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(57) Abrege/Abstract:

A hybrid on-load tap changer (70), for use In high voltage alternating current power transmission, comprises a selector (/2) and a
diverter (74) having two legs (80, 82) defining respective current paths. Each leg (80, 82) includes a pair (P1, P2) of opposed first
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(57) Abrege(suite)/Abstract(continued):

and second semiconductor switches (84, 86). The hybrid on-load tap changer (70) also includes a controller (76) configured to
switch on one of the first or second semiconductor switches (84, 86) of a given leg (80, 82) at a predetermined point within the
alternating current cycle so as to commutate off a desired semiconductor switch (84, 86) in the other leg (80, 82).
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(57) Abstract: A hybrid on-load tap changer (70), for use in high voltage alternating current power transmission, comprises a
selector (72) and a diverter (74) having two legs (80, 82) defining respective current paths. Each leg (80, 82) includes a pair (P1, P2)
& of opposed first and second semiconductor switches (84, 86). The hybrid on-load tap changer (70) also includes a controller (76)
configured to switch on one of the first or second semiconductor switches (84, 86) of a given leg (80, 82) at a predetermined point
within the alternating current cycle so as to commutate off a desired semiconductor switch (84, 86) in the other leg (80, 82).
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A HYBRID ON-LOAD TAP CHANGER
AND A METHOD OF OPERATING THE SAME

This invention relates 1in particular, but not

exclusively, to a hybrid on-load tap changer for use 1n

high voltage alternating current power transmission,

o —

and a method of operating such a tap changer.

P —
h—

Power transmission 18 characterised by levels of

alternating current (AC) voltage 1n excess of 200kV

P —
—

along with high levels of surge and transient voltages

and currents. These operating conditions place

P —

particular demands on the 1insulation requirements for

the components used 1n such transmission.

P —

A tap changer 1s a device fitted to a transformer for

P —

regulating the output voltage of the transformer to a

required level. Such regulation 1s normally achieved

P —

by selectively connecting to a particular tap of the

P —

transformer, thereby controlling the number of turns in

o —

the active portion of the primary or secondary winding.

An on-load tap changer 1s designed to operate when

conducting current and requilres that there 1s no

interruption to the flow of current during tap
changilng.

A simplified schematic of a conventional tap changer 1is
shown 1n Figure 1. The conventional tap changer 10
includes a first selector 12 and a first diverter 18

P —
—

connected 1n serilies with a primary winding 14 of a
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transformer 16. The first selector 12 and first

diverter 18 rely on o1l 1nsulation to achieve the

contact-to-contact 1nsulation levels reqguired for the

highest power transformer voltages.

P —
—

The first diverter 18 has two 1legs 20, 22, each of

which defines a respective current path, and a first

electromechanical swltch 24, The first

electromechanical switch 24 selectively connects one

leg 20 or the other 22 1into the primary winding so as

—O0 selectively connect a given tap, chosen by the

selector, 1nto the primary winding 14, thereby

P —

regulating the output voltage of the transformer to a

required level.

P —
h—

In order to avoid an 1interruption to the flow of

current through the primary winding 14 during a tap

change, the first electromechanical switch 24 has a

“make before break” action, whereby the switch

momentarily bridges both legs 20, 22, as shown 1n

Figure 1. A high 1level of arcing occurs when such a

bridge 1s made or broken.

i

Arcing leads to a degradation of the 1nsulating

o —
——

property of the 1nsulating o01l 1n which the first

diverter 18 1s placed. This results 1n a need to

segregate 01l for the first diverter from 01l for the

maln transformer and also the need to replace the

diverter 01l on a regular basis.
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P —

A wvarilant of thilis arrangement uses a mechanically

operated wvacuum switch to contaln the arcing and so

reduce the need for maintenance. However, the i1nclusion

o —
pe—

of a mechanically operated vacuum switch adds

P —
—

complexity, which 1n turn i1ncreases the capital cost of

such eguipment. In addition, 1t 1s necessary to replace
mechanically operated vacuum switches at regular
intervals.

o —

In each of the aforementioned arrangements, the time

P —
p—r

requlired for each tap change 1s about 5 seconds of

P — P —

which operation of the first diverter 18 accounts for

about 150 milliseconds. As a result a conventional tap

changer 10 would, e.g. take more than 2 minutes and 15

seconds to carry out a step wise change over a tap

range of —-12 to +12.

Semiconductor switches are attractive 1n their ability

to operate rapidly followling a well defined electronic

P ]

command, and to commutate off, 1.e. switch off, without

arcing.

o —

The power loss and level of surge currents present 1n

power transmission systems means that 1t 1s desirable

to 1solate such semiconductor swltches from such
systems during steady-state operation using, €e.g. an

electromechanical switch.

Accordingly, 1t 1s known to combine semiconductor

swlitches with electromechanical switches to create a,
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so-called “hybrid” on-load tap changer, as shown in
Figure 2. Such a known hybrid on-load tap changer 30 1is
"described, for example, in EP 1 619- 98- -It ineludes a - -

second selector 32 and a second diverter 34 (ihdicated

5 Dby thé dashed lines) arranged in series in, e.g. the
primary winding 14 of a transformer 16. The known
hybrid tap changer 30 also includes a first controller
36 for coﬁtrolling the operation of the second diverter
34.

10
The second selector 32 includes a number of taps 38,
three in the example shown, and switches'81, S2, S3 for
éelecting a pbrticular tap 38. The second‘ selector 32
may also include two seccnd electromechanical switches
15 S4, S5 for 'selecti\}ely isolating a given leg of the
second diverter 34, so as to bypass the semiconductor

devices therein.

The second diverter 34 has two legs 40, 42 each of
20 which defines a respective current path. Each leg 40,

42 includes a pair of opposed first and second

semiconductor switches. 44, 46. ~The semiconductor .

switches 44, 46 are arranged tO sélectively establish a

current flow path in a given leg 40, 42 of the second
25 diverter 34.

A desirable type of semiconductor switch is a thyristor
48, 50. Such devices have a high voltage and current
capability, a high reliability ‘and can operate with a

30 junction temperature of over 150°C. In addition they

AMENDED SHEET
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are switchable by a pulse transformer, thereby omitting

P —

the need for an 1solated, auxiliary power supply.

Furthermore, light-triggered thyristors are available

that are switchable by a pulse from a laser diode

channelled through a fibre optic cable.

o

However, 1n spilite of the foregoing advantages, one

P —

disadvantage of a thyristor 1s that 1t continues to

conduct until the anode current 1s removed. This

o — A
pe— pe—

f such a device.

creates difficulties 1n commutating o:

P —

One method of commutatling o:

P
—

f a thyristor 1s to use,

so-called “natural commutation”. During natural

o —

commutation the removal of the anode current occurs

o —
p—

naturally as a result of, e.g. fluctuation during an AC

cycle 1n which the anode current crosses zero, 1.e. 1S
removed. Accordingly, 1t 1s possible to allow a

thyristor 1n one leg 40, 42 to recover to a non-

conducting state before switching on a thyristor 1n the

other leg 42, 40.

However, thyristors tend to recover slowly, thereby

resulting 1n a delay during which neither leg 40, 42 1is

able to provide a current flow path. As a result 1t 1s
necessary to bridge the legs with bulky and expensive
passive components 1n order to provide the necessary

o —
e

continuous “low of current, 1.e. £t o avold an

P — P — P —
— — h—

current. The duration o:

OW O]

interruption 1in the

the recovery (about 0.6bms) 1s such that these passive

P —

components must be sufficiently large (and consequently

bulky and expensive) to divert the current and maintailn
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0

the voltage to a level within the rating of the
thyristor.

o —

A second method of commutating o:

P
p—

f a thyristor employvys,

so-called “resonant forced commutation”. Resonant

forced commutation 1involves taking action to remove oOr
divert the anode current to permit the thyristor to
recover to a non-conducting state.

P —

However, such a method also requires bridging of the

legs 40, 42 with bulky and expensive passive components

P —

1n order to provide a continuous flow of current.

P — N
—

The bulk of the bridging components required 1n each of

o —

"1iculties.

the above methods c¢reates 1nstallation dij

Furthermore, theilir high c¢ost 1ncreases the overall.

P —

cost of such a hybrid tap changer to a commercially

unacceptable level.

o

Another type of on-load tap changer 1s a so-called

solid-state on-load tap changer 60, as shown 1in Figure

3. The solid-state tap changer 60 1ncludes only

thyristors 62 1n the switching arrangement for making
respective tap connections. The thyristors 62 are
arranged 1n opposed pairs 64, 66, 68. Such tap changers

o

are unsuitable for power transmission applications

P —
b

since the physical limitations of a given thyristor

lilmits the changes 1n voltage and current that 1t 1s

able to withstand.
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In connection with the aforementioned arrangement, a

o —

proposed method of commutation 1nvolves switching on a

P —

thyristor 62 1n one of the non-conductling pairs 66 SO

as to give rise to a circulating current CC driven by

the tap voltage.. In theory when the circulating
current 1s equal 1n magnitude but flowing 1n an
opposite direction to the 1load current LC flowlng

through a c¢onducting thyristor 62, 1.e. through the
thyristor 62 within the c¢onducting pair 68 that 1s

switched on, then the respective currents CC, LC should

cancel one another out such that the conducting

e P —
—

Conduction of

thyristor 62 1s able to commutate o

the load current LC would be maintained by the
thyristor 62 that was switched on 1n the originally

non-conducting pair 66.

However, the arrangement shown 1n Figure 3 1S

P —

completely unsultable for appllication 1in power

transmission.

In power transmission applications the tap changer 1s

P —

fitted to the primary winding of a transformer. This 1s

because arranging the tap changer connections 1n this

P —
=

way creates fewer i1insulation difficulties. In addition,

P —

such an arrangement reduces the level of current which

makes the duty for existing electromechanical switching

less onerous.

o —

A solid-state tap changer of the type shown in Figure 3

arranged 1n the aforementioned way would result 1n

exposing each thyristor 62 to 1n excess of 40kV. Such a



CA 02645010 2008-09-05
3

WO 2007/101849 PCT/EP2007/052083

10

15

20

25

30

voltage 1s bevyvond the practical operating specification

o —

of any known thyristor.

P —

Therefore, 1t 1s a general aim of the 1i1nvention to

provide an on-load tap c¢hanger which permits the

P —

utilisation of semiconductor switching without the

o —

lnherent ok

"1culties assocliated wlth operating

sultable semiconductor switches.

o —

According to a first aspect of the 1nvention there 1s

provided a hybrid on-load tap changer, for use 1n high
voltage alternating current power transmission,
comprilising:

a selector;

a diverter having two legs deflning respective

P —

current paths, each leg including a pair of opposed

first and second semiconductor switches; and

P —
—

a controller for selectively switching on one of

P —
—

the first or second semiconductor switches of a given

leg at a predetermined polnt within the alternating

P

current cycle so as to commutate o0 a desired

semiconductor switch i1n the other leg.

The foregoiling arrangement obviates the need for bulky

and expensive passive Dbridging components, thereby

o

reducing the capital cost of the on-load tap changer to

a commercially acceptable level.

The on-load tap changer provides this advantage while

P —

facilitating the use of semiconductor switches, thereby

o —

1mproving the operating speed of the tap changer.
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Optionally each leg further 1ncludes at least one

protection element arranged 1n electrical communication

P —
p—r

with the pair of semiconductor switches. This allows

the semiliconductor switches to operate within their

normal operational limits.

Preferably the protection element 1s or 1includes a

P —
s

snubber arranged 1n parallel with each pailir of first

and second semiconductor switches. This limits the rate

o — o —

of change of voltage across the semiconductor switch

e

being commutated off, when changing a tap while

supplying power to a negative power factor load.

Optionally the protection element 1s or 1ncludes an

o —
b

inductor arranged 1n series between the pair of first

and second semiconductor switches and the selector. The

P —

inclusion of an 1inductor helps to limit the rise 1in

P —
—

current flowing through a given pair of first and

second semiconductor swilitches when carrying out a tap

change.

Conveniently each 1leg further 1ncludes a capacitor

arranged so as to lie 1n parallel with a corresponding

P —
—

electromechanical 1solating switch of the selector.

o o

Fach capacitor 1limits the rate of change of voltage

P —
b

across the corresponding palr of semiconductor switches

so as to help ensure each semiconductor switch operates

within desirable operating conditions.
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P —

In a preferred embodiment of the 1nvention each leg

further 1includes a voltage surge arrestor arranged soO

as to lie 1n parallel with a corresponding

P —

electromechanical 1solating switch of the selector. The

P —
=

inclusion of respective surge arrestors protects a

P —
—

corresponding palir of first and second semiconductor

switches from a voltage surge during, e.g. a lightening

strike.

Optionally the selector includes two electromechanical

o —

1solating switches for selectively 1solating a

P —

respective leg of the diverter so as to by pass the

semliconductor switches therein.

o —

In another preferred embodiment of the 1nvention each

P —
h—

electromechanical 1solating switch of the selector

includes an 1inductor arranged 1n series therewith. The

P — P —

inductor limits the rate of change of current through

o —

respective pairs of semiconductor switches, thereby

helping to ensure the said semiconductor switches

operate within desirable operating conditions.

o

According to a second aspect of the invention there 1s

P —

provided a method of operating a hybrid on-load tap

changer, during high voltage alternating current power

o
—

transmission, comprising the steps of:

(1) providing a selector;

(11) providing a diverter having two 1legs, each

defining a respective current path;

(111)providing each leg with a pair of opposed

first and second semiconductor swilitches; and
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P —

(1v) selectively switching on one of the first or

o —

second semiconductor switches o a given leg at a

predetermined poilnt within the alternating current

I

o —

f a desired semiconductor

cycle so as to commutate o:

switch 1n the other leg.

Optionally step (111) further 1includes providing at
least one protection element arranged 1n electrical

P —
s

communication with the pair of first and second

semiconductor switches.

Preferably step (111) 1includes providing a snubber

i

arranged 1n parallel with each pair of first and second

semiconductor swilitches.

Optionally step (111) 1ncludes providing an 1nductor

P —
p—r

arranged 1n serles between each pair of first and

second semiconductor switches and the selector.

P —
—

Conveniently the method further i1includes the step of

providing a capacltor arranged so as to lie 1n parallel

wlth a corresponding electromechanical 1solating switch

o —

of the selector.

P —

A preferred method of the 1nvention further 1ncludes

o —

the step of providing a voltage surge arrestor arranged

so as to 1lie 1n parallel with a corresponding

electromechanical 1solating switch of the selector.

Fach voltage surge arrestor protects a respective pair

P —
b

of first and second semiconductor swilitches from a
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voltage surge that may occur during, e.g. a lightning

strike.

P —
summndl

Another preferred method of the 1nvention further

P —
e

includes the step of providing each electromechanical

P —
—

1solating switch of the selector with an 1nductor

arranged 1n seriles therewith.

"

The method of the i1invention shares the advantages of

P — P —

the corresponding features of the apparatus of the

invention.

P — P —
b

There now follows a brief description of a preferred

P —

embodiment of the 1nvention, by way of non-limiting

example, with reference beling made to the accompanying

drawlngs 1n which:

P —
b

Figure 1 shows a schematic view of conventional

on—-load tap changer;

o

Figure 2 shows a schematic view of a known hybrid

on—-load tap changer;

Figure 3 shows a known solid-state tap changer;

P —

Figure 4 shows a schematic view of a hybrid on-

load tap changer according to an embodiment of the
invention;
Flgures 5(a) (1) to 5(e) (11) show possible

commutation conditions;

Figure 6(a) shows a Lissajous diagram for a tap

down change;

Figure 6 (b) shows a Lissajous diagram for a tap up

change;
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Figures 7(a) and 7 (b) show respective combined

o —

effects of load current and circulating current;

FFigure 8 shows Lissajous figures for high power

factor loads; and

P —
—

‘ect on a Lissajous figure of

Figure 9 shows the e
changing the time at which a particular non-conducting

semiconductor switch 1s switched on.

A hybrid on-load tap changer according to a first

o —

embodiment of the 1nvention 1s designated generally by

che reference numeral 70, as shown in Figure 4.

The hvybrid tap changer 70 1ncludes a third selector 72,

a third diverter 74 and a second controller 76. The

hyvbrid tap changer shares some features with the known

hyvbrid tap changer 30. Such features are designated

using the same reference numerals.

P —

The third selector 72 has a plurality of taps 78 and

corresponding switches S1, S2, S3 for selecting a
particular tap 78. In the example shown, three taps are
included. Other embodiments of the 1nvention may

o —

include a greater or lesser number of taps /8.

The third selector 72 also includes two second

electromechanical switches 5S4, SO for selectively

o —

1solating a given leg of the third diverter 74, so as

to 1solate the semiconductor devices therein.

The third diverter 74 has two legs 80, 82 each of which

defines a respective current path. FEach leg 80, 82
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includes a pair Pl, P2 of opposed first and second

thyristors 84, 86. The thyristors 84, 86 are arranged

to selectively establish a current flow path 1n a given

leg 80, 82 of the third diverter /4. In other

P —
e

embodiments of the 1nvention a di:

P — P —
— —

ferent type of

semiconductor switch may be used.

Fach leg 80, 82 of the third diverter 74 1includes a

P —

snubber 88 arranged i1n parallel with the pair P1l, P2 of

first and second thyristors 84, 86. Each snubber &8

includes a snubber resistor 90 and a snubber capacitor

92 arranged 1n series with one another. Each snubber

P — o —

838, 1n use, limits the rate of change of voltage across

P —
—

a respective pailr P1l, P2 of first and second thyristors

34, 86.

Fach leg 80, 82 of the third diverter 74 also 1ncludes

a reactor inductor 94 arranged 1n series between the

pair Pl, P2 of first and second thyristors 84, 86 and

the third selector 72. Each reactor 1inductor 94, 1n

P — o —
— e

use, Jlimits the rate of change of current flowing

P —
b

through a respective pailir Pl, P2 of first and second

thyristors 84, 86.

In addition, each 1leg 80, 82 1ncludes a limiting
capacitor 96 arranged to lle 1n parallel with a

correspondiling second electromechanical 1solating switch

sS4, SO of the third selector 72. Each 1limiting

capacitor 96, 1n use, helps to further 1limit the rate

P — P — P —
—

of change of voltage across a respective palr Pl, P2 of

first and second thyristors 84, 86.
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Bach leg 80, 82 of the hybrid on-load tap changer 72
embodiment shown further includes a voltage surge
arrestor 98 arranged 1in parallel -with a—-corresponding
second electromechanical isolating switch S4, S5. In
use, each voltage surge arrestor 98 protects a
respective pair Pl, P2 of firét and second thyrsit'ors
84, 86 from a voltage surge -during, e.g. a lightning

strike.

Each sécond electromechanical isolating switch 854, S5 |
includes a selector inductor 100 . arranged in series
therewith. Each selector inductor 100, in use, helps to
further 1limit the rate of change of current in a
fespective pair Pl, P2 of first and second thyristors
84, 8o.

In use, the second controller 76 se1e¢tively switches
on one of the first or second thyristors.'84, 86 of a
given, non-conducting pair P1, P2 in a given leg 80, 82
at a predetermined point within the alternating current
cyéle so as to commutate off a desired conducting
thyristor 84, 86 of the other pair Pl, P2 1in thg othgr
leg 80, 82. |

Such' switching allows the number of turns on the

primary winding 14 to be increased or decreased, as
required, without interrupting the flow of load current
LC.

AMENDED SHEET
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In the third diverter 74 circuit shown, 1i1ncreasing the

o —

number of turns on the primary winding carrilies out a

P —

tap down change while decreasing the number of turns

carrles out a tap up change.

Four distinct tap voltage and load current LC

conditions occur within the third diverter 74 circuilt

o — P —
p— p—

shown 1n Figure 4 during one half of a given AC cycle,

e.g. when the supply voltage 1s positive. The four

conditions are: (1) both the tap voltage and the 1load

current LC belng positive; (11) the tap voltage being

negative and the load current LC being positive; (111)

both the tap voltage and the 1load current LC being
negative; and (1v) the tap voltage being positive and
the load current LC belng negative.

o —

Since the two halves of an AC cycle (1.e. when the

supply voltage 1s positive and negative, respectively)

are symmetrical, the further four tap voltage and load

current LC conditions for the second, negative, half-

P —

cycle are essentilally duplicates of the first four

conditions.

In addition, when back generation takes place, 1.e.

when the 1load regenerates power, another four tap

P —
—

voltage and load current LC condilitions arise. Each of

P —
—

these corresponds to one of the four distinct tap

voltage and load current LC conditions outlined above.

FFigure 5 (a) (1) 1llustrates the first tap voltage and

P —

load current LC condition. The second thyristor of the
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second pailir 36°% 1is initially conducting, 1.e. switched

on and load current LC 1s being sourced, 1.e. 18 comilng

P —

out of the transformer primary winding 14 and so 1s

considered positive.

The supply voltage 1s positive so the first tap winding

P —
—

15 which 1s connected through the second thyristor of

the second pair 36°% 1is positive wilith respect to the
second tap winding 17 which 1t 1s desired to switch to.

Accordingly, the tap voltage 1s considered positive 1n

"his condition.

Figure 5 (a) (11) shows a simplified schematic of the

conditions shown in Figure 5 (a) (1) .

Figures O5(b) (1) and 5(b) (11) 11lustrate the second

condition. Load current LC 1s being regenerated, 1.e.

1t 1s flowing 1nto the primary winding 14, and so 1s

considered negative. The first tap winding 15 1s

positive with respect to the second tap winding 17
which 1t 1s desired to switch to. Accordingly, the tap

voltage 1s considered positive.

Figures O5(c) (1) and 5(c) (11) 11llustrate the third

condition. Load current LC 1s being sourced from the
primary winding 14 so 1s considered positive. The

second tap winding 17 1s negative with respect to the

first tap winding 15 which 1t 1s desired to switch to.

Accordingly, the tap voltage 1s considered negative.
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Figures 5(d) (1) and 5(d) (11) 11lustrate the fourth

condition. Load current LC 1s being regenerated so 1s

considered negative. The second tap winding 17 1s

negative with respect to the first tap winding 15 which

1t 1s desired to switch to, so the tap voltage 1s also

negative.

It 1s possible to represent the relationship between

the tap voltage and load current LC at any particular

o —
pe—

instant 1n a given AC cycle of a power transmission

system on a Lissajous diagram, as shown 1n Filigures 6 (a)

and © (b) .

Fach Lissajous diagram 1includes a first, second, third

and fourth qgquadrant 102, 104, 106, 108 corresponding to

respective tap voltage and load current LC conditions.

The tap voltage and load current LC condilitions 1n each

o —

of the first to fourth conditions correspond to those

1in a respective quadrant 102, 104, 1060, 108.

P —
b

Accordingly, 1t 1s possible to map each of the first to

fourth conditions on a Lissajous diagram.

P —

A first Lissajous diagram 112 (Figure ©o6(a)) 1s for a

tap down change, 1.e. reducing the voltage 1n the

transformer secondary winding by switching the tap

P —

connection so as to 1ncrease the number of turns 1n the

primary winding 14.

For an inductive load (as 111lustrated), the

relationship between tap voltage and load current LC
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varies with time along the locus of the first Lissajous

diagram 112 i1n an anti-clockwise direction.

A capacitive load (not 1illustrated) would cause the

5 relationship between tap voltage and load current LC to

vary with time along the locus of the first Lissajous

diagram 112 i1n a clockwise direction.

A second L1ssajous diagram 114 (Figure o (b))

10 11llustrates the relationship between tap voltage and

load current LC 1in the third diverter circuit 74 when
carrying out a tap up change, 1.e. when decreasing the

number of turns 1n the primary winding 14.

o —
e

15 The second Lissajous diagram 114 1s a milirror 1mage of

the first Lissajous diagram 112, about the vertical,

zero tap voltage axis.

For an inductive load (as illustrated) the relationship

20 between tap voltage and load current varies with time

along the second Lissajous figure 114 1n a clockwise

direction.

A capacitive load (not 1illustrated) would cause the

25 relationship between tap voltage and load current LC to

vary with time along the locus of the second Lissajous

diagram 114 i1n an anti-clockwise direction.

The locus of each Lissajous diagram 112, 114 traverses

30 each gquadrant regardless of whether the tap change 1s

down or up. The nature of the tap change merely
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P — —

determines the amount of time the 1locus of each

Lissajous diagram 112, 114 remalins 1n a particular

quadrant.

Since the first and second conditions (Figures 5 (a) and

O(b)) are for a tap down change they correspond to the

first Lissajous diagram 112.

In the first condition both the load current and the

tap voltage are positive so 1t corresponds to the first

P —
p—r

quadrant 102 of the first Lissajous diagram 112. In the

second condition the load current 1s negative and the

tap voltage 1s positive so 1t corresponds to the fourth

o

quadrant 108 of the first Lissajous diagram 112.

Since the third and fourth conditions (Figures 5 (c) and

o(d)) are for a tap up change they correspond to the

second Lissajous diagram 114.

In the third condition the load current 1s positive and

the tap voltage 1s negative so 1t corresponds to the

second gquadrant 104 of the second Lissajous diagram

114. In the fourth condition both the load current and

the tap voltage are negative so 1t corresponds to the

o —

third quadrant 106 of the second Lissajous diagram 114.

o —

The voltage polarity of the primary winding 14 1n each

o —

of Figures o5(a) to 5(d) 1s set by the supply voltage

which 1s positive during the half-cycle considered.
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P —

In each of Figures 5(a) and 5(b), one thyristor 8477,

"

3677 of the second pair P2 1s 1nitially conductiling

P — P —
b

while each of the other thyristors 84m; 36" of the

first palr Pl 1s switchable on so as to conduct, 1.e.

1s 1nitially non-conducting. Consequently the tap
voltage 1s positive. Thilis, 1n combilination with whether
load current LC 1s belng sourced or regenerated, 1.e.
1s either positive or negative, determines whether
commutation 1s possible.

o

For example, or the conditions illustrated in Figures

S5(a) (1) and (11) (1.e. the load current 1s positive and

the tap voltage 1s positive), switching on the first

non-conducting thyristor 84" of the first pair Pl

causes a circulating current CC driven by the voltage

o —

polarity of the primary winding 14, to flow 1n the

clrcuilt.

The circulating current CC reilnforces the load current
LC to give an 1ncreased overall, combined current, as

shown 1n Figure 7 (a).

For the conditions 1llustrated in Figures 5(b) (1) and

(11), switching on the first non-conducting thyristor

34"Y of the first pair Pl causes a circulating current

P —
—

CC, driven by the voltage polarity of the primary

winding 14, to flow 1n the circuit.

The circulating current CC cancels the load current LC,

as shown in Figure 1 (b), thereby allowing  the

conducting thyristor (1n this 1nstance the first
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P —
e

conducting thyristor 34%“ of the second palr P2) to

A

commutate o

Meanwhile, the newly swilitched on thyristor (the first

P —
—

thyristor 34%' of the first palr Pl) 1s able to conduct

P —

the main load current, 1.e. the first thristor 34F1 of

the first pair Pl defines a new flow path for the load

current, as shown by dashed line LC’ 1in Figure 5(b) (1).

In this way load current flow 1s maintained while

P —

increasing the number of turns on the primary winding

14, 1.e. while carrying out a tap change.

P —
—

In each of Figures 5(c) and 5(d), one thyristor 84F,

36°" of the first pair Pl is initially conducting while

P — o —

each of the other thyristors 34%%  86%° of the second

palr P2 1s switchable on so as to conduct, 1.e. 1s
initially non-conducting. Consequently the tap voltage
1s negative. This, 1n combination with whether load
current LC 1s being sourced or regenerated, 1.e. 1S
elther positive Or negative, determines whether

commutation 1s possible.

For example, for the conditions 1llustrated 1in Figures

S5(c) (1) and (11), switching on the second non-

o —

conductling thyristor 36" of the second palr P2 causes a

cilrculating current CC driven by the voltage polarity

o —

of the primary winding 14, to flow 1n the circuit.

The circulating current CC cancels the load current LC,

thereby allowing the c¢onducting thyristor (in this
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i

instance the second conducting thyristor 36"t of the

A

first pair Pl) to commutate o

For the conditions 1llustrated in Figures 5(d) (1) and

(11), swilitching on the second non-conducting thyristor

36°“ of the second palr P2 causes a circulating current

o

CC driven by the voltage polarity o the primary

winding 14, to flow 1n the circuit.

The circulating current CC reinforces the load current

LC to give an 1increased overall, combilined current.

e
—

f a desired

Accordingly, 1n order to commutate o:
conducting thyristor 8474, 86°' it is necessary to switch
on a particular non-conducting thyristor 84F', 867 when

the tap voltage and load current conditions correspond

to a particular condition, 1.e. those 1n the fourth

quadrant 108 of the first Lissajous diagram 112; and

P —
—

those 1n the second gquadrant 104 of the second

Lissajous diliagram 114.

As a result, 1t 1s necessary to control when during the
AC cycle a particular non-conducting thyristor 34°h

867 is switched on. This is in order to ensure that

P — A P —
— —

ficlent time to complete commutation o of

there 1s su:

a particular conducting thyristor 847, 86°" while the

P —

load current and tap voltage of the power transmission

system correspond to the conditions 1n the second or

fourth 104, 108 quadrants.
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P —

The particular i1nstant i1in each of the second and fourth

104, 108 qgquadrants at which the particular non-

conducting thyristor 34¥t, 86" 1is switched on is chosen

P — o —

1n order to minimise the rate of change of current and

P —

voltage experienced by the thyristors of each pair P1,

P2.

For example, 1t 1s desirable to switch on the
particular non-conducting thyristor 84F', 86" while the

tap voltage 1s low so as to limit the rise 1n current

experienced by the respective thyristor pairs P1l, PZ2.

When carrying out a tap down change (Figures 5 (a) and

5(b)) a first time period 122, during which 1t 1s

P
e ——

desirable to commutate of:

a particular conducting

P —

thyristor 84%° is shown on the 1locus of the first

Liassajous diagram 112 (Figure 6 (a)).

P —

This period 1s chosen so as to limit the rate of change

o P —
—

of current experienced by each pair of thyristors PI1,

P2 during commutation.

P — P —
p—r

Limiting the rate of change of current during

P —

commutation reduces the si1ze of reactor i1nductor 94

P —

requlred, and hence the cost of such an inductor. A low

P — P
b

rate of change of current occurs adjacent to the zero

tap voltage axis.

Accordingly, by switching on the second non-conducting

P —

thyristor 86 of the first pair Pl when the AC cycle is

adjacent to the zero tap voltage axis, 1t 1s possible
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P — —
—

to limit the rate of change of current experienced by

P —

each pair of thyristors Pl, P2 to within the physical

o —

operating parameters of each thyristor 347, 86°', 84°,

3677, using only a moderately sized and less expensive

reactor inductor 94.

When carrying out a tap up change (Figures 5 (c) and

P

5(d)) 1t 1s desirable to commutate o the conducting

thyristor 86m'during a second time period 124, as shown

P — P —
p—r

on the 1locus of the second Lissajous diagram 114 of

Figure o6 (b).

P — P —

In order to limit the rate of change of current

o

experienced by each pair of thyristors Pl, PZ during

P —

commutation 1t 1s desirable for commutation to take

place while the tap voltage 1s 1low, 1.e. adjacent to

the zero tap voltage axis. However, for commutation to

take place within a desired gquadrant, e.g. the second

P —

quadrant 104 of the second Lissajous diagram 114, 1t

must occur before the tap voltage reaches zero volts.

P — P —

As a result, there 1s a high rate of change of voltage

o —

across each pair of thyristors Pl, P2.

i

In order to 1limit the degree to which each pair of

o

thyristors Pl, P2 experilence this rate of change of

i

voltage, 1t 1s desirable to 1nclude a snubber 88 1in

o —

parallel with each pair of thyristors P1l, PZ.

The symmetry of each half of the AC c¢cycle means that

when carrying out a tap down change 1t 1s also possible
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Lo commutate o0OI]

the second,

5(e) (1) and

CA 02645010 2008-09-05
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P
—  ——

the conducting thyristor 86°“ during

negative half-cycle, as shown 1n Figures

(11) .

The load current and tap voltage conditions during this

period correspond to those 1n the second qgquadrant 104

o

of the first Lissajous diagram 112 (Figure ©6(a)). A

third time period 123 during which 1t 1s desirable to

o —

o —

commutate o

the conducting thyristor 36" 1s shown on

o —

the locus of

the first Lissajous diagram 112.

Similarly, when carryving out a tap up change 1t 1s also

possible to

commutate off the conducting thyristor

during the second, negative, half-cycle.

The load current and tap voltage conditions during this

period correspond to those 1n the fourth guadrant 108

P —

Accordingly,

of the second Lissajous diagram 114 (Figure 6 (b).

S
— -

1t 1s possible to commutate o a

o —

respective conducting thyristor during each half cycle,

P —

1.e. one conducting thyristor 1in each of the second and

fourth guadrants 104, 108. This means that switching of

P —
p—r

the third diverter could take place twilice during each

AC cycle.

Therefore, 1t 1s possible to carry out two tap changes

during each

performance,

AC cycle, subject to the selecting

1.e. the time requilired to select a

particular tap, of the third selector 72.
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When switching on a non-conducting thyristor as

outlined above, 1t 1s necessary for the load current

o —

and tap voltage conditions of the power transmission

system to remaln within the desired guadrant 104, 108

P — P —
—

ror a SuU:

ficient time to allow commutation to take

place. The minimum time requilired 1n a desired quadrant

104, 108 1s determined by the time taken for a given

P

conducting thyristor to commutate off, 1.e. recover to

a non-conducting condition. Typically this 1s about

oolus.

This places a restriction on the phase relationship

between the load current and tap voltage, or the so-

o

called “power factor” of the system.

FFigure 8 shows fourth to sixth Lissajous figures 1260,

128, 130.

P |

The fourth and fifth Lissajous figures 126, 128 are for

+0.98 and -0.98 phase relationships between load

current and tap voltage. The + and - signs refer to tap

down and tap up changes, respectively.

P — P —
—

The period of time that the locus of, e.g. the fourth

Lissajous figure 126 1s 1n the second guadrant 104, as

indicated by a fourth time period 132, 1s 650us.

Accordingly, a +/-0.98 power factor load is the highest

power factor which allows commutation to take place

wholly within a desired gquadrant 104, 108.
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Greater phase relationships between load current and

tap voltage, 1.e. higher power factors, result 1in an

1ncreasingly narrow Lissajous figure which spends less

than 650us 1n a desired quadrant 104, 108, as shown by

the sixth Lissajous figure 130 which 1s for a unity,

1.e. +1.0, power factor load.

This limitation 1n the phase relationship can be

overcome by switching on the non-conducting thyristor,

l1.e. 1nitiating commutation, before c¢rossing the zero

cap voltage axis and before entering the third gquadrant

P [ |

106, as 1indicated by a fifth time period 134.

o

Preferably such switching occurs approximately half the

thyristor recovery time, 1.e. 325us before crossing the

zero tap voltage axis.

P —

During such a mode of operation the reactor inductor

P —

94, the self 1nductance o0of the transformer and the

P —
e

switching of the voltage polarity of the primary

winding 14 (1.e. the tap voltage) as the supply voltage

inverts, all help to 1limit the rise 1n current

resulting from the short circuit created.

P —

the

When carrying out a tap down change, switching o

tap voltage on c¢crossing the zero tap voltage axis

creates the condition 1llustrated i1n Figure 5 (e). This

generates a circulating current CC which cancels the

load current LC, thereby allowing the conducting

i

P —
=

thyristor 86" to commutate of:
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Switching on the non-conducting thyristor 36"t before

crossing the zero tap voltage axis shifts the Lissajous

figure (as shown i1n Filgure

9) so as to change the point

P —

at which the locus thereof enters a desired guadrant

5 104, 108 (1n this case the fourth guadrant 108) 1in

P —
—

order to provide su:

ficilent time within the desired

quadrant 108 for commutation to take place.
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CLAIMS:

1. A hydrid on-load tap changer, for use in high
voltage alternating current power transmission,
comprising:

a selector 1including two electromechanical

isolating switches;

a diverter including two legs defining
respective current paths, each leg including a pair of
opposed first and second semiconductor switches; each
leg including a first 1inductor arranged 1n series

between each pair of first and second semiconductor

switches and the selector, and each leg including a
voltage surge arrestor 1in parallel with each of the

electromechanical isolating switches of the selector;

a controller configured to switch on one of the
first or second semiconductor switches of a given leg at
a predetermined point within the alternating current

cycle so as to commutate off a desired semiconductor

switch i1n the other leg; and

a snubber arranged in parallel with each pair of

first and second semiconductor switches;

wherein each of the electromechanical isolating
awitches includes a second inductor arranged 1n series
therewith, each second inductor being arranged 1in series
with a respective first inductors, and each of the

electromechanical isolating switches and respective
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second 1inductors beiling arranged 1n parallel with the

correspondlng voltage surge arrestor of each leg.

2. The hybrid on-load tap changer according to
Claim 1, wherein each leg further includes at least one
protection element arranged in electrical communication

with the pair of semiconductor switches.

3. A hybrid on-load tap changer according to
Claim 2, wherein the protection element 1s or includes
the first inductor arranged in series between each pair
of first and second semiconductor switches and the

gselector.

4. A hybrid on-load tap changer according to any
one of claims 1 to 3, wherein each leg further includes
a capacitor arranged so as to lie in parallel with a
corresgponding electromechanical igsolating switch of the

selector.

5. A hybrid on-load tap changer according to any
one of claims 1 to 4, wherein the two electromechanical

isolating switches selectively isolate a respective leg

of the diverter so as to by pass the semiconductor

switches therein.

6. A method of operating a hybrid on-load tap
changer, during high voltage alternating current power

transmission, comprising:
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(1) providing a gselector including two

electromechanical isolating switches;

(ii) providing a diverter including two legs,

each defining a respective current path;

(iii) providing each leg with a pair of opposed
first and second semiconductor switches providing a
first inductor arranged in each leg in series between
each pair of first and second semiconductor switches and
the selector, and providing each leg with a voltage
surge arrestor 11 parallel wilith each of the

electromechanical isolating switches of the selector;

(iv) selectively switching on one of the first
or second semiconductor switches of a given leg at a
predetermined point within the alternating current cycle

so as to commutate off a desired semiconductor switched

in the other leg; and

(v) providing each of the electromechanical
isolating switches with a second inductor arranged 1in
series therewith, each of the second inductors belng

arranged in series with the respective first inductors,
and each of the electromechanical isolating switches and
the respective second inductor being arranged 1n
parallel with the corresponding voltage surge arrestor

of each leg;

wherein the predetermined point at which the
semiconductor switches are operated 1is Jjust prior to

zero voltage appearing across tap terminals.
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7. The method of operating a hybrid on-load tap

changer according to claim 6, wherein step (111) further

includes providing at least one protection element

arranged in electrical communication with the pair of

first and second semiconductor switches.

3.The method of operating a hybrid on-load tap

changer according to any one of claims 6 and 7/, further

comprising (vi) providing a capacitor in parallel with a

-y

corresponding each of the electromechanical 1solating

switches of the selector.
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