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ABSTRACT

Today, the use of generator circuit-breskers for the switching of generators a ther termind
voltege is widespread because they offer many advantages when compared to the unit
connection such as lower fird costs smplified operationd procedures and better fault
protection.

With the recent successful certification of a 160 kA-generator circuit-bresker modern Sk
generdor drcuit-breskers are now avallable for generating units up to 1400 MW. Another
new development has been the integration of dl the associated items of switchgear within the
generator circuit-bresker enclosure as an option to ther separate inddlation. Such items
indude a saies disconnector, eathing  switches, short-circuiting  switches,  current
trandformers,  dngle-pde-insulated voltage trandformers, protective cgpacitors and  surge
aresers. Depending on the type of power plant additionad items like starting switches and
braking switches can be mounted in the generator circuit-bresker enclosure, too. This greetly
improved functiondity of generaior switchgear dlows the redisation of smpler and more
economic layouts of power plants. Beside a subgantid reduction of the first cods this new
solution, being fully factory assembled and tested, dso makes possble consderdble saving in
time and expenditures for erection and commissioning.

Modern SFg generator circuit-breskers make it possible to interrupt al types of fault currents

within four cycles. This rgpid dearance o fault currents heps to avoid expensve secondary
damage of power plant equipment and consequently long down times for repair. An example
of a sarious secondary damage being caused by the ddayed clearance of the fault current is
the burding of the trandformer tank following an internd fault in the transformer. Another
incident is the therma dedruction of the generator damper winding due to a short-time
unbalanced load condition when the resulting negative sequence current is not interrupted
immediately. Although they have a low probability of occurrence such outages have a
subgtantid effect on the avalability of a generating unit and on the overdl peformance of an
operating utility. It can be shown that a layout usng a modern SFg generator circuit-bresker,
due to the rapid clearance of fault currents thus rendered possible, postively &ffects the
avalability of the power plant and that the resulting economicad benefit to the operaor is
congderable.



Powering the New Millenmium:
TECHNOLOGY, PEGPLE & DEVELOPMERT

1. INTRODUCTION

Since the fird deivery of a spedfic purpose generator circuit-bresker consging of three
metalenclosed, phase-segregated units and using compressed ar as operaing and ac
extinguishing medium in 1970 there has been a continuous devdopment of this piece of
power plant equipment. In the 1980's the firs generaor circuit-bresker using SFe gas as arc-
extinguishing medium was introduced into the market. Recently, a SFg generator dircuit-
bregker with a rated current of 24,000 A (naturdly cooled, higher rated currents with forced
ar coding) and a short-circuit bresking current of 160 kA a a maximum service voltage of
30 kV has become avalable. This bresking capecity corresponds to the highest short-circuit
bresking current ever achieved with a sngle SFg interrupter unit. The development was
rendered possble by usng the most advanced Sk Hf-extinguishing technology. With this
achievement modern gpecific purpose generator  circuit-breskers usng Sks gas as arc
extinguishing medium are now available for generating units with ratings up to 1400 MW.

2. FEATURES OF MODERN GENERATOR CIRCUIT-BREAKERS

In addition to the obvious requirements that a generator circuit-bresker when cdosed, must
cary the full load current of the generator and ensure the required insuletion leve at dl times
it must aso be capable of parforming the following functions:

Synchronise the generator with the main system

Separaed the generator from the main sysem (switching off the unloaded/lightly loaded
generator)

Interrupt load currents (up to the full load current of the generator)

Interrupt system-fed short-circuit currents and generator-fed short-circuit currents

Interrupt currents under out-of - phase conditions (up to an out-of -phase angle of 180°)

Synchronise the generator-motor with the main sysem when the machine is darted in the
motor mode (in pumped storage power plants, with SFC or ,, back-to-back” darting)

Close on and interrupt the darting current of the generator-motor when the machine is
gtarted in the motor mode (in pumped storage power plants, with asynchronous sarting)

Interrupt generator-fed short-circuit currents a  frequencies bdow 50/60 Hz (in gas
turbine, combined-cycle and pumped dorage power plants depending on the dat-up
supply)

The dectricd and mechanicd performance required of a generator circuit-breaker exceeds by
a condderdble degree that required of sandard medium-voltage didribution switchgear. A
comparison of typicd performance requirements for generator circuit-breskers with those for
medium-voltage dcircuit-breskers according to IEC Publication 60056 [1] dealy illudrates
that this IEC Standard does not adequately cover the reguirements agpplicable to generator
drcuit-breskers. The only dandard avalable world-wide which covers specificaly the
requirements for generator circuit-bresker is IEEE Std. C37.013 [2]. This standard contains,
in addition to raing information and other rdevant charecteridics, guiddines for the type-
testing of generator circuit-breskers.

The pogtioning of the generator drouit-bresker between the generator and the man
transformer, where its performance directly influences the plant output, places very high
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demands on its rdiability. While a sound and maure design and careful sdection of dl
components and individud parts are essentid factors, the required equipment qudity and
reiability can only be achieved by exhaudive tesing of dl rdevant agpects A pat of this
testing programme are the type tests which have to be performed in accordance with [2] (Fig.
1.

FHgure 1. 160 KA-Generator
Switching Testsat KEMA

Circuit-Bresker During  Short-Circuit and Load Current

SFs generator circuit-breskers that fully meet the above performance requirements are
avalable with the technicd datalisted in Tablel.

Modern generator switchgear does not only condst of an interrupter unit. All the associated
items of switchgear can nowadays dso be integraed into the generator circuit-breaker
enclosure as an option to ther sepaae inddlation. Such items comprise a series
disconnector (Fig. 2, item 2), eathing switches (Fig. 2, items 3 and 4), short-circuiting
switches (Fig. 2, item 7), current trandformers (Fig. 2, items 13 and 14), sngle-poe-insulated
voltage trandormers (Fg. 2, items 9, 10, 11 and 12), protective cgpacitors (Fig. 2, item 16
and 17) and surge aregters (Fig. 2, item 15). Depending on the type of power plant additiond
items such as darting switches (for gas-turbine and hydro power plants) (Fig. 2, items 5, 6
and 8) and braking switches (for hydro power plants) (Fig. 2, item 7) can dso be mounted in
the generator drcuit-bresker housing. An example of the arangement of these items in a
generator circuit-bresker enclosure is shown in Figure 3.

Type HGC 3 HEC 3/4 HEC 5/6 HEC 7/8
Rated Maximum Voltage 20 kv 253 kV 253 kv 0 kv
Rated Frequency 50/60 Hz 50/60 Hz 50/60 Hz 50/60 Hz
Rated Didectric Strength:
Impulse Withgand Voltage 125KkVpek | 125KV pe 125KV pesk 150 KV pes
Power Frequency Withstand| 60KV 60 kv 60 kv 80 kv
Voltage
Rated Continuous Current:
With Naturd Cooling Up to 7700|Up to 13000(Up to 13000(Up to 24000
With Forced Air Cooling A A A A
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N/A Up to 24000|Up to 24000|Up to 38000
A A A
Rated Peak Withstand Current 190 KA pesic 300 KA pesc 360 KA perkc 600 KA peric
Rated Stort-Time  Withsand| 63kA/3s  |100kA/3s [120kA/3s |200kA/3s
Current
Rated Short-Circuit  Making| 190 KA pex | 300 KA pesk 360 KA pesk 440 KA peskc
Current
Rated Short-Circuit ~ Bresking| 63 kA 100 kA 120 kA 160 kA
Current
Standard |IEEE |IEEE |IEEE IEEE
C37.013 C37.013 C37.013 C37.013

Tablel: Technical Dataof ABB's Sk Generator Circuit-Breakers
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1 Circuit-breaker 9-12 Voltage transformers

2 Disconnector 13, 14 Current transfarmers

3,4 Earthing switches 15 Surge arrester

5/6  Starting switch for (SFC) or (back-to-back) 16, 17 Surge capacitors

7 Short-circuiting/hraking switch 18 Terminals (limit of supply)

8 Back-to-back starting switch 19 System enclosure

Figure 2. Generd Layout of ABB's Generator Switchgear

This gregtly improved functiondity of the generaior switchgear dlows the redisation of
smpler and more economic power plants layouts. Besde a substantid reduction of the firgt
cods this new solution, being fully factory assembled and tested, dso mekes possble
congderable saving in time and expenditures for erection and commissoning.
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Surge Arrester

Voltage Transformer

Disconnector

Circuit-Breaker

Voltage Transformer

Current Transformer

Figure 3: Top View of one Pole of a Generator Circuit-Breaker Type HGC 3

3. SPECIAL FEATURES FOR GASTURBINE AND COMBINED-CYCLE POWER
PLANTS

When a gasturbine generator is started-up, its rotor must be accelerated by externd means to
about 30 % of the rated speed before the start-up process becomes sdf-sudaning, i.e before
the turbine can generale sufficient power to continue process independently. The energy
required for this purpose can be provided for indance by a pony motor or a dteic frequency
converter (SFC). Starting-up with the help of a pony motor is suitable for smdler machines
but has severd disadvantages when gpplied to larger machines and especidly to sngle shaft
units in combinedcycle power plants. For this reason the use of SFC darting equipment is
becoming more and more widespread.

Modern generator switchgear dso contains the switching functions required for SFC darting
within its enclosure. The output of the SFC (voltage of varigble amplitude and frequency) is
fed to the generator terminds via the sarting switch (Fig. 2, item 5). The dating switch is
required to carry the current supplied by the SFC for 3 to 5 minutes. Its rated voltage is
chosen according to the rated voltage of the SFC which in generd is consderably lower than
the generator rated voltage. Stating switches for SFC darting of gas-turbine generators are
avalable with the fallowing technica data (Table I1):

Type HGC 3 HEC 3/4 HEC 5/6 HEC 7/8
Rated Voltage 7.2kV 12k 12 kv 24 kv
Rated Fregquency 50/60 Hz 50/60 Hz 50/60 Hz 50/60 Hz
Raed Didectric Srength in
Postion"O'": 125 KV pesk 125 KV pes 125 KV pesk 150 KV pesk
Impulse Withgand Voltage 60KV 60 kv 60 kV kv
Power Frequency Withstand
V0|t®e 40ka 60ka a)k\/peak 125ka
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Rated Didectric  Srrength  in{ 20kV BKV B kv 0kV
Pogtion"C":

Impulse Withsand Voltage

Power Frequency Withstand

Voltage
Current Carrying Capability: 2500 A/10{4000 A/10{4000  A/10{4800/10

min. min. min. min.

Rated Peak Withstand Current 150 KA pesk 240 KA pesk 288 KA pek 360 KA pesk
Rated Short-Time Withgtand | 50kA/1s 80kA/ls B kA/Ls 130kA/1s
Current
Standard IEC60129 |IEC60129 |IEC 60129 IEC 60129

Table Il: Technicd Data of Starting Switches for Gas Turbine Generators
4. SPECIAL FEATURES FOR HYDRO AND PUMPED STORAGE POWER PLANTS

In pumped storage power plants, when a meachine is sarted-up in the motor mode (pumping
mode) it has to be accderaed to its raied speed before it can be connected to the system
(unless asynchronous darting is used). The two most common methods for Sarting-up
generator -motors in the motor mode are the datic frequency converter (SFC) and the , back
to-back” darting arrangements.

Agan, dl switching functions required for SFC and ,backto-back® darting can be supplied
within the generator switchgear enclosure. In case of the SFC darting arrangement the output
of the SFC (voltage of varidble amplitude and frequency) is fed to the terminds of the
mechine in quedion via the gating switch (Fig. 2, item 6) and in case of the ,back-to-back”
darting arangement the output of the generator used for Sarting-up (voltage of variable
amplitude and frequency) is fed via the ,back-to-back” darting switch of that unit (Fig.2,
item 8) and the darting switch (Fig. 2, item 6) to the terminds of the machine to be darted
up. During ,backto-back® garting the generator circuit-bresker - because of its ddility to
interrupt fault current dso a frequencies below 50/60 Hz - ensures an adequate protection of
the equipment. In both cases the gtarting switches are required to carry the starting current for
5 to 10 minutes and ther rated voltage needs to be equd to the generaor rated voltage.
Starting switches for SFC or ,back-to-back” darting of generator-motors in the motor mode
are available with the following technicd data (Tablelll):

Type HEC 3/4 HEC 5/6
Rated Voltage 24kV 24KV
Rated Freguency 50/60 Hz 50/60 Hz
Raed Didectric Srength in
Pogtion"O'": 125 kVpagk 125 kvpaak
Impulse Withstand Voltage 60kv 60 kv
Power Frequency Withdand
Voltage 125 KV pesk 125 KV pesk
Rated Didectric  Strength  in| 60kV e0kV
Posgtion"C":
Impulse Withstand Voltage
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Power Frequency Withstand

Voltage
Current Carrying Capability: 4000 A/20{4000 A/20

min. min

Rated Peak Withstand Current 300 KA pesk 360 KA pesk
Rated Short-Time Withgand| 100kA/1s | 120kA/l1s
Current
Standard IEC 60129 | IEC 60129

Table Ill: Technicad Data of Stating Switches for Generator-Motors in Pumped Storage
Power Plants

Ancther important issue in dl hydro power plants is the breking of the machine after it has
been disconnected from the sysem. Electricd braking is dtractive because it dlows to
subgtantidly reduce the wear of the mechanicd breking sysem and hence to incresse the
maintenance intervals and to decrease the associated codts. Electricad braking typicdly sets in
a 50 to 60 % of the rated speed of the machine. Mechanicd braking is then gpplied only a
10 % or less of the rated speed.

For the purpose of dectricd braking of machines in hydro power plants modern generator
switchgeer can be equipped with a braking switch (Fig. 2, item 7). The arangement
according to Figure 2 has the advantage that the making and bresking of the braking circuit is
caried out by means of the generator circuit-bresker and that the braking switch itsdf only
needs to cary out mechanicd operations. The current used for the eectrica braking typicaly
is in the range of 1.0..1.3-times the rated current of the machine and usud braking times lie
in the order of 5 minutes. Figure 4 shows a generator circuit-bresker with integrated braking
switch during the temperature rise test. Braking switches are available with the technicad data
ligedin Table V.

5. ADVANTAGES OF THE USE OF GENERATOR CIRCUIT-BREAKERS

A mgor objective of dl operators of power plants is the achievement of the highest possble
plant avalability a the lowest posshle cost. As dready mentioned, the greatly improved
functiondity of modern generator switchgear dlows the redisation of smpler and more
economic power plant layouts. The use of modern Sk generaior circuit-breskers further
helps the operator of a power plant in reeching the aforementioned target in the following
way’s.

Smpllflcatlon of operating procedures:
During the gdartingup or shuttingdown of a generator only one circuit-bresker needs to
be operated thus reducing the number of the switching operations necessary.
In the norma case the automdic rapid changeover switching equipment required to

transfer the unit auxiliary supplies from the gation to the unit transformer (and vice versa)
IS not needed.

The dividon of responghility for the operaion of the power plat and for the operaion of
the high-voltage sysem is dearly defined.
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Type HEC 3/4 HEC 5/6
Rated Voltage 24KV Z
Rated Frequency 50/60 Hz 50/60 Hz
Rated Didectric Strength:
Impulse Withsand Voltage 125 KV pesk 125KV pek
Power Frequency Withstand | 60KV e0kv
Voltage
Current Carrying Capability: 17000  A/10| 17000  A/10
min. min.
Rated Pesgk Withstand Current 300 KA pesk 360 KA pes
Rated Short-Time Withgtand | 100 kA/1 s 120kA/1s
Current
Standard IEC 60129 IEC 60129

TableIV: Technical Data of Braking Switches for Hydro Generators

Figure 4: Braking Switch During Temperature Rise Test

Improved protection of the generator and the main and unit transformers:
The differential protection zones of the generator, the man trandformer and the unit
transformer can be arranged to achieve maximum sdlectivity.
Generator-fed short-circuit currents are interrupted within a maximum of four cyces
whereas the reduction of the fault current by the rapid de-excitation equipment may
require anumber of seconds.

Increased security and higher power plant availability:
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Smplified operationd procedures and cdearly defined operationd respongbilities reduce
the likeihood of gperationd errors.

The gpplication of a generator circuit-bresker increases the generd availability of the
power plant auxiliary equipment.

Synchronisng a the generator voltage levd with the help of a generator circuit-breaker is
condderably more secure than synchronisng  with a high-voltage circuit-breaker [3].

The rgpid changeover of the auxiliary supplies during the darting-up and shutting-down
of the unit with the associated high inrush currents and resulting stresses is diminated and
possible damage to the drive motors of pumps, fans, etc. is thus avoided.

The rapid and sdective clerance of dl types of faults avoids expensve secondary
damage and the consequently long down times for repair. A case of serious secondary
damage being caused when the generator-fed fault is not immediatdy interrupted is the
burging of the trandormer tank following an internd fault in the man or unit
transformer. Another case is the thermd destruction of the generator damper winding due
to short-time unbalanced load conditions. Such conditions can aise due to single or two
phase faults within the main trarssformer or on its connections to the high-voltage circuit-
bresker.

Transformer Failures:

Common causes of main transformer internd fallures are the flashover of a bushing, winding
interturn  faults, falures of the tapchanger and carbonisation and/or excessve moisture
content of the transformer oil. Even if the systemfed component of the fault current is
interrupted by the high-voltage drcuit-bresker within approximatdy 3 to 4 cydes in a layout
without a generaior dircuit-bresker the generator continues to supply a fault current
throughout the de-excitation time interva which may last for severd seconds. The internd
pressure resulting from the vgporisation of the transformer oil is a function of the product of
arc current and time. This pressure dresses the trandformer tank, and, if it rises above a
certain vaue, will cause the tank to rypture, with a resulting oil spillage and possbly an all
fire. Tank rupture may occur after 4.5 to 5 cycles. The presence of a generator circuit-breaker
which dlows a rapid clearance dso of the generator-fed component of the fault current can
therefore make up the difference between a reparable damage and a catastrophic event with
severe environmenta poll ution and possible personnd jeopardy [4], [5].

Short-Time Unbalanced Load Conditions:

A three-phase short-circuit represents a symmetrica loading of a generator. Single and two-phase faults on
the other hand represent a short-time unbdanced load condition with criticd mechanicad and thermd stresses
for a generator [6]. The thermd dtresses result from the negative sequence component of the fault current
which interacts with the generator damper windings. Unbalanced load conditions can give rise, within a very
short time, to critically high temperatures in the damper windings. These temperatures are particularly critica
for turbo generators and in the worst case may cause the rotor to jam in the gator. If a generator circuit-bregker
is present it will separate the generator from the fault within four cycles and thus effectively prevent damage to
the generator. If no generator circuit-bresker is fitted, the generator will continue to supply a negative sequence
current until  de-excitation is completed. The de-excitaion may teke severd seconds, during which time the
generator may suffer severe damege.

Soedificdly, the use of modern SFe generator circuit-breskers pogtively affects power plant
avalability inthreeways.
The use of generaor circuit-breskers dlows the plant auxiliary supplies to be drawn
directly from the highvoltage tranamisson sysem a dl times, i.e dso during the criticd
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sartup and shut-down phases of the plant operation. Supply from this source is
condderably more religble than that from a loca sub-trangmisson network and results in
an improved plant auxiliary equipment availability.

The rapid interruption of generator-fed short-circuit currents reduces the resulting fault
damage and shortens repair times, thereby dso contributing to an increased power plant
avalability. Although they have a low probability of occurrence such outages have a
subgantid  effect on the avalability of a generating unit and on the overdl peformance
of an operding utility.

Compared to high-voltage dircuit-breskers modern SFg generator  circuit-breskers exhibit
higher maintenance intervals as they are especidly desgned for a high mechanicd and
dectrica endurance. Depending on the application the downtime of an unit due to
dreuit-bresker maintenance can therefore be ggnificantly reduced when a generator
circuit-breaker is used.

A higher avalability leeds to an increesed number of the operating hours and hence to a
higher profit for the operator of the power plant. Substantid surplus of receipts can be
achieved in this way and the payback time for the expenditures of a generator circuit-bresker
isgenerdly very low [7].

6. CONCLUSIONS

With the recent successful certification of a 160 kA-generator circuit-bresker modern Sk
generaor dreuit-breskers are now available for generating units up to 1400 MW. Generator
switchgear today not only comprises the generaior dircuit-bresker but dso the associaed
items of switchgear like a series disconnector, earthing switches, short-circuiting  switches,
current  trandformers,  Sngle-pde-insulated voltage trandformers, protective capacitors  and
surge aresers. Depending on the type of power plant additiond items such as darting
switches and braking switches can be mounted in the generator circuit-bresker enclosure, too.
This greatly improved functiondity of generator switchgear dlows the redisation of smpler
and more economic layouts of power plants.

Further it can be shown tha the use of power plant layouts with generator circuit-breskers
compared to power plant layouts without generator circuit-breskers dlows the achievement
of a higher plant availability. The increased number of operating hours thus rendered possble
directly leads to a higher profit for the operator of the power plant. Substantid surplus of
receipts can be redised in this way and the payback time for the expenditures of a generator
crcuit-bregker is generdly very low.
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