feeder BB Feeder
Busbar OFF OFF OFF OFF
Disconnector OFF OFF OFF OFF
Circuit-breaker ON OFF OFF OFF

Figure E-16: Influence of location of disconnector on the service continuity of single busbar

The same arrangement, additionally mounted on top, can also serve to extend a single-busbar
switchboard without interruption of the service, or to implement a bus section with disconnector
without need of a supplementary panel.

E6.7Db

Double busbar

In double-busbar arrangements the disconnectors should not be installed in the busbar compartment,
but separately (arrangement C in Figure E-17), since each busbar is connected to the other one by
the system interconnection in every active panel. If the disconnectors are in the same compartments
as the busbars (arrangement D), no busbar could be evacuated as long as the other is in operation;
but this is just the reason for having a double-busbar; to enable working on one while the other is in
operation. If a busbar disconnector has to be accessible without isolation of both busbars, each bus-
bar disconnector needs its own gas compartment (arrangement C).

e
P e
gfw r$
D2 / D1 \ /
+ =
X X
| I
el 18T 1Y
BB 2 : \% : :

Arrangement C Condition during work
Place of work BB Feeder
Busbar 1 BB 2=0N ON
Disconnector 1 BB 2=0N OFF
Circuit-breaker BB1+2=0N OFF

Arrangement D Condition during work
Place of work BB Feeder
Busbar 1 BB 2=0N OFF *
Disconnector 1 BB 2=0N OFF *
Circuit-breaker BB1+2=0N OFF

* All feeders which are connected to this compartment

must be OFF.

Figure E-17: Influence of location of disconnector on the service continuity of double busbar
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If the disconnectors are located in the circuit-breaker compartment for reasons of costs or better
dimensions (arrangement D), or if they are not separated from the busbar in a double-busbar
switchboard, the above mentioned ideals are lost or made much more difficult. When work is car-
ried out at busbar 1, all the disconnectors of busbar 2 which are connected to this gas compartment
of system 1 (and all these feeders as well) have to be switched off. That is not the purpose of a dou-
ble busbar!

Remedy is then only possible by busbar compartmentalization (from panel to panel); incorporated
in the left or right hand side panels at least it permits the extension of the installation without inter-
ruption of service.

E 6.8 Grouping of gas compartments

This applies to switchgear with pluggable busbar (Figure E-9), in which each individual panel
forms its own gas compartment. The vessels generally feature metal seals (none made of organic
material); all electrical and mechanical (for operating mechanisms) bushings are welded, resulting
in a "hermetically sealed system". Work on the gas systems of such switchgear is no longer possible
and not necessary. In the event of a fault the panel must be replaced; with the pluggable busbar this
is however a quick and easy matter.

In switchgear with gas-insulated busbar, particularly in the case of single-pole encapsulation, subdi-
vision of the gas compartments is significant for whether work can be done while operation contin-
ues (and for any resultant restrictions on such operation); in the event of any faults the way the gas
compartments are grouped determines the extent of the effects thereof. The requirements for gas
compartment grouping are relatively straightforward:

e Operation of a section of busbar is only possible when all its parts are in order. Therefore it it is
entirely sufficient to operate and monitor the complete section of busbar as one gas compart-
ment (Figure E-18), furthermore it is suitable to operate the three phases separately (Figure
E-19).

e Operation of a section of busbar has to be possible even when a feeder is faulty. For this pur-
pose it is necessary to operate and monitor the "feeder” gas compartment separately from the
"busbar" gas compartment; in this case it is suitable to operate the three phases together.

e In double-busbar switchgear, operation still has to be possible when one of the busbars or a dis-
connector are faulty. This requires separate operation and monitoring of the gas compartments
of the two disconnectors.

Any further subdivision of the gas compartments offers no operational advantages. Any further
concentration produces operational restrictions and complicates fault locating. Of course, every gas
compartment must have its own, defined pressure relief.
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Figure E-18: Gas compartments of a single-pole encapsulated switchgear
cross-section of double busbar (equal numerals = equal gas compartments)
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Figure E-19: Gas compartments of a single-pole encapsulated switchgear
longitudinal section (equal numerals = equal gas compartments)

In three-pole encapsulated switchgear it is appropriate to operate the feeders and busbar as separate
gas compartments. Long busbars make transverse barriers for the gas compartments a suitable op-
tion; the same applies to double busbar systems.
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E7 Switchgear type

The design of the panels — i.e. the modular components of the switchgear — depends (in addition to
the requirements described so far) on other influential factors. Panels are frequently referred to ac-
cording to the respective built-in device, e.g. circuit-breaker panel, load-interrupter switch panel or
contactor panel. But such panels can look different, depending on whether they are built for primary
distribution switchgear or secondary distribution switchgear, or for both types. These two variants
can be described with reference to their significance and main uses in the network, as well as their
technical features. The most important are:

e Rated normal current of busbar

e Short-circuit strength and switching capacity

e Switching device (circuit-breaker, load-interrupter switch, contactor)
e Frequency of switching operations

¢ Significance in network (primary or secondary distribution level)

e Network protection (with protective relay or HRC fuse)

e Secondary equipment (control, alarms, etc.)

This list sets out only the most important aspects. Grouping into primary and secondary distribution
switchgear is arbitrary, and not the subject of e.g. standards. The systems are not always homoge-
nous; there are many with a hybrid arrangement of the panels.

E7.1 Primary distribution switchgear

As the name suggests, in primary distribution switchgear the figures for almost all the features listed
are in the upper range, especially the currents. For example:

e The rated normal current of the busbar can be as high as 4000 A, and
e Short-circuit strength and switching capacity can reach 63 kAms / 160 kApeax

In at least 80 % of panels the switching device is a circuit-breaker; there are only few load-
interrupter switches and contactors. One of the main reasons for using circuit-breakers is to protect
downstream equipment, for only this switching device is able to break all currents up to the full
short-circuit current under all fault conditions.

Primary distribution switchgear always includes a (numerical) relay for network protection. It
evaluates the signals from the current and voltage transformers and issues to the circuit-breaker a
tripping command in accordance with specified criteria (protection algorithms). The simplest trip-
ping criteria are just the current and the fault duration (time-overcurrent protection); for more com-
plex protection duties the voltage is also evaluated and the direction of the fault location (directional
overcurrent protection) or its distance (distance protection) deduced. With transformers and cables a
differential protection relay compares the currents on both sides. This type of network protection is
indeed intricate, but it can be precisely adapted to those operating requirements customary for
switchgear on the primary distribution level. Alternatively, HRC fuses can attend to short-circuit
protection (and to a very limited extent overload protection). The same degree of fine setting and
grading is not however possible. That is why — with a few exceptions — HRC fuses are found on the
secondary distribution level.

The frequency of switching operations depends on network operation and on the respective switch-
ing duty. In primary distribution switchgear this frequency is higher overall, because circuit-
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breakers interrupt the earth faults, short circuits or other malfunctions that occur with lesser or
greater frequency, depending on the structure and quality of the distribution network. In industrial
networks it is the loads that determine this frequency; with motors (for example) it can be very high.
For extremely frequent switching, contactors are the most suitable option. This type of panel is ther-
fore regarded as an item of primary distribution switchgear, even if in terms of switching capacity
the contactor has more in common with a load-interrupter switch.

E7.2 Secondary distribution switchgear

In all switchgear designs, switch disconnectors can be installed instead of circuit-breakers. This can
be done in primary distribution switchgear, if a load-interrupter switch is required for individual
feeders. Other demands are however made of pure secondary distribution switchgear (than are im-
posed on primary distribution switchgear); the main differences are

e Lower normal currents, usually only up to 630 A
e Lower short-circuit strength, up to 25 kArms / 63 KApeak
e No short-circuit breaking capacity, HRC fuses provide protection

e Switching devices: With switch disconnectors there is no need for the withdrawable unit, which
is always required with circuit-breakers

e Lower frequency of switching operations
e Smaller scope of secondary equipment

Switch and switch-fuse boards are used universally in distribution networks up to 24 kV: in network
stations of distribution authorities and in industry, in load centres of production plants and in con-
sumer substations (commercial installations); everywhere where energy is transformed from me-
dium to low voltage. In conventional ring networks one can expect approximately 5 switch and fuse
boards in network stations to each circuit-breaker unit in primary substations and node points.

Special demands are made on switch and fuse gear in public networks. Where tough climatic condi-
tions are present, the equipment must withstand wide temperature ranges, high humidity and fre-
guent condensation patterns.

E7.3 Feeder-type construction

This — extensible — type is provided for switchgear units that have to be adjusted to many different
operational duties. This means e.g. the number of feeders and the feeder types are selectable; there
are

circuit-breaker panels

switch-disconnector panels with / without HRC fuses
transformer panels

metering panels (transfer and revenue metering)

Figure E-20 illustrates three examples of air-insulated switch panels:

(a) Fixed mounted design with SFg switch-disconnector,
Compartments: partition class PM (metallic)
Busbar tool-based accessible, switch non-accessible,
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Cable and HRC fuse tool-based or procedure-based accessible
Loss of service continuity category LSC 2A

(b) Fixed mounted design with conventional switch-disconnector
without partitions, thus loss of service continuity category LSC 1

(c) Withrawable circuit-breaker,
Partitions between cubicles and temporary inserted barrier to the busbar,
Partition class PI (temporary barrier is of insulating material)
Loss of service continuity category LSC 2A

Figure E-20: Variants of feeder-type (extensible) design

The feeder-type construction is especially suitable for application in industrial systems. For exam-
ple, one substation can be fed via one radial incoming feeder; the incoming feeder would then be
equipped with a switch-disconnector. Feeders for distribution transformers can either be equipped
with a switch-disconnector-fuse combination or with a circuit-breaker.

Moreover, almost all the auxiliaries available for circuit- breaker switchgear are also possible; inter-
locks, faulty switching-sequence prevention systems, instrument transformers. This makes this type
of switchgear very flexible in application.

E7.4 Block-type construction

This means that all switching devices for the incoming and outgoing feeders and for the busbars are
located in one common enclosure. As a rule, only switch-disconnectors are installed; the different
versions available with the feeder-type construction (circuit-breaker, metering) are not available
here. This type of construction is very compact; it is economical where the number of versions re-
quired is limited. The main application lies in unit substations for power supply. Here, the hermeti-
cally sealed design is becoming more and more accepted. In most of the cases, SFg is used both as
insulating and arc-quenching medium. The switches can have a separate arcing chamber or be lo-
cated directly in the insulating compartment. To ground the feeders either separate earthing
switches are provided, or the main switching device attends to earthing; various designs of three-
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position switch are used. An example is shown in Figure E-22. Block-type construction is nowa-
days only used for pure secondary distribution switchgear; hybrid secordary and primary distribu-
tion feeders are currently available only in panel-type design

Instead of panel rows, several housing sizes are available. Another solution is provided by welding
two housings together.

- Gas insulation
- non-accessible compartment
- Partition class PM (metal)

Figure E-21: Block-type (non-extensible) design

ES8 Switching devices

The type of switchgear influences the design of the switching devices (See chapter C for the funda-
mental function of such devices). A crucial factor is the insulating medium: in air-insulated switch-
gear practically all those variants are to be found which can be relatively simply integrated in a
panel. In contrast, gas insulation calls for diligent selection of switch designs, since devices and the
overall system alike require a hermetically sealed enclosure. The switching devices used and the
particular features encountered with GIS are set out below.

ES8.1 Switching devices in air-insulated switchgear

The following are used in air-insulated switchgear:

e Conventional switches and switch-disconnectors,
the quenching devices of which work with hard gas or compressed air

e SF; switch-disconnectors

e SFg transformer circuit-breakers,
with a capacity suitable for switching transformers

e Vacuum circuit-breakers,
these being more suitable for loads than are switch disconnectors, when switching takes place
frequently (> 1 x per day), or the required switching performance exceeds the capacity of a
switch disconnector

e Vacuum switches (rare)
e Vacuum contactors
e SFg contactors (rare)
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With vacuum switches, an additional disconnector or withdrawable unit is required to comply with
the conditions of the isolating distance, whilst all other types of switches are usually designed as
combined switch-disconnectors.

E 8.2 Switching devices in gas-insulated switchgear

Depending on the intended purpose, gas-insulated switchgear makes use of:

e SFe disconnectors and earthing switches

e SFg switch disconnectors

e SFg transformer circuit-breakers, with a capacity suitable for switching transformers
e Vacuum circuit-breakers

e Vacuum contactors

Disconnectors, earthing switches and load-interrupter switches are frequently combined in the form
of three-position switches, whereby the earthing function can also include a short-circuit making
capacity (make-proof earthing switch); Figure E-22 shows a combined switch disconnector and
earthing switch with short-circuit making capacity.

Feeder Feeder Feeder
ON OFF Earthed

_{,_ I
~ A o]l
~

Figure E-22: Example of a three-position switch

As the list above shows, panels with vacuum circuit-breakers or vacuum contactors in gas-insulated
switchgear feature the SFg only for insulation, whereas load-interrupter switches use the SFg as both
insulation and quenching medium.

Why does one not use the advantages of a vacuum interrupter in gas insulated switch and fuse (sec-
ondary distribution) switchgear, when they dominate in circuit-breaker (primary distribution)
switchgear? A decisive reason is cost, because the former is used in thousands in distribution sub-
stations. Exactly for that reason the two following technical aspects must be solved in the simplest
way.

The insulation capacity

Switch disconnectors must have a contact gap which complies with the special requirements of the
applicable standard. They must have:

e ahigher and secure insulating capability which ensures that an overvoltage will never cause
breakdown of the contact gap but, at the worst, to earth;
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e security against reduction of the insulating capability which could be caused, for example, by
pollution;

e security against tracking. Any tendency to tracking (leakage current across insulators) shall not
affect the isolating distance but must be deflected to earth.

Of these requirements, a vacuum interruptor fulfils only the last two. Enclosure in SFg prevents pol-
lution and tracking (as long as condensation is not possible).

The increased isolation strength could be achieved by appropriate design of the vacuum interruptor
but, as it exists, this is not its purpose. Therefore, to achieve the required safety level, a disconnec-
tion gap must be connected in series, usually with its own drive mechanism and interlocks.

In contrast, a suitable SFg three-position switch fulfils all the functions of load switching, isolation
and (make-proof) earthing in one unit, with one drive mechanism, with inherent interlock.

The switching capacity

Switch-disconnectors have only to interrupt small load currents - and that not often. They are not
called upon to switch fault currents. Based upon these application criteria, switch-disconnectors are
designed to switch a maximum of, for example, 100 x 400 A, whereas a circuit-breaker must be
able to switch, say, 10000 x 2000 A (a factor of 500). The remaining duties required of secondary
switchgear are accomplished by an SFg switch just as well as by a vacuum interruptor.

In a sealed container in which the components are not accessible, a mechanically simple SF¢ three-
position switch fulfils the duties of switching and isolation with equal reliability, better and more
economically than other switching principles. For these reasons this principle has become univer-
sally adopted for switch-disconnector assemblies in compact construction.

Vacuum switch SFe-three-position earthing/switch-diconnector

i !
il el

o

o
v

1 switching element: load switching 1 switching element: load switching, isolation, earthing

1 switching element: isolation and earthing —
1 drive unit: load switching 1 drive unit: load switching, isolation and earthing
1 drive unit: isolation and earthing —
1 interlock: load switching < isolation and earthing | —

Figure E-23: Consequences of the type of switching device in GIS secondary switchgear
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E9 Not typtested switchgear acc. to IEC 61936 / VDE 0101

Metal-enclosed versions still enjoy a large niche on the market, especially for partially compart-
mented double-busbar switchgear (Figure E-26). Due to the quality of its enclosure, modern
switchgear of this design offers the same shock protection for the personnel as the corresponding
type-tested switchgear.

The designs with three compartments (Figure E-24) pose no problems at least for work on the cable
termination. For work on the circuit-breaker however, it is important whether the disconnector is
allocated to the circuit-breaker (a) or to the busbar (b). In the former case, the disconnector is easily
accessible, but the busbar has to be isolated. From this viewpoint, the partition between busbar and
disconnector could be dispensed with. In the latter case, the circuit-breaker compartment can be
isolated and this made accessible while the busbar is in operation; the disconnector however re-
mains inaccessible. For disconnectors that (including their attachments) are reliable and require
little maintenance, variant “b* will be preferable. Unlike these designs, cubicle-type switchgear
with fixed-mounted devices (Figure E-25) makes work on the system difficult; see variants c, d and

Figure E-24: Variants of compartmented “fixed mounted*“designs

Also with partial compartmentalization all preparations for working can be made outside the panel,
with full protection against electric shock, including the covering of adjacent live parts. For this
purpose, insulating protective barriers are inserted with the front door closed; Figure E-26, variant
(). The designs (g) and (h) can even do without this, as the circuit-breaker compartment can be
completely isolated safe to touch due to the partition provided below the busbar disconnectors. Fur-
thermore, the design variants (g) and (h) protect both busbars against direct arcing effects in case of
internal faults. These designs can also meet all requirements regarding the resistance to internal
faults. For example, one type of the design (g) has been successfully tested up to 50 kA / 1 s for its
resistance to internal faults.
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Figure E-26: Cubicle design double busbar switchgear

These non-withdrawable switchgear types have also been aligned to the quality standard of the
type-tested types regarding other points of view:

e the use of reduced maintenance components
e complete switchgear interlocking systems
e operating mechanisms without I.v. components in the h.v. compartment.

Moreover, in contrast to most of the type-tested switchgear types, they offer some special features:

e They require a smaller room width, but they are higher. So, in most cases they can be installed
without problems in existing switchgear rooms.

e They are flexible regarding component selection and dimensions as they do not have to be
tested.

e After faults, they are quickly reconditioned again, as the damage can often be repaired with
simple means that are immediately available (no special parts).
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F ACCESSORIES FOR SWITCHGEAR

F1 Connection and wiring technology

Metal-enclosed switchgear offers high operational reliability and personnel safety. In addition, her-
metically sealed gas-insulated switchgear provides full protection against environmental influences,
and this almost excludes disturbances coming from outside. The same features must apply for con-

nections and links, otherwise the reliability of the complete system would be questionable.

F11 Survey and requirements

Interconnections within the switchgear and to transformers are performed by means of
e cables

e solid-insulated bars

e gas-insulated bars

The cables and bars themselves as well as their terminations have to match to the switchgear. De-
pending on the switchgear type and the site, this means:

e shock-proof
e climate-proof
e maintenance-free

The connection zone (e.g. cable compartment) should guarantee shock protection not only during
operation, but also during work. This means, for example:

e Verifying safe isolation from the supply with the panel closed
e Doors and shutters to the cable compartment to be integrated in the feeder-related interlocks
e Partitions to adjacent cable compartments.

These demands are partly also made on the switchgear itself. For verifying safe isolation with the
switchgear closed, there are capacitively coupled indication systems. They are connected to capaci-
tive layers of the cable plugs or bars, or appropriate equipment is installed in the switchgear. Inter-
locks make sure that the cable compartment can only be opened when the feeder has been isolated,
and that reclosing during work is prevented.

Resistance to climate means insensitivity against pollution and humidity, also against small animals
and plant growth. Creepage currents and partial discharges must not occur. Compliance with these
requirements is decisive especially in unit substations, as these are subject to the hardest conditions.

F1.2 Cable or bar?

Apart from the electrical data, the space conditions within the switchgear are decisive for this ques-
tion. In most cases, the following table applies
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Current »Short connection ,»,Long“ connection
up to 1250 A cables cables
more than 1250 A | bars parallel cables

Table F-1: Criteria for cable or bar connections in switchgear installations

"Short connections” are those up to 50 m, rather below this value in practice. The limit for using
cables or bars also depends on economical aspects.

Fl2a Cables

Single cables are used up to 1250 A. They:

e are flexible to lay

e need only 2 sealing ends

e are easy to transport and to install

e enable simple exchange in case of faults, if plug-in terminations are used.

"Flexible to lay" means, in the double sense of the phrase, the mobility of the cable on its route;
thus, it is easy to overcome planning inaccuracies. In contrast to bars, cables do not consist of single
sections; so they do not require any straight joints except the sealing ends. If the switchgear is
equipped with plug-in sockets, the cable can be transferred to a spare feeder in the event of a feeder
fault; or to an adjacent feeder, if this one has an additional spare socket.

Currents above 1250 A can be transmitted through parallel cables. For short distances this is not
recommended, as it increases

e the expenses for sealing ends
e the space required for connection within the panel
e the risk of faults

The failure rate of conventional sealing ends is still high compared with the switchgear, as the
VDEW"! statistics show. With n parallel cables, the risk also increases n times. Moreover, parallel
installation also leads to a reduction of the current carrying capacity due to the temperature rise; as a
consequence, larger cross-sections are required. For long interconnections, however, there is no
alternative to cables.

F12b Bars

Gas-insulated or solid-insulated bars are used for currents above 1250 A. Solid-insulated bars have
already been manufactured for more than 10,000 A; for normal medium-voltage switchgear, the
field of application ranges up to 4000 A. These bars offer:

e high thermal and dynamic strength
e shock protection

e reduced space requirements

e narrow bending radii

1 \VDEW = the association of German electricity producers
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e simple installation

The high current carrying capacity is only achieved by the corresponding conductor dimensions.

The fault withstand capability depends on the support spacing; it is much higher than that of cables.
Narrow bending radii enable a route that is exactly adjusted to the building - cables have increasing

bending radii in proportion to the cross-section.

The following table compares some characteristics of gas and solid insulated bars with an air insu-

lated busbar system.

Characteristic System
Solid insulation Gas (SFg) Air
Insulation self healing? No Yes Yes
Dimensions Small Small Clearances to
IEC 61936 => large
Type testes Yes Yes No
Phase segregation Yes Yes No

Earthing of the enclosure

No resistance to
short-circuit

Resistant to
short-circuit

Resistant to
short-circuit

Shock protection

Earthed screen

Metal enclosure

Metal enclosure

Connection technology

Plug (standard)

Plug (standard)

Bolts
(custom built)

Current & voltage

Toroidal core CT

Toroidal core CT

Castresinn CT

measurement capacitive layer capacitive electrode capacitive support
Design and manufacture Individual Modular individual
Modification/extension New bars Possible possible

Table F-2: Comparison of solid bar connection methods

Solid-insulated bars (Figure F-1) consist of individually manufactured sections with a length of
approx. 10 to 12 m. Straight joints couple the sections and also serve for the linear expansion, which
is required for thermal and constructional tolerances. Re-routing, conversion or extension of this

made-to-measure system is not possible; new bar sections would be necessary.

The insulation is composed of several cast-resin vacuum impregnated paper layers, with additional
control and earthing layers. The earthing layer provides the shock protection, but will not carry

earth fault currents.
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Conductor
Earth- /
layer

capacitive grading layer

/ Earth connection

K DURESCA® Insulation é
ra — |

& Construction principle
€ Connector with length compensation

Source: Moser-Glaser

Figure F-1: Solid insulated bar

Gas-insulated bars can be compared with the busbar of a SFg insulated switchgear. Due to the sin-
gle-pole, hermetic encapsulation, they are not only shock-proof, but also completely protected
against external influence. The bar connection consists of standard components that are installed at
site and then filled with SFe. Thus re-routing or extension is possible by replacement or addition of
modular components.

Source: Moser-Glaser
Figure F-2: Gas-insulated bar with various terminal types

Gas and solid insulated systems require less space than air insulated types. They allow modern
plug-in connections to equipment. External ring type c.t.s can be used, with the winding at earth
potential so that it is not subject to electrical stress; whereas air insulated bars, in a common metal
trunk, require post or bushing type c.t.s and v.t.s. For voltage measurement, a capacitive layer is
provided in the solid dielectric and an electrode can be fitted in gas insulated ducts.

Both types of bars require an exact spatial planning. The solid- insulated bar also requires accurate
manufacturing. For short connections with high currents, bars are the best solution.
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F1.3 Cable connection systems

Sealing ends are one component for the connection between the switchgear and the cable. They
perform various functions:

e line terminal

e control of the electric field

e insulation against earth

e protection of the cable against environmental influences

e Dbalancing and control of the liquid level in mass-impregnated cables

Today, switchgear is mostly connected by thermoplastic-insulated (solid dielectric) cables. If re-
quired, straight joints couple these cables with mass-impregnated cables, which are not examined
further here. Usual sealing ends for thermoplastic-insulated cables are

the shrink-on sealing end
the cast-resin sealing end
the push-on sealing end
the plug-in termination.

The shrink-on system utilizes pre-stretched material (sleeves and bands), which returns to its origi-
nal size by heating it up to 150°C. In this way, the sleeve shrinks onto the cable. Between the sleeve
and the cable sheath, there is a fusible adhesive; it melts due to the heat, thus sealing the joints when
the sleeve shrinks on.

Bushing Sealing end

Insulating sleeve Sealing collar

Figure F-3: Sealing end with insulation sleeve

Push-on sealing ends consist of pre-assembled parts; the material is usually silicone rubber. They
are pushed onto the prepared cable.

Conventional cable sealing ends can also be installed so as to be safe against environmental influ-
ences. Figure F-3 shows an installation for gas-insulated switchgear. A sealing collar is fixed on the
sealing end and an insulating sleeve is pushed onto it, which is also fixed at the bushing. The insu-
lating sleeve is made of silicon rubber. It seals one pole completely in all directions.
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F1.4 Plug-in cable terminations

These are detachable plug connections between cables and switchgear panels or devices. They serve
for simple installation of cables and can be detached easily in case of fault or for working. This
should not be confused with a plug-in contact for frequent plugging in and pulling out. Cable plugs
are:

e metal-enclosed, shock proof

e or with earthed conductive layer (contact protection by enclosure)
e climate-proof, even submersible

e maintenance-free

e space saving

This makes them the only connecting elements that suit the concept of hermetically sealed switch-
gear. In conjunction with the connectors at the terminals (bushing pockets for insertion of the plug)
the following systems are distinguished according to EN 50181

e the outside-cone system
e the inside-cone system

Figure F-4 shows the two systems schematically.

Connector at the device
1 Joint

" Joint

Sheath, Cable plug

Shield

Core
insulation

Outside cone system Inside cone system

Figure F-4: Scheme of inside and outside cone system

There are clear differences when comparing the two systems under consideration of the criteria in-
sulation, sealing and space requirements. Each connection has two joints: one between the plug and
the socket and one between the insulating body of the plug and the cable sheath. Both joints must be
allround mechanically and electrically sealed in order to ensure the insulating capacity required.

In the outside-cone system, the plug is pulled over the bushing of the terminal. The joints are only
sealed by the prestressing force of the insulating body of the plug. Damages (fissures) in the mate-
rial can reduce the insulating capacity. Here, the installation must be carried out very carefully. On
plugs with metal housings — which are more expensive — this risk does not apply. Outside cone
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plugs are available for up to 630 A rated normal current; for higher currents up to three T and elbow
plugs can be placed on top of each other (“piggyback arrangement®). T-plugs also allow a surge
arrester to be fitted, or also plugs for voltage tests.

€ Outside cone socket

Sectional view =>»

Source: Pfisterer

Figure F-5: Examples of outside cone cable plugs

In the internal-cone system, the plug is inserted inside the bushing of the terminal. Here, both
joints are automatically sealed at the same time; first by the elastic force of the insulating material
and then by a spring in the plug body. The internal-cone system is the most compact plug connec-
tion. It is available in standard versions up to a rated current of 1250 A, sometimes even for higher
currents.
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Source: Pfisterer

Figure F-6: Inside cone cable plug and socket (sectional drawing)
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A Inside cone plug

€ Socket (at the switchgear)

Source: Pfisterer

Figure F-7: Examples of the inside cone system

The plug-in cable system offers still further possibilities:

straight or elbow plugs
T-plugs with test connection
plug sockets and straight joints
plug-in surge arresters

plug-in voltage transformers

Cable testing is possible without detaching the cables. For this purpose, the test voltage is applied
through a T-plug or through a supplementary spare socket on the switchgear. Or, the socket of the
plug-in surge arrester is used, as the surge arrester has to be removed anyway for a voltage test.

Moreover, cable plugs can be equipped with a capacitive layer, which can serve as a coupling ca-
pacitor for a voltage indication system.
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F2 Voltage detecting systems

F21 Purpose and requirements

Enclosed switchgear meets the requirements regarding personnel safety. Thus, opening the enclo-
sure — as long as there is danger of contact — would be a violation of the safety regulations; but this
would be necessary if conventional portable high-voltage detectors are used for verification of safe
isolation from supply as required by EN 50110. Furthermore, it is clearly impossible to verify the
safe isolation in this way in hermetically sealed switchgear.

Other methods to verify safe isolation as required by EN 50110 are rather impractical. The follow-
ing would still be admissible:

e Fixed-mounted measuring instruments, when the pointer falls to zero during switching off. For
this purpose, every panel must be equipped with three voltage transformers and indicating in-
struments, and personnel must already be present at the instant of switching off.

e Earthing, as long as this is not dangerous for the personnel in charge of it, i.e. with a suitable
switching device. If it has been dimensioned correctly, this represents no danger for the switch-
gear, but service breakdowns are possible if the wrong feeder was earthed by mistake.

A permanent voltage indication system that could be easily installed in every panel would solve the
problem. Such a system should:

e have a clearly recognizable display

e De easy to use

e De easy to test

e Dbe similar for all switchgear types

e Dbe equally suitable for all rated voltages
e also enable phase comparison

F22 Mode of operation

The standards distinguish between voltage testing systems as follows

e Plug-on voltage testing systems, in which a relocatable indicator can be connected via an inter-
face with a built-in coupler. Plug-on systems are themselves distinguished according to various
designs (For details see chapter F 2.4)

— HR system
— MR system
— LR system
— LRM system
— LRP system.

e Integrated voltage testing systems, built into and forming part of the equipment.

Figure F-8 and Figure F-9 show the principle of the voltage detecting system: the capacitances of
the coupling electrode and the coupling system divide the phase voltage U.e from kilovolts to a few
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volts (U,) at the interface, where there is the connection facility for a plug-in indicating device. This
measures U, and signalises the condition of the primary voltage, e.g. "voltage present” by a flashing
LED. In a multi-phase circuit, such a detector system is provided for each phase.

Live part (HV conductor)

9 L
c, == Coupling electrode Interface
Connecting lead
. O ) f
S~
Vo|tage Measuring
Cie == limiting T & =T circuit @
device Cm
r
- .
= Coupling system Indicator

Figure F-8: Scheme of a separable voltage detecting system

Live part (HV conductor)

L
c, == Coupling electrode Test point
Connecting lead
¢ . C > C
Vo|tage Measuring
Cie == limiting T & =T circuit @
device Cm
-
.
= Coupling system Indicator

Figure F-9: Scheme of an integrated voltage detecting system

The coupling electrode gives, via the coupling dielectric, the measuring capacitance C1 (coupling
capacitance) to the active part of the circuit. Built permanently into the switchgear, the coupling
system contains a number of components: conductors between coupling electrode and interface, a
voltage limiting device (voltage diverter) and, when required, a capacitor (measuring circuit com-
ponent).

Coupling electrodes can be incorporated into various components, each suitable for installation in
specific switchboard types. A discrete coupling capacitor is practically never seen but for simplifi-
cation of description, the term "coupling capacitor" is nevertheless used in the following. A cou-
pling electrode can, for example, be provided by a capacitive field layer in

e acable connection plug
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e acable connection socket
e asolid insulated bar

Such layers are always present and can perform the joint function of coupling capacitor. Further
coupling electrodes may be formed by electrodes of metal or conductive material included for this
specific purpose in

e acurrent transformer

e asupport insulator (divider support)

e asupport insulator (divider support

e agas insulated switchboard

With the exception of capacitors surrounded by insulating gas, coupling dielectrics are cast resin,
resin impregnated paper or silicon.

High-grade steel flange
with grading electrode

Coupling electrode for
voltage detecting system

Cast resin

Bushing conductor

Divider post insulator Weldable outer cone bushing (sectional Outer cone socket
view ) for gas-insulated switchgear

Figure F-10: Examples of coupling electrodes

For protection of personnel — the connection sockets at the point of measurement (the interface) can
be touched — the standard requires that the current out of the coupling capacitor, in the most unfa-
vourable case, shall not exceed 1 mA (awareness threshold). The most unfavourable case is the state
of direct short circuit of coupling capacitor to earth, at the highest permissible network voltage;
which must include any voltage displacement in a three-phase network during earth fault. All con-
ventional coupling capacitors fulfil this; the current even remains far below the limiting value. The
safety requirements go even further: in the extremely rare case of a breakdown of the coupling di-
electric; a voltage limiting device must prevent the resulting fault current from reaching the outside,
through the measuring point.

The total undercapacitance of the voltage divider is made up of various components:

e Leakage capacitance: coupling electrode against earth Cq¢
indicator against earth

e Coupling system: connecting lead C_
measuring circuit component (additional capacitor) Cy
e Load indicator
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Coaxial cables are conventionally used for the connecting cables — their inherent capacitance lies
mostly in the order of 50 to 100 pF/m. Design, panel type and the conductor routing inside the panel
determine the length and thus the capacitance; e.g. in double busbar systems lengths of up to 6 m
are required.

The interface, of which one pole is connected to the measurement voltage and the other to earth, is
the connecting point (interface) for an indicator, a phase comparator or a combination device with
both functions.

The indicator evaluates the measurement voltage and displas the condition of the primary circuit by,
for example, the blinking of an LED.

F23 Threshold values for indication

The signal "voltage present” MUST appear within an exactly prescribed range of the operating volt-
age and SHALL NOT appear below a prescribed value. The threshold determines the phase-to-earth
voltage at the detector system; see Fig. E4. The base value in each case is the rated (operational)
voltage of a network. The threshold values allow for the fact that the rated voltage in a multi-phase
system is always that between the phases, whereas the voltage at the detectors is that between phase
and earth.

The values are determined so that the signal "voltage present™” appears at over approximately 80%
of the normal operating voltage. Converted for various networks, we see that for a

3-phase system the signal must appear at a phase-earth voltage
e from 45 % and up to 120 % of rated voltage (between phases), but
e shall not appear at under 10 % of rated voltage;

single pole earthed single-phase systems the signal must appear at a phase-earth voltage
e from 78 % and up to 120 % of rated voltage (between phases), but
e shall not appear at under 17 % of rated voltage.

symmetrically earthed single-phase systems the signal must appear at a phase-earth voltage
e from 39 % and up to 60 % of rated voltage (between phases), but
o shall not appear at under 9 % of rated voltage;

The lower window "signal SHALL NOT appear" ensures that weak, induced voltages from
neighbouring systems will not erroneously simulate the condition "voltage present”. DC voltages,
e.g. from residual charges on cable conductors shall equally not be signalled. The upper window
"signal MUST appear" covers that voltage range of a network which is possible in normal opera-
tion. In between, there is a range in which the signal may begin. This middle window gives design
freedom for the choice of the divider ratio.
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Figure F-11: Threshold values

F24 Separable System (VDS)

There are detecting systems with plug-in (separable) and such with integrated indicators. Different
plug-in systems differ at the interface, that is, at the electrical and mechanical interface to the indi-
cator.

F24a HR-System

The HR system (high-resistance system) has a voltage of 90 V at the interface and a measuring cur-
rent of 2.5 pA when the operating threshold is reached. The indicator provided incorporates a glow-
lamp which does not need a supplementary auxiliary voltage.

Characteristic System

HR LRM LR
Voltage at the interface 70...90V 4..5V 4..5V
Threshold current 25 PA 25 A 25 PA
ﬁ‘t’g]!:gée energy at the 225 UW 12.5 uW 12.5 uW
Impedance of indicator 36 MQ 2 MQ 2 MQ
Min. insulation resistance 400 MQ 20 MQ 20 MQ
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Characteristic

HR

System
LRM

LR

Interface

19 mm Europlug

Pin centres 14 mm
similar Europlug

6.3 mm latch-in-plug

Test of indicator before use

Neighbour cubicle or
test adapter + socket

Neighbour cubicle or
test adapter + socket

Built-in testing element

Indicator signals
»Voltage present*
»Voltage not present*

Flashing or steady light
No light

Flashing or steady light
No light

Red flashlight + sound
Green flashlight + sound

Duration of indication

As long as indicator is
plugged in, continuous

As long as indicator is
plugged in, continuous

As long as test button is
pressed, not continuous

Phase comparison

With separate device

With separate device

With combined device

Maintenance of indicator

None

None

Battery

Use of an indicator in a
different detection system

Not possible

With adapter possible in
HR- and LR-System

With adapter possible in
HR- and LR-System

Table F-3: Characteristics of separable VDS

F24Db

LR-System

The LR system (low-resistance system) has a voltage of 5 V at the interface and a measuring cur-
rent of 2.5 HA when the operating threshold is reached. The indicator provided needs a battery.
Mostly, combined indicator and phase comparator devices are used.

F24c

LRM-System

The LRM system (low-resistance modified system) differs from the LR system with a latch-in plug,
in that it has a modified interface with two plug pins at 14 mm centres (otherwise similar to the 19

mm Europlug). The deliberately selected 14 mm dimension prevents accidental insertion of the plug
into a mains socket. At the operating threshold, 5V / 2.5 pA appears at the interface. The indicators
have a blinking LED, without auxiliary voltage.

4.1 ’LJ“ A |
O &, A = free surface SO
for indicator Nl
<19 !
A
HR LR

Figure F-12: Interfaces of separable VDS
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F24d  Application of separable systems

To test for presence or absence of voltage in the cubicle, the indicator device is inserted sequentially
into the sockets; if it does not blink, the feeder is de-energized. Alternativly, three indicators may be
permanently left in the sockets - the systems are suitable for continuous use.

To test the indictors of all systems, there are adaptors which can be inserted into a mains socket.
These replicate the threshold voltage (5V or 90 V). With such adapters it is possible to check the
indicators for proper function at any mains socket (230 V). HR indicators can directly be inserted
into a mains socket, without test adapter. This often used method, however, does only check the
glow-lamp but not whether the indicator works properly at 90 V threshold voltage. This is not an
approved method of test according to the standard.

Interface test devices, which one can insert into the interface socket instead of the indicator, test
correct functioning of the coupling circuit. They give a "go", "no go" signal, indicating "in order" or
"not in order”. When the electrical threshold voltage values lie within the correct range, this will be
signalled by a green LED; otherwise a red signal appears.

F25 Integrated systems ( IVDS)

Integrated systems with fixed-mounted indicator have no interface. They can work internally with
any current or voltage levels. Only for phase comparators is a measuring point provided in the form
of an external connection; it is usually compatible with an LRM interface.

Integrated systems use — with few exceptions — LC display, creating considerable scope for showing
operating states. Dead state can be actively indicated, as well as readiness for operation and the to-
standard state of the interface (repeat test).

EEE2 s
Voltage Voltage Voltage Voltage
present not present present present
Threshold Threshold Threshold value Defect in
values correct values correct in L1 not correct Phase L1

Figure F-13: Indication data with a LC-Display
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G MATERIALS

Gl Sulphur Hexafluoride SFg

G1ll1 Characteristics for electrotechnical usage

SF¢ is a gas, of which the molecule comprises one sulphur atom surrounded symmetrically by six
fluorine atoms in a saturated state.This structure makes the molecule very stable and inert. SFg does
not react with other materials, is non-toxic and non-flammable, cannot oxidise lubricants or metals,
e.g. contacts or connections.

The following physical, chemical and electrotechnical characteristics are of particular importance
for switchgear applications:

e colour and odourless, non flammable

e inert at room temperature => non-toxic

e 5times heavier than air

e good heat conductivity

e thermal dissociation between 1500 and 3000 K
e complete ionisation above approx. 4000 K

e electro-negative (electron attractive character)
e dielectric strength 2.5 times that of air

e good arc-quenching characteristics

G 1.2  Application as insulating medium

Every insulating gas fills the whole available space. In contrast to solid insulating materials, a gas
allows no inconsistencies which may lead to faults, does not suffer from pre-stressing (ageing) nor
residual damage after any event (self-healing).

Compared with air, SFg is the better insulating gas. Its electro-negativity causes it to attract free
electrons, so that the molecule readily becomes an ion. Free electrons, by contrast, are very mobile;
in an electrical field they take on high energies; can then form further charge carriers by impulse
ionisation and initiate a breakdown. lons are however notably slower than electrons in the electric
field and therefore hardly likely to cause flashovers. The capture of electrons by SFs molecules re-
duces the number of free electrons and makes the gas more dielectrically stable.
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Figure G-1: Breakdown voltage at 50 Hz in homogeneous fields — air and SFg

Above a critical field strength EO, of 89 k\VV/cm-bar, however, more free electrons are formed than
are attached, charge carriers multiply like an avalanche and breakdown is initiated. In air, the criti-
cal value is 25 kv/cm-bar. The dielectric character of SFg is better by the same ratio (Figure G-1).
This allows much more compact enclosures. Nevertheless, the necessity to maintain a more or less
homogeneous electrical field remains. Sharp corners, surface irregularities and free particles must
be avoided by appropriate forming of conductive surfaces and by field control at critical locations.

The high density and low viscosity of the gas explain its good thermal conductivity. Despite com-
pact enclosures, heat losses are rapidly dispersed. Even at high operating temperatures, the gas re-
mains stable because thermal dissociation first begins at 1500 K — far above the permissible tem-
perature in electrical equipment.

G 1.3  Application as arc extinction medium

SF¢ has a much better arc extinction capability than air; due to its thermal and ionisation character-
istics, which are shown in figure Figure G-2.

Commencing at about 1500 K, SFg starts to separate in its atomic constituents. From approximately
4000 K this dissociation is complete. This process requires a large amount of energy, which is taken
from the arc. Beyond the arc, in the area of lower temperatures, the atoms recombine into SFs and
the energy is again released. Through this process, large amounts of energy are rapidly transported
from the arc and there remains only a thinner, hotter core which alone is conductive. At a current
zero, this core can be rapidly cooled to below 3000 K so that the gas is no longer conductive.
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Figure G-2: Radial temperature distribution within an arc in SFg and N,

In contrast, an arc in nitrogen gas is cooled only by convection and radiation. The diameter and the
volume of the hot conductive core is many times greater. De-ionisation takes correspondingly
longer and requires a strong blasting system.

For the application of SFg in switchgear, see also chapters C 1.1 arc-quenching, C 1.7 circuit-
breakers and E 6 gas-insulated switchgear.

G1l4 SFs and the environment

SFg has been used as an insulating and arc quenching medium for high and medium-voltage switch-
gear since 1960. The excellent electrical, chemical and physical properties of the gas have had a
major influence on the design of switchgear in general [47] and SFs had hitherto gradually been
replacing many of the other commonly-used and more costly media such as oil and compressed air.
Therefore, SFg technology has greatly improved the efficient utilization of technical and financial
resources (and manpower) in power transmission and distribution. At the same time SFg has also
reduced the hazard risk for personnel and the environment (compared with oil).

In Germany at present almost 50% of new medium-voltage switchgear being installed at the pri-
mary distribution level (i.e. transformer substations) is gas-insulated; at the secondary level (i.e.
main substations, distribution substations and secondary substations with RMU*?) the figure is al-
most two-thirds.

In the case of high-voltage switchgear, i.e. over 52 kV, approximately 40% of new switchgear being
installed is metal-enclosed and gas-insulated (GIS). Although the remaining 60% is air-insulated
(AIS), almost all circuit-breakers now employ SFg exclusively as the arc quenching medium. This is

12 Ring Main Unit, load-break switchgear with (ring-)cable and transformer feeders.
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particularly true for rated voltages over 170 kV, so other forms of arc quenching in new equipment
are so insignificant that they can be disregarded.

Despite the many years of excellent results with SFg and the well-proven guidelines which regulate
its use, there is still a great deal of political discussion (viz. the Kyoto Summit) of the technology
involved with regard to the greenhouse gas problem. Overall, however, taking into account all the
ecological, economic, safety and technical aspects, there is no doubt that SFg is still the best insulat-
ing and arc quenching medium for switchgear. Present SFg technology in power transmission and
distribution is the end-result of many decades of optimization, which is why Siemens (and most
other major manufacturers) are totally committed to it.

G15 Environmental compatibility

The properties of SFg relevant to the environment:
No ecotoxic potential

Harmless to the ozone layer

High relevance to greenhouse potential
Persistent (slow to degrade)

Pure SFs is physiologically completely harmless and, in fact, is even used by the medical profession
directly on humans for such procedures as lung examinations.

SFg is a greenhouse gas [56]. Although its greenhouse potential — quoted as a CO, equivalent with
the GWP factor®® — is 23,900 times greater than that of CO, [57], the proportion of SFg already in
the atmosphere and contributing to the greenhouse effect is less than 0.1 %. This is a very low fig-
ure compared with the contribution from carbon dioxide (CO,) which is reckoned to be 50%. More
recent studies place the figure for GWP factor at 22,200 [58]. This means that the proportions of
SF¢ contributing to greenhouse gas emissions are even less than had previously been thought.

The contribution from all high-voltage and medium-voltage applications of SFs (manufacture and
operation) to the total greenhouse potential in Germany (1998) was less than 0.05%.

The great majority of SFg emissions originate from other, open applications such as
e Aluminium and magnesium castings

e Soundproof windows

e Motor car tyres

e Aerospace industry

e Military uses

According to [59] approximately 8500 tonnes of SFg are manufactured every year worldwide, of
which 6200 tonnes are eventually released into the atmosphere™* and largely come from open and
semi-open applications, i.e. motor vehicle tyres, soundproof windows, etc.). The European propor-
tion of these emissions due to energy-related applications is 210 tonnes per annum™ arising from
accidental release during development, manufacture and installation and leaks from switchgear dur-
ing normal service. Most of the releases due to leakage come from the older installations which,

3 GWP Global Warming Potential, obtained for 100 years.
“ Figures in year 1995
15 Figures for the European Union (,,EU 15%).
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however, are gradually being replaced by new equipment. When one remembers that the global
emission rate of all synthetic greenhouse gases will have increased to approximately 50,000 Mt/a
CO;, equivalent by 2010 [55], the proportion of SFg emissions from electrical engineering sources
will be 23 Mt/a, i.e. only ~ 0.04%.

Modern high-voltage switchgear has leakage rates of only around 0.5% p.a. whereas with medium-
voltage equipment it is less than 0.1% p.a. The figure for welded medium-voltage switchgear is
once again significantly lower, i.e. a leakage rate of almost zero.

Measurements taken in the atmosphere have shown that annual SFg emissions since 1995 have al-
ready fallen [60]. In total, the amount of SFs contributing to the greenhouse effect is small enough
to be negligible [59]. This is also clear in relation to the contribution from CO,: compared with the
6200 tonnes of SFs the annual world-wide release of CO, is approximately 22 billion tonnes. In
CO,-equivalent that is approximately 150 Mt, or 0.7%.

G 1.6  Responsibility in the use of SFg

The major manufacturers of SFg-insulated switchgear have researched the whole field of SFg - from
its manufacture to eventual recycling - very thoroughly indeed in conjunction with a range of inde-
pendent environmental organizations, the manufacturers of SFg, professional institutions and ap-
proval authorities. Manufacturers and users are also playing an active role in the European Climate
Control Program ECCP [50]:

e The quantities of SFg used in switchgear are carefully monitored and registered in the various
fields of development, manufacture, operation and disposal [51], [50]. For this purpose many
countries employ a system of obligatory self-declaration by manufacturers and users [52], [53]
which are negotiated with and approved by the national ministries of environment. The imple-
mented procedures used in actual practice, in Germany have been integrated into the climate
control programs of the Federal German Government [54].

e Despite the very small overall proportion of switchgear involved in the greenhouse effect, both
manufacturers and users are still continuing to work hard on new ways of reducing emissions as
well as keeping a close eye on developments elsewhere in the world [55].

For users there is no risk at all arising from the use of SFs equipment. All major manufacturers are
clearly committed to SFg technology and are happy to assure plant operators of its risk-free charac-
teristics, which are as follows:

e A design of installation whose primary feature is the use of the absolute minimum quantity of
SFg gas necessary for insulation purposes and with a standard of leak-proofing that can be sus-
tained for decades;

¢ In the case of medium-voltage equipment, sealed pressure systems have become established
which require no attention at all to the gas throughout the entire service life of more than 30
years. For such equipment Siemens uses stainless steel chambers welded with automatic laser
machines to produce a hermetic seal. In this case the leakage rate is practically zero. All equip-
ment used at the secondary distribution level is built in this way and the same techniques are
gradually working their way through into the primary distribution level.

e Extremely sensitive automatic leak detection equipment is used during production to ensure
maximum possible leak-tightness for the chambers and enclosures.

e The leakage rate of such systems is less than 0.1% pro Jahr.
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e At the end of the equipment’s service life the SFes and all the other materials are either recycled
or disposed of by the manufacturer or an appropriately qualified company.

e The used SF¢ is pumped out, reconditioned and used again so that, in effect, the whole process
is a closed loop in which the use of modern maintenance equipment with a lower evacuating
pressure helps achieve a sustained reduction in emissions throughout the process.

The switchgear industry has clearly acted in a quite exemplary fashion, as acknowledged by envi-
ronmental authorities and institutions all over the world. The decisions recorded in the minutes of
the Kyoto Climate Conference on reducing greenhouse gas emissions mainly apply to major
sources of emissions in other still very widespread uses, and not to manufacturers and operators in
the power industry who are showing an outstanding sense of responsibility. Therefore, restrictions
on the use of SF¢ in switchgear would not produce any noticeable effect in reducing world-wide
emissions. On the other hand, of course, any old and/or leaking installations which still exist in
some countries should be replaced by modern, properly-sealed equipment.

In actual fact, the European switchgear industry actively supports a program of reduction in SFg
emissions. The only factor always open to discussion is precisely where any improvements can be
implemented most effectively.

Thanks to their safe sealing — in the best cases they are totally welded — and the establishing of a
sustainable closed loop of usage, modern electrical switchgear is both ecologically harmless and
economically essential. Therefore, future generations will certainly not be inheriting any problems
from the use of new SFg-based technology. On the other hand, however, the modernization of old,
leaking equipment and restrictions on the use of SFg for applications other than switchgear should
be a world-wide aim where high emissions are evident.

G1l.7 SFs and external or internal faults

The term “fault” can mean many different things, depending on the particular situation. Here, there-
fore, we are going to differentiate between external faults (where the switchgear is the “victim”) and
internal faults where the fault originates in the switchgear itself. When a fault occurs, for the SFs to
have no chance whatever of causing any problems for either persons or the environment, it must be
able to escape from the switchgear. However, this only occurs when there are severe mechanical or
thermal effects on the system, which means that they must be serious events. Even when a fault
occurs during which parts of the system are damaged and start leaking, only a small amount of SFg
will be able to escape because the installations are always subdivided into a number of separate
compartments. Should SF¢ escape, there can be no further damage unless there is heat involved
(coming from either fire or arcing) and decomposition products arise. This is because SFg is inert
and physiologically harmless, as described in section G 1.5.

In the event of an external fault during which there is an escape of gas, e.g. due to a fire, the SFs
does not make any additional contribution to the fire load because it is non-flammable. In contrast
to oil, which was widely used in the past as an insulating and arc quenching medium and is still
used in almost all types of transformer, there are no secondary dangers involved due to oil fires or
explosions. So the measures taken to deal with fires in no way differ from those for other types of
equipment.

Internal faults are extremely rare: The switchgear standard IEC 62271-200 / VDE 0671-200 (metal-
enclosed switchgear up to 52 kV) expressly recognizes the reliable characteristics of gas-insulated
switchgear; it recommends the use of gas-filled compartments as a way of avoiding internal faults
in the switchgear resulting from external influences. Operating experience confirms this tactic;
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faults — the worst case being an arc inside the switchgear — have become rarer precisely thanks to
the use of gas-insulated switchgear.

With gas-insulated medium-voltage equipment the statistical probability of fault arcing is approxi-
mately 10™ per panel per annum (i.e. one fault a year will occur in 100,000 panels or in one panel
every 100,000 years), and therefore is substantially better than in alternative insulating systems that
are subject to aging and external factors of influence.

Should, nevertheless, a fault arc ever occur in SFg-insulated switchgear, the gas will initially split
into its primary constituents (single fluorides) under the effect of the arcing. If they succeed in es-
caping from the switchgear, their exposure to water vapor in the form of humidity in the air will
produce secondary products, mainly

- highly volatile constituents (HF derivatives)
- hydrofluoric acid (HF)

- thionyl fluoride SOF,

- SO,

- SR

Research studies [62] have shown that, in actual practice, the risk to humans is no greater than that
from the combustion of other materials in air-insulated and solid-insulated switchgear exposed to
fault arcing.

To cope with fault situations, a number of rules [61], [63] and [64] have been laid down for the pro-
cedures to be adopted to deal with the fault and to ensure safety for the operating staff.

With medium-voltage systems the amounts and pressures of SFg used are so small that, in the view
of German professional associations - and compared with a fault in an air-insulated installation -
there is no additional hazard for the operating staff. The same work safety regulations apply to both
types of equipment (AIS and GIS). For this reason medium-voltage equipment does not come under
the professional association regulations that apply to SFg switchgear [64]. However, an operator can
still use the information as a guide fot the correct procedures to adopt.

G 1.8  Operational experience

SFe was first launched on to the market several decades ago and, in the years since, the technology
of its use throughout its whole life-cycle has been safely mastered - from its manufacture to even-
tual recycling or disposal. Siemens has been building SFs switchgear for more than 30 years and so
far has supplied and commissioned more than

. 8.000 HV bays
e 33.000 HV circuit-breakers
e 300.000 MV panels with switches and circuit-breakers

The advantageous characteristics of SFg and its associated technology (as described and explained
above) are the main reason for its popular acceptance by the market.
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H STANDARDS

The following list names the most important standards or specifications; it is structured according to
Statutory regulations for medium-voltage equipment

Generic standards for switching devices and switchgear

Product standards for switching devices

Product standards for switchgear and accessories

Generally, the IEC standards concur with the relevant national standards. A standard uses the sym-
bols customary in the respective technical field. It is consequently possible for the same physical
variable to be differently designated.

H1 Statutory regulations for medium-voltage equipment

International | Germany Title ( English / German)
BGV A3 Unfallverhitungsvorschrift — Elektrische Anlagen und Betriebsmittel
BGV B11 Unfallverhiitungsvorschrift — Elektromagnetische Felder
BGV A8 Unfallverhiitungsvorschrift — Sicherheits- und Gesundheitsschutzkenn-

zeichnung am Arbeitsplatz

1999/519/EC *° Council recommendation of 12 July 1999 on the limitation of exposure
of the general public to electromagnetic fields (0 Hz to 300 GHz)

26. BImSchv EMVU-Verordnung — 26. Verordnung zur Durchfiihrung des Bundes-
Immissionsschutzgesetzes (Verordnung tber elektromagnetische Fel-
der - 26. BImSchV) Vom 16. Dezember 1996

89/336/EEC ' Council directive 89/336/EEC — EMC Directive of 3 May 1989 on the
approximation of the laws of the Member States relating to electro-
magnetic compatibility; amended by 92/31/EEC; 93/68/EEC

EMVG Gesetz Uber die elektromagnetische Vertraglichkeit von Geréten
Vom 18. September 1998

BGI 766 Instandsetzungsarbeiten an elektrischen Anlagen auf Brandstellen

BGI 559 Handlungsanleitung zur Anpassung von Hochspannungsanlagen

- DIN VDE 0101 (05/89) -

Note on BGV*®: Accident prevention regulations issued by the statutory industrial accident insur-
ance institutions (Berufsgenossenschaften: BGs) are legally binding, according to
the 7™ code of social law, §15.

Note on BGI*®:  BG information describes typical solutions for applying BG regulations. Unlike
UVV rulings, BG information does not have to be obligatorily applied.

' An EU Council Recommendation need not obligatorily be implemented in applicable law in EU member states. In
Germany this has taken place in the form of 26. BImSchV.

7 An EU Directive must be implemented in national law in EU member states. However, only respective national legis-
lation is legally binding.

8 BGV = BG regulation

Y BGI = BG information
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H 2

Generic standards for switching devices and switchgear

=> Listed according to the number of the international standard

International German Title ( English/German)
standard standard
EN 50110 Operation of electrical installations
VDE 0105-100 ?° | Betrieb von elektrischen Anlagen
IEC 60071 Insulation coordination
VDE 0111 Isolationskoordination
IEC 60376 Specification and acceptance of new sulphur hexafluoride
VDE 0373-1 Bestimmung fir neues Schwefelhexafluorid SF
IEC 60480 Guide to the checking of SF¢ taken from electrical equipment
VDE 0373-2 Priifung von aus elektrischen Geréaten entnommenem SFs
IEC 60529 Degrees of protection provided by enclosures (IP Code)
VDE 0470-1 Schutzarten durch Gehduse (IP-Code)
IEC 60694 Common specification high-voltage switchgear and controlgear stan-
dards
VDE 0670-1000 | Gemeinsame Bestimmungen fiir Hochspannungs-Schaltgerate-Normen
IEC 60865 Short-circuit currents - Calculation of effects
VDE 0103 KurzschluBstréme — Berechnung der Wirkung
IEC 60909 Short-circuit current calculation in three-phase a.c. systems
VDE 0102 KurzschluRstréme in Drehstromnetzen
IEC 61634 High-voltage switchgear and controlgear - Use and handling of sulphur
hexafluoride (SFg) in high-voltage switchgear and controlgear
IEC 61936-1 Power installations exceeding 1 kV ac
VDE 0101 # Starkstromanlagen mit Nennwechselspannungen tber 1 kV

2 part 1 of EN 50110 contains minimum requirements applicable in all CENELEC countries. The respective currently
valid safety requirements for the individual countries are described in national addenda. In Germany, the details of
Parts 1 and 100 (VDE 0105-1 and -100) are significant.

2L The January 2000 edition also contains specifications for earthing systems (formerly VDE 0141)
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H3

Product standards for switching devices

=> Listed according to the number of the international standard

International German Title ( English/German)
standard standard
IEC 60044 Instrument transformers
VDE 0414 MeRwandler
IEC 60099 Surge arresters
VDE 0675 Uberspannungsableiter
IEC 60265-1 High-voltage switches - Part 1: Switches for rated voltages above 1 kV
and less than 52 kV
VDE 0670-301 | Hochspannungs-Lastschalter — Teil 1: Hochspannungs-Lastschalter fir
Bemessungsspannungen tber 1 kV und unter 52 kV
IEC 60282 High-voltage fuses - Current-limiting fuses

VDE 0670-4

Hochspannungssicherungen —Strombegrenzende Sicherungen

IEC 62271-105

VDE 0671-105

High-voltage alternating current switch-fuse combinations
Hochspannungs-Lastschalter-Sicherungs-Kombinationen

IEC 60470

VDE 0670-501

High-voltage alternating current contactors and contactor-based motor-
starters

Hochspannungs-Wechselstrom-Schiitze und -Motorstarter mit Schit-
zen

IEC 60644

VDE 0670-401

Specification for high-voltage fuse-links for motor circuit applications

Anforderungen an Hochspannungs-Sicherungseinsétze fiir Motor-
stromkreise

IEC 60787

VDE 0670-402

Application guide for the selection of fuse-links of high-voltage fuses
for transformer circuit applications

Wechselstromschaltgerate fiir Spannungen tber 1 kV — Auswahl von
strombegrenzenden Sicherungseinséatzen fir Transformatorstromkreise

IEC 62271-110

High-voltage alternating current circuit-breakers -
Inductive load switching

IEC 62271-100

VDE 0671-100

High-voltage switchgear and controlgear - High-voltage alternating-
current circuit-breakers

Hochspannungs-Wechselstrom-Leistungsschalter

IEC 62271-102

VDE 0671-102

High-voltage switchgear and controlgear - High-voltage alternating
current disconnectors and earthing switches

Wechselstromtrennschalter und Erdungsschalter
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H 4 Product standards for switchgear and accessories

=> Listed according to the number of the international standard

International German Title ( English/German)
standard standard
IEC 62271-200 A.C. metal-enclosed switchgear and controlgear for rated voltages

above 1 kV and up to and including 52 kV

VDE 0671-200 | Metallgekapselte Wechselstrom-Schaltanlagen fiir Bemessungsspan-
nungen Gber 1 kV bis einschlieBlich 52 kV

IEC 60466 A.C. insulation-enclosed switchgear and controlgear for rated voltages
above 1kV and up to and including 38 kV

(VDE 0670-7) ?* | Isolierstoffgekapselte Hochspannungsschalt- und -steuergeréte fiir
Nennspannungen (ber 1 kV bis einschlieBlich 38 kV

IEC 61219 Live working — Earthing or earthing and short-circuiting equipment
using lances as a short-circuiting device — Lance earthing

VDE 0683-200 | Arbeiten unter Spannung — Erdungs- oder Erdungs- und KurzschlieR3-
vorrichtung mit Stében als kurzschlieRendes Gerat — Staberdung

IEC 61230 Live working — Portable equipment for earthing or earthing and short-
circuiting

VDE 0683-100 | Arbeiten unter Spannung — Ortsverénderliche Gerate zum Erden oder
Erden und KurzschlieRen

IEC 61243-1 Life working — Voltage detectors
Capacitive type to be used for voltages exceeding 1 kV a.c

VDE 0682-411 | Arbeiten unter Spannung — Spannungspriifer
Kapazitive Ausfuhrung fir Wechselspannungen Gber 1 kV

IEC 61243-2 Life working — Voltage detectors
Resistive type to be used for voltages of 1 kV to 36 kV a.c.

VDE 0682-412 | Arbeiten unter Spannung — Spannungspriifer
Resistive (ohmsche) Ausflihrungen fir Wechselspannungen von 1 kV
bis 36 kV

IEC 61243-5 Live working - Voltage detectors
Voltage detecting systems (VDS)

VDE 0682-415 | Arbeiten unter Spannung — Spannungsprifer
Spannungsprifsysteme (VDS)

IEC 61330 High-voltage/low-voltage prefabricated substations
VDE 0670-611 | Fabrikfertige Stationen fiir Hochspannung/Niederspannung

EN 50187 Gas-filled compartments for a.c. switchgear and controlgear for rated
voltages above 1 kV and up to and including 52 kV

VDE 0670-811 | Gasgefullte Schottraume fir Wechselstrom-Schaltgeréte und —Schalt-
anlagen mit Bemessungsspannungen > 1 kV bis einschlieBlich 52 kV

22 \/DE 0670-7 is withdrawn
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International German Title ( English/ German)
standard standard

VDE 0681 Geréte zum Betdtigen, Priifen und Abschranken unter Spannung ste-
hender Teile mit Nennspannungen Uber 1 kV

-1 - Allgemeine Festlegungen fur DIN VDE 0681 Teil 2 bis Teil 4

-2 - Schaltstangen

-3 - Sicherungszangen

-5 - Phasenvergleicher

-8 - Isolierende Schutzplatten

H5 New numbers of IEC standards for switching devices and
switchgear

In the next few years the numbers of standards applicable to switching devices and switchgear will
change; some have already done so. This will affect documentation (type plates, operating instruc-
tions, catalogs etc.). IEC will in future group all the standards of a committee under one number,
making it easy to find the standards for a particular technical field.

Standards for switching devices and switchgear are drafted in the IEC technical committee TC 17
and will in future be given the group number IEC 62271. This means that all medium-voltage
switching device and switchgear standards will begin with this number; this will be followed by a
hyphen and the number of the relevant part (e.g. a product standard). For example, the circuit-
breaker standard - formerly IEC 60056 — is now called IEC 62271-100.

IEC 62271 entitled "High-voltage switchgear and controlgear” will comprise a number of sub-
groups, numbered:

- asof 001: generic specifications (IEC 60694)

as of 100: switching device standards, responsibility lying with IEC subcommittee SC 17A
as of 200: switchgear standards, responsibility lying with IEC subcommittee SC 17C

as of 300: guidelines, drafted jointly by both subcommittees SC 17A and SC 17C.

The new numbering principle is already being worked on. It will not however be applied to existing
standards until after a revision. This means that the changeover for all devices and switchgear will
take until about 2010.

Note: Since the new number is not used until after a revision of the standard, it is possible that the
content may have changed. Characteristics and tests according to an existing standard may not nec-
essarily correspond with the new standard.

The following table shows old and new numbers listed opposite each other.
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IEC 62271 | High-voltage switchgear and controlgear — Original title Old IEC
Part ... number
1 | Common specifications 60694
100 | High-voltage alternating current circuit-breakers 60056
101 | Synthetic testing of high-voltage alternating current circuit-breakers 60427
102 | Alternating current disconnectors and earthing switches 60129
103 | Switches for rated voltages above 1 kV and less than 52 kV 60265-1
104 | High-voltage switches for rated voltages of 52 kV and above 60265-2
105 |High-voltage alternating current switch-fuse combinations 60420
106 | High-voltage alternating current contactors and contactor-based motor-starters 60470
107 | High-voltage alternating current switchgear-fuse combinations New
108 | Switchgear having combined functions New
200 | A.C.-metal enclosed switchgear and controlgear for rated voltages above 1 kV 60298
and up to and including 52 kV
201 | A.C.-insulation-enclosed switchgear and controlgear for rated voltages above 1 | 60466
kV and up to and including 38 kV
202 | High-voltage/low-voltage prefabricated substations 61330
203 | Gas-insulated metal-enclosed switchgear for rated voltages of 72,5 kV and above |60517;
61259
204 | Rigid high-voltage gas-insulated transmission lines for rated voltages of 72,5 kV | 61640
and above
300 | Guide for seismic qualification of high-voltage alternating current circuit- 61166
breakers
301 | High-voltage alternating current circuit-breakers - Inductive load switching 61233
302 | High-voltage alternating current circuit-breakers - Guide for short-circuit and 61633
switching test procedures for metal-enclosed and dead tank circuit-breakers
303 | High-voltage switchgear and controlgear - Use and handling of sulphur hexafluo- | 61634
ride (SFe) in high-voltage switchgear and controlgear
304 | Additional requirements for enclosed switchgear and controlgear from 1 kV to 60932
72,5 kV to be used in severe climatic conditions
305 | Cable connections for gas-insulated metal-enclosed switchgear for rated voltages | 60859
of 72,5 kV and above- Fluid-filled and extruded insulation cables — Fluid-filled
and dry type cable-terminations
306 | Direct connection between power transformers and gas-insulated metal-enclosed | 61639
switchgear for rated voltages of 72,5 kV and above
307 | High-voltage switchgear and controlgear - The use of electronic and associated 62063
technologies in auxiliary equipment of switchgear and controlgear
308 | High-voltage alternating current circuit-breakers - Guide for asymmetrical short- | 62215

circuit breaking test duty T100a
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I APPENDIX

11 Abbreviations

AIS

BG /BGFE

CENELEC

CIGRE

DIN
EN
GIS

IEC

ISO

KEMA

PEHLA

VDE

VDEW

VDN

ZVEI

© Siemens AG - 19E0

Air-insulated switchgear

Professional association (precision and electrotechnical engineering)
Berufsgenossenschaft (Feinmechanik und Elektrotechnik)

European Committee for Electrotechnical Standardisation
(Comité Européen de Normalisation Electrotechnique)

International onference for High Voltage Installations
(Conseil International des Grands Réseaux Electriques)

German Standards Institute (Deutsches Institut fiir Normung)
European Standard (Europaische Norm)

Gas-insulated Switchgear

International Electrotechnical Commission

International Protection (Schutzgrad)

International Organisation for Standardisation

High Voltage and High Power Testing Laboratory for Electrical Equipment
and Systems; Arnheim / Niederlande

Association for Testing of High Power Apparatus in Germany;
member of the short-circuit testing liaison (STL)
(Prufung elektrischer Hochleistungsapparate)

Association of German Electrical Engineers
Verband der Elektrotechnik, Elektronik und Informationstechnik

German Electricity Association,
trade association of the electricity supply industry;
Vereinigung deutscher Elektrizitatswerke

Association of German (electricity) network operators
Verband der Netzbetreiber

German electrical and electronic manufacturers' association
Zentralverband Elektrotechnik und Elektronikindustrie
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| 2 Graphical symbols

—@— Transformer Voltage transformer, VT

— e Circuit-breaker Current transformer, CT
— Disconnector |—E|—| [ Surge arrester
____~~_ Contactor SE Spark gap

5 Switch — Fuse

——4—  Switch-disconnector —| |— Capacitor

'II—/— Earthing switch —{— 1+  Resistor

'II—//r Make-proof earthing switch _~~~~_  Reactor

(B Three-position switch-
disconnector and make- —@— Shunt reactor

/ r'll proof earthing switch
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|3 Suggestions for further reading

3.1 English literature

[1] R.W. Blower
Distribution Switchgear
Collins, London 1986

[2] F. Battiwala, H. Fink, M. Rimmrott, W. Schultz
3AF Vacuum Circuit-Breakers and 3TL Vacuum Contactors in System Operation
Siemens Power Engineering, Vol.lll (1981)
Special Issue ”Vacuum Switchgear for VVoltages up to 36 kV”

[3] R.Roeper
Short-circuit Currents in Three-phase Systems
Siemens AG, Berlin and Miinchen 1984; 2nd Edition

[4] F. Battiwala, R. Schatz
Electrical Tests on 3AF Vacuum Circuit-Breakers
Siemens Power Engineering, Vol.Ill (1981)
Special Issue ”Vacuum Switchgear for VVoltages up to 36 k\V”

[5] H. Bettge
Design and Construction of Vacuum Interrupters
Siemens Power Engineering, VVol.Ill (1981)
Special Issue ”Vacuum Switchgear for VVoltages up to 36 kV”

[6] W. Kuhl, W.Schilling, W. Schlenk
Measuring the Internal Pressure of Vacuum Interrupters
Vakuum-Technik, Vol. 34. No. 2/85; pp. 34-38

[7] D. Braun, W. Hellmann
Application criteria for SF6 and vacuum circuit-breakers
ABB Review 4/89

[8] Lothar Reinhold
Power Cables and their Application
Siemens AG, Berlin and Miinchen; 3rd edition 1990

13.2 German literature

Chapter A and B: Fundamental characteristics, design and application of switching devices

[91 M. Ziihlke
Hochspannungsschaltgerate
Sonderdruck aus Starkstromtechnik Il; Taschenbuch fur Elektrotechniker, 8. Auflage
Verlag Wilhelm Ernst & Sohn, Berlin 1960
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[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
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F. Battiwala, H. Fink, M. Rimmrott, W. Schultz
Vakuum-Leistungsschalter 3AF und Vakuumschiitze 3TL im Netzbetrieb
Siemens Energietechnik 3. Jahrgang (1981)

Beiheft Vakuumschalttechnik fir Mittelspannung; S. 46-54

H. Happoldt, D. Oeding
Elektrische Kraftwerke und Netze
Springer Verlag, Berlin Heidelberg New York, 5. Auflage 1978

H. Dorsch
Uberspannungen und Isolationsbemessung bei Drehstrom-Hochspannungsanlagen
Siemens AG, Berlin und Miinchen 1981

R. Roeper
KurzschluRstréme in Drehstromnetzen
Siemens AG, Berlin und Minchen 1984; 6. Auflage

G. Hosemann, W. Boeck
Grundlagen der elektrischen Energietechnik
Springer Verlag, Berlin Heidelberg 1991; 4. Auflage

H. Fehling
Elektrische Starkstromanlagen
VDE-Verlag GmbH, Berlin und Offenbach 1983

W. Boning (Herausgeber)
Elektrische Energietechnik, Band 2, ,,Geréte”
Springer Verlag, Berlin Heidelberg New York 1981

F. Battiwala, R. Schatz

Elektrische Prifungen der Vakuum-Leistungsschalter 3AF
Siemens Energietechnik 3. Jahrgang (1981)

Beiheft Vakuumschalttechnik fiir Mittelspannung; S. 22-28

H. Bettge

Konstruktion und Herstellung von Vakuumschaltréhren
Siemens Energietechnik 3. Jahrgang (1981)

Beiheft Vakuumschalttechnik fur Mittelspannung; S. 4-9

W. Kuhl, W.Schilling, W. Schlenk
Messung des Innendruckes in Vakuumschaltréhren
Vakuum-Technik 34. Jahrgang Heft 2/85; S. 34-38

D. Braun, W. Hellmann
Einsatzkriterien fir SFs- und Vakuum-Leistungsschalter
ABB Technik 4/89; S. 25-33

A. Muller
IEC 420: Die Zusammenarbeit von Lastschalter und Sicherungen
Elektrizitatswirtschaft; Jg. 92 (1993), Heft 11
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Chapter C: Planning of switchgear

[22]

[23]

[24]

[25]

[26]

[27]

G. Hosemann (Herausgeber)
Htte - Taschenbucher der Technik; Elektrische Energietechnik, Band 3, ,,Netze”
Springer Verlag, Berlin Heidelberg New York 1988

H.-W. Bach, H.A. Feil
Umweltbedingungen, Umweltpriifungen
Siemens AG, Berlin und Miinchen 1979

Handlungsanleitung zur Anpassung von Hochspannungsanlagen — VDE 0101 (05/89)
Berufsgenossenschaft der Feinmechanik und Elektrotechnik
Kéln, 1998

F. Lutz, W. Schels
Storlichtbogen-Druckentwicklung in Schaltanlagen
etz, Band 107 (1986) Heft 22/23; S. 1066-1069

G. Kroepsch, H. Petry
Storlichtbdgen in Schaltanlagen
Elektrizitatswirtschaft Jg. 86 (1987), Heft 4; S. 134-140

F. Pigler
Druckbeanspruchung der Schaltanlagenraume durch Stérlichtbdgen
Energiewirtschaftliche Tagesfragen 26. Jg. (1976) Heft 3

Chapter D: Design and application of switchgear

[28]

[29]

[30]

[31]

[32]

I. Mersiowsky

Okobilanz: SFs-GIS-Technologie — Mittelspannung
Solvay Management Support

Hannover, November 2003

L. Schieweck; F. Brammer
Gasisolierte Mittelspannungsanlagen mit Leistungsschaltern
ETG-Fachbericht 32 der Tagung vom 16.-18.5.1990 Miinchen

W. Heil3, F. Hollmann, E. Hartmann
Betriebserfahrungen mit gasisolierten Mittelspannungsanlagen
ETG-Fachbericht 32 der Tagung vom 16.-18.5.1990 Miinchen

K.-H.Krefter; D. Sander
Gasisolierte Mittelspannungsanlagen fiir Ortsnetz- und Kundenstationen
ETG-Fachbericht 32 der Tagung vom 16.-18.5.1990 Miinchen

H. Hornchen, W. Zinser

Mafnahmen zur Unterdriickung von Storlichtbégen in SFg-isolierten
Mittelspannungs-Lastschaltanlagen

Elektrizitatswirtschaft Jg. 85 (1986), H. 16/17; S. 616-618
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Chapter E: Accessories for switchgear

[33]

[34]

[35]

[36]

[37]

[38]

[39]

W. Brandlein
Vollisolierte, kondensatorgesteuerte Schienenverbindung Duresca flr hohere Strome
Elektrizitatswirtschaft Jg. 80 (1981), H. 4; S. 126-129

E. Sonnenschein
SFe-isolierte Stromschiene fiir 7,2 kV bis 36 kV
Calor-Emag-Mitteilungen Heft 1/11/1986; S.28-29

L. Heinhold (Herausgeber)
Kabel und Leitungen fiir Starkstrom
Siemens AG, Berlin und Miinchen 1987; 4. Auflage

A. Bachmeier, M. Schuster
Vollisoliertes Kabelanschlu3- und Verbindungssystem fiir Mittelspannungskabel
Elektrizitatswirtschaft Jahrgang 81 (1982) H.20; S. 683-685

A. Bachmeier, M. Schuster

KabelanschluRsysteme fiir metallgekapselte elektrische Betriebsmittel im Mittelspannungsbe-
reich 7,2 bis 52 kV

Elektrizitatswirtschaft Jg. 87 (1988) H.16/17; S. 783-786

M. Schuster, E. Hartmann
Ein neues Spannungsanzeigesystem fiir Mittelspannungsschaltanlagen
Elektrizitatswirtschaft Jahrgang 83 (1984) H.4; S. 159-162

A. Miller, M. Schuster
Auf Spannungsfreiheit prifen
etz, Heft 20/95

Chapter F: Characteristics, application and use of SFg

[40]

[41]

[42]

[43]
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Schwefelhexaflourid
Technisches Bulletin
Solvay Fluor und Derivate GmbH

Merkblatt: SFg-Anlagen
Berufsgenossenschaft der Feinmechanik und Elektrotechnik
Kdln

CIGRE Arbeitsgruppe 23-03 / 3-5 rue de Metz / F-75010 Paris

Handling of SFg and its decomposition products in gasinsulated switchgear (GIS)
=> mit 141 weiteren Literaturstellen im Anhang

Electra No. 136, Juni 1991 und No. 137, Aug. 1991

E. Kempf, R. Lekies, E. Dietenhauser

Umgang mit SFg-Anlagen

ETG-Fachbericht 34 - Gasisolierte Schaltanlagen im Mittel- und Hochspannungsnetz;
VDE-Verlag, Berlin und Offenbach 1991
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[44] W. Boeck
Isolationssysteme metallgekapselter SFs-isolierter Schaltanlagen
ETG-Fachbericht 34 - Gasisolierte Schaltanlagen im Mittel- und Hochspannungsnetz;
VDE-Verlag, Berlin und Offenbach 1991

[45] D. Konig
Umgang mit SFg in gasisolierten Schaltanlagen und Schaltgeraten
ETG-Fachbericht 40 - Isoliersysteme der elektrischen Energietechnik; VDE-Verlag, Berlin
und Offenbach 1992

[46] C. Neumann
Umgang mit SFg aus Sicht eines Betreibers von gasisolierten Schaltanlagen und —geréaten
ETG-Fachbericht 40 - Isoliersysteme der elektrischen Energietechnik; VDE-Verlag, Berlin
und Offenbach 1992

[47] C. Kérner, H. Knobloch
Schwefelhexafluorid in der heutigen Energieversorgung
etz Heft 7/1996

[48] Knobloch, H.
The comparison of arc-extinguishing capability of sulfur hexafluoride (SFe) with alternative
gases in high-voltage circuit-breakers.
Gaseous Dielectrics VIII, edited by Christophorou and Olthoff, Plenum Press,
New York, 1998

[49] Niemeyer, L.
A systematic search for insulation gases and their environmental evaluation.
Gaseous Dielectrics VIII, edited by Christophorou and Olthoff, Plenum Press,
New York, 1998

[50] ECCP - European Climate Change Programme
European Commission (DG ENV and DG ENTR), 2001

[51] Jan W. Wouda, Capiel HV Technical Committee on behalf of CAPIEL and EURELECTRIC
SF¢ Management and Handling by Switchgear Manufacturers and Users: An overview of the
Situation in the European Union
EPA Conference: SF6 and the Environment, Emission Reduction Strategies.

San Diego, November 2-3, 2000

[52] Selbstverpflichtung der SF6-Produzenten, Hersteller und Betreiber von elektrischen Be-
triebsmitteln > 1 kV zur elektrischen Energielibertragung und -verteilung in der Bundes-
republik Deutschland zu SFg als Isolier- und Loschgas
VDN, VIK, ZVEI, Solvay; 2005

[53] Erklarung zu SFg in elektrischen Schaltgeraten in der Schweiz
Swissmem, VSE, 2000

[54] Nationales Klimaschutzprogramm

Beschlul? der Bundesregierung vom 18. Oktober 2000
Bundes-Umweltministerium Berlin
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[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]
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P. O’Connell, F. Heil, J. Henriot, G. Mauthe, H. Morrison, L. Niemeyer*, M. Pittroff, R.
Probst, J.P. Taillebois — CIGRE Study Committee 23

SFe in the Electric Industry, Status 2000

ELECTRA magazine no. 200 - February 2002

http://www.cigre.org

The Kyoto summit on Climate Change
1% to 10" Dec., 1997

http://www.ipcc-uggip.iges.or.jp/public/gl/invs1.html
Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories

IPCC Climate Change 2001: the scientific basis Working Group |

CAPIEL-UNIPEDE

Does SFg switchgear contribute to the greenhouse effect?

MEIE 2000 — 2™ European Conference on Industrial Equipment and Environment
January 24-25, 2000

Maiss M.; Brenninkmeijer, C.

A reversed trend on emissions of SF¢ into the atmosphere

2" Int. Symposium on Non-CO, Greenhouse Gases (NCGG-2),
Noordwijkerhout, The Netherlands, September 8-10, 1999

IEC 61634

High-voltage switchgear and controlgear — Use and handling of sulphur hexafluoride (SFs) in
high-voltage switchgear and controlgear

1% edition 1995-04

J.AJ. Pettinga

Zersetzungsprodukte von SFe und Kunststoffen, die in elektrischen Schaltanlagen eingesetzt
werden (Ubersetzung aus dem Niederlandischen)

KEMA, Arnheim 1986

H. Knobloch

More than 30 years of experience with sulphure hexafluoride in high-voltage switchgear
Seminario de materiais no setor eletrico, Curitiba, Brasil, Aug.1996

Siemens AG, 1996

BG-Information BGI 753
SFe-Anlagen (vom Juli 1999 — Aktualisierte Fassung September 2001)
Berufsgenossenschaft Feinmechanik und Elektrotechnik
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