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3,610,050 
BALLAST APPARATUS 

Roger E. Hume and Daniel Lovinger, Danville, Ill., as 
signors to General Electric Company, a corporation of 
New York 

Filed Feb. 29, 1960, Ser. No. 1,873 
18 Clains. (C. 315-38) 

This invention relates to ballast apparatus and more 
particularly to ballast apparatus including a high reactance 
ballast transformer having a lead secondary winding cou 
pled with a primary winding. 
When arc discharge devices, such as fluorescent lamps 

are operated on alternating current, a high reactance 
transformer is used to provide a high open circuit volt 
age for starting the lamps, a relatively lower voltage for 
operating the lamps, an impedance required to limit the 
current flow because of the negative resistance character 
istic of the lamp. Thus, the functions of voltage modi 
fication and current limitation are combined in a high 
reactance ballast transformer. Ordinarily, in a high re 
actance ballast transformer, the primary and secondary 
Windings are loosely coupled so that when the transformer 
is carrying the load current there is a substantial amount 
of leakage flux, and the voltages induced in the windings 
tend to cause the transformer to have a relatively high 
leakage reactance. s 
The effect of leakage reactance is to reduce the cou 

pling between the primary and secondary over the cou 
ping that would normally be obtained if the primary and 
Secondary windings were tightly coupled. Conventional 
means used for supplying a path or shunt for the leakage 
flux are to provide a space in the coil receiving window 
between the primary and the secondary windings for the 
flow of leakage flux or to provide a metallic shunt and 
air gap between the primary and secondary windings, or 
a distributed path along the length of the secondary coil. 
Since the magnetic cores generally used in ballast trans 
former constructions are of the shell-type having an elon 
gated central winding leg on which the primary and sec 
ondary windings are arranged and a pair of outer yoke 
legs Surrounding the primary and secondary winding to 
a return path for the magnetic flux, it has been the com 
mon practice to provide leg portions on either the center 
winding leg or the outer yoke legs to form magnetic 
shunts between the winding, with the legs being so formed 
that an air gap is provided in the shunts. In some prior 
art constructions bundled shunts have been interposed be 
tween a primary winding to provide a path for the leak 
age flux for a lag secondary winding. Such a prior art 
construction employing transverse bundled shunts and a 
Series air gap is described in U.S. Patent No. 2,568,553 
Mauerer. Since the permeability of iron or other mag 
netic metals used in transformer cores is much better than 
that of air, it is possible with a metallic shunt to provide 
the same leakage reactance with a shorter core length 
as compared with an air path between the primary and 
Secondary windings or a distributed leakage along the 
Secondary coil. 

In the past it was considered undesirable to permit the 
flux density in a metallic shunt to exceed the point at 
which it would saturate. When a shunt saturates, a 
lower inductance or leakage reactance results in the cir 
cuit. Therefore, an air gap is ordinarily used to control 
the fiux density in the metallic shunt under high current 
conditions and to prevent the shunt from reaching a point 
of Saturation. In other words, since the iron might in 
troduce a nonlinear effect in the magnetic circuit which 
might cause the shunt to operate in its saturation region, 
heretofore, this possible effect was avoided by the use of 
the air gap in the shunt. The high reluctance provided 
by the air gap rendered the reluctance of the leakage path 
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substantially linear since the air gap contributed most of 
the reluctance. - 

The present invention is particularly concerned with a 
high reactance ballast transformer which includes a lead 
secondary winding coupled on a magnetic core with a 
primary winding. A lead secondary, as the term is used 
herein, is a secondary winding of a ballast transformer 
which supplies a current to a leading power factor load. 
In other words, it is a secondary in which a leading cur 
rent flows during operation due to the predominantly 
capacitive reactance of the secondary circuit of the bal 
last apparatus. In such a circuit the lamp is supplied 
with the leading current flowing in the secondary of the 
high reactance transformer. Since the lead secondary 
winding carries a leading current, the flux produced by 
it in the central winding leg is more or less in phase with 
the exciting flux produced by the primary winding. The flux 
which flows through the shunt or leakage path interposed. 
between the lead secondary winding and the primary wind 
ing is equal to the vector difference of the primary flux 
and the total flux under the secondary, and generally is 
relatively small in magnitude. However, the flux pro 
duced by a lag secondary is substantially in phase oppo 
sition to the exciting flux induced in the central winding 
leg by the primary winding. Consequently, the flux 
which flows in the shunt between a lagging secondary 
and a primary is the vector sum of the fluxes produced 
by the windings. Thus, the magnitude of the flux in a 
shunt between a lag secondary winding and the primary 
winding is relatively greater. In order to prevent the flux 
density in metallic shunts from reaching saturation under 
operating conditions it will be seen that the cross sec 
tional area of shunts used between lag secondary wind 
ings and primary windings are necessarily greater than 
those used between lead secondary windings and primary 
windings in comparable magnetic circuits. 

In the past constructions of high reactance transformers 
utilizing metallic shunts, the leakage reactance does not 
change to any appreciable degree between open circuit 
and normal operating conditions. In other words, the 
leakage reactance of conventional high leakage reactance 
transformers has been essentially linear, any nonlinearity 
which might be introduced because of the high perme 
ability of the iron having been effectively suppressed by 
air gaps. 

Several difficult problems have been encountered in 
providing suitable ballast apparatus for series lead cir 
cuits of desired small size and expense without a sacrifice 
in lighting efficiency or ballast performance. For ex 
ample, conventional constructions of high reactance bal 
last transformers were found to produce the condition of 
instability in fluorescent lamps and especially with re 
spect to low temperature operation of lamps in series lead 
circuits. This instability resulted in a low frequency oscil 
lation or variation in the visible light output of the lamps 
which produced an objectionable flickering. Conven 
tional expedience for increasing the leakage reactance in 
the ballasting secondary winding have not produced satis 
factory results. In some applications insufficient space 
Was available to increase the leakage reactance by adding 
turns or by providing additional spacing between the 
primary and secondary windings. Attempts to reappor 
tion the magnetizing and leakage reactance of the sec 
ondary winding failed because the instability was still 
present. 

Accordingly, an object of the invention is to provide 
an improved high reactance ballast transformer and bal 
last apparatus for starting and ballasting a gaseous dis 
charge lamp, such as a fluorescent lamp, having stable 
and improved operating characteristics. 
Another object of the invention is to provide an im 

proved high reactance transformer and ballast apparatus 
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wherein the leakage reactance is effectively utilized to 
improve the waveform of the lamp current. 

It is still another object of the invention to provide 
an improved ballast apparatus for series lead circuits op 
erating a pair of fluorescent lamps. 
A more specific object of the invention is to provide 

an improved ballast apparatus that will provide a leakage 
reactance at an early portion of each half cycle of the 
alternating current supplied to the lamp, which is de 
creased during a later portion of each half cycle. 

It is still a further object of the present invention to 
provide a high reactance ballast transformer of improved 
Versatility that will permit a ballast apparatus of smaller 
size to be constructed without a sacrifice in lighting effi 
ciency or ballast performance. 

In accordance with the invention, a ballast apparatus 
is provided for starting and operating one or more lamps 
in a series lead circuit in which a nonlinear shunt is uti 
lized between the lead secondary winding and primary 
of a high leakage reactance transformer to introduce an 
increased leakage reactance during the early portion of 
each half cycle of the secondary current and a decreased 
leakage reactance during a later portion of each half 
cycle. Preferably, the ballast apparatus, in accordance 
with the invention may be used for operating a pair of 
fluorescent lamps in a series lead circuit arrangement. 

In another aspect of the invention, a high reactance 
ballast transformer is provided having a magnetic core 
With a central elongated winding leg, on which the primary 
Winding and at least one lead secondary winding are lo 
cated in an end to end relationship. A pair of outer yoke 
legs are disposed on both sides of the central elongated 
winding leg to provide a closed path for the magnetic 
flux and to form a coil receiving window for the trans 
former windings. In the coil window space between the 
primary winding and the lead secondary winding we have 
inserted a nonlinear shunt having a sufficiently restricted 
Cross-sectional area so as to cause flux saturation in the 
shunt during each half cycle of the secondary current. 
The term "nonlinear shunt” is used herein to denote a 
shunt (1) that is interposed between a primary winding 
and a secondary winding in a magnetic circuit, (2) that 
Saturates and desaturates during each half cycle of the sec 
6ndary current, and (3) that provides a leakage react 
ance which substantially varies during each half cycle of 
the secondary current. 

Although in the illustrated embodiments of our in 
vention we have employed transverse shunt lamination 
inserts between the primary and the lead secondary wind 
ings, it will be apparent that relatively thin projections 
extending laterally and formed integrally with the central 
winding leg or the outer yoke legs can be used to provide 
a nonlinear shunt in accordance with the broader aspects 
of the invention. 
The Subject matter which we regard as our invention is 

set forth in the appended claims. The invention itself, 
however, together with further objects and advantages 
thereof may be better understood by referring to the fol 
lowing description taken in connection with the accom 
panying drawings in which: 
FIG. 1 is a plan view of a high reactance ballast trans 

former in which the invention is embodied; 
FIG. 2 is a sectional view along the plane 2-2 of the 

high reactance transformer of FIG. 1; 
FIG. 3 is a perspective view of a shunt lamination used 

in the illustrated embodiments of the invention; 
FIG. 4 is a plan view of another high reactance trans 

former embodying the invention; 
FIG. 5 is a plan view of a high-reactance transformer 

illustrating an embodiment of the invention with a por 
tion of the winding cut away; 

FIG. 6 is a schematic circuit diagram of a ballast ap 
paratus utilizing the high reactance transformer of FIG. 1; 

FEG. 7 is a schematic circuit diagram of a ballast ap 
paratus utilizing the high reactance transformer of FIG. 4; 
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4. 
FIG. 8 is a schematic circuit diagram of a ballast appa 

ratus utilizing the high reactance transformer of FIG. 5; 
FIG. 9 illustrates the two curves showing the waveform 

of the lamp current flowing in a series lead ballast cir 
cuit, curve A representing the waveform of the lamp 
supplied by a ballast apparatus employing nonlinear 
shunts in accordance with the invention and curve B rep 
resenting the waveform of the lamp current supplied by a 
conventional ballast in which a substantally constant leak 
age reactance was provided; and - - 

Fig. 10 presents two curves, curve C representing the 
primary flux density in lines per square inch plotted 
against the shunt flux density in lines per square inch and 
curve D representing the primary flux density in lines per 
square inch plotted against leakage reactance in ohms. 

Referring to FIG. 1, there is shown a high reactance 
transformer generally identified by the numeral 1. The 
transformer A is formed of a magnetic core 12 includ 
ing a central winding leg 13 and the outer yoke legs 14, 
5 arranged respectively on opposite sides of the center 

leg member 13. The magnetic core E2 is comprised of 
stacks of a plurality of relatively thin laminations of elec 
trical steel, there being three lamination pieces per la 
ination layer. Mounted on the elongated central wind 
ing leg 13 within a coil receiving windows 16, 17 defined 
by the yoke legs 24, 5 are the primary winding 18 and 
the lead secondary winding i9. The cathode heating 
windings are shown schematically in FIG. 6, one being 
included in the primary winding 18 and two being coul 
pled in a secondary transformer relationship therewith. 
The laminations of the central winding leg 13 and 

outer yoke legs may be held together by any suitabie 
means, such as the spring clamps 20, 21 which are shown 
disposed at the opposite ends of the magnetic core 2. 
It will be seen that the clamps 20, 22 also hold the outer 
yoke legs 24, 15 in an abutting relationship with the cen 
tral winding leg 3. In the coil receiving windows 6, 17, 
two transverse shunt laminations 22 spaced from the 
outer yoke legs i4, 15 are interposed between the pri 
mary winding 58 and secondary winding 19. Although 
as shown in the sectional view of FIG. 2 and in the per 
spective view of FIG. 3, the lamination 22 has a C 
shaped configuration, this particular configuration was 
used since it facilitates assembly, the inwardly extending 
projections 23, 24 preventing the shunt laminations 22. 
from falling out during the manufacturing operation. 

Referring now to FIG. 2, it will be seen that the trans 
verse shunt laminations 22 are disposed vertically in the 
coil receiving window and spaced from the outer yoke 
legs i4, 5 and the central winding leg 13. The shunt 
laminations 22 are retained on the central winding leg 3 
by the inwardly extending projections 23, 24. Although 
we have shown and described shunt laminations in the 
illustrative embodiment of our invention, it will be readi 
ly apparent to those skilled in the art that the nonlinear 
shunt in accordance with the invention may be integrally 
formed on the outer yoke legs 4, 15 on the central wind 
ing leg 13 or on both the yoke legs 14, i5 and the central 
winding leg 3, each providing a portion thereof. The 
lamination 22 was fabricated of electrical, i.e., magnetic, 
strip sheet steel for reasons of convenience and economy. 
However, it will be appreciated that magnetic alloys can 
be used to provide the variable leakage reactance in ac 
cordance with this invention. 
As shown in FIG. 4, a magnetic core 25 of the high 

reactance ballast transformer 26 comprises an elongated 
central winding leg 27 and a pair of yoke legs 28, 29. 
The spring clamps 30, 31 hold the outer yoke legs 28, 
29 in an abutting relationship with the central winding 
member 27. It will be noted that the yoke legs 28, 29 
are provided with integrally formed metallic shunts 32, 
33, which are spaced from the central winding leg 27 
to provide air gaps 34, 35. As viewed in FIG. 4, a lag 
secondary winding 36 is disposed to the left of the metal 
lic shunts 32, 33 and a primary winding 37 is disposed 



5 
to the right of the shunts 32, 33. A lead secondary 
winding 38 is mounted on the central winding leg 27 to 
the right of the primary winding 37. The air gaps 34, 
35 between the shunt and the central winding leg 37 pro 
vide a high reluctance which renders the magnetic charac 
teristic of the shunting circuit substantially linear since 
most of the reluctance of the circuit is in the air gaps 
34, 35. Interposed between the lead secondary winding 
38 and the primary winding 37 are a pair of nonlinear 
shunt laminations 39 being spaced from the outer yoke 
legs 28, 29. In accordance with the invention, the opera 
tion of this ballast transformer 26 will be more fully 
described in connection with the description of its asso 
ciated ballast apparatus illustrated in FIG. 7. 

In FIG. 5 another form of our invention is shown 
embodied in a high reactance transformer 40 of the shell. 
type in which two primary windings 41, 42 are disposed 
at opposite ends of a lead secondary winding 43. Like 
the ballast transformers 11, 26, shown in FIGS. 1 and 4, 
the transformer of FIG. 5 is of the shell-type having a 
magnetic core 44 with an elongated central winding leg 
45 and a pair of outer yoke legs. 46, 47 disposed in an 
abutting relationship on opposite sides of the central 
winding leg 45 to form coil receiving windows 48, 49. 
Spring clamps 50, 51 hold the outer yoke legs in an 
abutting relationship with the central winding leg 45. 
The high reactance of the transformer 40 is provided 

by the distributed leakage of magnetic flux between the 
elongated central winding leg 45 and the yoke legs 46, 
47 and the nonlinear shunts of the invention. In ac 
cordance with the invention, two laminations 22 of the 
type shown in FIG. 3 are included at each end of the 
lead secondary winding 43 to serve as a nonlinear shunt 
between the primary windings 41, 42 and the lead sec 
ondary winding 43. It will be seen that the shunt lami 
nations 22 of this invention do not add appreciably to . 
the length of the magnetic core 44 and are spaced from 
the outer yoke legs 46, 47. 
Three spaced transverse slots 52, 53, 54 are formed in 

the central winding leg 45 and form bridged gaps serv 
ing the purpose of preventing saturation of the secondary 
winding magnetic circuit in order to keep core losses at 
a minimum and to prevent distortion of the lamp current 
waveform. Thus, the advantages derived by using 
bridged gaps as shown in FIG. 5 and also in the embodi 
ments of FIGS. 1 and 4 can be realized in conjunction 
with the advantages of this invention. 
The Specific circuit connections of the high reactance 

ballast transformers 11, 26, 40 of FIGS. 1, 4 and 5 will 
now be considered in connection with the schematic cir 
cuit diagrams of FIGS. 6, 7 and 8 in which the trans 
formers are schematically illustrated. In the circuit dia 
grams it will be noted that the nonlinear shunts of this 
invention are identified symbolically in the circuit using 
two parallel lines crossed by a slant line. 

Referring now to FIG. 6, the ballast apparatus is en 
closed in a dashed rectangle 56 and includes two of the 
high reactance transformers 11, 11, shown in FIG. 1. 
The ballast apparatus is intended for starting and operat 
ing two serially connected 96 PG17 type power groove 
lamps. The power groove lamps are hot cathode lamps 
which have an unusually high wattage rating for a given 
starting voltage rating. The correspondence between the 
high reactance ballast transformer shown in FIG. 1 and 
the transformers shown schematically in FIG. 6 is indi 
cated by using like numerals to identify the correspond 
ing parts. The high reactance ballast transformers 11, 
11 include primary windings, 18, 18, secondary wind 
ings 19, 19, magnetic cores 12, 12' and nonlinear shunts 
comprising the laminations 22 22. A heating winding 
59 is connected to filament 60 of lamp 57, and heating 
winding 6 is connected to filaments 62, 63 of lamps 57, 
58. Heating winding 64 which is connected to filament 
65 may be an extension, as shown, of the primary wind 
ing 18'. 
Two external input leads 66, 67 are provided for con 
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6 
nection to a source of alternating voltage (not shown), 
for example, 115 volts at a frequency of 60 cycles and 
are connected across primary winding 18. Primary 
winding 18 is also connected to the external input leads 
66, 67 by conductors 68, 69. It will be noted that the 
two secondaries 19, 19" are connected in series circuit 
relationship, the secondary winding i9' being in auto 
transformer relationship with the primary winding 8'. 
A starting capacitor 71 is connected between the high 
voltage lead or output lead 72 and an intermediate volt 
age lead 70 which is also connected to the heating wind 
ing 61. A second output lead 73 joins one end of the 
primary winding 18 with filament 65 of lamp 58. Con 
nected in series circuit relationship with the secondary 
winding 19 is a capacitor. 74 selected to have sufficient 
capacity to deliver to the two lamps 57, 58 the combined 
output of the currents developed by the two transformers 
11, 11’ and to provide a net capacitive reactance in the 
secondary circuit. 
When the input leads 66, 67 are connected to a suit 

able source of alternating current (not shown), the total 
open circuit voltage, which is the sum of the input volt 
age across the primary windings 18, 18' and the individ 
ual voltages of the secondary windings 19, 19’ is im 
pressed across the serially connected lamps 57, 58. Due 
to the connection of the starting capacitor 71 across the 
lamp 57, substantially all of the output voltage appears 
in the first instance across the lamp 58. Also, at the 
same time the filaments 60, 65 are being quickly heated 
to electron emitting temperatures and soon thereafter, 
lamp 58 is ignited. The discharge current in the lamp 
then flows through the starting capacitor 7 thereby pro 
ducing a relatively high voltage drop in the capacitor, 
which voltage drop is impressed across lamp 57 and 
causes lamp. 57 to form an arc discharge between its 
heated filaments 60, 62. After the lamp 57 has fired, 
the starting capacitor 71 is effectively short circuited by 
the lamp 57. 

In prior constructions of the high reactance ballast 
transformers, difficulties were encountered in the lamp 
stability as attempts were made to reduce the length of 
the magnetic core in order to meet design requirements. 
In prior designs of the high reactance transformer used 
in the ballast apparatus shown in FIG. 6, a space be 
tween the primary and the secondary was provided. We 
found that the length of the magnetic core could be 
effectively reduced and in addition a very significant im 
provement in the operating characteristics of the ballast 
circuit could be obtained by using the nonlinear shunts 
of this invention. 
An important advantage derived from the use of non 

linear shunts between the primary and lead Secondary 
windings in a series lead ballast circuit of the type shown 
in FIG. 6 lies in the improvement of lamp current wave 
form. We discovered that the lamp current waveform 
is improved if the leakage reactance resulting from the 
leakage flux in the magnetic circuit were high during an 
early portion of each half cycle during which the lamp 
reignites. A further improvement in lamp current wave 
form can be obtained if the leakage reactance is at a 
minimum during a later portion of the half cycle of 
each half cycle of the lamp current. 

Referring now to FIG. 9, the current waveform de 
fined by the solid line, curve A, represents the waveform 
obtained on an oscilloscope for the lamp current in the 
circuit of FIG. 6, in which the high reactance ballast 
transformers 11, 1i' employed nonlinear shunts 22, 22 in 
accordance with the invention. The current waveform 
defined by the dashed lines, curve B, represents the lamp 
Current in the same ballast circuit in which an air space 
forming a linear shunt was provided between the primary 
windings, 18, 18' and the lead secondaries 19, 19. 

It was found that the low current values occurring dur 
ing the initial period of each half cycle were primarily 
responsible for lamp instability and that this low current 
flow condition at each half cycle was aggravated as the 
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temperature of the lamp decreased. Thus, as an example, 
lamps operated in the vicinity of an air conditioning out 
let would flicker as a result of the low current flow con 
dition. We discovered that a nonlinear shunt employed 
in accordance with the invention provided a higher value 
of leakage reactance at the start of each lamp current 
half cycle and thereby a higher current at that time. This 
is evidenced by the substantially increased values of the 
current flowing during the initial period of the cycle as 
shown by curve A of FIG. 9. It was found that this 
ballast transformer, using the nonlinear shunts in accord 
ance with the invention did not experience instability 
when used for air conditioning applications. 

Another advantage resulting from the use of nonlinear 
shunts in accordance with the invention is further evident 
from the current waveform during the later part of each 
half cycle. The low leakage reactance provided by the 
nonlinear shunt during the later part of each half cycle 
when the shunt has become saturated allows an increased 
current to flow, particularly the third harmonic compo 
nent. In other Words, the nonlinear shunt of the inven 
tion introduces a variable leakage reactance in ballast cir 
cuits. A high leakage reactance is provided early in each 
lamp current half cycle, and a lesser amount of leakage 
reactance is provided at a critical time in the later por 
tion of each half cycle when the third harmonic current 
can be utilized to improve the operating performance of 
the ballast transformer. 
The advantages of the invention may also be obtained 

in a series lead ballast circuit of the type shown in FEG. 
7 in which the high reactance transformer 26 of FIG. 4 
is employed in the circuit to operate a pair of fluorescent 
lamps 75, 76 in which the filament leads (not shown) 
are short circuited inside the lamp base and which are 
known generally in the trade as instant start lamps. The 
ballast apparatus. as shown schematically in FIG. 7 is 
enclosed in a dashed rectangle 77, which represents the 
ballast apparatus case. The correspondence between the 
high reactance baliast transformer of FIG. 4 and the 
schematic diagram shown in FIG. 7 is indicated by using 
like reference numerals to identify like parts. A primary 
winding 37 is connected across a pair of input leads 78, 
79 which are adapted for connection to an alternating cur 
rent source (not shown). A first secondary winding 36 
and a second secondary winding 38 are mounted on a 
magnetic core 25. In accordance with the invention, a 
nonlinear shunt 39 is interposed between the primary 
winding 37 and the second secondary winding 38. Be 
tween the first secondary winding 36 and the primary 
winding 37, a metallic linear shunt 80 is interposed. The 
linear shunt 30 symbolically represents the shunt projec 
tions 32, 33 and the series air gaps 34, 35 which are 
shown in FIG. 4. The inductive reactance of the first 
secondary winding 36 is relatively greater as compared 
with the capacitive reactance of capacitor 81 so that the 
current in the secondary will lag, and therefore the first 
secondary 35 is a lag secondary winding. Since the sec 
ond secondary 38 supplies a leading current during nor 
mal operation of the ballast apparatus, the nonlinear shunt 
39 is inserted between the primary winding 37 and the 
secondary winding 38. 
From the circuit connections of the bailast apparatus 

of FIG. 7 it will be be readily seen that lamp 75 is con 
nected across the primary winding 37 and the first or 
starting secondary winding 36 while lamp 76 is connected 
across the first secondary winding 36 and the second or 
ballasting secondary winding 38. When an alternating 
voltage is applied across the input leads 78,79, the applied 
voltage combined with the voltage across the first second 
ary winding 36 appears across lamp 75 and a lagging 
current flows in the circuit of lamp 75. As is well-known 
in the art, the lagging current causes a shift of the phase 
of the voltage in the first secondary winding 36 so that it 
becomes generally additive with the voltage in the sec 
ond or ballasting secondary 38. This combined voltage 
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8 
appears across lamp 76 and is sufficient to ignite it. When 
both lamps have ignited, the ballast circuit operates as 
a series lead circuit, including the primary winding 37 
and the ballasting winding 38. The starting windings 36 
is of relatively high impedance and is more or less ex 
cluded from the operating circuit, drawing only a very 
small current. During normal operation the path of cur 
rent flow is from input lead 79 through lead 83, the lamp 
76, the secondary winding 38, the capacitor 81, lamp 75 
and lead 80 to input lead 78. 

It was found that the nonlinear shunts significantly im 
proved lamp stability and the performance characteristics 
of the ballast apparatus shown in FIG. 7. Thus, the ad 
vantages of the invention can be realized where lead and 
lag secondary windings are disposed in an end to end rela 
tionship with a primary winding in a series lead ballast 
circuit. 

Referring now to FIG. 8, a ballast apparatus employ 
ing the high reactance transformer 40 of FIG. 5 is illus 
trated for operating a pair of hot cathode lamps 84, 85. 
As shown in FIG. 8, the primary windings 4, 42 are 
arranged on a magnetic core 44, the primary winding 41 
being located at one end of the secondary winding 43 
and the other primary winding 42 being located at the 
other end of the secondary winding 43. The two pri 
mary windings 45, 42 and the secondary winding 43 are 
shown disposed on the magnetic core 44. The nonlinear 
shunts 86, 87, in accordance with the invention, are placed 
on opposite sides of the secondary winding 43 So they are 
interposed between the secondary winding 43 and the pri 
mary windings 41, 42. The nonlinear shunts 86, 87 are 
comprised of a pair of the laminations shown in FIG. 3. 
Except for the single ballast transformer 40 being used 
with split primary winding arrangement, the ballast cir 
cuit of FIG. 8 is generally similar with the circuit shown 
in FIG. 6. 
The correspondence between the high reactance trans 

former shown in FIG. 5 and the ballast apparatus of 
FIG. 8 is indicated by the use of like reference numerals 
to identify like parts. As shown in FIG. 8, the ballast 
apparatus is enclosed by the dashed rectangle 88, which 
schematically represents the ballast case. It will be noted 
that the secondary winding 43 is in auto-transformer rela 
tionship with the primary winding 42. A capacitor 89 
is connected in series with the secondary winding 43 and 
with lamps 84, 85. Another capacitor 90 is provided as 
an aid in starting and is connected in parallel with the 
lamp 84. A first output lead 91 and a second output lead 
92 are connected across the serially connected lamps 84, 
85. Two input leads 93, 94 are provided for connection 
with an alternating current source (not shown). Cur 
rent for heating the filaments 95, 96, 97, 98 are provided 
by the heating windings 99, 10, 102. 
When an alternating voltage is applied to the input 

terminals 93, 94, a stepped up voltage comprising the 
voltage of secondary 43 added to the input voltage ap 
pears across the output leads of ballast transformer 40. 
Due to the starting capacitor 96, this voltage is first ap 
plied across lamp 85 to start it. Once lamp 85 starts, 
most of the voltage then appears across lamp 84 to start 
it. Once both lamps are started, the ballast apparatus 
of FiG. 8 operates as a series lead circuit in the same 
nanner as the circuit shown in F.G. 6. 
By splitting the primary winding into two primary 

windings 41,42, it has been found possible to derive the 
benefit of a reduced primary winding temperature dur 
ing normal operation of the lamps and yet maintain the 
stability, the improved performance characteristics, and 
other advantages which are realized by constructing a 
ballast transformer with nonlinear shunts of this inven 
tion. 
As a Specific illustrative example of the invention, the 

ballast apparatus of FIG. 6 was constructed for starting 
and operating two 96 PG17 power groove lamps. The 
apparatus utilized two of the high reactance transformers 
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11 shown in FIG. 1 and was housed in a ballast case 
having the following outer dimensions; 19346 inches long, 
3/8 inches wide and 25/8 inches high. Each high react 
ance transformer 11 was 6/8 inches long, 22%2 inches 
wide and 2% inches high. The outer yoke legs 14, 15 
of the magnetic core 12 were formed by laminations .025 
inch thick and were stacked to a height of 1% inches. 
The center winding leg 13 consisted of a stack of lamina 
tions stacked to a height of 1% inches. Two C-shaped 
laminations 22 of the type shown in FIG. 3 having a 
thickness of .025 inch were inserted between the primary 
winding 18 and the secondary winding 9. The primary 
wiriding had 370 turns of number 20 copper wire and the 
secondary winding had 807 turns of number 20 copper 
wire. The heating windings 59, 6, 64 had 12, 13, 13 
turns respectively. The capacitive reactor had a capaci 
tance of 6.7 microfarads. The starting capacitor had a 
capacitance of .075 microfarad. The transformer devel 
oped an open circuit voltage of 478 volts (root mean 
square) across both lamps. The power factor with both 
lamps operating was found to be approximately 98.9. 

In order to demonstrate the advantages derived by 
the ballast apparatus of the invention, the ballast ap 
paratus described in the illustrative example was com 
pared with an identical ballast in which an air space was 
provided between the lead secondary winding and primary 
winding in accordance with the conventional practice. 
The performance characteristics of the two ballasts are 
summarized in Table I. 
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450 ohms at the point in each half cycle when the flux 
density was at a minimum. Therefore, it will be seen 
that the leakage reactance provided by the shunt varies 
from 450 ohms to 400 ohms during each half cycle. 
When the nonlinear metallic shunts were removed 

from the ballast transformer, the leakage reactance was 
found to be substantially constant at approximately 299 
ohms. It will be readily apparent to those skilled in the 
art that the nonlinear shunts provide the ballast circuit 
designer with a versatile tool for improving a ballast ap 
parail IS. 

it will be appreciated that although the illustrative em 
bodiments of the invention involve ballast apparatus for 
starting and operating two arc discharge lamps, it will be 
apparent that the invention can be readily embodied in 
a bailast apparatus for starting and operating a single 
lamp. While this invention has been explained by de 
scribing particular embodiments thereof, it will be under 
stood that modifications may be made without depart 
ing from the scope of the invention as defined in the 
appended claims. 
What we claim as new and desire to secure by Letters 

Patent of the United States is: 
1. An alternating current source, a ballast apparatus 

for starting and operating at least one arc discharge 
lamp therefrom comprising a magnetic core having an 
elongated central winding leg and a yoke defining at 
least one coil receiving window with said central wind 
ing leg, at least one primary winding and at least one 
lead secondary winding disposed in an end to end re 
lationship on said central winding leg within said coil 
receiving windows, a pair of input leads connected with 
the alternating current source, said primary winding be 
ing connected across said input leads, a first and second 

40 

Table I 

Ballast; Balast 
with non- without 
linear nonlinear. 

nietallic Inetallie 
shunts Shints 

Lamp current---- amperes. 3. 46 
Lamp power facto percent- 77.3 73, 
Input power.-- ---watts-- 456 47 
Input current. amperes-- 3.91 4. 
Light output.------------------------percent. 91.4 92.0 
Power capacitor----------------- Imicrofarads-- 6.7 6.7 
Primary current of first transformer-amperes-- 52 , 6. 
Primary current of second transformer 

ampereS- .50 58 

From the data presented in Table I, it will be noted that 
for substantially the same light output of 91.4 and 92 
percent, the ballast with the nonlinear shunts require less 
power to operate the power groove lamps. The lower 
values of primary current and lamp current, in addition 
to the improved lamp power factor, make it possible to 
obtain an appreciable reduction in size and cost for 
given performance characteristics as compared with a 
comparable ballast in which the nonlinear shunts of the 
invention are not utilized. - 

To determine the degree of saturation and thereby the 
nonlinearity of the nonlinear shunts, search coils were 
wound around the shunt laminations in the ballast trans 
former of the illustrated example. During this test, the 
secondary winding was shorted through a low impedance 
ammeter in order to reduce the flux in the secondary 
winding to substantially Zero. Voltage readings were 
recorded for various values of the primary flux density 
and the flux density in the shunt was computed. Curve 
C of FIG. 10 represents a plot of primary flux density in 
lines of per square inch against shunt flux density in 
lines of per square inch. From curve C it will be seen 
that the metallic shunt contained a major part of the 
primary flux until it started to saturate at a shunt density 
of approximately 90,000 lines per square inch. Curve D, 
the dashed ined curve, represents a plot of primary flux 
density in lines per square inch against leakage reactance 
as calculated from measurements of the short circuit sec 
ondary current. The maximum flux density with the 
lamps operating was found to be 110,000 lines per square 
inch. This value corresponds with a leakage reactance 
of 400 ohms. The leakage reactance was approximately 
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output lead connected in circuit with said secondary 
winding, a capacitor connected in circuit with said sec 
ondary winding and one of said output leads, said out 
put leads being provided for connection across said 
lamp, and at least one nonlinear shunt disposed between 
said primary winding and said lead secondary winding 
and having at least one end spaced from said magnetic 
COC. 

2. The ballast apparatus of claim 1 wherein said non 
linear shunt is comprised of at least one relatively thin 
transverse lamination of magnetic material vertically 
disposed between said primary winding and said lead 
secondary winding. s - 

3. An alternating current source, a ballast apparatus 
for starting and operating at least one arc discharge 
lamp therefrom comprising a magnetic core having a 
central winding leg and a yoke defining coil receiving 
windows with said central winding leg, at least one pri 
mary winding, a pair of input leads connected across 
the alternating current source, said primary winding be 
ing connected across said input leads, a lag secondary 
winding mounted on said central winding leg, a linear 
shunt disposed between said primary winding and said 
lag secondary winding, said metallic shunt separating 
said coil receiving windows into a first and second sec 
tion, a lead secondary winding mounted on said central 
Winding leg and disposed in said second section of said 
coil receiving windows, a first and second output lead 
connected in circuit with said lead secondary winding, 
a capacitor, said capacitor being in series circuit rela 
tionship with said lead secondary winding and said 
first output lead, said first and second output leads 
being provided for connection across said lamp, said 
primary winding being arranged on said central winding 
leg adjacent to said shunt and in an end to end relation 
ship with said lead secondary, a nonlinear transverse 
shunt interposed between said primary winding and said 
lead secondary winding, said nonlinear shunt providing 
a substantially variable leakage reactance and said linear 
shunt providing a substantially constant leakage re 
actance. 
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4. The ballast apparatus set forth in claim 3 wherein 
said nonlinear shunt is comprised of at least one rela 
tively. thin lamination of magnetic material inserted be 
tween said lead secondary winding and said primary 
winding. 

5. An alternating current source, a ballast apparatus 
for starting and operating a pair of arc discharge lamps 
therefrom comprising a magnetic core having a central 
winding leg and a yoke defining coil receiving windows 
with said central winding leg, a first primary winding, 
a second primary winding, a pair of input leads con 
nected across the alternating current source, said pri 
mary windings being connected across said input leads, 
a secondary winding mounted on said central winding leg 
within said coil receiving windows, said first primary 
winding being disposed in an end to end relationship 
with one end of said secondary winding and said sec 
ond primary winding being disposed on said central 
winding leg in an end to end relationship at the other 
end of said secondary winding, a first output lead con 
nected in circuit with said secondary winding, a second 
output lead connected in circuit with one of said pri 
mary windings, said output leads being provided for 
connection across said lamps, a capacitor connected in 
series circuit relationship with said secondary winding 
and one of said output leads, said secondary winding 
being connected in autotransformer relationship with one 
of said primary windings, a first nonlinear shunt inter 
posed between said first primary winding and said sec 
ondary winding and having at least one end spaced from 
said magnetic core, and a second nonlinear shunt inter 
posed between said second primary winding and said 
secondary winding, both of said nonlinear shunts pro 
viding a variable leakage reactance during operation 
of said transformer. 

6. The ballast apparatus of claim 5 wherein said 
nonlinear shunt is comprised of at least one relatively 
thin lamination of magnetic material. 

7. An alternating current source, a ballast apparatus 
for starting and operating at least one arc discharge lamp 
therefrom comprising a magnetic core having a central 
winding leg and a yoke defining coil receiving windows 
with said central winding leg, a first primary winding, 
a second primary winding, a pair of input leads con 
nected across the alternating current source, said pri 
mary windings being connected across said input leads, 
a secondary winding mounted on said central winding 
leg within said coil receiving windows, a first output 
lead connected in circuit with said secondary winding, a 
second output lead connected in circuit with one of said 
primary windings, said output leads being provided for 
connection across said lamp, a capacitor connected in 
series with said secondary winding and one of said out 
put leads, said secondary winding being connected in 
autotransformer relationship with one of said primary 
windings, said first primary winding being disposed in 
an end to end relationship with one end of said secondary. 
winding and said second primary winding being disposed 
on said central winding leg in an end to end relationship 
at the other end of said secondary winding, a nonlinear 
transverse shunt interposed between one of said primary 
windings and said secondary winding, said nonlinear 
shunt providing a variable leakage reactance during 
operation of said transformer and having at least one end 
spaced from said magnetic core. 

8. An alternating current source, a ballast apparatus for 
starting and operating a pair of arc discharge lamps there 
from comprising a magnetic core having an elongated 
central winding leg and a pair of yoke legs defining coil 
receiving windows with said central core leg and integrally 
formed shunt projections on at least one of said legs, said 
shunt projections separating said coil receiving windows 
into first and second sections and having an air gap in the 
magnetic circuit of said projections, a lag secondary wind 
ing disposed on said central winding leg within said first 
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section, a primary winding disposed on said central wind 
ing leg adjacent to said projections within said second sec 
tion, a pair of input leads connected across the alternating 
current source, said primary winding being connected. 
across said input leads, a lead secondary winding disposed 
on said central winding leg within said second section in 
an end to end relationship with said primary winding, a 
pair of output leads for connection across the lamps, a 
capacitor, said capacitor being connected in series cir 
cuit relationship with said lead secondary winding, said 
output leads being connected in circuit with said second 
ary winding, and a nonlinear shunt interposed between 
said lead secondary winding and said prinary winding and 
spaced from said central winding leg, said shunt projec 
tions and air gap providing a substaintially linear leakage 
reactance and said nonlinear shunt providing a variable 
leakage reactance. 

9. The ballast apparatus of claim 8 wherein said non 
linear shunt is comprised of at least one relatively thin 
lamination of magnetic material. 

10. An alternating current source, a bailast apparatus 
for starting and operating arc discharge lamps comprising 
a first primary winding, a first secondary winding, a first 
magnetic core, said first primary winding and said first sec 
ondary winding being magnetically coupied on said first 
magnetic core, a first nonlinear shunt interposed between 
said first primary and secondary windings and spaced from 
said first magnetic core to define an air gap therebetween, 
a second magnetic core, a second primary and a Second 
secondary winding coupled therewith on said second mag 
netic core, a second nonlinear shunt interposed between 
said second primary winding and said second secondary 
winding and spaced from said second magnetic core to 
define an air gap therebetween, a pair of input leads con 
nected across said alternating current source, said first and 
second primary windings being connected across said in 
put leads, a first output lead connected in circuit with one 
end of said first secondary winding, said secondary wind 
ings being serially connected, a second output lead con 
nected in circuit with one of said primary windings, said 
output leads being provided for connection across said 
lamps, a capacitor connected in series circuit relation 
ship with at least one of said secondary windings and with 
one of said output leads, said nonlinear shunts providing 
a leakage reactance at an early portion of each half cycle 
of the alternating current supplied at said output leads, 
said leakage reactance being decreased during a later por 
tion of said half cycle. 

11. An alternating current source, a ballast apparatus 
for starting and operating a pair of serially connected arc 
discharge lamps - therefrom comprising a first primary 
winding and a first secondary winding coupled therewith, 
a first magnetic core, said first primary winding and first 
secondary winding being mounted on said first magnetic 
core, a first nonlinear shunt interposed between said first 
primary winding and said first secondary winding and 
spaced from said first magnetic core to define an air gap 
therebetween, a second magnetic core, a second primary 
winding and a second secondary winding coupled there 
with on said second magnetic core, a second nonlinear 
shunt interposed between said second primary winding 
and said second secondary winding and spaced from said 
Second magnetic core to define an air gap therebetween, a 
pair of input leads connected with the source of alternating 
current, said first and second primary windings being 
connected across said input leads, a first output lead being 
connected in circuit with an end of one of said secondary 
windings, said secondary windings being serially con 
nected, a second output lead being connected in circuit 
With one of said primary windings, said output leads being 
provided for connection across said serially connected 
lamps, a capacitive reactance connected in series with one 
of said secondary windings to provide a net capacitive re 
actance in the secondary circuit, a starting capacitor con 
nected in circuit with one of said output leads for connec 
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tion across one of said lamps, said nonlinear shunts pro 
viding a leakage reactance at an early portion of each half 
cycle of the alternating current supplied at said output 
leads, said leakage reactance being decreased during a 
later portion of said half cycle. 

12. The ballast apparatus set forth in claim 11 in which 
said first secondary winding is connected in auto-transfor 
mer relationship with said first primary winding and in 
Series circuit relationship with said second secondary 
winding. 

13. An alternating current source, a ballast apparatus 
for starting and operating a pair of arc discharge lamps 
therefrom comprising a pair of serially connected arc dis 
charge lamps, a magnetic core, a primary winding, a first 
secondary winding, a second secondary winding, said first 
and second secondary windings being magnetically cou 
pled with said primary winding on said magnetic core, a 
pair of input leads connected with an alternating current 
supply, said primary winding being connected across said 
input leads, a starting circuit including one of said lamps 
and at least said first secondary winding for applying ig 
niting voltage to said lamp, and an operating circuit in 
cluding said serially connected lamps, said primary wind 
ing and said second secondary winding for applying an 
operating voltage to both of said lamps, a linear shunt hav 
ing an air gap and interposed between one end of said 
primary winding and said first secondary winding, a non 
linear shunt interposed between the other end of said 
primary winding and said second secondary winding and 
spaced from said magnetic core to define an air gap there 
between, a capacitor connected in both said starting cir 
cuit and said operating circuit, said first secondary wind 
ing having sufficient inductive reactance to prevent sub 
stantial current flow through the winding during the nor 
mal operation of said lamps, said lamps being operated by 
the voltage across the primary and said second secondary 
winding and said nonlinear shunt providing a leakage 
reactance at an early portion of each half cycle of the 
alternating current supplied to said lamps, said leakage 
reactance being decreased during the later portion of said 
half cycle. 

14. The ballast apparatus as set forth in claim 13 in 
which said first secondary winding is in autotransformer 
relationship with said primary winding and said second 
secondary winding connected in series circuit relation 
ship with said first secondary. 

15. An alternating current source, a ballast appara 
tus for operating and starting arc discharge lamps there 

I from comprising at least one magnetic core, at least one 
primary winding and at least one lead secondary wind 
ing magnetically coupled on said magnetic core, a trans 
verse nonlinear shunt interposed between said primary 
and said secondary windings and spaced from said mag 
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14 
being connected in circuit with one end of said second 
ary winding, a capacitive reactor connected in series cir 
cuit relationship with said secondary winding and one 
of said output leads, said nonlinear shunt providing a 
leakage reactance at an early portion of each half cycle 
of the alternating current at said output leads, said leak 
age reactance being decreased during a later portion of 
said half cycle. . . . . . . 

16. The ballast apparatus as set forth in claim 15 in 
which said secondary winding is connected in autotrans 
former relationship with said primary winding. 

17. An alternating current source, a ballast apparatus 
for operating at least a pair of serially connected arc 
discharge lamps therefrom comprising at least a pair of 
Serially connected arc discharge lamps, a magnetic core, 
a first primary winding, a second primary winding and 
a lead secondary winding, said windings being mag 
netically coupled on said magnetic core, said first pri 
mary winding being disposed at one end of said lead sec 
ondary winding and said second primary winding being 
disposed on the other end of said secondary winding on 
said magnetic core, a first nonlinear shunt being inter 
posed between said lead secondary winding and said first 
primary winding and spaced from said magnetic core 
to define an air gap therebetween, a second nonlinear 
shunt being interposed between said lead secondary wind 
ing and said second primary winding and spaced from 
said magnetic core to define an air gap therebetween, a 
pair of input leads connected with the alternating cur 
rent source, said first and second primary windings being 
connected across said input leads, a pair of output leads 
for applying the voltage of at least said lead secondary 
winding across said serially connected lamps, at least one 
starting capacitor connected in circuit with one of said 
output leads for starting at least one of said lamps, a ca 
pacitive reactor connected in series circuit relationship 
with said secondary winding and one of said output leads, 
said reactance being sufficient to render the net reactance 
of said secondary circuit capacitive and said nonlinear 
shunts providing a leakage reactance at an early portion 
of each half cycle of the alternating current supplied at 
said output leads, said leakage reactance being decreased 
during a later portion of said half cycle. 

18. The ballast apparatus as set forth in claim 17 
wherein said lead secondary winding is connected in 
autotransformer relationship with said first primary wind 
ing across said output leads. 
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netic core to define an air gap therebetween, a pair of 
input leads connected with the alternating current source, 
said primary winding being connected across said input 
leads, a pair of output leads for applying the voltage of 
at least one of said lead secondaries across said lamps, 
one of said output leads being connected in circuit with 
one of said input leads and the other of said output leads 60 
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