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This invention relates to a method and means 
for heating objects and materials by high fre 
quency current, and to an oscillator therefor. 
A primary object of my invention is to pro 

vide means for maintaining oscillations in a self 
excited Oscillator notwithstanding variations in 
the load supplied by the oscillator, and for main 
taining the Ioad matched to the oscillator So that 
an optimum transfer of energy may be effected 
from the oscillator to the load as the load varies, 
More specifically, it is an object of the inven 

tion to provide methods and means for so control 
ling a self-excited oscillation generator as to in 
sure the maintenance of oscillations as the elec 
trical characteristics of a heating load vary With 
the temperature to which it is heated, and to 
secure an optimum transfer of energy from the 
Self-excited Oscillation generator to the heating 
unit throughout the entire heating cycle. 
A further object of the invention is to provide 

continuous impedance matching of the tank cir 
cuit of a self-excited high frequency oscillation 
generator to its load Where the load impedance is 
Variable. 
My invention contemplates the provision of 

means for varying the inductance of desired por 
tions of an inductance coil by selective varia 
tion of the permeability of localized parts of the 
magnetic field of the coil. 

she invention may also be utilized to give 
smooth control of feed-back in a self-excited 
high frequency generator. 

It is also an object of the invention to provide 
means to obtain selective variation in the im 
pedance ratio of a tapped coil, or of coupled coils, 
without changing or switching tap connections to 
the coil, and preferably without substantial 
change of the total coil impedance. 
Another object of the invention is to provide 

an impedance control of the character referred 
to, which can be made responsive to current or 
Voltage variations in the circuits of the oscillator 
or in the circuits coupled to the oscillator, and 
which can be used to provide continuous and au 
toinatic impedance variation effective to main 
tain desired optimum conditions in the oscillator 
circuits and the circuits coupled thereto. 

ihus the invention contemplates the matching 
of the tank circuit of a self-excited oscillation 
generator to a load or to the control of the feed 
back in Such oscillation generator, or to a corn 
bination of both matching and control of feed. 
back, in which latter case a constant impedance 
match at constant power level may be main 
tained. 
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It Will be evident from the description that 

follows that the invention has utility in many 
other applications than the ones specifically men 
tioned and that it may be utilized to vary the 
impedance ratio of a high frequency transformer 
or autotransformer, and that such variation may 
be Smoothly effected in response to the current 
Or Voltage conditions in any part of the oscillator 
circuits or of the circuits aSSociated with the 
OScillator circuits. 
Other objects and advantages of the invention 

Will be apparent from the following description 
When taken in connection with the accompanying 
dra Wings, Wherein: 

Figure 1 is a schematic diagram of the tank 
circuit and OScillator With a load circuit conduc 
tively coupled to the tank coil. 

Figure 2 is a schematic diagram illustrating the 
use of the invention for feed-back control. 

Figure 3 is a Schematic diagram of an oscillator 
circuit showing the invention used both for feed 
back and coupling control to maintain the load 
matched to the generator and to maintain the 
Oscillations of the generator, all as the load varies. 

Figure 4 is a schematic diagram of an oscilla 
tor embodying the invention and showing auto 
matic means for controlling the coupling and 
feed-back in response to plate current variations. 

Figure 5 is a fragmentary enlarged view of 
the automatic control means diagrammatically 
Shown in Figure 4. 

Figures 6 and 7 are schematic diagrams illus 
trating other manners of using the invention to 
Control the impedance ratios of transformers 
which may be used to couple an oscillator to a 
load. 

Figure 8 is a schematic diagram of the funda 
inlental circuit of an oscillator illustrating certain 
principles of the invention. 

Figure 9 is a Schematic diagram of the equiva 
lent circuit of an oscillator, for illustrating cer 
tain principles of the invention. 
The present application is a continuation-in 

part of my application Serial No. 384,662, filed 
March 22, 1941, now Patent No. 2,324,525, dated 
July 20, 1943, and a continuation-in-part of my 
application Serial No. 452,101, filed July 23, 1942, 
now abandoned. 
In the drawings the reference numeral O is 

used to designate generally an inductance coil. 
The numeral f2 is used to indicate electron tubes, 
Schematically indicated as the conventional tri 
Odes. In Figure 1 only the tank circuit of the 
OScillator is shown, with its connections to the 
plates of the oscillator tubes 12. The tank circuit 
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consists of the inductance 0 shunted by the tank 
condenser 4. A coil 6 is used to transfer the 
high frequency energy from the oscillator tank 
circuit to a load, the coil 8 being connected to 
the tank coil it) at taps f3 and 20. 
When the oscillator is used as a generator, as in 

heat treating or drying apparatuses, the load con 
sists of Some Conductive object in the field of the 
heating coil 6. The coil 6, With an object or 
material positioned in the field thereof, has an 
effective impedance Which varies with the tem 
perature of the object. This effective load in 
pedance also varies With the objects or materials 
aS Successive objects are placed in the field of 
the coil to be heated thereby. 

It is well known that maximum power transfer 
is obtained between coupled units when the in 
pedance of the load circuit matches that of the 
Supply unit. The connection of the load circuit 
to the taps 8 and 20 makes the coil 8 an im 
pedance matching device since it functions simply 
as a step-down autotransformer which by the 
proper Selection of taps may be utilized to match 
the impedance of the oscillation generator to that 
of the load in order to secure maximum power 
transfer from the generator to the load. For 
example, as the effective impedance of the load 
increases, the step-down ratio of the transformer 
may be adjusted by changing the connections of 
the heater coil from the taps 8 and 20 to the 
taps 8' and 20', as suggested by the dotted lines 
in Figure 1, so that the portion of the tank coil 
included between the taps is thus of greater in 
ductance and the impedance matching condition 
between the load and the generator restored. 
The making of such changes with Sufficient 

rapidity and most conveniently, requires in prac 
tice Some sort of switching or relay arrange 
ment to effect the tap changeover and to protect, 
the oscillator during the changeover period. () 
Obviously this is a step by step method which 
precludes the smooth variation of the impedance 
or coupling ratio to maintain inductance match 
ing of the load to the generator throughout the 
heating cycle and the required switching or relay : 
arrangementS represent some expense and com 
plications in manufacture. 
According to my invention, I support within 

the coil 10 movable pieces, rods, or plugs 22 and 
24, as shown in Figure 5. These core pieces are 
preferably formed from a powdered iron con 
pound, well known in the art for its qualities of 
high permeability and relatively small losses at 
high frequency. These core members are mounted 
On rods 26 of ceramic or other insulating material, 
the rods being Slidably guided in suitable sup 
ports 28, and the core pieces are thus movable in 
an axial direction within the coil. It will be 
evident from Figure 5 that when these core pieces 
are moved to positions such that they are almost 
Wholly within the turns of the coil between the 
taps 8 and 2, the inductance of the coil be 
tWeen those taps may be increased, and converse 
ly it Will be evident that if the core pieces are 
Withdrawn from the center of the coil toward its 
ends, the inductance of the portion between the 
taps Will be decreased. The result, is just the same 
aS if the tap connections were changed, but the 
adjustment can be effected smoothly and con 
tinuously, instead of by fixed, finite steps, and no 
SWitching Operation being required to effect the 
adjustments, no switching or relay arrangements 
are required for the protection of the oscillator. 
With fixed connections of the heater coil to a 
Suitably chosen fractional portion of the tank 
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circuit, the value of the inductance between the 
taps can be made continuously and instantane 
ously variable in the same way as if those con 
nections Were made to slide along the turns of 
the tank circuit. 

Preferably the coil fo and the core pieces 22 
and 2i are so related to each other that the axial 
length of the coil is much greater than the axial 
length of the core pieces, so that those pieces can 
be Withdrawn from the portion of the coil be 
tween the taps without approaching too closely 
the end turns of the coil. When this relation 
obtains, the overall inductance of the coil Will be 
Substantially unaffected by the position of the 
Core pieces Within their Working range of adjust 
ment. The advantage of Such a COraStant Overall 
inductance is that the operating frequency of the 
oscillator Will not be disturbed. 
There is a certain definite relationship between 

the Variations in the load impedance and the 
constants of the oscillator circuit, as will later be 
described, and therefore the position of the core 
pieces can be controlled by suitable means, as 
shown in Figure 4, so that the maintenance of 
proper impedance match is automatic. In a cir 
cuit arrangement Such as shown in Figure 4, a 
plate current, indicated by the animeter 30, will 
vary in proportion to the power transferred to the 
load circuit. Other factors in the oscillator cir 
cuit remaining unchanged, the plate current will 
be a maximum when the optimum amount of 
energy is transferred to the load, i. e., when the 
impedance of the load equals the impedance of 
the generator. Hence by passing the plate cur 
rent through the coils of Solenoids 32 and 34 of 
Which the cores 35 and 38 are Secured to the rods 
26, the change in the impedance between the load 
taps may be proportionate to the change in plate 
current. As shown in Figure 4, the Solenoid coils 
32 and 3d are preferably connected in series be 
tween the positive side of the plate supply source 
and the center power supply tap of the tank. 
SpringS 39 attached to the outer ends of the sole 
noid cores and secured to suitable fixed points 
may be employed to constantly urge the core 
pieces outwardly of the coil. By proper adjust 
ment of these Springs, the forces exerted by theim 
tending to pull the core pieces outwardly can be 
made to balance the opposing forces exerted by 
the Solenoids When the plate current is a maxi 
mum, so that the cores will find positions of rest 
Where the coupling or impedance ratio of the coil 
A is such that the plate current is a maximum, 
and hence as the impedance of the load changes, 
the impedance of coupling ratio of the tapped 
coil is correspondingly altered to maintain maxi 
mum power transfer at every instant throughout 
the heating cycle. 

In order to ensure maintenance of oscillations 
in the Self-excited oscillation generator, it is 
desirable, and in Some cases necessary, to vary 
the feed-back, i. e., the value of the voltage fed 
back from the tank circuit, to the grid circuit of 
the OScillator. There is a certain definite rela 
tion, as Will be described hereinafter, between 
the variations of the load impedance and the 
changes required in the feed-back Voitage to 
maintain oscillations in the generator. As shown 
in Figure 2, the feed-back voltage may be con 
trolled by Varying the permeability of certain 
portions of the coil 0. As shown in this figure, 
a portion of the high frequency voltage across 
the induct&nce of the tank circuit, is taken off at 
taps 4 and 42 of coil f ( and is applied by coupling 
condenSerS A4 and grid resistors 46, each con 
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denser 44 being connected by the tap of the coil 
0 and the grid 50, and each resistor being con 

nected between the grid and the cathode bus 48. 
The Voltage drop across the resistor is applied to 
the grids and maintains the System in Oscillaticn. 
The intensity or amplitude of the oscillation 
Varies according to the proportion of the total 
tank Voltage which is taken off at the taps 40 
and 42. This proportion is varied by moving 
*COre pieces 45, Sinilar to the core pieces 22, and 
24, axially within the coil 0 in the manner pre 
Viously described with reference to the core pieces 
22 and 24. Smooth and continuous instantane 
ous feed-back control is obtained by movement 
of the core pieces 45. Automatic control may be 
provided by making the movement of the core 
pieces dependent upon the variation of some 
Suitably chosen voltage or current, for example, 
the plate current of the oscillator. 

Figure 3 illustrates an arrangement in which 
In eanS are provided for controlling both the in 
pedance matching of the load to the generator 
and the control of feed-back to maintain oscil 
lations. For convenience, the inductance of the 
tank circuit is illustrated as comprising coils 52 
and 54 which may be referred to as the end por 
tions of the tank circuit coil, and the coils 56 
and 58 which may be referred to as the center 
portion of the tank circuit coil. The coil 56 
is connected in series with the end portions 52 
and 54, while the coil 58 is connected to taps on 
the end portions 52 and 54. The load supplying 
coil 6 is connected to taps on coil 56 while the 
pOWer Supply plate voltage source is connected 
to the center tap of the coil 58 and the feed 
back Voltage is taken from other taps on the 
coil 58. Movable core pieces 60 and 62, similar 
to the core pieces 22 and 24, are supported with 
in coil 56 for adjustment of the coupling or in 
pedance ratio to maintain the equivalent load 
impedance matched to the generator impedance, 
and movable core pieces 64, similar to the core 
pieces 45, are supported in the coil 58 for ad 
justment of the feed-back voltage. The core 
pieces may be manually adjusted in each instance 
as determined by meter readings in the oscillator 
and/or load circuits, or they may be provided with 
automatic control means, such as previously de 
Scribed. 

Figures 3 to 5 illustrate embodiments of the 
invention in which means is employed for vary 
ing the impedance ratio of tapped coils. How 
ever, similar results can be obtained with in 
ductively coupled coils as diagrammatically in 
dicated in Figures 6 and 7. As shown in Figure 
6, the load energy is transferred from the tank 
coil 66 by a secondary coil 68 inductively coupled 
to it. For convenience, the coils are shown side 
by Side, but, as is Well known, they may be made 
coaxial, Commonly With the coil of fewer turns 
on the outside. Movable core pieces TO may be 
adjusted along the axis of the tank coil 66 which 
forms the primary of the transformer, of which 
the coil 68 is the secondary. Because of the 
relatively large leakage flux in the air core coils, 
changes in the location of the core pieces will 
vary the impedance ratio of the transformer. 
When the transformer is of such structure that 
the coils are placed side by side in Space, instead 
of coaxial, the desired adjustment of the im 
pedance ratio can be obtained by placing the 
movable core pieces in the secondary or pick-up 
coil 68, as illustrated in Figure 7. In order to 
maintain maximum transfer of energy as the load 
Varies and to insure the maintenance of oscilla 
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6 
tions, i. e., operation of the Oscillator, the ad 
justments effected must be such as to maintain 
certain definite relationships. 
Any vacuum tube oscillator circuit may be 

Simplified to, and represented by, the diagram 
of Figure 8, in which Ip represents the alter 
nating component of the plate current delivered 
to the tank circuit, including the inductance L1 
Shunted by the condenser C and with the resist 
ance RL in series with the inductance L.1, the 
resistance RL being equivalent to the total loss 
l'esistance of the load and the tank circuit. The 
inductance L1 is equivalent to the inductance of 
the tank circuit, and all inductance components 
reflected by the load. The capacitance C1 repre 
Sents the tank circuit capacitance and all capacity 
COmponents reflected from the load. Inductance 
L1 is related inductively to a feed back coil L2 
Connected between the grid and cathode of the 
tube and applying a grid voltage Eg to the grid. 
A certain mutual inductance M exists between 
the tank coil Li and the feed back coil L2, as 
indicated in Figure 8. The existing grid voltage 
is related to the current I1 in the tank coil ac 
Cording to the following equation: 

dI 
2.- Mi (1) 

The circuit of Figure 8 may be further sim 
plified to eliminate the tube and is represented 
by the equivalent circuit of Figure 9, in which 
a current Ip, equivalent to the alternating com 
ponent of the plate current, is Supplied by a 
generator 72, the Voltage of which is uBg. The 
Current Ip passes through a resistance Rp, which 
is the equivalent loSs impedance or resistance of 
the tube and to the tank circuit comprising con 
denser C shunted by an inductance T1 in series 
With the resistance RL, C, Lil, and RL represent 
ing or being equivalent to the capacitive, induc 
tiVe, and resistive components of the load and 
the tank circuit. 
Applying Kirchhoff's laws to the equivalent cir 

cuit of Figure 9, it will be seen that 

aEg-R,I, +R, I-Lif (2) 
'and 

Since the voltage across the two branches of 
the tank circuitrust be equal, then 

d 
C Idi = R LI1-- Lif (4) 

On differentiating this last equation, an expres 
is sion is obtained for the current I2 thus 

d 2I 
I = Rt. C+L, (5) 

By combining Equations 1, 2, and 3, 

uME =R,(I, +I)+R.I.-L.E. (6) 
which, by substitution of 12, according to Equa 
tion 5, reduces to the following form: 

A+E+ 1. HM (R-FL).I. dt2 L1 RC RLC dt RLC 
The Well known, general form of equation for 

the occurrence of Oscillation in a circuit is 
2I dI . I 

Li+Ri+ =0 
which reduces to 

= 0 (7) 

(8) 

(9) 
A comparison of Equations 7 and 9 reveal in 
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stantly that they are of the same general form 
and the conditions for occurrence of oscillations 
in the circuit represented by Equation 7 may be 
obtained simply by comparing the coefficients of 
the respective terms of the equations. 

For the maintenance of a steady state of Oscil 
lations, the coefficient 

R 
L 

of the first order term of the general Equation 9 
must disappear or become equal to 0. Hence, the 
corresponding coefficient of the first order term of 
the circuit represented by Equation 7 must be 
come equal to 0 or 

R 1 - 14 M i RC RIC 
Upon multiplication of all terms of Equation 10 

by the reciprocal value of the angular frequency 

cus 

the following equation is obtained: 

P.+, R a M Lice RC coli C 
Since the Q of the equivalent tank circuit of 

Figure 9 is equal to 

= 0 (10) 

(14) 

coL1.1 
R. Q 

may be substituted for the first term of Equation 
11, 

uM 
QTLRC ToCR, (12) 

which may be simplified to 
1 - 1 ... P. M. Ó-CR. El (13) 

and since the tank circuit (Figure 9) is at res 
Ola C6 

coL1-C, 
and Equation 13 may be Written 

1 col1.u.M. 
Q R. L. Li 

To solve the above equation to obtain the value 
of Rp, representing the internal impedance of the 
oscillation generator, said equation may, by trans 
position, be Written as follows: 

R = QoI1 a - 1. 
The Q of the tank circuit shown in Figure 9 in 

terms of a resistance R.H. parallel to the coin denser 
C and which resistance is equivalent to the resist" 
ance RL, and hence may replace the resistance 
RL, is 

(14) 

(15) 

ToL 
Hence, by substituting the Q of Equation 16 for 

the Q of Equation 15, an equation can be obtained 
representing the relationship between the internal 
impedance Rp of the oscillation generator and the 
equivalent parallel resistance RH representing all 
the power losses in the heating load and the tank. 
circuit. This equation is as follows: 

(16) 

R,-Rn a 2-1 (17) 
Equation 17 maybe transformed to 

R 
RH = Vr (18) 

-L - 

0. 
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This Equation 18 signifies that, so long as the 

equivalent parallel loss resistance RH is equal to 
the ratio of the internal impedance of the oscilla 
tion generator to the factor 

M p-1 
Oscillations may be maintained in the steady or 
stable state. In other words, for any particular 
feed-back voltage, which is dependent, upon the 
ratio of Mi/L, the Oscillator Will continue to oper 
ate if the equivalent parallel loss resistance RH 
is of a certain value or ratio to the internal in 
pedance Rp of the oscillator itself. Although 
OScillations Will be maintained if the ratios of 
the quantities comply with the conditions of 
Equation 18, the power transferred will not neces 
Sarily be at its optimum value. Optimum trans 
fer of power from the oscillation generator to 
the load can only be obtained when 

RH=Rp (19) 

The conditions of Equations 18 and 19 can be 
met simultaneously only when the denominator 
of Equation 18 is equal to unity, i. e., 

uj-1=1 (20) 
O 

M 2 
L.", (21) 

The Significance of Equation 21 is that, so long 
as the latio M/T 1 is equal to, or greatei than, 
tWice the reciprocal value of the amplification 
factor, Which is Substantially a constant, the 
equivalent impedance of the load may be matched 
to the impedance of the oscillation generator 
While the oscillator is maintained in a steady 
State of OScillation. Thus by Suitably calibrating 
the movement of the core pieces to maintain the 
feed-back ratio M/L1 equal to, or greater than, 
twice the reciprocal value of the amplification 
factor of the oscillator, the oscillator may, by 
laanual or autonnatic adjustinent, be maintained 
in a steady state of oscillation while permitting 
the impedance coupling ratio between the tank 
circuit of the oscillator and the load to be so 
adjusted as to maintain the equivalent impedance 
of the load equal to the internal impedance of 
the Oscillation generator. The calibration of the 
movement of the core pieces may, of course, be 
related to any measurable factor of the oscillator 
circuit Which is indicative of the variations in 
the load coupled to the oscillator. Thus, for 
example, the noVement of the adjustor for the 
core pieces may be calibrated in terms of the plate 
current, as revealed by the plate current meter 
36 (Figure 4), So that as the load varies the feed 
back is correspondingly varied by varying M/L1 
to coinply With the limit conditions of Equa 
tion 21. 
It Will be evident further that where the feed 

back alone is varied to maintain the oscillator 
in a stable condition of oscillation without regard 
to the obtaining of a maximum transfer of energy, 
the feed-back adjustor may be calibrated to meet 
the limiting conditions of Equation 18. When 
the feed-back is adjusted with the load to meet, 
the initing conditions of Equation 21, then the 
impedance ratio or the coupling of the load to 
the transformer may be manually or auto 
matically adjusted by adjustment means cali 
brated to meet the conditions of Equation 19, 
i. e., that the equivalent parallel loss resistance 
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of the load equal the internal impedance of the 
generator. 
While the invention has been illustrated in 

connection with an oscillator employing an in 
ductive feed-back from the plate circuit to the 
grid circuit, similar arrangements can be en 
ployed in accordance with the invention where 
the feed-back from the plate-to-grid circuit is 
cbtained through a variable condenser arrange 
ment. 
Changes may be made in the form, construc 

tion, and arrangement of the parts without de 
parting from the Spirit, of the invention or 
Sacrificing any of its advantages, and the right, is 
hereby reserved to make all such changes as 
fairly fall within the scope of the following 
claims: 
What I claim is: 
1. The method of heat, treating an object the 

electrical characteristics of which vary with the 
absorption of energy by the object, which method 
comprises coupling the object, to be heated with 
reactive heating means to which high frequency 
energy is stipplied from an electronic high 
irequency generator having coupled plate and grid 

circuits between which energy is transferred to 
maintain Cscillations, so that the equivalent im 
pedance of the load across the points of coupling 
to the generator is substantially equal to the 
internal impedance of the generator between the 
same terminals, Varying the coupling of the heat 
ing means to the generator in definite relation to 
variations in the electrical characteristics of the 
object, and Varying the feed-back between the 
plate and grid circuits of the generator in definite 
relation to the variation in the electrical char 
acteristics of the object to maintain the generator 
in a steady state of oscillation. 

2. The method of heat treating an object the 
electrical characteristics of which wary with the 
abscription of energy by the object, which method 
Comprises coupling the object to be heated with 
heating means to which high frequency energy 
iS Supplied from an electronic high frequency 
generator, so that the equivalent impedance of 
the load across the points of coupling to the 
generator is Substantially equal to the internal 
impedance Cf the generator between the same 
terminals, varying the coupling of the heating 
means to the generator in definite relation to 
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10 
variations in an electrical quantity which varies 
with variation in the electrical characteristics 
of the object to match the load to the internal 
impedance of the generator, and varying the 
feed-back between the plate and grid circuits of 
the generator in definite relation to said electrical 
quantity when the feed-back voltage is changed 
by adjustment of the coupling ratio to maintain 
the intensity of oscillations of the generator. 

3. The method of controlling the supply of high 
frequency energy to a varying load from an 
electronic high frequency generator, which 
method comprises simultaneously varying the 
coupling ratio between the plate circuit of the 
oscillator and the load and the feed-back ratio 
between the plate circuit and the grid circuit of 
the generator in such a manner as to maintain 
RH equal to Rp and M/L at least as great as 
2/u, where RH represents the equivalent parallel 
loss resistance of the load and the frequency de 
termining circuits of the generator across the 
points of coupling, Rp represents the internal im 
pedance of the generator, M/L represents the 
feed-back ratio between the plate and grid cir 
cuits, and u represents the ratio of the alternating 
component of the plate voltage to the alternating 
component of the grid voltage. 
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