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[5 7] ABSTRACT 

Disclosed is a position-measuring transducer which is 
more uniformly accurate from one position to another, 
in the presence of undesired anomalies. The trans 
ducer has at least one winding formed from two con 
tinuous, printed winding sections where those sections 
are spacially arrayed and electrically connected to 
neutralize error-causing couplings. A two-phase em 
bodiment includes sine and cosine windings each ar 
rayed in two layers, all of which are combined to 

' gether opposite each other in a four-layer structure. 
Additional embodiments include a two-layer linear 
transducer, a four-layer multi-cycle rotary transducer, 
and a four-layer single-cycle rotary transducer. in 
those embodiments, the sine and cosine windings indi 
vidually are structured to neutralize ‘unwanted cou 
pling and provide compensation for quadrature error 
within each space cycle. Quadrature compensation 
and harmonic cancellation techniques are employed. 
Two continuous winding sections per winding achieve 
smooth, uniformly low errors with reduced sensitivity 
to undesired anomalies. 

23 Claims, 29 Drawing Figures 
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POSITION MEASURING TRANSFORMER 

BACKGROUND OF THE INVENTION 

This invention relates to position-measuring- trans 
ducers and particularly to position-measuring trans 
formers which include two relatively movable mem 
bers. One member typically carries two planar windings 
(called polyphase windings) whichare phase shifted in 
space relative to each other and which are inductively 
coupled to another planar winding (called the single 
phase winding) carried by the other member. Either or 
both members may have single or polyphase windings. 

In practice, position-measuring transformers have in 
cluded on the single-phase member, a single winding 
formed from uniformly spaced, series-connected active 
conductors where adjacent conductors conduct in op 
posite directions. In practice, for linear devices the sin 
gle phase member is called the “scale” and for rotary 
devices it is called the “rotor.” 
The other relatively movable member, called the 

polyphase member, of position-measuring transformers 
generally includes two polyphase windings, each phase 
shifted in space with respect to the other thereby pres 

- enting two different space phases to the other member. 
Conventionally, the poly-phase member is called the 
“slider" in the case of linear devices and the “stator” 
in the case of rotary devices. 
The phase-shift between the polyphase windings may 

be one quarter of the space cycle of the single phase 
winding. When the polyphase windings are shifted a 
quarter cycle, they are conventionally identi?ed as the 
sine and cosine windings. While sine and cosine wind 
ings are conventional, other phase shifts such as 120° 
may be implemented. 
When one windingyon one member of a position 

measuring transformer is energized with an alternating 
primary signal, va coupling signal, sometimes called a 
coupling wave, is induced in any winding on the other 
member of the position-measuring transformer to 
which it is in close proximity. For accurate measure 
ments, it is desired to have the coupling between wind 
ings vary precisely as an unbiased sinusoid as a function 
of the relative space displacement of the windings over 
each space cycle. The space cycle is equal to twice the 
spacing, P, between conductors, that is, the space cycle 
equals 2?. The space frequency,or more precisely, the 
fundamental space frequency, is de?ned as the recipro 
cal, l/(ZP), of the space cycle. For an ideal system, the 
coupling between windings is a perfect sinusoid which 
has a fundamental space frequency 1/(2P). 

It is well known in the prior art that position 
measuring transformers tend to have a' coupling which 
is not precisely sinusoidal or is not zero biased. Usually, 
the coupling includes coupling components resulting 
from the higher order harmonics of the fundamental 
space frequency, particularly, the higher order odd har 
monics. Also, unwanted coupling components result 
from coupling at less than the fundamental frequency, 
particularly from ayconstant coupling (zero frequency 
coupling). Constant coupling is the coupling which vre 
sults from a constant field which does not'vary as a 
function of space position (hence zero frequency) or 
from a variable ?eld with a constant bias term (zero 
frequency term). Constant coupling is sometimes re~ 
ferred to as one turn loop coupling. Coupling other 
than at the fundamental space frequency between the 
windings of a position-measuring transfonner gives rise 
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to unwanted errors in position measurement, and, 
therefore, is to be avoided. 

U.S. Pat.v No. 2,650,352 to Childs discloses a trans 
ducer having a continuous winding on one member in 
ductively coupled to a continuous winding on the other 
member. In transducers of that type, the accuracy of 
position measurement is limited because the coupling 
between the two windings as a function of their relative 
space positions is not precisely sinusoidal. The lack of 
sinusoidal coupling is due in part because of the induc 
tive constant coupling component (zero frequency 
component) which occurs between the windings. Such 
inductive constant coupling gives rise to an error term 
which is identi?ed as a once per cycle or as a funda 
mental error term. 

In U.S. Pat. No. 2,799,835 to R. W. Tripp, et al., a 
number of techniques are disclosed for obtaining a 
more precisely sinusoidal coupling between members 
of a position-measuring transformer. In order to avoid 
constant coupling, one or more of the windings is di 
vided into a plurality of winding sections where one 
'half the sections for any winding are connected in a 
positive fashion with respect to the constant coupling 
and the other half are connected in a negative fashion 
with respect tothe constant coupling. When the posi 
tive and negative sections are electrically connected 
together, the constant coupling components tend to 

' cancel. 
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U.S. Pat. No. 2,799,835 also discloses additional 
techniques for rendering the windings of position 
measuring transformers more nearly sinusoidal, partic 
ularly with vrespect to unwanted‘ coupling at higher 
order harmonics of the fundamental frequency. Con 
ductor-to-space width ratios, inclination of the active 
conductors and the spacing of electrically connected 
groups of winding sections are examples of techniques 
used. 

U.S. Pat. No. 2,915,721 to C.L.’ Farrand discloses a 
transducer wherein one-half-current return conductors 
are employed to establish field patterns which tend to 
minimize the constant coupling between the members 
of a position-measuring transformer. The one-half 
current return conductors are arrayed parallel to the 
end conductors on the singlesphase winding of a posi 
tion-measuring transformer. > 

In U.S. Pat. No. 2,915,722 to V. F. Foster, the con 
stant coupling neutralization is achieved by having one 
half the winding sections for each of the polyphase 

' windings (sine and cosine) connected in opposition to 
the other half with respect to the constant coupling‘. 

In addition to the object of having precisely sinus 
oidal coupling between windings, two-phase systems 
also desirably have two windings which are precisely in 
quadrature, that is, are spaced apart precisely one 
quarter of the space cycle. Lack of quadrature between 
polyphase windings results in measurement errors 
which are identi?ed as out-of-phase second harmonic 
errors. . 

In order to insure more exact quadrature between 
windings, the above referenced U.S. Pat. No. 
2,915,722 employs a form of quadrature compensa 
tion. The lack of exact quadrature in that patent results 
from variations in length like those caused by tempera 
ture change. Similarly, U.S. Pat. No. 3,441,888 to C. L. 
Farrand employs a form of quadrature compensation in 
a transducer having a large plurality of sine and cosine 
winding sections arrayed opposite each other. 
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While all of the above-described techniques have 
contributed to position-measuring transformers capa 
ble of accurate measurements, still further improve 
ments in accuracy and in manufacturing techniques are 
desirable. 
One problem with prior art transducers is their sensi- ' 

tivity to error-causing anomalies which produce a lack 
of smoothness which is characterized by irregularities 
in the accuracy of measurement from one space posi 
tion to another. Anomalies result, for example, at the 
junction between the end-to-end abutted bar scales 
which form the continuous reference winding of a 
transformer. The junctions between end-to-end‘abut 
ting bar ‘scales tend to produce anomalies in the cou 
pling field. Other types of anomalies result, for exam 
ple, from defects or irregularities in materials, from de 
formity of conductor patterns, from non-uniformity of . 
the air gap such as occurs, for example, with a buckle 
in a tape scale, and from terminal pins and leads. 

In order to avoid errors in the prior art, the unwanted 
coupling of one winding section in one space area is 
compensated for by the unwanted coupling of another 
winding section in a different space area. The degreeof 
compensation and therefore the degree of error reduc 
tion is dependent upon a non-varying coupling relation 
ship for the two different areas. A number of factors, 
however, cause variances in the coupling of different 
areas and therefore produce deleterious effects in the 
operation of transducers relying on the compensation 
of one different area against another. For example, an 
anomaly which only couples to one of the two space 
areas at a time disturbs the compensating relationship. 

Prior art transducers capable of accurate measure 
ments have been generally of the non-continuous type, 
that is, having windings formed from a large number of 
winding sections. Non-continuous windings are a prob 
lem, however, because the ?eld patterns for the ?rst 
and last active conductors for each winding section are 
unopposed and are therefore irregular compared to the 
precise alternating patterns of the internal active con 
ductors. These irregularities attendant the ?rst and last 
conductors‘ of each winding section produce measure 
ment errors particularly when they couple with other 
anomalies such as the junction between two scales of 
a reference winding. Because of these errors,- the 
greater the number of winding sections, the greater the 
number of errors due to first and last conductor end ef 
fect irregularity. 

In addition to the end effects problem, prior art trans 
ducers have employed sine and cosine winding sections 
separated . by larger displacements than the desired 
minimum of one-quarter of the space cycle. When 
those sine and cosine winding sections translate across 
an anomaly, the sine winding section is disturbed at a 
different time than the cosine winding section and, 
therefore, an error occurs due to the unwanted change 
in ratio of the sine and cosine coupling. 

In light of the above background of the invention, it 
is an object to provide transducers which in various 
combinations have reduced sensitivity to anomalies, 
have more uniform accuracy, have quadrature (or 
other phase) compensation, have constant coupling re 
duction, and have cancellation of undesired harmonics. 

SUMMARY OF THE INVENTION 

The present invention is a position-measuring trans 
former including relatively movable members where 
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4 
each member has one or more windings reactively cou 
pled to one or more windings on the other member. 
The windings are structured so as to tend to make the 
coupling between windings precisely a sinusoid which 
varies as a function of the relative space position of the 
movable members. 

Referring to “Background of the Invention" above, 
the statement is made that “further improvement in ac 
curacy and manufacturing techniques are desirable.” 
Such improvements and techniques beyond the men 
tioned prior art as made by this invention are described 
in detail later and include: equality of gain between 
quadrature compensating windings; quadrature com 
pensation within one cycle; end conductors shifted to 
conduct in opposing directions to cancel error causing 
coupling waves; a manufacturing procedure to insure 
equality. of conductor or sector spacing errors; averag 
ing of conductor widths to maintain a specific width-to 
space ratio; and cancellation of miscellaneous un 
wanted end effect ?elds. 

In one embodiment of thepresent invention, un-_ 
wanted error-causing, constant coupling is neutralized 
by having at least one winding formed from two contin 
uous winding sections arrayed in superposed relation in 
two opposite layers. The winding sections are electri 
cally additive with respect to the ‘fundamental coupling 
signal but are arrayed so asvto tend to cancel the un 

' wanted constant coupling. . 

In a two-phase embodiment of the present invention, 
sine and cosine quadrature windings are each arrayed 
in different layers in superposed relation to form a mul 
ti-layer structure. In one arrangement, both the sine 
and cosine windings consist of only two winding sec 
tions each. Those winding sections are continuous 
printed conductors arrayed opposite each other on dif 
ferent layers where the two winding sections for each 
layer are electrically additive with respect to the funda 
mental signal while tending to neutralize the unwanted 
constant coupling. ' ' 

In a further multilayer embodiment, the four winding 
sections which form the sine and cosine windings are 

- arrayed so as to employ quadrature compensation. Spe 
ci?cally, through manufacturing techniques the rela 
tive space position of one sine winding section to one 
cosine winding section is maintained substantially iden 
tical to the relative space position of the other sine 
winding section to the other cosine winding section. As 
a result of that identity and even though the sine and 
cosine winding sections are not exactly in quadrature, 
the resultant coupling tends to be exactly in quadra 
ture. In one embodiment, the four winding sections are 
each in a different layer and are arrayed opposite each 
other to form a four-layer structure. Each of the wind 
ing sections in that four-layer structure, extends over 
‘the approximate same length and couples, therefore, to 
the same space area. In another embodiment, the four“ 
winding sections appear in two layers where two wind 
ing sections couple to one space area and two winding 
sections couple to another space area. , 

In a still further embodiment of the present inven 
tion, polyphase windings are rendered relatively insen~ 
sitive to anomalies like those that occur at the junctions 
between end-to-end connected bar scales.‘ The insensi 
tivity to anomalies is achieved in a polyphase, quadra 
ture embodiment by using continuous, overlayed sine 
and cosine windings so that both sine and cosine wind 
ings tend to couple with the anomalies in the same 
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manner whereby the ratio of the sine and cosine cou 
pling to the other member tends to be unchanged by 
the anomaly. In one embodiment, the sine and cosine 
windings are arranged with winding sections on four 
layers in superposed relation wherein the space separa 
tion of the active conductors of the winding sections 
does not substantially vary from 90 degrees. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts in accordance with the present inven 
tion a schematic representation of a single winding 
(shown solid), for location on one member, in induc 
tive coupling relationship to another winding for loca 
tion on another member, wherein the latter winding is 
formed from a first winding section (shown dotted) on 
one layer~ arrayed opposite a second winding section 
(shown broken) on another layer. 
FIG. 2 depicts a representation of the alternating 

?eld pattern conductors is equal to the generated by 
the FIG. 1 transformer. 
FIG. 3 depicts waveforms representative of the FIG. 

I apparatus coupling signals. 
FIG. 4 schematically depicts two arrays of approxi 

mately 90°-shifted active conductors formed on one 
sheet in prior relation to provide, after further steps, 
two layers of conductors fora multilayer transformer 
member in accordance with the present invention. . 
FIG. 5 schematically depicts a second pattern identi 

cal to the pattern of FIG. 4, but shifted from left to right 
on the sheet to aid in the understanding of FIG. 6. 

' FIG. 6 schematically depicts an overlayed combina_ 
tion of the FIG. 4 and FIG. 5 patterns including the ad 
dition of end conductors to form four separate winding 
sections on two layers. 
FIG. 7 schematically depicts the windings for a trans 

former member where the windings are arrayed in a 
four layer structure constructed from the FIG. 4, FIG. 
5, and FIG. 6 patterns. 
FIG. 8 depicts a vector diagram descriptive of the 

quadrature compensation feature existing in the FIG. 7 
windings. 
FIG. 9 depicts another vector diagram for explaining 

the quadrature compensation feature of the FIG. 7 
windings. . 

FIG. 10 depicts a top view of the four layers which 
are combined in superposed relation to form the struc 
ture schematically represented in FIG. 7. 
FIG. 11 depicts a top view of overlayed terminal con 

nections suitable for use with the winding sections of 
FIG. 10. _ _ 

FIG. 12 depicts a representation of an enlarged cross 
sectional view of the active cnductors of a reference 
winding over four pairs of active conductors, one pair 
each from the four winding sections of FIG. 10, where 
the four pairs are arrayed in the four-layer structure 
represented by FIG. 7. 
FIG. 13 depicts a perspective top, front view of a bro 

I ken away transducer member including four layers of 
winding sections of the FIG. 10 type. 
FIG. 14 depicts a perspective end, front view showing 

the multi-layer structure of the FIG. 13 winding mem 
ber in its position opposite a second winding member. 
FIG. 15 depicts a schematic representation of a pat 

tern on one layer having two arrays of radial active con 
ductors useful for constructing a multi-poled rotary 
transducer. 
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6 
FIG. 16 is a second schematic pattern for rotary 

transducers substantially identical to the FIG. 15 pat 
tern. 

FIG. 17 depicts a schematic representation of the 
overlayed FIG. 15 and FIG. 16 patterns. 
FIG. 18 is a simplified representation of the over 

layed patterns derived by folding the two radial arrays 
of the FIG. 17 pattern opposite each other along the 
line 41 as shown in FIG. 20. 
FIG. 19 schematically depicts four layers of winding 

sections formed by adding end conductor portions to 
the arrays of FIG. 17 and separating those arrays, for 
viewing clarity, in the same order as in FIG. 10. 
FIG. 20 depicts a schematic representation of the 

four winding sections of FIG. 19 arrayed .opposite each 
other about a common center to form a four-layer ro 

tary position transfonner structure. 
FIG. 21 depicts a vector representation of the quad 

rature compensation feature which exists in the FIG. 20 
device. 
FIG. 22 depicts a schematic representation of a refer 

ence winding below a two-layer winding section mem 
ber in which two patterns like those of FIG. 6 are 
placed side by side. 
FIG. 23 depicts an error curve for a transducer of the 

present invention of the type represented by FIG. 7 and 
an error curve for a typical prior art transducer shown 
above the transducer measurement arrangement. 
FIG. 24 depicts a schematic representation of a wind 

ing pattern employed as one layer in a multi-layer ro 
tary transducer in accordance with the present inven 
tion having one cycle per revolution. 
FIG. 25 schematically depicts a pattern of the FIG. 

24 type rotated 90°. 
FIG. 26 schematically depicts a ?xture and two dou 

ble layer laminates useful in producing a four-layer 
transducer in accordance with the present invention 
having windings of the FIG. 24 and FIG. 25 type. 
FIG. 27 depicts the ?xture of FIG. 26 with the lami 

nates arrayed for the second stage of the manufacturing 
process which produces quadrature compensation of 
the present invention. 
FIG. 28 schematically depicts the four-layer con?gu 

ration which results after the processing steps of FIG. 
26 and FIG. 27. 
FIG. 29 schematically depicts the manner in which 

the multi-layer structure of FIG. 28 is combined to 
fonn a four-layer structure. 

DETAILED DESCRIPTION 

The transducers of the present invention are posi 
tion-measuring transformers of the type frequently 
marketed under the registered trademark Inductosyn. 
FIG. 1 depicts a representation of a position-marking 

transformer of the present invention in which a first 
winding 2 is positioned to magnetically couple to a sec 
ond winding 6, the windings 2 and 6 each being on rela 
tively movable members (not shown). The second 
winding 6 includes a first winding section 8 (shown in 
broken line) and a second winding section 9 (shown in 
dotted line). The first and second winding sections 8 
and 9 are each typically printed copper conductors in 
a different layer where the layers are on opposite sides 
of an insulating layer to form a laminate. The actual de 
tails of typical layer thicknesses and materials are de 
scribed hereinafter in connection with FIG. 13 and 14. 
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The first winding 2 is formed with active conductor 
portions having a pre?x 3- and identi?ed as 3-1, 3-2, . 
. . , 3-8. The active conductor portions 3- are con 

nected in series by end conductor portions having the 
pre?x 4- and identi?ed in FIG. 1 as 4-1, 4-2, . . . , 4-7. 
The end conductors 4- are arrayed alternately along 
the margins de?ned by opposite ends of the active con 
ductor portions 3- so that adjacent active conductor 
portions 3-1 conduct in opposite directions. Adjacent 
active conductor portions, therefore, de?ne opposite 
poles and the distance between the adjacent conductor 
portions on either side of a given active conductor por 
tion equals a full space cycle. ' 

In a manner like that for ?st winding 2, each of the 
winding sections 8 and 9 for the second winding 6>is 
also formed of active conductor portions connected by 
end conductor portions along alternate margins. 

Speci?cally, winding section 8 has active conductor 
portions having pre?xes 18- and identi?ed as 184, 
18-2, . . . , 18-6; and winding section 9 has active con 
ductor portions having the pre?x 19-1 and indicated in 
FIG. 1 as 19-1, 19-2, . . . , 19-6. 

The active conductor portions 18-1 on winding 8 are 
connected in series by the end conductor portions hav 
ing the prefix 16-, and the active conductor portions 
19-1 on winding section 9 are connected in series by 
the end conductor portions having the pre?x 17-. The 
end conductor portions 16-1 through 16-6 and 17-1 
through 17-6 are shown in FIG. 1. 

In actual practice, one of the windings 6 or 2 is longer 
than the other by a length equal to the distance over 
which it is desired to measure or travel. 

In accordance with the present invention, the first 
and second winding sections 8 and 9 are arrayed so that 
the active conductor portions 18-2 and 19-1, for exam 
ple, are substantially the same space location relative 
to the active conductor portions 3- of the ?rst winding 
2. Further, winding sections 8 and 9 are connected in 
series at terminals 11 so that the active conductors 18-2 

' and 19-1, for example, both conduct in the same direc 
tion. Similarly, each of the other pairs of active conduc 
tor portions 18-3 and 19-2, 18-4 and 19-3, 18-5 and 
19-4, and 18-6 and 19-5 have both conductors in the 
pair conducting in the same direction. In this manner, 
each conductor in the pair has substantially the same 
coupling relationship with the active conductor por 
tions of the ?rst winding 2. The exactness in which the 
conductors 19-1 and 19-2 are overlayed in the same 
space is not critical, but the farther apart they are, the 
lower the combined coupling which results from the 
pair. 
While the active conductor portions of the winding 

sections 8 and 9 in FIG. 1 are generally connected and 
Y spatially arrayed to be additive with respect to‘ each 
other, the end conductor portions 16- and 17- are ar 
rayed to conduct in opposite directions. More speci? 
cally, the direction of conduction of th end conductor 
portion 16-1 is opposite to that of the end conductor 
portion 17-2. Similarly, the conduction directions for 
the pairs 17-1 and 16-2, 16-3 and 17-4, and so on are 
all opposite. The effect of having the active conductor 
portions arrayed to be additive while the end conductor 
portions are in alternating opposite directions can be 
observed with reference to FIG. 2. 

In FIG. 1, when an ac signal is energized between ter 
minals 21 and 22, the active conductor portions 18 
and 19- give rise as indicated in FIG. 2 to the ?eld vec 
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8 
tors l8’ and 19’ which alternate in direction each half 
cycle, and cause a voltage at terminals 23 and 24 of 
FIG. 1. The ?elds resulting from the end conductor 
portions also alternate direction in each half cycle so 
that the net sum-of the end conductor portion ?elds I6’ 
and 17' in FIG. 2 considered in a clockwise or counter 
clockwise sense is approximately 0. 
The ?eld pattern of FIG.‘2, produced by two over 

layed winding sections 8 and 9 which comprise the sec 
ond winding 6 of FIG. 1, is similar to the ?eld pattern 
generated in accordance with U.S. Pat. No. 2,9l5,72l 
where that patent uses the different technique of one 
half current return conductors. 
The production of the ?eld pattern of FIG. 2 is useful 

in reducing or neutralizing the effects of constant cou 
pling between the winding of a position-measuring 
transformer. The reduction in unwanted constant cou 
pling can be explained, for example, in connection with 
FIG. 3. 

In FIG. 3, waveform 25 represents the amplitude of 
the coupling wave produced beween the active conduc 
tor portions 3- of the ?rst winding 2 and the active con 
ductor portions 18- and 19- of the second winding 6. 
When the second winding 6 and the ?rst winding 2 are 
moved relative to each other so'that the active conduc 
tor portion 3-2 is exactly superposed over the active 
conductor portion 18-1, the windings are de?ned for 
convenience in this speci?cation, to be at the 0° point 
where maximum coupling occurs. The maximum cou 
pling betwen windings 2 and 6 is indicated by the posi 
tive peak in curve 25 in FIG. 3 at the 0 point. When the 
winding of FIG. 1 are moved relative to each other so 
that the active conductor portion 3-2 is half-way be 
tween active conductors 18-1 and 18-2, the windings 
are de?ned to be at the 90° point and have zero cou 
pling as indicated in FIG. 3. When active conductor 
portion 3-2 is moved to the 180° location over active_ 
conductors 18-2 and 19-1, a negative maximum peak 
occurs as indicated in FIG. 3. Zero coupling again ex 
ists at the 270° point, for example, when active conduc 
tor 3-2 is half-way between active conductors 18-2 and 
18-3. Finally, coupling wave 25 again reaches a positive 
maximum at the 360° point, for example, when active 
conductor portion 3-2 is aligned with active conductor 
portions 18-3 and 19-2. 
The transducer of FIG. 1 is useful, for example, in de 

?ning null positions of equal spacing. Equally spaced 
nulls have been used, for example, for de?ning the 
spacing of the magnetic tracks in a magnetic disc drive 
system. . 

. In FIG. 3, coupling wave 25 is representative of the 
fundamental coupling wave which results from the cou 
pling between the active conductor portions on the ?rst 
winding 2 and the second winding 6. In addition to the 
fundamental coupling wave, however, the end conduc 
tor portions 16- and 17- for the second winding 6 also 
tend to couple to the end conductor portions 17- of the 
?rst winding 2. In FIG. 3, the coupling wave for the end 
conductors 16- is represented by coupling wave 26 
(shown dotted). Similarly, the coupling wave for the 
end conductors 17- is represented by the coupling wave 
27 (shown broken). It is apparent from FIG. 3 that cou 
pling wave 26 has an average value represented by line 
52 which is off-set or biased with respect to the average 
value, represented by line 54, of the fundamental cou 
pling wave 25. Similarly, the average value, 'repre 
sented by line 53, of the coupling wave 27 is also biased 



3,772,587 
9 

with respect to the average value of the fundamental 
Coupling wave 25. I 

The coupling of waveform 26 includes an unwanted 
coupling component which is the constant coupling 
represented by the displacement between lines 52 and 
54. Similarly, the displacement between lines 53 and 54 
represents a constant coupling which is the unwanted 
coupling component of waveform 27. - 

In accordance with the present invention, the un 
wanted coupling component of coupling wave 26 is 
equal to and opposite from the unwanted coupling 
component of coupling wave 27 so that when algebra 
ically added these unwanted coupling components tend 
to neutralize each other. More speci?cally, the sum of 
coupling waves 26 and 27 is in phase and has zero bias 
with respect to the fundamental coupling wave 25. 
Whenever an unneutralized unwanted coupling com 

ponent exists, this constant coupling component gives 
rise to a once-per-cycle or fundamental frequency er 
ror. The embodiment of the present invention shown in 
FIG. 1 neutralizes these unwanted coupling compo 
nents by having two winding sections arrayed opposite 
each other in a multi-layer configuration. The constant 
coupling component of one winding section neutralizes 
the constant coupling component of the other winding 
section without interfering with the fundamental cou 
pling of the active conductor portions. 

In FIG. 1, two active conductor portions overlay the 
same space area; for example, active conductor por 
tions 18-2 and 19-1. With two active conductors in the 
same space position, a “two-turn” winding is achieved 
for the active conductors. The end conductors, how 
ever, are only “one turn” since end conductors in FIG. 
1 do not occupy the same space location. 
Four-Layer Linear Winding Member 
FIGS. 4 through 7 schematically represent patterns 

of active conductor arrays as they appear in various 
stages of a manufacturing process for a two-phase, 
four-layer transformer member, which is schematically 
shown in FIG. 7. The transformer member of FIG. 7 in 
cludes the constant coupling (or bias) neutralization 
feature previously described in connection with FIG. 1. 
The member of FIG. 7 also includes quadrature com 
pensation within each cycle to insure that the poly 
phase sine (BC) and cosine (AD) windings tend to pro 
duce ?elds displaced in space exactly one-quarter of 
the space cycle even when the respective winding sec 
tions which form the sine and cosine windings are not 
spaced exactly in quadrature. 
Referring to FIG. 4, a schematic representation of an 

array of active conductors A, speci?cally Al through 
A5, is shown. The conductors Al through A5 are in 
tended to be equally spacedwhere the distance be 
tween any adjacent pair of active conductor portions 
de?nes one-half the space cycle. 
. FIG. 4 alsoincludes an array of active conductors B, 
speci?cally,_Bl through B5. The active conductors Bl 
through B5 are spaced substantially identically to the 
active conductors A1 through A5 and are preferably 
produced from the same photographic negative. The 
conductors A and B in FIG. 4 are representative of ei 
ther a photographic negative or insulated metal con 
ductors on a common base-of metal, glass or plastic, so 
that the relative position of the active conductors A is 
?xed with respect to the relative position of the active 
conductors B. Specifically, active conductors B are 
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10 
shifted a displacement “al" from active conductors A 
where “a1” is approximately 90° of the space cycle. 
FIG. 5 is also representative of a photographic nega 

tive or array of conductors which is substantially identi 
cal to the photographic negative or array of conductors 
represented by FIG. 4. Accordingly, the active conduc 
tors C, speci?cally, Cl through C5, and the active con 
ductors D, speci?cally DI through D5, are each pro 
duced from the respective active conductors Al 
through A5 and B1 through B5. Accordingly, the dis 
placement, “a2”, of the active conductors D from the 
active conductors C in FIG. 5 is substantially identical 
to the displacement “al” in FIG. 4. 
Referring now to FIG. 6, a representation of a multi 

layer structure is shown wherein the active conductors 
represented in or photographically developed from 
FIG. 5 have been superposed over the active conduc 
tors similarly derived from FIG. 4. In FIG. 6, certain of 
the active conductors in FIGS. 4 and 5 have been re 
moved and end conductor portions for interconnecting 
active conductor portions have been added. The addi 
tions and deletions are by well known printed circuit 
techniques. - 

In FIG. 6, four separate winding sections, A, B, C an 
D are formed where they derive their designations from 
the active conductor designations of FIGS. 4 and 5 
from which they are produced. In FIG. 6, the displace 
ment a1, between winding section A and winding sec 
tion C is substantially identical to the displacement, a2, 
between winding sections B and D. The substantial 
identity of the displacement a1 and a2 derives from the 
identities in FIGS. 4 and 5 of the displacements “a1” 
and “a2”. When the layers of FIGS. 4 and 5 are super 
posed over each other, the B and C active conductor 
portions are approximately aligned. If, as shown in FIG. 
6, a displacement “b” exists between the D and C wind 
ing sections, 011 equals 112, since 111 = “al" + “b” and 
a2 “a2” + “b” and “a1” + “b” = “a2” + “b”. 
The transformer of FIG. 7 is produced by turning the 

winding sections B and D underneath the winding sec 
tions C and A of FIG. 6 so that the two-layers of wind 
ing sections of FIG. 6 become four-layers of winding 
sections in FIG. 7. While during assembly the winding 
sections B and D may be shifted relative to the winding 
sections C and A, the C and A and B and D winding 
sections do not move relative to each other. In FIG. 7, 
therefore, the angle B between the B and C winding 
sections may be different from the angle “b” in FIG. 6 
between those same sections. The angles a1 and a2, 
however, do not vary and are the same as in FIG. 6. 
The terminals 32 and 36 from winding sections A and 

D, respectively, are electrically connected together so 
that the winding Section A and the winding section D 
form the complete cosine winding which has input ter 
minals 33 and 37. In a similar manner, terminals 35 and 
31 from winding sections B and C are electrically con 
nected together forming a complete sine winding hav 
ing input terminals 30 and 34. Both the sine winding 
comprised of the winding sections C and B and the co 
sine winding comprised of winding sections A and D 
each individually have the constant coupling neutral 
ization feature previously described in ‘connection with 
the winding 6 of FIG. 1 for same reasons that winding 
6 has that feature as previously described. Also, the 
sine and cosine windings of FIG. 7-have a quadrature 
compensation feature which is now further described in 
connection with FIG. 8. 
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Quadrature Compensation 
Referring to FIG. 8, the vectors A(i), B(i), C(i), and 

D(i) each represent the space location of upper case 
like-lettered active conductors in FIG. 7. The lower 
case letter “i” represents any one of the postscripts 
from 1 to 5 for the active conductors of FIG. 7. For ex 
ample, for “i” = 2, the vector diagram of FIG. 8 repre 
sents the space locations of the active conductors A2, 
B2, C2, and D2 of FIG. 7. Similarly, for “i" equal to 3, 
the vector diagram of FIG. 8 represents the space loca 
tion of the active conductors A3, B3, C3, and D3. As 
previously indicated in connection with FIG. 7, the vec 
tor A2 is displaced an angle al from vector C2, and 
similarly, the vector B2 is displaced an angle of a2 from 
vector D2. Furthermore, due to the manufacturing 
steps discussed in connection with FIGS. 4, 5, 6 and 7, 
the angle a1 is rendered equal to the angle a2. With 
this condition of equality, th electrical interconnection 

' of the B and C vectors, for example, B2 and C2, pro 
duces a resultant vector BC2 which is generally indi 
cated in FlG.‘8 as BC(i). Similarly, the interconnection 
of the vectors A2 and —D2, (—D2 is the electrical re 
versal of D2), which are generally indicated as A(i) and 

15 

20 

—D(i) in FIG. 8, produces a resultant vector AD(2) ' 
which is generally indicated as AD(i) in FIG. 8. 
With the angle between the B and C vectors equal to 

B‘, the resultant vector BC is located 3/2 from both the 
B and C vectors. 
The vectors A and —D are separated by an angle ()5 

equal to al — [180 — a2) + 3]. Since a1 is equal to (12, 
or more generally equal to a, the angle <1; is given as fol 
lows: ¢ = 2 a—— B — I80. The resultant vector AD is 

therefore, positioned ¢l2 from both the A and —D vec 
tors. The angle ¢/2 equals a-?/Z — 90. As can be seen 
by inspection, the angle between the resultant vectors 
AD and BC is equal to a—¢/2 — [3/2. By substituting the 
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35 

value of ¢/2 as given above into that last expression the ' 
angle between the resultant vectors AD and BC is 
shown to be precisely 90 degrees. 
While FIG. 8 has been described by way of example 

with the postscript value “1'” equal to 2, the vector dia 
gram of FIG. 8 applies for all of the postscripts 2 
through 4. Since the general space area over which the 
active conductors couple to the reference winding for 
each value of the postscript “i” is less than one space 
cycle, quadrature compensation is provided individu 
ally within each cycle. Having quadrature compensa 
tion within each cycle is important in reducing the sen 
sitivity of the quadrature compensation to anomalies. 
Because the active conductors which contribute to the 
compensation couple to the same general space area, 
as distinguished from different, widely separated space 
areas, the quadrature compensation of the FIG. 7 em 
bodiment is relatively immune to the effects of anoma 
lies. 
Referring to FIG. 9, the resultant vector AD(2) is ex 

actly 90° from the resultant vector BC(2) for the rea 
sons explained in FIG. 8. In a similar manner, the vec 
tors A3, B3, C3 and D3 produce resultant vectors AD3 
and BC3 which, in accordance with the principles dis 
cussed in FIG. 8, are precisely 90° apart. Even though 
the resultant vectors AD2 and AD3 and the resultant 
vectors BC2 and BC3 are not precisely aligned, it is ap 
parent that the resultant vectors AD (2,3) BC(2,3) de 
rived therefrom are also exactly 90° apart. 
Referring to FIG. 10, the four winding sections A, B, 

C, and D represent those depicted in FIG. 7. The four 
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12 
winding sections in FIG. 10 are separated and not 
shown in stacked relation in order to show their details 
with greater clarity. In FIG. 10, the layers are arranged 
from the top toward the bottom of the page in the order 
C, A, B, and D which represents their increasing dis 
tance from the scale winding member of the position 
measuring transformer as shown in FIG. 14. 

In FIG. 10, the winding sections A through D are 
manufactured in the manner previously outlined in 
connection with FIGS. 4 through 7. Therefore, when 
the winding sections B and C are interconnected to 
form the sine winding and the winding sections A and 
D are interconnected to form the cosine winding, those 
sine and cosine windings exhibit quadrature compensa 
tion. Also, the winding sections B and C and the wind 
ing sections A and D each include the constant cou 
pling neutralization feature previously described in 
connection with FIGS. 1, 2 and 3. 

In FIG. 10, winding section C has a plurality of active 
conductor portions of which active conductor 118 is 
typical. The active conductor portions are connected 
together by end conductor portions along margins de 
fined by opposite ends of the active conductor portions 
where end conductor portions 116 and 117 are typical. 
The center-to-center spacing of the active conductor 
portions, for example, between active conductor por 
tions 118 and 119, is equal to the pitch, P, and is the 
same for all the winding sections A through D in FIG. 
10. While the windings have the same pitch and there 
fore couple with the reference windings of the position 
measuring transformer with the same fundamental 
space frequency, the widths, W, of the active conduc 
tor portions and the widths, S, of ‘the spaces between 
active conductor portions vary from winding section to 
winding section. 
Transfonnation Equalization and Harmonic Neutral 
ization 
The variation in the widths of the active conductor 

portions relative to the widths of the spaces in FIG. 10 
is for two reasons. 

First, the ratio of the conductor to space widths is 
used, in accordance with the general teachings in the 
US. Pat. No. 2,799,835, to reduce or neutralize the ef 
fects of harmonic terms in the coupling signal. Since 
the third harmonic term is usually the largest contribu 
tor to errors, the conductor to space width ratio is usu 
ally adjusted to 2-to-l for third harmonic neutralization 
‘although other ratios for other harmonics can be se 
lected. 
Second, the ratio of the conductor-to-space widths is 

used to adjust the coupling between the winding sec 
tions and the reference winding since the winding sec 
tions are located di?‘erent distances from the reference 
winding to which they couple. The different distances 
are shown fora typical transducer in FIG. 14 by the di 
mensions along the left-hand edge. The farther each 
winding section is from the reference winding, the 
lower the coupling of that winding section. For the pur 
poses of this invention, the coupling is conveniently de 
scribed in terms of a transformation ratio which is a 
ratio of the input signal, I, in the primary winding (e.g., 
sine or cosine) to the output signal, V, in the secondary 
winding (e.g., reference winding). In accordance with 
the present invention, the greater the conductor-to 
space width ratio, the lower the coupling and also the 
lower the resultant transformation ratio. Using this 
principle, the winding sections which are closer to the 
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reference winding have a greater conductor-to-space 
width ratio so as to reduce their coupling to the refer 
ence winding which therefore reduces their transfor 
mation ratio and makes that ratio more nearly equal to 
the transformation ratio of the farther away winding 
sections. 

In FIG. 10, the width of the active conductor portions 
for the winding sections A, B, C and D are given by 
WA, WB, WC, and WD, respectively. In a similar man 
ner, the widths of the spaces between active conductor 
portions for the winding sections A, B, C and D are 
given by SA, SB, SC, and SD, respectively. The widths 
of the conductor portions WC and WA for the winding 
sections C and A are equal as are the widths WB and 
WD of the conductor portions for the winding sections 
B and D. The winding sections C and A are closer to 
the reference winding than the winding sections B and 
D as shown in FIG. 14. ' 

Referring to FIGS. l2, l3 and 14, the manner in 
which the winding sections A through D of FIG. 10, are 
positioned over each other to form a multi-layer, poly 
phase member 134 is shown. In FIG. 13, the layers of 
conductors for winding sections C, A, B, and D are 
shown progressively removed from a base layer 136. 

In FIG. 14, the polyphase member 134 is shown he 
neath a scale member 128. A typical construction for 
the polyphase member 134 includes the B and D wind 
ing section layers clad to opposite sides of a plastic in 
sulating layer 138 and the winding section layers C and 
A clad to the opposite sides of an insulating plastic 
layer 140. The B, 138, D laminate is adhered to the 
base 136 by another insulating and adhesive layer 137. 
In a similar manner, the C, 140, A laminate is adhered 
to the surface of the B layer by an adhesive and insulat 
ing layer 139 between the A and B layers. An electro 
static shield 142, of the type described in US. Pat. No. 
3,090,934, is adhered to the C layer by an insulating 
and adhesive layer 141. . 
Positioned above the polyphase member 134 is the 

scale or reference winding member 128 constructed in ' 
a manner well known in the art. Member 128 typically 
includes a continuous reference winding layer 131 ad 
hered by layer 130 to a base 129. The layer 131 in 
cludes a winding of the type previously depicted sche 
matically as winding 2 in' FIG. 1. The thickness dimen 
sions for a typical multi-layer structure are shown in 
fractions of an inch along the left-hand side of FIG. 14. 
While these dimensions are not critical, selection of dif 
ferent thicknesses results in different transformation 
ratios which require different conductor-to-space 
width ratios for compensation. 
As previously discussed in connection with FIG. 10, 

the conductor-to-space width ratio of the. various wind 
ing sections is varied in order to compensate for the dif 
ferences in coupling between the winding sections and 
the reference windings as conveniently measured ’ as 
differences in transformation ratio, which are princi~ 
‘pally due to the differences in displacement of the 
winding sections of-polyphase member 134 from the 
continuous reference winding of member 128. The 
variations in conductor-to-space width ratio is further 
explained in connection with FIG. 12. FIG. 12 is a 
cross-sectional view of the winding layers taken along 
the section lines l2--l2 in FIG. 14, although FIG. 12 
is a simpli?ed schematic representation not showing 
the insulating, adhesive, base or shield layers. 
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In FIG. 12, pairs of typical active conductor portions 

for each of the winding sections C, A, B, and D are 
shown below a reference winding represented by three 
typical active conductors R1, R2, and R3. In FIG. 14, 
the conductors R1, R2 and R3 are contained in the ref 
erence winding layer 130. Again referring to FIG. 12, 
the center-to-center spacing of all the active conduc 
tors equals the pitch, P where thespace cycle is equal 
to 2?. The width of each active conductor portion for 
the reference member is equal to WR' and the spaces 
between adjacent active conductors is equal to SR. In 
accordance‘with the teachings of the US Pat. No. 

. 2,799,835, the conductor-to-space ratio therein is 2-to 
l for cancellation of unwanted thirdharmonics. This 
2-to-l ratio is achieved by having WR equal 2SR. 
Briefly, the third harmonic cancellation results because 
the width of the WR equals one-third of 2?. Accord 
ingly, WR is exactly equal to one period of the third 
harmonic space cycle. The average of a sinusoid over 
exactly one period is zero so that the average coupling 
of each conductor bar R1, R2 and R3 tends to be zero 
with respect to third harmonics. For a further discus 
sion of the principles of harmonic cancellation refer 
ence is made to the above-referenced US. Pat. ‘No. 
2,799,835. 

It is also possible to make the conductor-to-space 
ratio for each of the winding sections A, B, C, and D 
equal to 2-to-1 for neutralizing unwanted third har 
monic coupling. Alternatively, however, the conduc 
tor-to-space width ratios is varied from 2-to-1 in order 
more nearly to equalize the transformation ratios of 
each of the layers. 

In order to equalize the coupling to the reference 
winding and therefore the transformation ratio be 
tween the winding section B to that of the winding sec 
tion C to which it is connected, the widths of the con 
ductors for winding section C are made greater than 
those for winding section B. In a similar manner, the 
widths of the conductors for the winding section A are , 
made greater than the widths for the winding section D. 
If full equalizationof all the winding sections is desired, 
the widths of the active conductors for winding section 
C are made greater than for those of A which in turn 
are made greater than for those of B which in turn are 
made greater than for those of D. 
For simplicity in manufacture, however, full equal 

ization is not employed in the winding sections of FIG. 
10. Rather, winding sections C and A have the same 
conductor-to-space width ratio and similarly, winding 
sections B and D have equal conductor-to-space width 
ratios different from the ratio for C and A. More specif 
ically, for the general thicknesses and displacements 
previously indicated in connection with FIG. 14, it has 
been found that a width of 0.0393 for the conductors 
and 0.0107 inch for the space for the winding sections 
C and A produces good results when the conductor 
widths are 0.0273 and the spaces are 0.0227 inch for 
the winding sections B and D. 
For the above-discussed dimensions of FIGS. 10 and 

14 the coupling from winding section C is of the order 
of 1.45 times the coupling of winding section B to the 
reference winding. In a similar manner, the coupling of 
the winding section A is of the order of 1.45 times the 
coupling of winding section D. In order to render the 
coupling of winding section C equal to the coupling of 
winding section B and the coupling of winding section 
A equal to the coupling of the winding section D, the 



transformation ratios of the winding sections C and A, 
are both reduced by increasing their conductor-to 
space width ratios while the transformation ratios of 
the winding sections B and D are both increased by de 
creasing their conductor-to-space width ratios. 
The required change in conductor-to-space width 

ratio can be determined both experimentally and math 
ematically. For an approximation of the mathematics 
employed to calculate the desired change in conductor 
to-space width ratio, a winding having a 2-to-1 conduc 
tor to space width ratio is initially considered. A de 
crease in transformation ratio is achieved by widening 
that conductor an amount A by symmetrically adding 
M2 on either side of the center line, thereby increasing 
the conductor-to-space width ratio. Addition of an in 
crementalvalue on either side of that conductor is an 
addition at points separated approximately 120° with 
respect to the fundamental space cycle. The sum of two 
vectors spaced at 120° is lower than the sum of all the 
incremental vectors spaced at angles less than 120"’. 
The actual summation across the full width of a con 
ductor can be made employing integral calculus. By 
way of approximation, it is assumed that in the region 
in question, the change in transformation for the funda 
mental signal is approximately linear. The change, A, in 
width required therefore to equalize the transformation 
ratios TB and TC representing the coupling of winding 
sections B and C, respectively, to the reference winding 
is derived as follows: ' 

Eq. (1) 
Given: 

[TB/TC],l = I/l.45 WC = WB = 0.0333 

Therefore: 

KB/KC =1/(1.45) 
In order to equalize transformation ratios, that is, to 
make TB = TC, the widths WC and WB are changed an 
amount, A, whereby Eq. (1) becomes: 

[0.0333 + A/0.0333 — A] [l/l.45 ]= TB/TC=1 

Eq. (2) 
Solving Eq. (2) for A yields, 

A = 0.006 inch 

Where: 
TC = transformation ratio, Vout/Iin, representing the 

coupling of winding section C to the reference winding 
TB = transformation ratio, Vout/?n, representing the 

coupling of winding section B to the reference winding 
WC =' width (0.0333 inch) of conductor for winding 

section C having a space cycle 0.1 inch 
[TB/TC],,l = measured value of ratio of TC/TB before 

change of A 
WB = width (0.0333 inch) of conductor for winding 

section B having a space cycle 0.1 inch 

C 
KB = constant of proportionality for winding section 

B 
A = change in width of WC and WB 
Referring to FIG. 10, the value computed for A, 

0.006 inch, is added to the nominal 2-to-1 width of 
0.0333 inch for the C and A winding sections to pro 

KC = constant of proportionality for winding section. 
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duce WC and WA equal to 0.0393 inch, thereby reduc 
ing the space widths SC and SA to 0.0107 inch. In a 
similar manner, 0.006 inch is subtracted from the nom 
inal value 0.0333 to produce the width WB and WD 
equal to 0.0273 inch thereby increasing the space 
widths SB and SD to 0.0227 inch. Note that the average 
width of WC and WB is 0.0333 and of WA and WD is 
also 0.0333 so that on an average the sine winding 
(BC) and the cosine winding (AD) active conductors 
have a 2-to-1 conductor-to-space width ratio. 
The above calculations for A were determined with 

principal consideration to the coupling of the winding 
sections at the fundamental space frequency. The ef 
fect of the coupling at the third harmonic of the funda 
mental space frequency for delta equal to 0.006 inch is 
different than for the fundamental space frequency. 
After modi?cation by 0.006, the conductor-to-space 
widthratio in FIG. 10 is not precisely 2-to-l and there 
fore each conductor portion does not individually can 
cel the effects of third harmoniccoupling-Notwith 
standing this lack of complete third harmonic cancella 
tion, the average conductor-to-space width ratio for the 
series connected winding sections C and B and simi 
larly the winding sections A and D, is 2-to-I as indi 
cated above. For this reason, any increase in third har 
monic coupling due to the increase in conductor-to 
space width ratios of the C and A winding sections 
tends to be negated by an opposite change in the third 
harmonic coupling of the B and D winding sections, re 
spectively. 
Because the conductor-to-space width ratios were 

not selected at four different values, in order to equal 
ize the transformation ratios for all four winding sec 
tions in FIG. 10, the sine winding sections A and C gen 
erally have a resultant transformation ratio which is 
greater than the _ transformation ratios of the cosine 
winding sections B and D. Because the quadrature 
compensation feature of the present invention gener 
ally requires equal transformation ratios, a further ad 
justment of the transformation ratios of the FIG. 10 
winding sections is required. That adjustment is made, 
referring to FIG. 7, by placing a conventional resistor, 
not shown, between the terminals 34 and 30 of the SIN 
winding. In this manner, the current in the SIN winding 
is reduced relative to that of the COS winding to com 
pensate for the greater transformation ratios of the SIN 
winding sections. The SIN winding has a greater trans 
formation ratio because as is apparent from FIG. 12 
and 14, the sine winding sections C and B are closer on 
an average to the reference winding than the cosine 
winding sections A and D. The feature of using a resis 
tor across one of the windings of a position-measuring 
transformer is called “line balancing.” 
The present invention insures that, through quadra 

ture compensation, the sine and cosine windings tend 
to be exactly 90° apart. In accordance with another fea 
ture of the present invention, the quadrature can be ad 
justed also by placing a resistor across one or more of 
the winding sections. For example, a resistor connected 
between terminal 32 and terminal 33 reduces the cou 
pling of the winding section A to the reference winding. 
Referring now to FIG. 8, a resistor between terminals 
32 and 33 causes a reduction in the length of the vector 
A(i) which tends to rotate the resultant vector AD(i) 
clockwise. If the angle between the resultant vectors 
AD(i) and BC(i) is greater than 90°, indicating a lack 
of exact quadrature, the resistor between terminals 32 
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and 33 in FIG. 7 tends to correct-the quadrature error. 
Similarly, for angles less than 90°, a resistor between 
terminals 37 and 36 causes a counter-clockwise rota 
tion of vector AD(i) which tends to correct the quadra 
ture error. 

A resistor placed between the terminals 30 and 34 or 
between the terminals 33 and 37 in FIG. 7 shortens the 
resultant vectors AD(i) and BC(i), respectively, in 
FIG. 8 without affecting the angle between them. A re 
sistor between the terminals of any winding section, 
that is, from terminals 32 and either 33 or 37 or be 
tween terminals 35 and either 30 or 34, results in a 
change in the angle between the resultant vectors. 
Means are provided, therefore, for adjusting the line 
balance, that is the relative coupling of the sine and co 
sine windings, and also means are provided for adjust 
ing the quadrature between sine and cosine windings. 
Referring to FIG. 11, the horizontal lead conductors 

91, 92, 93 and 94 correspond to the horizontal like 
numbered lead conductors in FIG. 10. Note that the 
sine winding lead conductors 91 and 92 are superposed 
and electrically connected to conduct in opposite dié 
rections in order to neutralize any unwanted coupling 
of those lead conductors. As shown in FIG. 11, the ter 
minals 32’ and 36’ are jumpered together to intercon 
nect the two cosine winding sections indicated as A and 
D in FIG. 10..Similarly, the terminals 31’ and 35' are 
jumpered together to interconnect the two sine winding 
sections indicated as B and C in FIG. 10. The terminals 
in FIG. 11 are numbered, with primes added, the same 
as the corresponding terminals in FIG. 7. 
Also indicated in FIG. 11 are the adjusting resistors 

96 and 97. Resistor 96 connected between cosine ter 
minals 32’ and 33’ has the effect of adjusting the angle 
between the sine and cosine windings, that is, adjusting 
the quadrature. Resistor 97 connected'between cosine 
terminals 33’ and 37 ' is operative to adjust the current 
in the cosine winding relative to the sine winding and 
accordingly is the “line balancing” resistor. While re 
sistors 96 and 97 have been shown connected between 
cosine terminals, resistors may be placed between any 
of the terminals in FIG. 11 in order to adjust the rela 
tive coupling of any winding section or any combina 
tion of winding sections as is desired. 
While the embodiment discussed in connection with 

FIGS. 7 through 14 has windings each of which in 
cludes two winding sections which, for manufacturing 
convenience, are constructed by turning one winding 
section over with respect to the other, the “turned 
over” relationship can be achieved without any actual 
mechanical turn over if desired. For example, the end 
conductor portions may be added by well-known pho 
tographic techniques along either margin without any 
mechanical “turn over” of the active conductor por 
tions. ' ' 

MultLCycle Rotary Transducer 
In FIGS. 15 through 21, a multi-cycle, rotary trans 

ducer is shown. That transducer employs the constant 
coupling neutralization feature previously described in 
connection with FIGS. 1 and 7, the quadrature com 
pensation feature previously described in connection 
with FIGS. 4 through 9, the harmonic cancellation fea 
ture and the transformation ratio adjustment feature 
previously described in connection with FIGS. 10 
through 14. . 
The pattern of FIG. 15 schematically represents an 

array of conductors or alternatively a photographic 
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negative for producing an array'of conductors. Speci? 
cally, the pattern of FIG. 15 includes an array A’ of ra~ 
dial conductors A10 through A80 which is fixed in 
space relative to a second array B’ of radial conductors 
B10 through B80. The pattern of FIG. 15 for rotary de 
vices is analogous to the previously described pattern 
of FIG. 4 for linear devices. The radial ‘spacing of the 
conductors in array A’ is substantially identical to the 
radial spacing of the conductors in array B’. The A’ and 
B’ arrays are preferably made from the same photo 
graphic negative so as to be identical. The array B’, 
however, is rotated 180 mechanical degrees plus one 
quarter of the space cycle of the array A’. The space 
cycle is equal to twice the angular displacement of two 
adjacent conductors. The rotation of array B’ with re 
spect to array A’ can be observed by noting the loca 
tion of the A10 and B10 conductors. . 

Referring to FIG. 16, a second pattern identical to 
the pattern of FIG. 15 is depicted which includes an 
array C’ of radial conductors C10 through C80 and an 
array D’ of radial conductors D10 through D80. The 
pattern of FIG. 16 is preferably an exact copy of the 
pattern of FIG. 15 made, for example, using photo 
graphic techniques. Note that the pattern of FIG. 16 is 
rotated l80° in space, about an axis perpendicular to 
the plane of the paper, with respect to the pattern of 
FIG. 15. The array D’ is preferably a photographic 
print ofthe array A’ and similarly the array C’ is prefer 
ably a print of the array B’ so that the conductor D10 
corresponds to the conductor A10 and the conductor 
C10 corresponds to the conductor B10. 

Referring to FIG. 17, a double layer array is formed 
by placing the FIG. 16 pattern over the FIG. 15 pattern 
so that array C’ is over and concentric with array A’ 
and array D’ is over and concentric with array B’. FIG. 
17 for rotary devices is analogous to the previously de 
scribed FIG. 6 for linear devices. In the pattern of FIG. 
17, the angle between the B’ and D’ conductors is iden 
tical to the angle between the A’ and C’ conductors. 
This identity is created by the assembly steps carried 
out as described in connection with FIGS. 15, 16 and 
17. 
Referring to FIG. 18, only the conductors with post 

cripts 10 in FIG. 17 are schematically shown. The an 
gle, “a”, between the B10 and D10 condyctors is rqual 
to the angle, “a”, between the A10 and C10 conduc 
tors. When the pattern of arrays D’ and B’ are folded 
under and stacked concentric with the pattern of arrays 
C’ and A’, as further described hereinafter in connec 
tion with FIG. 20, any misalignment of the A’ and D’ 
conductors is indicated as an angle “b" in FIG. 18. 
Referring to FIGS. 18, 20 and 21, further details of 

the multi-cycle rotary transducer member are shown. 
As indicated, the FIG. 20 four-layer pattern is formed 
using the conductors from the pattern of FIG. 17 by 
folding the arrays D’ and B’ under the arrays C’ and A’ 
about line 41. Additionally, the pattern of FIG. 20 has‘ 
end conductor portions of which end conductor por 
tions 62, 63, 64 and 65 are typical, added to intercon 
nect adjacent radial conductor patterns in a manner 
analogous to the end conductors added in FIG. 6. For 
ease in observing the four separate layers of winding 
sections, FIG. 19 depicts each separate winding section 
in the array order of C’, A’, B’ and D’ in which the 
winding sections are stacked from top to bottom. Note 
that the C’, A’, B’, and D’ order for the rotary device 
is the same as for the linear device as previously shown 
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and described in connection with FIGS. 10, and 14. 
Since FIGS. 19 and 20 are schematic, the various insu 
lating and adhesive layers which separate the winding 
sections have not been shown but are, of course, pres 
ent in the same manner as described previously in con 

nection with FIG. 14. 
Referring to FIG. 21, a vector diagram is depicted 

which illustrates the quadrature compensation feature 
in the rotary device of FIG. 20 in a manner analogous 
to the illustration in FIG. 8 of the quadrature compen 
sation feature for the linear device of FIG. 7. As is illus 
trated in FIG. 21, the resultant vactor A'D', represent 
ing the resultant space position of the cosine winding 
formed by the cosine winding sections A’ and D’, tends 
to be precisely 90° displaced from the resultant vector 
C’B' representing the space position of the sine wind 
ing formed by the sine winding sections C’ and B’. 
Brie?y the angle, d), between vectors C’ and ——B’ equals 
(180 ~ a2 +3) —al. Since (11 =a2 =01, ¢=—2a+ 
[3 + I80 and ¢/2 — a + [3/2 + 90. The angle between 
resultant vectors A’D’ and C’B', as can be observed in 
FIG. 21, is a —B/2 + ¢l2 which, by substituting the 
value for ¢l2 of the previous sentence, is shown to be 
precisely 90°. 
The constant coupling neutralization feature is incor 

porated in the FIG. 20 embodiment since, also refer 
ring to FIG. 19, the sine winding sections C’ and B’ are 
connected by jumper 47 to have their end conductor 
positions conduct in opposite directions. Similarly, the 
cosine winding sections A’ and D’ are connected by 
jumper 46 so that their end conductor portions conduct 
in opposite directions. 
More speci?cally, still referring to FIGS. 19 and 20, 

a plurality of end conductor portions (e.g., 62) at each 
end of each winding section is proximate to one of the 
intervening spaces between the adjacent end conductor 
portions (64,68) of the other winding section in the 
same margin. 

In order to incorporate the harmonic cancellation 
and transformation ratio adjustment features into the 
rotary device of FIG. 20, the conductor-to-space width 
ratio is changed in a manner analogous to that previ 
ously described. In FIG. 20, for an ideal transducer the 

_ conductor portions and the spaces between them are 
wedge-shaped. Because of this shape, both the conduc 
tor portions and the spaces between them increase in 
width as a function of the distance from the center of 
the pattern. For‘ simplicity in design, however, the 
space between conductor portions are made rectangu 
lar in shape while the conductor portions are wedge 
shaped as shown, for example, in the above referenced 
US. Pat. No. 2,799,835. The width of the rectangular 
space is made equal to the average width of a wedge 
shaped space. The average width for a wedge-shaped 
space is the width at that point which is half way be 
tween the innermost point along a radial conductor and 
the outermost point. The conductor-to-space width 
ratio is, for convenience, determined at the location 
which is half way between the inner and outer ends of 
the radial conductors. In this manner, the conductor 
to-space width ratios for each of the winding sections 
of FIG. l9v are readily adjusted in the same manner as 
previously described in connection with FIGS. 10 
through 14. 
The transducer of FIG. 20 includes only four space 

cycles per revolution. In actual practice, however, 
transducers having many more active conductors are 
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employed to produce a greater number of cycles per 
revolution, for example, 360 space cycles or more per 
revolution. 
Two-Layer Linear Transducer 

Referring to FIG. 22, a two-layer, polyphase windings 
154 is schematically shown in coupling relation to a ref 
erence winding 155. The actual dimensions are typi 
cally like those in FIG. 10. The polyphase windings 154 
include a SIN winding and a COS winding formed ‘of 
winding sections B and C and winding sections A and 
D, respectively. The winding sections B and C are on 
the same upper layer and the winding sections D and 
A are on the same lower layer where those two layers 
are, for example, on opposite sides of an insulator (not 
shown). 
The polyphase windings 154 are preferably produced 

in the manner outlined in connection with FIGS. 4, 5 
and 6. More speci?cally: the pattern consisting of array 
C over array A like that in FIG. 6 is produced to the 
right in FIG. 22 while the pattern consisting of array D 
over array B like that in FIG. 6 is turned over to form 
B over D and produced to the left in FIG. 22. For exam 
ple, the device of FIG. 22 can be produced by cutting 
the FIG. 6 pattern along an imaginary line between the 
C over A and the D over B patterns and thereafter turn 
ing over the latter to form the B over D pattern. There 
after, the C over A and B over D patterns are adhered 
to a common base layer (not shown) to form a laminate 
in which B and C form one layer over D and A which 
form another layer as indicated by the BC/DA legend 
in FIG. 22. Any misalignment of the BD pattern with 
respect to the CA pattern of winding sections in FIG. 
22 relative to the reference winding 155 appears as the 
angle (360 — B ) as shown, for example, between the 
conductor portions B5 and Cl. In FIG. 22, the dis 
placement, al, between the A and C winding sections 7 
is identical to the displacement, (12, between the B and 
D winding sections for the reasons discussed in connec 
tion with FIG. 6. Therefore, thequadrature compensa 
tion feature previously discussed 'in connection with 
FIG. 7 also applies to the FIG. 22 embodiment of the 
invention. 

In addition to quadrature compensation, the SIN and 
COS windings in FIG. 22 each separately include two 
continuous winding sections arrayed to neutralize con 
stant coupling. For example, the SIN winding is com 
prised of the B and C winding sections where the end 
conductor portions of sine section B, of which end con 
ductor portions 56, 57 are typical, are arrayed in oppo 
site margins to conduct in the opposite direction of the 
end conductor portions of sine section C, of which end 
conductor portions 58 and 59 also in opposite margins 
are typical. As is apparent by inspecting FIG. 22, the 
coupling of reference winding 155 to the end conduc 
tor portions 56 and 57, for example, is like that repre 
sented by curve 26 in FIG. 3. Similarly the coupling of 
reference winding 155 to the end conductor portions 
58 and 59, for example, in FIG. 22 is like that repre 
sented by curve 27 in FIG. 3. As described in connec 
tion with FIG. 3, the constant coupling of one set of end 
conductors (56 and 57) is equal and opposite to the 
constant coupling of the other set (58 and 59). The 
COS winding in FIG. 22 similarly has the constant cou 
pling neutralization feature. 

In addition to the aforementioned features, the poly 
phase windings 154 of FIG. 22 also employ the con 
stant coupling, the harmonic neutralization and cou 










