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8 (Ilaims. (Ql. 323—49) 

This invention relates to voltage control apparatus. 
More particularly, although not speci?cally, the inven 

tion relates to voltage control apparatus for use where the 
voltage has to be controlled on load under conditions of 
large current ?ow, such as, for example, in the control of 
the electrical supply to electric furnaces. 

According to the present invention voltage control ap 
paratus includes a transformer having a primary winding 
and a secondary winding, one of said windings being 
formed by ?rst and second equal separate sections each 
having a like plurality of tappings and disposed in corre 
sponding manner on the core of the transformer such that 
under all conditions the leakage impedance of correspond 
ing parts of said sections with respect to the other wind 
ing are equal, and control means for making cross-con 
nections between a corresponding end of each one of said 
sections and any corresponding one of said tappings on 
the other of said sections whereby in operation said sec 
tions may be progressively varied from a wholly electrical 
series connection with each other to a wholly electrical 
parallel connection with each other, and vice versa, 
through intermediate positions in which any portion of 
said ?rst section, measured from said corresponding end 
to any one of the trappings on said ?rst section, is electri 
cally connected in parallel with a like portion of said 
second section, the remaining portion of each section 
being in electrical series connection with the portions elec~ 
trically connected in parallel. 
Each of said sections may have a further winding con 

nected to said corresponding end, said further windings 
having a plurality of tappings to which said cross-connec 
tions may be made by said control means whereby the 
range of voltage control of said apparatus may be ex 
tended. 

Said control means may include ?rst and second pairs 
of series connected variable impedances, ?rst switching 
means for connecting said ?rst pair of impedances across 
any two adjacent tappings on said ?rst section, second 
switching means for connecting said second pair of im 
pedances across two corresponding adjacent tappings on 
said second section, the common points of said ?rst and 
second pairs or" impedances being connected to said corre 
sponding ends of said second and ?rst sections respective 
ly, and means for di?erentially varying the value of the 
impedances in each pair from a high value to a low value 
and vice versa. . 

The two impedances of said first and second pairs of 
impedances may be formed by the two ?xed coils of a 
moving coil voltage regulator, said means for differen 
tially varying the value of the impedances being the mov 
ing coil of said regulator. 
The present invention will now be described by way of 

example with reference to the accompanying drawings in 
which: 
FIGURES 1A, 1B and 1C are schematic drawings 

showing voltage control apparatus in accordance with the 
invention, 
FIGURES 2A and 2B are schematic drawings showing 

a modi?cation of the apparatus shown in FIGURES 1A, 
1B and 1C, 
FIGURE 3 is a sectional elevation of ‘the windings of 
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the transformer used in the circuit of FIGURES 1A, 1B 
and 1C, and 
FIGURE 4 is a circuit diagram of one practical form 

of voltage control apparatus in accordance with the in 
vention. 

Referring now to FIGURES 1A, 1B and 1C there is 
shown a transformer having a primary winding formed 
by ?rst and second equal separate sections 21 and 22, 
and a secondary ‘winding 23. The section 21 has seven 
tappings l to 7 and the section 22 has a like seven tap‘ 
pings 11 to £7, i.e. the number of turns between the 
tappings 1 and 2 is the same as the number of turns 
between the tappin<>s l1 and 12, the number of turns 
between the tappings 2 and 3 is the same as the number 
of turns between the toppings 12 and 13, and so on. 
Control means, shown schematically as arrowed connec 
tors 24 and 25, are provided, the connector 24 making 
a cross-connection between the end tapping '7 of the sec 
tion 21 and any one of the toppings 11 to 17 on the 
section 22, and the connector 25 making a cross-oonnec— 
tion between the corresponding end tapping 17 of the 
ection 22 and any one of the tappings 1 to 7 on the 
section 21. 

In operation, it will be seen from FIGURE 1A that 
when the connectors 24 and 25 make cross~connections 
to tappings ll and 1 respectively the two sections 21 and 
22 are wholly connected in parallel and for a given input 
voltage of 33,000 volts the output on the secondary wind 
ing is at a maximum of 500 volts. If now the control 
means are operated to progressively change the connec 
tors 24 and 25 to make cross-connections to tappings l4 
and 4 respectively (as shown in FIGURE 13) it will be 
seen that the portion of sections 21 between the tappings 
4 and 7 is connected in parallel with a like portion of‘ 
the section 22 between the tappings l4 and 17, the re 
maining parts of the sections 2i and 22 being connected 
in series with the parallel portions. As a result the out 
put voltage is lowered to 375 volts, the output current, 
however, remaining the same. The control means may 
again be operated to change the connectors 2d and 25 
to make cross-connections to tappings l7 and 7 respec 
tively, in which position the two sections are connected 
wholly in series. In this position, therefore, the output 
voltage is reduced to a minimum of 250 volts, the output 
current again remaining constant. - 

The control means operating the connectors 24 and 25 
is reversible and this particular apparatus is therefore 
suitable for controlling the voltage over the range from 
v250 to 560 volts. 
The range of voltage control may be extended by 

utilising the apparatus shown in FEGURES 2A and 2B. 
The apparatus shown in FlGURES 2A and 2B is similar 
to that shown in FlGURES 1A, 1B and ‘1C and like parts 
have been given like reference numerals. In this appa 
ratus the sections 21 and 22 have been extended by con 
necting to them further windings 26 and 27 respectively. 
The winding 25 has tappings 3, 9 and 1d, and the wind— 
ing 2'7 has tappings l8, l9 and 2d. 
The operation of this apparatus is similar to that de 

scribed with reference to FIGURES 1A and 1B, and 
here the maximum voltage obtainable across the second 
ary winding is 590 volts which is obtained, as before, 
when the two sections 21 and 22 are wholly connected in 
parallel, as shown in FIGURE 2A. It will be seen that 
the windings 26 and 27 have no active part in the opera 
tion of the apparatus under these conditions. The wind 
ings 2s and 27, however, allow a lower minimum Volt 
age to be obtained across the secondary winding 23 
when the connectors 24 and 25 make cross connections 
to the tappings 18, 19 and 20, and 8, 9 and 1t) respec 
tively. In the extreme case shown in FIGURE 2B with 
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cross-connections made to the tappings 1th and 20 the 
minimum voltage of 200 volts is obtained across the 
secondary winding 23. 
With the sections 21 and 22 interconnected in the 

manner described above it is possible to make a consid 
erable saving in the material from which the conductors 
are made, usually copper, and thereby to reduce the loss, 
'known as copper loss, which is inherent in any trans 
former. The maximum current flow occurs in the pri 
mary winding when the sections 21 and 22 are connected 
as shown in FIGURE 1A. Under these conditions each 
‘of the sections 21 and 22 carries half of the maximum 
current. When the sections 21 and 22 are connected 
as shown in FIGURE 10 they again each carry half of 
‘the maximum current, since the effective turns of the 
‘winding have been doubled and the current therefore 
halved. At intermediate stages, however, parts of the 
sections have to carry more than half of the maximum 
‘current. For example, when the cross-connections are 
made to the tappings 2 and 12 the parts of the sections 
between the tappings 1 and 2, and 11 and 12 have to 
carry very nearly the full maximum current, and must 
therefore be wound from a conductor of suitable cross 
sectional area. When the cross~connections are made 
to the tappings 3 and 13, however, the current ?owing 
in the winding is reduced and the parts of the sections 
between the tappings 2 and 3 and 12 and 13 therefore 
have to carry less current than the parts between the 
tappings 1 and 2, and 1-1 and 12. They may accordingly 
be wound from a conductor of less cross-sectional area. 
Similarly the parts of the sections between tappings 3 
and 4, and 13 and 14 may be wound from a conductor 
‘of less cross-sectional area than that used for the parts 
between the tappings \2 and 3, and 12 and 13, and so 
on, until ?nally the parts between the tappings 6 and 7, 
and 16 and 17 may be wound from a conductor of suf 
?cient cross-sectional area to carry only half of the 
maximum current. 

It will ‘be seen that the parts of the sections 21 and 
22 carry different currents under different conditions and 
'it is therefore necessary that the two sections 21 and 22 
are ‘disposed in corresponding manner on the core of the 
transformer. That is to say the sections 21 and 22 must 
be disposed on the core such that under all operating 
conditions the leakage impedance of each corresponding 
part of the sections 21 and \22 r(e.g. the parts between 
tappings 1 and 2, and 11 and 12) is the same with re 
spect'to the secondary winding 23. FIGURE 3 shows 
one suitable arrangement for the windings on the core C 
of a transformer. 

‘Referring now to FIGURE 4, there is shown a circuit 
diagram of one practical form of voltage control appara 
tus in accordance with the invention. The apparatus in 
cludes a transformer, as described in the previous ex 
amples, having a primary winding formed by two sec 
tions 21 and 22, and a secondary winding 23, the sec 
tions 21 and 22 having tappings 1 to 7 and ‘11 to 17 re- _ 
spectively. The tappings 1, 3, 5 and 7 of section 21 are 
connected to the fixed contacts of a rotary switch 28 and 
‘the tappings 2, 4 and 6 of the section 21 are connected 
to the ?xed contacts of a rotary switch 29. Similarly, 
the tappings 11-1, 13, 15 and 17 of section 22 are con 
nected to the ?xed contacts of a rotary switch 30 and 
‘the tappings 12, 1'4 and 16 of the section 22 are con 
nected to the ?xed contacts of a rotary switch 31. ‘in 
FIGURE 4, for the sake of clarity, only the tappings 
‘1 and 2, and ,11 and .12 ‘have been shown connected to 
‘the appropriate rotary switches. 

The movable contact 320i the switch 28 is connected 
via switch 33’ to one end of a ?xed coil 34 of a moving 
icoil’ voltage regulator 35 and the movable contact 36 
of switch 29 is connected via switch 37 to one end of 
the other ?xed coil 38 of the regulator 35. The free 
ends of the coils 34‘ and 38 are each connected to the 
end of section 22 at tapping '17. Similarly, the movable 

10 

15 

30 

40 

50 

60 

70 

4 
contact 39 of switch 30 is connected via switch 40 to 
one end of a ?xed coil 41 of a moving coil voltage regu 
lator 42, and the movable contact 43 of switch 31 is con 
nected via switch 44 to one end of the other ?xed coil 
45 of the regulator 42. The free ends of the coils 41 
and 45 are’ each connected to the end of section 21' at 
the tapping 7. The regulator 35 has a moving coil 46 
by means of which the impedance of each of the coils 
34 and 38 may be varied in well known manner, and 
the regulator 42 has a moving coil 47 by means of which 
the impedance of the coils 41 and 45 may likewise be 
varied. The moving coils 46 and 47 are mechanically 
connected in such a manner that movement of the coils 
46 and 47 causes equal variations in the impedances of 
the coils 34 and 41, and 38 and 45 respectively. 

In operation, voltage control with the apparatus on 
load is achieved in the following manner. When the 
moving coils 46 and 47 are in the extreme positions 
shown in FIGURE 4 the impedances of the coils 34 and 
41 are at a minimum value and the impedances of the 
coils 38 and 45 are at a maximum value. Therefore, 
with the movable contacts 32, 36, 39 and 43 in the posi 
tions shown and switches 33, 37, 40 and 44 closed, the 
end of the section 22 at the tapping 17 is effectively con 
nected to the tapping ‘1 of section 21 and the end of the 
section 21 at the tapping 7 is eifectively connected to the 
tapping 11 of section 22. Sections 21 and 22 are there 
fore connected wholly in parallel 1(as in FIGURE 1A) 
and the output voltage across the secondary winding is 
therefore at its maximum value. ‘If now the moving 
coils 46 and 47 are progressively moved towards their 
other extreme positions the impedances of the coils 34 
and 38 and the coils 41 and 45 are varied differentially, 
ie, the impedances of coils 34 and Marc progressively 
increased to their’ maximum value and the impedances 
of coils 38 and 45 are progressively decreased to their 
minimum value, the output voltage across the secondary 
winding 23 therefore also being decreased. When the 
moving coils 46 and 47 reach their other extreme posi 
tions the end of the section 22 at the tapping 17 is ef~ 
'fectively coupled to the tapping 2 of section 21, and the 
end of the section 21 at the ‘tapping 7 is eifectively con 
nected to the tapping '12 of the vsection 22. With the 
moving coils 46 and 47 is this position (opposite to that 
shown in FIGURE 4) the only current ?owing in the 
windings 34 and v41 is the magnetising current and the 
switches 33 and 40 may therefore be opened without any 
appreciable effect on the output voltage across the sec 
ondary winding 23. 
With the switches 33 and 40 open the movable contacts 

32 and 319 may he stepped to their next position and the 
switches 33 and 40 closed, thus connecting tappings 3 
‘and 13 to the coils 34 and 41. If now the moving coils 
46 and 47 are progressively moved to the extreme posi 
tion shown in FIGURE 4, the impedances of ‘the coils 38 
and 45 are increased to their maximum value and the 
impedances of the coils 34» and 41 are decreased to their 
minimum values, the output voltage therefore being 
further reduced. With the moving coils ‘in the positions 
shown in FIGURE 4 the only current ?owing in the coils 
38 and 45 is the magnetising current and‘the switches 
37 and 44 may now be opened and the movable contacts 
36 and 43‘ stepped to their next positions. Now,‘ when 
the switches 37 and 44 are closed, the tappings 4 and 14 
are connected to the coils 38 and 45 and the moving coils 
>46 and 47 may again be moved to their opposite extreme 
positions to further reduce the output voltage. 

It will be seen that this process may be repeated’ along 
the whole of the sections 21 and 22, and since the move 
ment of the moving coils 46 and 47 and the directions of 
rotation of the movable contacts 32, 36, 39' and 43 are 
reversible the apparatus gives complete voltage control 
over a given range. Furthermore, since the variation in 
the impedances of the coils 34, 38, 41 and 45 is stepless, 
the voltage control is also stepless. 
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The control means formed by the moving coil voltage 
regulators 35 and 42, and the rotary switches 28, 29‘, 30 
and 31 may be replaced by other forms of control means. 
For example, in FIGURE 4, four scaturable reactors could 
replace the regulators 35 and 42, the saturable reactors 
being connected in the circuit in place of the ?xed coils 
34, 38, 41 and 45, means being provided for varying the 
direct current supplied to the control windings of each 
of the reactors such that the impedances of the reactors 
is varied in a manner similar to the manner in which the 
impedances of the ?xed coils 34, 38, 41 and 45 is varied. 
The voltage control apparatus has been described above 

as having the primary winding of the transformer formed 
by two equal separate sections and it will be seen that 
this provides a variable voltage output at constant cur~ 
rent. If desired, the secondary winding may be formed 
by two equal separate sections instead of the primary 
winding, and the apparatus then provides a variable volt 
age output at constant volt amperes. 
For the sake of simplicity the voltage control apparatus 

has been described and illustrated in respect of single 
phase alternating current. It will be appreciated, how 
ever, that the apparatus is suitable for use with two or 
more phase alternating current, the apparatus described 
above being repeated for each phase of the alternating 
current. 
What ‘I claim is: 
1. Voltage control apparatus including a transformer 

having a primary winding and a secondary winding, one 
of said windings being formed by ?rst and second equal 
separate sections each having a like plurality of tappings 
and disposed in corresponding manner on the core of 
the transformer such that under all conditions the leakage 
impedance of corresponding parts of said sections with 
respect to the other winding are equal, and control means 
for making cross-connections between a corresponding 
end of each one of said sections and any corresponding 
one of said tappings on the other of said sections whereby 
in operation said sections may be progressively varied 
from a wholly electrical series connection with each other 
to a wholly electrical parallel connection with each other, 
and vice versa, through intermediate positions in which 
any portion of said ?rst section, measured from said cor~ 
responding end to any of the tappings on said ?rst section, 
is electrically connected in parallel with a like portion 
of said second section, the remaining portion of each 
section being in electrical series connection with the por< 
tions electrically connected in parallel. 

2. Voltage control apparatus as claimed in claim 1 in 
which each of said sections has a further winding con 
nected to said corresponding end, said further windings 
having a like plurality of tappings to which said cross 
connections may be made by said control means whereby 
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6 
the range of voltage control of said apparatus may be 
extended. 

3. Voltage control apparatus as claimed inclaim 1 in 
which said control means include ?rst and second pairs 
of series connected variable impedances, ?rst switching 
means for connecting said ?rst pair of impedances across 
any two adjacent tappings on said ?rst section, second 
switching means for connecting said second pair of im 
pedances across two corresponding adjacent tappings on 
said second section, the common points of said ?rst and 
second pairs of impedances being connected to said cor 
responding ends of said second and ?rst sections re 
spectively, and means for differentially varying the value 
of the impedances in each pair from a high value to a 
low value and vice versa. 

4. Voltage control apparatus as claimed in claim 3 in 
which the two impedances of each of said ?rst and sec 
ond pairs of impedances are formed by the two ?xed 
coils of a moving coil voltage regulator, said means for 
di?erentially varying the value of the impedances being 
the moving coil of said regulator. 

5. Voltage control apparatus as claimed in claim 4 in 
which the moving coils of the two regulators are me 
chanically interconnected in such manner that movement 
of the two moving coils causes equal variations in the 
values of the impedances of the corresponding ?xed coils. 

6. Voltage control apparatus as claimed in claim 3, in 
which each of said ?rst and second switching means in— 
cludes two rotary switches, the ?xed contacts of one of 
said rotary switches being connected to alternate ones of 
the tappings on the appropriate section and the ?xed 
contacts of the other of said rotary switches being con~ 
nected to the remaining ones of the tappings on the ap 
propriate section, said pairs of impedances being con 
nected across the movable contacts of said rotary switches. 

7. Voltage control apparatus as claimed in claim 6 in 
which a further switch is included in the connection be 
tween the movable contact of each rotary switch and said 
pairs of impedances. 

8. Voltage control apparatus as claimed in claim 1 in 
which the cross-sectional area of coductor between each 
adjacent pair of tappings on said sections is varied ac 
cording to the maximum current which that portion of 
the winding is required to carry. 
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