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ABSTRACT OF THE DISCLOSURE

A ferroresonant transformer with unequal primary and
secondary saturation characteristics for operation with
smaller capacitance and smaller resonant winding, a shunt
which saturates as the load increases, an adjustable gap
for matching core and capacitance, and a grain oriented
design with selected core dimensions for controlling loca-
tion of flux saturation.

———— A Y———

This invention relates to mew and improved trans-
formers of the type sometimes referred to as ferroresonant
transformers, and in particular to new and improved core
designs.

The basic ferroresonant transformer is described in
United States Letters Patent No. 2,143,745, issued to
Joseph G. Sola, Jan. 10, 1939. Various improvements in
ferroresonant transformer design are described in subse-
quent patents, many of which have issued to said Joseph
G. Sola. Transformers of this type are widely used today
as voltage regulators and the selection of a particular de-
sign for use depends primarily upon the performance or
regulation achieved and the cost. The cost in turn depends
primarily upon the amount of electrical iron in the core,
the amount of copper in the windings, and the size of the
capacitor. It is an object of the present invention to provide
a new and improved ferroresonant transformer design
which will permit reduction in the size of the unit and the
material required to meet a given set of performance
specifications. A further object is to provide a new and
improved design which achieves improved stability and
improved load regulation and which permits a wider
tolerance range for capacitors used with the resonant
winding.

It is a particular object of the invention to provide a
new- and improved design utilizing E and I laminations
with grain oriented material and butt stacking and hence
reduce manufacturing costs.

The invention contemplates a ferroresonant transformer
with the cross-section areas and/or materials of various
portions of the core selected so that saturation occurs in
specific predetermined locations for specific operating
conditions. The invention further contemplates such a
transformer with the flux capacity of the primary magnetic
circuit greater than the flux capacity of the secondary mag-
netic circuit. The invention also contemplates selection of
shunt gap configuration and an additional gap of con-
trolled width and designs particularly adapted for butt
stacked assembly and grain oriented material.

The invention also comprises novel details of construc-
tion and novel combinations and arrangements of parts
which will more fully appear in the course of the following
description. The drawings merely show and the descrip-
tion merely describes preferred embodiments of the pres-
ent invention which are given by way of illustration or
example.

In the drawings:

FIG. 1 is a diagram of a ferroresonant transformer
incorporating an embodiment of the present invention;
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FIGS. 2-6 show alternate configurations for the shunt
portions of the transformer core;

FIG. 7 is a side view of the shunt of FIG. 6;

FIG. 8 is a view of an alternative form of construction
of a ferroresonant transformer incorporating a preferred
embodiment of the present invention; and

FIGS. 9-13 show alternate configurations for the trans-
former core of FIG. 8.

The transformer of FIG. 1 includes a magnetic core
10 which may be constructed in the usual manner of inter-
leaved or butt stacked laminations. The various conven-
tional transformer manufacturing processes may be
utilized. A particular type of core construction with butt
stacked laminations and grain oriented material is shown
in FIG. 8 and will be described later. An input or primary
winding 11 is provided on a leg portion 12 of the core 10,
An output or secondary winding 13 is provided on another
leg portion 14. Another winding 15, referred to as the
resonant winding in a ferroresonant transformer, is also
provided on the leg 14. A capacitor 16 is connected across
the resonant winding 15.

A leakage flux path is provided in the core 10 between
the primary winding 11 and the secondary and resonant
windings 13, 15, and comprises a magnetic shunt of core
sections 20, 21 with a nonmagnetic gap 22, usually an air
gap, therebetween. The elements described thus far are
found in the conventional ferroresonant transformer such
as is described in the aforementioned Sola patent and
reference may be made to the prior art for a study of the
theory of ferroresonance. A power source is connected to
the primary winding, a load is connected to the secondary
winding and the transformer functions to maintain the
output voltage of the secondary winding constant within
predetermined limits for variations in load and varia-
tions in voltage of the power source. The capacitance of
the capacitor 16 is selected to provide the proper output
voltage and, in conventional units, the magnitude of the
capacitance must be selected within close tolerances in
order to achieve desired operation.

In one embodiment of the transformer of the invention,
the cross-section area of the portion 12 of the core en-
circled by the primary winding 11 is made greater than
the cross-section area of the portion 14 of the core en-
circled by the secondary winding 13, that is to say, the
dimension A is made greater than the dimension B. Best
results are achieved when the portion 12 is in the order of
20 to 60 percent greater in cross-section area than the
portion 14. The figure selected for a particular unit will
depend upon the specifications prescribed for the unit,
such as the input voltage range, the input power factor
and the short circuit current. This core size variation per-
mits less core material, less copper, and a smaller resonant
capacitor than conventional units with the same per-
formance characteristics.

The secondary flux (the flux in the core portion 14) is
divided into two components. One component is that which
links the primary magnetic circuit, the other is that which
returns through the magnetic shunt. At no load, the mmf.
required to drive the flux around the secondary loop is
given by the algebraic sum of the excitation requirements
of the saturated secondary core and the mmf. drop across
the gap in the magnetic shunt. This mmf. must be sup-
ported by a current in a winding linking the secondary
magnetic circuit, in this case, the resonant winding,

Since the magnetic shunt is common to both primary
and secondary magnetic circuits, the mmf. appearing
across the shunt gap must also be supported by a current
in the primary winding. By reducing the flux returning
to the secondary through the shunt, the current demands
of both -the primary and resonant windings may be re-
duced.
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This flux returning through the shunt may be decreased
by increasing the amount of flux that links the primary.
In order to prevent saturation of the primary magnetic
circuit it is necessary to increase the cross-sectional area
of the core in the primary magnetic circuit as the primary
flux is increased.

The primary flux may be increased until the flux in
the shunt is reduced to zero. At this point, further in-
crease in primary flux causes an increase in shunt flux
in the opposite direction as was previously encountered.
This new shunt flux causes a further reduction of the re-
quired current in the resonant winding because of the
algebraic addition of the mmf. drops around the sec-
ondary magnetic circuit. However, the current in the pri-
mary winding must increase in magnitude as the flux and
hence the mmf. across the shunt is increased. As a re-
sult, an optimum balance between resonant va. (volt
amperes) and primary va. is achieved with primary to
secondary area ratios on the order of 1.2 to 1.6, depend-
ing on specific design requirements. A transformer de-
signed to these requirements and having good regulation
will require a ratio of resonant va. to load va. in the
range of about 0.5 to about 1.5. An example of good reg-
ulation would be a transformer supplying rectifier loads
with capacitor input filters and having regulation of =2%
to ==5% for line and load. If a poorer performance is
acceptable in the transformer of the invention for a par-
ticular end use, the ratio of resonant va. to load va. may
be in the range of about 0.3 to about 0.8. In comparison,
in a transformer of the conventional design with com-
parable performance, the ratio is twice as much.

Primary, resonant, and load va. as discussed in the pre-
ceding paragraph, are determined at rated load. Resonant
va. is the reactive power circulating in the resonant wind-
ing at rated load. The load va. for a particular unit will
be set by the rating of the unit. The resonant va, is deter-
mined by the secondary mmf. and the secondary volts-
per-turn. Since the utilization of a greater primary core
cross-section area permits an optimum balance between
primary mmf., shunt mmf., and secondary mmf,, it is
readily seen that the core design of the present invention
permits a reduction in capacitor size. Typically, a reduc-
tion in the order of one-half. This is a significant improve-
ment since a typical ferroresonant regulator of conven-
tional design operating at 60 Hz. and rated at 500 watts,
requires a capacitor of 7 microfarads and 600 volts. The
capacitor current circulates in the resonant winding and
determines the size of the winding. The reduction in res-
onant va. of the present design permits a corresponding
reduction in the physical size and cost of the resonant
winding.

In the embodiment illustrated in FIG. 1, the gap 22
in the shunt portions 20, 21 of the core, is stepped pro-
viding & minimum gap portion 25 and a gap portion 26
of greater width. The cross-section area of the shunt por-
tion of the core at the minimum gap 25 is made less than
the cross-section area of the portion 14 of the core en-
circled by the secondary winding 13. That is to say, the
dimension C’ is made less than the dimension B. With this
construction, the core material saturates in the region of
minimum gap 25 as the load on the transformer increases
and serves to reduce the leakage reactance as the load
increases, permitting stable operation at light loads and
providing good regulation at heavy loads.

In ferroresonant voltage regulators where a large por-
tion of the excitation for saturation of the secondary por-
tion 14 of the core is provided by the primary winding
instead of by the capacitor 16 or resonant winding 15,
there is a tendency for the wave form of the output volt-
age to be unstable and switch to different modes of opera-
tion at light loads. These other modes typically appear
as an oscillation superimposed on the source frequency
output or the generation of a large number of even har-
monics in the output. Such oscillations and harmonics
may be suppressed by increasing the leakage reactance
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which isolates the primary winding from the secondary
winding by utilizing a shunt with a relatively narrow gap.
However, this configuration adversely affects the ability
of the transformer to operate satisfactorily at high loads.
The shunt design described herein provides a solution for
this problem by permitting operation with a minimum
gap at light loads and producing saturation and thereby
a reduction in leakage reactance with heavier loads. In
a typical unit, the minimum gap may be in the order of
three thousandths of an inch and the maximum gap may
be in the order of forty thousandths of an inch.

A number of alternative configurations for the shunt,
which will provide the desired result, are shown in FIGS.
2-7. In the configuration of FIG. 2, the gap has a uni-
form width with the gap end of the core portion 21 being
flat and square, with the dimension C less than the dimen-
sion B. In the configuration of FIG. 3, the gap end of the
core portion 21 is made flat and tapered, with the mini-
mum gap occurring at the corner 27. FIGS. 4 and 5
show two other forms of stepped gap designs for the core
portion 21, with FIG. 4 showing a sharp transition from
minimum gap to maximum gap and FIG. 5 showing a
gradual transition. FIGS. 6 and 7 shows another form
with a flat minimum gap portion 28, a tapered or bevelled
portion 29, and another flat maximum gap portion 30.

Another nonmagnetic gap 35 may be incorporated in
the core in the secondary flux path. The width of this gap
is adjustable and typically this may be accomplished by
placing one or more shims 36 of nonmagnetic material in
the gap and affixing a clamp around the core to force the
core portions against the shims. The shims 36 may be
made of any suitable nonmagnetic, electrical nonconduct-
ing material, such as epoxy glass, mica or paper. A con-
ventional core clamp comprising straps 37 held in place
on opposite sides of the core by bolts 38 and nuts 39
passing through holes in the core, may be used to clamp
the shims 36 in the gap 35.

In the manufacture of a ferroresonant transformer, the
capacitance of the capacitor 16 must be matched to the
particular core and coils in order to obtain the desired
output voltage and output voltage regulation. The desired
output voltage is ordinarily achieved by placing a very
close tolerance on the capacitance, which of course re-
quires a more expensive capacitor. In the transformer of
the present application, the nonmagnetic gap 35 provides
an effective shunt inductance producing an inductive cur-
rent which cancels a portion of the capacitive current,
thereby changing the effective value of the capacitor. By
varying the width of the gap 35, the effective inductance,
and hence the capacitance, may be varied. With this con-
struction, the actual value of capacitance of the capacitor
16 may vary over a wide range. The transformer is as-
sembled in the usual manner with the capacitor connected
to the resonant winding. A power source is connected to
the primary winding and a load is connected to the sec-
ondary winding. The thickness of the shims 36 and the
gap 35 is varied until the desired output voltage
is achieved, after which the shims are permanently
clamped in place.

A preferred form of core and coil arrangement, which
incorporates the features of the embodiment of FIG. 1
and some additional features, is illustrated in FIG. 8,
where elements corresponding to those of FIG. 1 are
identified by the same reference numerals. The core 10
is formed of butt stacked E and I laminations 40, 41.
The windings 11, 13 and 15 are positioned about the
center leg of the E laminations and are enclosed by the
two outer legs. After the primary winding 11 is placed
in position, lamination stacks 42, 43 are placed in posi-
tion to serve as the shunts, with air gaps 25’ and 25”. The
shunt portions 42, 43 may be held in place by nonmag-
netic, electrically nonconducting shims in the air gaps.
The windings 13, 15 are placed in position, one or more
of the gaps 35 are appropriately shimmed with nonmag-
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netic material, and the two portions 40, 41 of the core
are clamped together.

In the core of the structure of FIG. 8, the cross-section
area encircled by the primary winding is made greater
than the cross-section area encircled by the secondary
winding by making the dimension A greater than the
dimension B, typically in the order of 20 to 60 percent
greater. The cross-section area of the shunt portion of
the core at the minimum gap is made less than the cross-
section area of the core encircled by the secondary wind-
ing by designing the shunt portions 42, 43 in the same
manner as the shunt portion 21 of FIG. 1. The various
gap constructions illustrated in FIGS. 1-7 may be utilized
in the core of FIG. 8. The width of the gap 35 in the
core of FIG. 8 is adjusted in the same manner as the
gap 35 in the core of FIG. 1 to match the coil and core
to the capacitor which is connected across the resonant
winding 15.

The E and I laminations of the core of FIG. 8 prefer-
ably are made of grain oriented electrical iron sheet, with
the grain orientation as indicated by the double arrows in
FIG. 9. A grain oriented electrical iron has a superior
magnetic characteristic with flux along the orientation and
4 poorer characteristic at 90° to the orientation or “cross-
grain.” In the transformer of FIG. 8 utilizing the grain
oriented material, the cross-section areas in the secondary
portion of the core are selected such that the cross-section
area in a portion where the flux is parallel to the orienta-
tion is made less than the cross-section area in the por-

tions where the flux is perpendicular to the orientation, As 3

illustrated in FIG. 8, in the secondary portion of the core,
the dimension B is made less than the dimension A, With
this construction, the core first saturates in the portion
with the dimension B where the flux is parallel to the
grain orientation. Referring to FIG. 9, the saturation oc-
curs in the zone 50 before it occurs in the I lamination
adjacent the air gaps between the E and I. With this ar-
rangement, the sharp knee in the magnetization curve of
the grain oriented material is retained in the laminations
comprising the core, which is not the case when saturation
occurs in the cross-grain sections in the I at the air gaps.
Rounding of the knee of the saturation curve adversely
affects the regulating properties of the magnetic material
at low excitations, thereby requiring more excitation which
in turn consumes some of the volt-ampere capacity of the
transformer. Of course, the difference in cross-section area
required to achieve the desired selective saturation will
depend upon the magnetic characteristics of the particular
material utilized.

In the laminations illustrated in FIG. 9, the reduced
area 50 does not extend to the end of the center leg of
the E, which is the ideal sitnation, In the preferred form
of FIG. 8, the section B corresponds to the reduced sec-
tion 50 of FIG. 9 and does extend to the end of the center
leg, providing more space for the secondary and resonant
windings, with a slight reduction in performance. How-
ever, with this construé¢tion, the portion B can be used to
meet the condition that the cross-section area encircled by
the primary winding be greater than the cross-section area
encircled by the secondary winding and meet the condi-
tion that in the secondary portion of the core, the cross-
section area in the cross-grain flux portions be greater
than the cross-section area in a parallel flux portion.

Referring again to FIG. 9, it should be noted that initial
saturation in a parallel flux location can also be achieved
by providing the reduced area in the outer legs of the E,
as at 52, or in the I, as at 53. )

Another feature used with the grain oriented lamina-
tions of FIG. 8 is the relation between the dimensions D
and A, where D is that portion of the core with flux per-
pendicular to the grain orientation or cross-grain, and A
is that portion of the core with the flux parallel to the
grain orientation or with-grain. The cross-section area of
the core in the cross-grain portion and the cross-section
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area of the core in the with-grain portion are selected so
that the product of cross-section area and saturation fiux
density for the two portions are substantially equal. The
exact dimension will of course depend upon the cross-
grain saturation flux density and the with-grain satura-
tion flux density of the particular material utilized. In the
typical transformer incorporating this feature, the dimen-
sion D will be about 25 percent greater than the dimen-
sion A. With thig construction, no one portion of the
primary magnetic circuit (except for the shunt) will start
to saturate before another part. Thus, the magnetizing
current in, the primary winding is reduced to a minimum
permitting a reduction in the total amount of iron and
copper required in the transformer for a particular rating.

The shunts 42, 43 may be manufactured and installed
in the same manner as in the conventional ferroresonant
transformer. Typically, the two shunts are manufactured
separately and are installed after the primary winding
has been installed on the E portion of the core, The shunts
may be made of laminations or of solid material or may
be molded or may be a sandwich construction of different
materials. Typically, the shunt is butt joined to the core
at one end with a gap at the other. The gap may be at
either end or some gap may be provided at each end. The
various configurations illustrated in FIGS. 1-7 may be
used. Other configurations will readily come to mind.
The basic concept in the shunt design is to provide a
change in reluctance in the magnetic path in the shunt
by saturation only in a portion of the shunt for a particu-
lar operating condition. The shunts may be oriented as
shown in FIG. 8. Alternatively the shunts can be turned
180° as illustrated in FIG. 10, Ttem 55, or turned 90° as
illustrated in FIG. 10, Item 56. The desired saturation
characteristic may be obtained by making both shunts
with the same cross-section area and of the same material
and with the same end configuration, but with one longer
than the other, as illustrated in FIG. 11. The shunt 57
with the smaller gap will experience saturation before the
shunt 58 with the larger gap. Alternatively, the shunts 57
and 58 may be identical in size and shape, but made of
materials having different flux capacities.

An alternative construction for obtaining the reduced
core area in the secondary portion of the core is illus-
trated in FIG. 12. Here the center leg 61 of the E 40 has a
uniform width along its entire length, as in the conven-
tional ferroresonant transformer. However, the outer ends
of the center leg 61 of a number of the laminations are
removed, so that the thickness of the portion 62 on which
the primary winding is positioned is greater than the
thickness of the portion 63 on which the secondary and
resonant windings are positioned. The approach of re-
moving portions of laminations also may be used in other
sections of the core for cross-section area control.

The structures described thus far have incorporated
selected variations in core cross-section area for causing
saturation to occur at predetermined locations and/or
under predetermined operating conditions. The discussion
of operation shows that it is the saturation characteristic
of the core and not the core size per se, that is the key to
the superior results obtained with the transformer of the
present invention. It should be noted that the saturation
characteristics of the present invention can readily be ob-
tained using the core dimensional relation of the conven-
tional ferroresonant transformer, but with various core
components formed of materials having different flux
capacity. Flux capacity may be defined as the product of
the flux density at which the material saturates times the
cross-sectional area.

By way of example, see the core of FIG. 13. The legs
70, 71, back 72, and I 73 are the same width and are half
the width of the leg 74. The shunts 75, 76 are rectangular
and the same size. However, the secondary portion of
the center leg 74, which could be either portion 77 or
portion 78, is made of a material having a lesser flux
capacity than the material of the primary portion, The
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two portions are butt joined, as at the dashed line 81 if 77
is the secondary portion, or at the dashed line 79 if 78 is
the secondary portion. One of the shunts is made of a
material having a different flux capacity than the mate-
rial of the other shunt. Alternatively, one or both shunts
could be made of a sandwich of two or more materials
having different flux capacities. Thus the operating char-
acteristics of the invention are obtained. This form of
construction usually will be more expensive than that of
FIG. 8. The design approach of FIG. 13 is more likely
to be used with molded cores instead of laminations, as
in higher frequency applications.

Ferroresonant transformers utilizing the construction
described above have been built for use as voltage regu-
lators and require less iron and copper, utilizing smaller
capacitors with wider tolerances on capacitance, and are
less expensive to manufacture, while meeting the same
performance specifications as conventional ferroresonant
transformers. While it is preferred to incorporate all of
the features described above in each transformer, it should
be noted that transformers can be produced utilizing one
or more of the features without incorporating all of the
features to obtain certain of the advantages and improved
results.

Most of the specification discusses cores formed of
laminations of magnetic material, but it should be noted
that many of the features of the invention are equally ap-
plicable to solid cores and molded cores. Molded con-
struction is particularly suitable for forming shunts of
the types shown in FIGS. 3, 4, 5, and 8.

In FIG. 8, the secondary and resonant windings are
installed after the primary winding because of better space
utilization, but this configuration is not essential and the
positions can be reversed if desired.

The present specification discloses a ferroresonant trans-
former whose cross-sectional area in the primary is larger
than the cross-sectional area in the secondary and whose
resonant va. is near the load va., permitting a substantial
reduction in core size, winding size, and capacitor size.

The ferroresonant transformer may include a magnetic
shunt or shunts wherein part of the shunt or shunts will
saturate as the load increases. This enables one to use a
smaller resonant capacitor and resonant winding while
maintajning the transformer stability over a wide voltage
and load range. The saturating shunt enables the ferro-
resonant transformer to be designed so that it has a high
input leakage reactance at light loads yet will deliver full
load when required. For example, the leakage reactance
can be made such that at currents well below full output
all of the input voltage would have been dropped com-
pletely across the input leakage reactance thus causing the
complete collapse of the secondary voltage. With the satu-
rating shunt the effective leakage reactance decreases as
the load is increased. This is accomplished by saturating
a portion of the shunt as the load is increased. This in-
creases the effective magnetic reluctance of the shunt which
in turn decreases the input impedance. Thus the effective
voltage applied to the secondary voltage can be made to
actually increase by applying a load to the secondary. This
provides a means for compensating for load variations.
The saturating shunt design permits circulation of a rela-
tively small amount of reactive power at light load, thus
providing a transformer with improved power factor under
light load conditions.

The ferroresonant transformer may use grain oriented
material whose primary magnetic cross-sectional area is
designed to keep the product of the saturation flux density
and the cross-sectional area of the core a constant. For
example, using M6 EI laminations in a butt stack configu-
ration, the cross grain material i.e. the back of the E, will
have about 25 percent greater cross-section area than will
the legs of the E. '

The ferroresonant transformer may have in the second-
ary magnetic circuit one or more sections which saturate
while the remainder of the secondary magnetic circuit re-
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mains unsaturated. By making the length of the restric-
tion where saturation occurs short, it requires a minimum
of mmf, to cause saturation and thus regulation. By mak-
ing the saturating section of grain oriented material such
as M6 and oriented with the flux parallel to the grain, it
will saturate extremely sharp thus giving better regulation
properties. By using a relatively short restricted section
the losses in the core will be less, as the zone with very
high flux density will be confined to a small volume. An
increase in the length of the portions of the core which
saturates increases the mmf, required to cause saturation
and the residual inductance after saturation (caused by
flux in what is now essentially an air gap, the saturated
section) is decreased and the regulation with changes in
input voltage is improved,

The secondary of the ferroresonant transformer may
have an adjustable air gap which provides means of ad-
justing the output voltage for variations in core material
and/or variations in the resonant capacitor value. One ex-
ample is a butt stacked EI lamination wherein the gap
between the E and the I provides the voltage adjustment.
The gap typically is adjusted by inserting nonmagnetic,
nonconducting shim material between the E and L

For clarity of presentation, this disclosure has not dis-
cussed the utilization of compensation windings for im-
proving the line, load, or line and load regulation char-
acteristics. These conventional compensation windings do
not alter the inherent advantages of the present invention
but merely provide a means for obtaining improved regu-
lation with a given design or equivalent regulation with
a smaller transformer. As in the prior literature, the com-
pensation winding or windings may be located in the
primary magnetic circuit or the leakage flux magnetic
circuit or both. The method of interconnection of the
winding with the secondary output winding is identical
to the methods used in conventional constant voltage
transformers.

By way of example, data is provided herein on two
transformers designed to meet the same performance spec-
ification, one being of conventional design (No. 1) and
the other utilizing features of the present invention (No:

2). Both transformers were fabricated from identical EI-
1

75 laminations, with a stack height of 4.125" for No. 1
and 2.60"" for No. 2. The outer end of the center leg of
the E for No. 2 was reduced in width from 1.75” to
1.306” for a distance of 1.07”, giving a ratio of primary
to secondary core cross-section area of 1.34. The shunts
are formed of the same material and the shunts for No.
2 have the configuration of FIG. 4, with a minimum gap
at each side of .003” and a maximum gap of .040”, with
the minimum gap .336" long on each end of the shunt.
The gap for No, 1 is .019"" at each side. The center leg
of the E for No. 2 was reduced from 1.75" to 1.40"’ over
the entire length of the center leg. The rated primary volt-
age is 107 to 127 volts, and there are two secondaries of
24 volts each, one having a center tap. The winding data
is tabulated in Table 1. The performance of both units is
set out in Table 1. No. 2 used .445 the effective capaci-
tance and about 63 percent the iron of No. 1. While the
two capacitors have the same capacitance, the applied
voltage is reduced by one-third for No. 2. If the capacitor
for No. 2 was operated at 600 volts, the capacitance could
be reduced to 3.1 uf.

TABLE I
’ Transformer Transformer
No. 1 No. 2
Lamination stack height__. .. _._____ 4125" . 2.60".
Capacitor_ ... ... ... e Tuf 600 vV_ .. 7 pf. 400 v.
Primary winding_ ... __._ ... 78 turns #15..._. 88 turns #15.

#1 Secondary winding.___ . 22 turns #13.
#2 Secondary winding_
Resonant winding..___._

Weight-Primary winding

Weight-Secondary and Resonant 2.62 108 - T 1.971bs.
windings.
Weight-Completed transformer. ... 25.061bs_____..__ 16.62 1bs.
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TABLE I.—Continued

PERFORMANCE (INCLUDING RECTIFIER AND CAPACI-
TATOR INPUT FILTERS)

Transformer Transformer
No. No. 2
(1) Regulation combined for input

voltage variation 107-127 volts and
output load from 135 to 437 volts:

424 volt output_________.________ =-3.69%,

+-12 volt output.._ e 3.0%. .

=12 voltoutput.____.____________ =+1.6%,

2) Peak input current under normal 5.4
operation.
(3) Short circuit current:
24 volt output......._._._...__
~+12 volt output....____._._____. .

pPsrms_.__ 5.8 amps rms.

30.2 amps._....__

27.8 amps.
60.8 amps. ... ..

55.1 amps.

The terms “primary portion,” “secondary portion” and
“shunt portion” are used in the specification and claims in
referring to the magnetic circuits and core. Primary por-
tion is defined as that portion of the core which carrys
the primary flux, i.e., the flux that links the primary wind-
ing. Secondary portion is defined as that portion of the
core which carrys the secondary flux, ie., the flux that
links the secondary and resonant windings. Shunt portion
is defined as that portion of the core which carrys the
difference between the primary and secondary fluxes.
Although exemplary embodiments of the invention have
been disclosed and discussed, it will be understood that
other applications of the invention are possible and that
the embodiments disclosed may be subjected to various
changes, modifications and substitutions without neces-
sarily departing from the spirit of the invention.
We claim:
1. In a ferroresonant transformer for use as a voltage
regulator and the like, and having
a magnetic core with a primary winding for connection
to a power source, a secondary winding for connec-
tion to a load, a resonant winding, and a capacitance
connected across the resonant winding, with the core
including a shunt with a nonmagnetic gap providing
a leakage flux path for shunting fluxes resulting from
currents in the primary winding and the secondary
and resonant windings, the improvement wherein:

the flux capacity of that portion of the core encircled
by the primary winding is greater than the flux capac-
ity of that portion of the core encircled by the sec-
ondary winding and the windings and capacitance are
selected such that the ratio of resonant volt amperes
to load volt amperes is in the range of about 0.3 to
about 1.5; and

the flux capacity of the shunt portion of the core at the

minimum gap is less than the flux capacity of that
portion of the core encircled by the secondary wind-
ing, whereby saturation occurs in the shunt portion
of the core as the load increases thereby reducing the
leakage reactance at higher loads; and

the core includes another nonmagnetic gap in the flux

path of the secondary winding, and the transformer
includes means for adjusting the width of said other
gap, whereby the portion of the core through the
resonant winding can be adjusted so that in conjunc-
tion with the particular connected capacitance, the
desired output voltage is obtained; and

the core is formed of butt stacked E and I shaped lam-

inations of grain oriented material, with the cross-
section area in a secondary portion of the core where
flux is parallel to the orientation being less than the
cross-section area in the secondary portions of the
core where flux is perpendicular to the orientation,
whereby the core first saturates in such lesser area
parallel portion; and

with the cross-section area in the primary portion of

the E section of the core where the flux is parallel to
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the orientation and the cross-section area in the por-
tion of the E section of the core where the flux is
perpendicular to the orientation related such that the
products of area and saturation flux density for such
portions are substantially equal.

2. A transformer as defined in claim 1 wherein the
cross-section area of that portion of the core encircled by
the primary winding is greater than the cross-section area
of that portion of the core encircled by the secondary
winding.

3. A transformer as defined in claim 2 wherein the
cross-section area of that portion of the core encircled by
the primary winding is in the order of 20 to 60 percent
greater than the cross-section area of that portion of the
core encircled by the secondary winding.

4. A transformer as defined in claim 1 wherein the
cross-section of the shunt portion of the core at the
minimum gap is less than the cross-section area of that
portion of the core encircled by the secondary winding.

5. A transformer as defined in claim 4 wherein the
end of the shunt at the gap is stepped to provide one gap
portion of minimum width and another gap portion of
greater width.

6. A transformer as defined in claim 4 wherein the
end of the shunt at the gap includes a bevel to provide a
gap with a tapering width.

7. A transformer as defined in claim 1 wherein the
end of the shunt at the gap is flat to provide a gap of
substantially constant width.

8. A transformer as defined in claim 1 wherein the
shunt is formed of at least two materials having different
flux capacities.

9. A transformer as defined in claim 2 wherein said
core portion with flux parallel to grain orientation and
cross-section area less than core portions with flux per-
pendicular to orientation, is the entire core portion en-
circled by the secondary winding.

10. In a ferroresonant transformer for use as a volt-
age regulator and the like, and having

a magnetic core with a primary winding for connec-

tion to a power source, a secondary winding for
connection to a load, a resonant winding, and a
capacitance connected across the resonant winding,
with the core including a shunt with 2 nonmagnetic
gap providing a leakage flux path for shunting fluxes
resulting from currents in the primary winding and
the secondary and resonant windings, the improve-
ment wherein:

the cross-section area of that portion of the core en-

circled by the primary winding is greater than the
cross-section area of that portion of the core en-
circled by the secondary winding; and

the core includes another nonmagnetic gap in the flux

path of the secondary winding, and the transformer
includes means for adjusting the width of said other
gap, whereby the portion of the core through the
resonant winding can be adjusted so that in con-
junction with the particular connected capacitance,
the desired output voltage is obtained; and

the core is formed of butt stacked E and I shaped

laminations of grain oriented material, with the
cross-section area in a secondary portion of the
core where flux is parallel to the orientation being
less than the cross section area in the secondary
portions of the core where flux is perpendicular to
the orientation, whereby the core first saturates in
such lesser area parallel portion.

11. In a ferroresonant transformer for use as a voltage
regulator and the like, and having

a magnetic core with a primary winding for connec-

tion to a power source, a secondary winding for con-
nection to a load, a resonant winding, and a capaci-
tance connected across the resonant winding, with
the core including a shunt with a nonmagnetic gap
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providing a leakage flux path for shunting fluxes re-
sulting from currents in the primary winding and
the secondary and resonant windings, the improve-
ment wherein:

the flux capacity of that portion of the core encircled

by the primary winding is greater than the flux
capacity of that portion of the core encircled by the
secondary and resonant windings and the windings
and capacitance are selected such that the ratio of
resonant volt amperes to load volt amperes is in the
range of about 0.3 to about 1.5.

12. A transformer as defined in claim 11 wherein the
cross-section area of that portion of the core encircled
by the primary winding is greater than the cross-section
area of that portion of the core encircled by the second-
ary and resonant windings.

13. A transformer as defined in claim 11 wherein the
core includes another nonmagnetic gap in the flux path

[
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of the secondary and resonant windings, and the trans- :

former includes means for adjusting the width of said
other gap, whereby the portion of the core through the
resonant winding can be adjusted so that in conjunction
with the particular connected capacitance, the desired
output voltage is obtained.

14. A transformer as defined in claim 11 wherein the
core is formed of butt stacked E and I shaped lamina-
tions of grain oriented material, with the cross-section
area in a secondary portion of the core where flux is
parallel to the orientation being less than the cross-
section area in the secondary portions of the core where
flux is perpendicular to the orientation, whereby the core
first saturates in such lesser area parallel portion.

15. A transformer as defined in claim 14 wherein said
core portion with flux parallel to grain orientation and
cross-section area less than core portions with flux per-
pendicular to orientation, is the entire core portion en-
circled by the secondary winding.

16. A transformer as defined in claim 14 with the
cross-section area in the primary portion of the E sec-
tion of the core where the flux is parallel to the orienta-
tion and the cross-section area in the portion of the E
section of the core where the flux is perpendicular to the
orientation related such that the products of area and
saturation flux density for such portions are substantially
equal.

17. A transformer as defined in claim 11 wherein the
flux capacity of the shunt portion of the core at the mini-
mum gap is less than the flux capacity of that portion of
the core encircled by the secondary and resonant wind-
ings, whereby saturation occurs in the shunt portion of
the core as the load increases thereby reducing the leak-
age reactance at higher loads.

18. A transformer as defined in claim 11 wherein the
cross-section area of the shunt portion of the core at the
minimum gap is less than the cross-section area of that
portion of the core encircled by the secondary winding,
whereby saturation occurs in the shunt portion of the
core as the load increases thereby reducing the leakage
reactance at higher loads, and

the core is formed of butt stacked E and I shaped

laminations of grain oriented material, with the
cross-section area in a secondary portion of the
core where flux is parallel to the orientation being
less than the cross-section area in the secondary por-
tions of the core where flux is perpendicular to the
orientation, whereby the core first saturates in such
lesser area parallel portion,

19. In a ferroresonant transformer for use as a voltage
regulator and the like, and having

a magnetic core with a primary winding for con-

nection to a power source, a secondary winding for
connection to a load, a resonant winding, and a
capacitance connected across the resonant winding,
with the core including a shunt with a nonmagnetic
gap providing a leakage flux path for shunting
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fluxes resulting from currents in the primary wind-
ing and the secondary and resonant windings, the
improvement wherein:

the flux capacity of the shunt portion of the core at

the minimum gap is less than the flux capacity of
that portion of the core encircled by the secondary
and resonant windings, whereby saturation occurs
in the shunt portion of the core as the load increases
thereby reducing the leakage reactance at higher
loads.

20. A transformer as defined in claim 19 wherein the
cross-section area of the shunt portion of the core at
the minimum gap is less than the cross-section area of
that portion of the core encircled by the secondary and
resonant windings.

21. A transformer as defined in claim 19 wherein the
core includes another nonmagnetic gap in the flux path
of the secondary and resonant windings, and the trans-
former includes means for adjusting the width of said
other gap, whereby the portion of the core through the
resonant winding can be adjusted so that in conjunction
with the particular connected capacitance, the desired
output voltage is obtained.

22. A transformer as defined in claim 19 wherein
the core is formed of butt stacked E and I shaped
laminations of grain oriented material, with the cross-
section area in a secondary portion of the core where
flux is parallel to the orientation being less than the
cross-section area in the secondary portions of the core
where flux is perpendicular to the orientation, whereby
the core first saturates in such lesser area parallel portion.

23. A transformer as defined in claim 22 wherein the
core includes another nonmagnetic gap in the flux path
of the secondary winding, and the transformer includes
means for adjusting the width of said other gap, whereby
the portion of the core through the resonant winding can
be adjusted so that in conjunction with the particular
connected capacitance, the desired output voltage is
obtained.

24. A transformer as defined in claim 22 wherein
said core portion with flux parallel to grain orientation
and cross-section area less than core portions with flux
perpendicular to orientation, is the entire core portion
encircled by the secondary winding.

25. A transformer as defined in claim 22 wherein
with the cross-section area in the primary portion of the
E section of the core where the flux is parallel to the
orientation and the cross-section area in the portion of
the E section of the core where the flux is perpendicular
to the orientation related such that the products of area
and saturation flux density for such portions are sub-
stantially equal.

26. In a ferroresonant transformer for use as a voltage
regulator and the like, and having

a magnetic core with a primary winding for connec-

tion to a power source, a secondary winding for con-
nection to a load, a resonant winding, and a capaci-
tance connected across the resonant winding, with
the core including a shunt with a nonmagnetic gap
providing a leakage flux path for shunting fluxes
resulting from currents in the primary winding and
the secondary and resonant windings, the improve-
ment wherein:

the core includes another nonmagnetic gap in the

flux path of the secondary and resonant windings,
and the transformer includes means for adjusting the
width of said other gap, whereby the portion of
the core through the resonant winding can be ad-
justed so that in conjunction with the particular con-
nected capacitance, the desired output voltage is
obtained.

27. A transformer as defined in claim 26 wherein
the core is formed of butt stacked E and I shaped lamina-
tions of grain oriented material, with the cross-section
area in a secondary portion of the core where flux is
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parallel to the orientation being less than the cross-
section area in the secondary portions of the core where
flux is perpendicular to ths orientation, whereby the
core first saturates in such lesser area parallel portion.
28. A transformer as defined in claim 27 wherein
with the cross-section areu in the primary portion of the
E section of the core where the flux is parallel to the
orientation and the cross-section area in the portion of
the E section of the core where the flux is perpendicular
to the orientation related such that the products of area
and saturation flux density for such portions are sub-
stantially equal.
29. In a ferroresonant transformer for use as a voltage
regulator and the like, and having
a magnetic core with a primary winding for connec-
tion to a power source, a secondary winding for
connection to a load, a resonant winding, and a
capacitance connected across the resonant winding,
with the core including a shunt with a nonmag-
netic gap providing a leakage flux path for shunting
fluxes resulting from currents in the primary wind-
ing and the secondary and resonant windings, the
improvement wherein:
the core is formed of butt stacked E and I shaped
laminations of grain oriented material, with the
cross-section area in a secondary portion of the
core where flux is parailel to the orientation being
less than the cross-section area in the secondary por-
tions of the core where flux is perpendicular to the
orientation, whereby the core first saturates in such
lesser area parallel portion.
30. A transformer as defined in claim 29 wherein
with the cross-section area in the primary portion of the
E section of the core where the flux is parallel to the
orientation and the cross-section area in the portion of
the E section of the core where the flux is perpendicular
to the orientation related such that the products of area
and saturation flux density for such portions are sub-
stantially equal.
31. In a ferroresonant transformer for use as a voltage
regulator and the like, and having
a magnetic core with a primary winding for connection
to a power source, a secondary winding for connec-
tion to a load, a resonant winding, and a capacitance
connected across the resonant winding, with the core
including a shunt with a nonmagnetic gap providing
a leakage flux path for shunting fluxes resulting from
currents in the primary winding and the secondary
and resonant windings, the improvement wherein:

the flux capacity of that portion of the core encircled
by the primary 'winding is greater than the flux
capacity of that portion of the core encircled by the
secondary and resonant windings; and

the flux capacity of the shunt portion of the core at

the minimum gap is less than the flux capacity of that
portion of the core encircled by the secondary and
resonant windings, whereby saturation occurs in the
shunt portion of the core as the load increases there-
by reducing the leakage reactance at higher loads.

32. A transformer as defined in claim 31 wherein the
core includes another nonmagnetic gap in the flux path of
the secondary and resonant windings, and the transformer
includes means for adjusting the width of said other gap,
whereby the portion of the core through the resonant
winding can be adjusted so that in conjunction with the
particular connected capacitance, the desired output volt-
age is obtained.

33. A transformer as defined in claim 31 wherein the
core is formed of butt stacked E and I shaped laminations
of grain oriented material, with the cross-section area in
a secondary portion of the core where flux is parallel to
the orientation being less than the cross-section area in the
secondary portions of the core where flux is perpen-
dicular to the orientation, whereby the core first saturates
in such lesser area parallel portion.
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34. A transformer as defined in claim 33 wherein said
core portion with flux parallel to grain orientation and
cross-section area less than core portions with flux per-
pendicular to orientation, is the entire core portion en-
circled by the secondary winding.

35. A transformer as defined in claim 33 wherein with
the cross-section area in the primary portion of the E
section of the core where the flux is parallel to the orienta-
tion and the cross-section area in the portion of the E
section of the core where the flux is perpendicular to the
orientation related such that the products of area and
saturation flux density for such portions are substantially
equal. .

36. In a ferroresant transformer for use as a voltage
regulator and the like, and having

a magnetic core with a primary winding for conncetion

to a power source, a secondary winding for connec-
tion to a load, a resonant winding, and a capacitance
connected across the resonant winding, with the
core including a shunt with a nonmagnetic gap pro-
viding a leakage flux path for shunting fluxes result-
ing from currents in the primary winding and the
secondary and resonant windings, the improvement
wherein:
the secondary and resonant windings are on the
same flux path of the core and the flux capacity
of the primary portion of the core is greater
than the flux capacity of at least a portion of the
secondary portion of the core and the windings
and capacitance are selected such that the ratio
of resonant volt amperes to load volt amperes
is in the range of about 0.3 to about 1.5.

37. A transformer as defined in claim 36 wherein the
cross-section area of the primary portion of the core is
greater than the cross-section area of at least g portion
of the secondary portion of the core.

38. A transformer as defined in claim 36 wherein the
core includes another nonmagnetic gap in the secondary
portion, and the transformer includes means for adjusting
the width of said other gap, whereby the core can be ad-
justed so that in conjunction with the particular connected
capacitance, the desired output voltage is obtained.

39. A transformer as defined in claim 36 wherein the
core is formed of butt stacked E and I shaped laminations
of grain oriented material, with the cross-section area in
a secondary portion of the core 'where flux is parallel to
the orientation being less than the cross-section area in
the secondary portions of the core where flux is perpen-
dicular to the orientation, whereby the core first saturates
in such lesser arca parallel portion.

40. A transformer as defined in claim 39 with the
cross-section area in the primary portion of the E section
of the core where the flux is parallel to the orientation and
the cross-section area in the portion of the E section of
the core where the flux is perpendicular to the orientation
related such that the products of area and saturation flux
density for such portions are substantially equal.

41. A transformer as defined in claim 36 wherein the
flux capacity of the shunt portion of the core at the
minimum gap is less than the flux capacity of the second-
ary portion of the core, whereby saturation occurs in the
shunt portion of the core as the load increases thereby
reducing the leakage reactance at higher loads.

42. A transformer as defined in claim 36 wherein the
cross-section area of the shunt portion of the core at the
minimum gap is less than the cross-section area of the
secondary portion of the core, whereby saturation occurs
in the shunt portion of the core as the load increases
thc(aireby reducing the leakage reactance at higher loads,
an

the core if formed of butt stacked E and I shaped

laminations of grain oriented material, with the cross-
section area in a secondary portion of the core where
flux is parallel to the orientation being less than the
cross-section area in the secondary portions of the
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core where flux is perpendicular to the orjentation,
whereby the core first saturates in such lesser area
parallel portion.
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