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AUTOCMATIC TUNING AND LOADING COUPLING
NETWORK FOR A COMPLEX LOAD

Vernon H. Vogel, Phoenix, Ariz., and Francis J. Biltz,
Glen Lake, an assignors, by mesne assignments, to
the United States of Amerjca as represented by the
Secretary of the Air Force

Application February 23, 1954, Serial No. 412,133
6 Claims. - (Cl. 250—17)

This invention relates to resonant circuits and more par-
ticularly to automatic tuning and loading coupling nét-
works for complex loads.

It is an object of this invention to provide an automatic
tuning and load coupling network for a complex load in
which automatic control is achieved which is independent
of the magnitude of power which is supplied to the load.

It is a further object of this invention to provide an
automatic tuning and loading coupling network for a com-
plex load in which the circuit for sensing the loading con-
ditions is respomsive to the resistive component of the
load and will cause adjustment of the coupling network to
maintain the resistive component of the load at a prede-
termined value, irrespective of the reactive component of
the load.

The above objects, as well as other objects, features and
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voltage and are isolated D. C. wise from the line by means

of capacitors 14 and 15.
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advantages of this invention will be more fully understood

in view of the’ followmg description when- taken in con-
junction with the drawings wherein:

Fig. 1 is a simplified schematic drawing of an automatlc
tuning ‘and loading coupling network constructed in ac-
" cordance with this invention.

Fig. 2 is a series of vector diagrams illustrating the
phase relationship of voltages. at various points in the
apparatus of Fig. 1.

Fig. 3 is a family of curves illustrating the voltage Eq of
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Fig. 1 as a function of reactance change from zero phase

angle.

As shown in Fig. 1, a source of high frequency energy
such as a transmitter 1 supplies its energy to a complex
Toad such as an antenna 2 through a suitable transmission

line such as a coaxial cable 3. There is provided between - ¢ 1
) “ arcommon mode vcltage about which the output voltage

the transmission line 3 and the antenna 2 an adjustable L
- section coupling network 4 which may consist of a vari-
able series capacitor-5 and a variable shunt inductance 6.
A transformer 7 provides a potentlal ey and another pe-
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_'tential e,y which are both 90° out of phase with the cur- -

rent'in the transmission line 3 and are 180° out of phase
with each other. The transformer 7 is so constructed as
to have a very low impedance compared-fo the load im-
pedance and will therefore cause the ‘least disturbance
possible to.the current in the transmission line 3 and,
furthermore, the coupling between the prxmary winding
and the secondary winding of transformer 7 is as tight-as
possible in order to obtain the largest possible values for
the. voltages ey and eg. In order’to obtain the above
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Referring now to Fig. 2, there is illustrated three phase
conditions, namely, when tie line current I; is in phase
with the line voltage E; when the line current I; leads the
line voltage E; and when the line current I; lags the line
voltage E;. As stated above, the same voltage is applied
to the anodes of tubes 8 and 10 and equal but opposite
voltages are applied to the grids of tubes 8 and 1§, thus
the average plate current of one tube compared.to the
average plate current of the other tube is dependent only
upon the relative phase angles of the tube grid voltages
to the plate voltages. When the line current I; and the
line voltage E; are in phase, both grids are 90° out of
phase with the plate voltage so that each tube conducts
equally, hence there is no difference in average plate po-
tential and; therefore, the differential voltage E, is zero.
When the line current leads the line voltage it will be ob-
served that the grid voltage on tube 1€ is more nearly in
phase with the plate voltage on that tube, thus lowering
the average plate resistance of tube 10 during the positive
half of the anode voltage cycle, while the grid voltage e,
being more out of phase, increases the average plate re-
sistance of tube 8. The D. C. circuits of tubes 8 and 10
are identical so that the D. C. voltages E; and B, are
proportionate 'to average D. C. anode currents through
tubes 10 and 8 respectively. - The grids of tubes 8 and 10
are self biased by grid rectification, however, this grid
current is low and, therefore, the loading of transformer 7
is small enough to prevent any appreciable phase shift
from the theoretical 90° between the grid voltages and the
line current, It will thus be apparent that the differential
voltage E, is a function of the line voltage, the line cur-
rent, the mutual impedance of the transformer 7 and the
phase angle.

When the phase angle is not zero, the differential volt—
age Ey will be dependent upon the line voltage, line cur-
rent, and phase angle. A typical family of curves of error
voltage output has a function of reactance change from
zero phase angle is shown in Fig, 3. The line voltage was
held constant for these curves.

The output voltage E, is zero and independent of the
values of line voltage, line current and frequency so long
as the phase angle is zero, however, the voltages E; and
E, which make up the differential voltage E, are greatly
dependent upon these factors, that is to say, there will be

will fluctuate which will be dependent upon frequency and
power level. To effectively utilize the-above described
circuit over a large power and frequency range without
introducing serious error, a differential amplifier including
tubes 16 and 17 is employed which, by virtue of a com-
mon cathode resistance circuit including resistor 18, will
produce an output voltage in the differential amplifier
which is much more sensitive to changes in differencé

. between the voltages E; and E, than to changes in their

phase relationship it is necessary that the loading on the :

secondary winding of transformer 7 be very small, that
the resonant frequency of the secondary winding, due to
its distributed capacity and the tube capacity, be kept well
out of the operating range, and that the capacity coupling
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between the primary and secondary windings be kept to -

negligible proport1ons

A tube 8 is provided having its grid 9 energized by the
voltage ez and 2 tube 10 is provided having its grid 11
energized by the voltage eg. The anode 12 of tube 8
and the anode 13 of tube 10 are both energized by the line
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common level,

.- The anodes of tubes 16 and 17 are connected through
suitable coupling networks to the grids of tubes 19 and 20
respectively. Tubes 19 and 20 are normally biased -to
cut-off by a positive potential applied to their cathodes.
Winding 21 of relay 22 is connected to the anodes of
tubes 19 and 20 such that should a potential difference
occur between those anodes, the relay 22 will be ener-
gized, closing its contacts 23 and thereby. applying the
65 volt 400 cycle source to the winding 24 of motor M1.
Winding 24 of motor M1 is series-resonated by capacitor
25 to produce the necessary 90° current phase relation-
ship for the 2-phase motor. -The other winding 26 of
motor. M1 is split. Tubes 19 and 20 are preferably of
the thyratron type and firing of one of those thyratrons
causes half-wave 400 cycle pulses to flow in half of the
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split winding. Firing of the other thyratron causes the
half-wave pulses to flow in the other direction in the other
half of the split winding. The motor will therefore rotate
in either direction, depending upon which half -of _the
winding is excited. Because the half-wave pulses prodice
a relatively high direct current in the motor winding which
reduces motor torque, a capacitor 27 is connected -aross
the split winding which, by its “fiywheel” effect, will causeé
a more nearly alternating current to be impiessed upon
the motor winding. o

From the above description, it will be apparent that
should the line current and line voltage be out of phasg,
the motor M1 will rotate in one direction or the other,
dependent upon whether the line current leads or lags
the line voltage. Rotation of motor M1 causes tuning of
the capacitor 5 in the coupling network 4 and, therefore,
the network will be automatically tuned such that the line
current and line voltage will remain in phase.

The proper match of a complex load impedance to a
line is achieved when (1) the line current and line voltage
are in phase, i. e. the effective load is resistive and 2)
the ratio of the line voltage to the line current equals the
characteristic impedance; i. e. the effective load is equal
in magnitude to the characteristic impedance of the line.
Condition 1 is met by the apparatus above described.
Condition 2 can be met by adjusting the tuning elements
of the coupling network 4 to make the resistance com-
ponent of the load equal to that of the line. In a prac-
tical automatic impedance matching device, tuning of -an
element to adjust to a proper resistance value also causes
a change in the line voltage-line current phase relation-
ship and, therefore, it is ordinarily necessary to carry on
the operations of conditions 1 and 2 concurrently.

Referring now to Fig. 1, a transformer 28 has its pri-
mary in series with the transmission line and its secondary
winding is heavily loaded with a noninductive resistor 29
causing it to perform as a current transformer. The trans-
former 28 is preferably so constructed as to produce a
uniform voltage output over the operating frequency range
while producing negligible phase shift between the pri-
mary current and secondary voltage. The A. C. voltage
developed across resistor 29 is rectified by a suitable
rectifier 30, obtaining a D. C. voltage F,, which appears
at terminal 31 and is proportional to the line current.
This relationship can be expressed mathematically as:

Ey=K,l,
or

By=K-——Dt 1)
VBT X

where K, is a constant determined by the circuit con-
stants, I, is the peak value of line current, E, is the peak
value of line voltage, R is the resistive component of the
load on the transmission line and X is the reactive com-
ponent of the load on the transmission line. N

A triode rectifier 32 has its anode enscrgized By the line
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voltage and its grid energized by the voltage across re-

sistor 29 which is proportional to the line current. When
the line voltage is in phase with the line current, the
voltages at the anode and the grid of the triode are in
phase; thus, in this case, the triode behaves much as if it
were a diode, the tube conducting on the positive half-
cycles of the line voltage (when both anode and grid
are positive), and not conducting on the negative half-
cycles (when plate and grid are both negative). The
voltage across potentiometer 33 will be proporticnal to
the line voltage, which is rectified by the triode 32; hence
the D. C. voltage at terminal 34 will also be proportional
to the line voltage. However, when a phase angle exists
between the line voltage and line current, the grid of thée
triode rectifier 32 is negative for a portion of the positive
half-cycle on the anode. The average anode-cathode cur-
rent of tube 32 decreases and consequently the D. C. volt-
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4
age at terminal 34 decreases and is proportional to the
line voltage times the cosine of the phase angle between
the line voltage and the line current. This relationship
can be expressed mathematically as:

E,=KyEcos 6
or

B __
\/ R X2
whers E, is the output voltage at terminal 34, E,; is the
peak line voltage, K, is a constant determined by the
circuit constants, ¢ is the phase angle between the line
voltage and line current, R is the resistive component of
the load on the fransmission line and X is the reactive
component of the load on the line.

From Equations 1 and 2 it will be apparent that the
differential voltage between terminals 31 and 33 can be
expressed mathematically as:

B ,=K,H, (2)

R E,
E,~E,=K,FE -
b 2 1'\/R2+X2 I\/RZ—XZ
or
B, — KB KE, )

Vo Rrx

Before putting the equipment into automatic operation,
the potentiometer 33 is adjusted to such a position that
the differential voltage between terminals 31 and 34 is
zero when a desired value of resistance termination for
the transmission line 3 is obtained with the line current
and voltage in phase. Under these conditions, the resist-
ance component R of the load on the transmission line will
be equal to the characteristic impedance R, of the trans-
mission line, the reactive component of the load on the
transmission line will be zero and the differential voltage
between terminals 31 and 34 (E,—E3) will be zero. Sub-
stituting these values into Equation 3:

I{gE(Ro—KlEl

V. Bero
or ;
KoRy=X{
Substituting the value K,R, for X, in Equation 3:

_E— KgElR—K2R0E1
a b= “—'r——R‘—2+X—“2

or

K 2E 1
E,~Ey=—"+-—""IR—R
s bk 0) (4)
From Equation 4 it will be apparent that- (A) the dif-
ferential voltage (E,—Ey) will always be zero provided

_that the resistance component R of the load is equal to

the characteristic impedance R, of the line, irrespective of
the reactive component of the load; (B) the differential
voltage (E,—E)) will be positive if the resistive com-
ponent R is greater than the characteristic impedance Rq,
irrespective of the reactive ccmponent of the load; and
(C) the- differential voltage (i7;—Bj) will be negative if
the resistive component R is less than the characteristic
impedance Ry, irrespective -of the reactive component of
the load. :

The. differential voltage across terminals 31 and 33 is
zero for the adjusted resistance condition, however, the
D. C. common mode voltage to ground from each of those
output terminals is dependent upon the power level of the
energy in the transmission line 3.

To efiectively utilize the circuit, a differential amplifier
including tubes 35 and 36 is employed which, by virtue of

- a common cathode resistance circuit including resistor 37,

75

will produce an output voltage in the differential -ampli-
fier which is more sensitive to changes in difference
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voltage between terminals 31 and 34 than to changes in
their common level.

" “The anodes of tubes 35 and 36 are connected through
suitable coupling networks to the grids of tubes 37 and
38 respectively. Tubes 37 and 38 are normally biased
to cut-off by a positive potential applied to their cathodes.
Winding 39 of relay 40 is connected to the anodes of tubes
37 and 38 such that should a potential difference occur
between those anodes, the relay 40 will be energized,
closing its contacts 41 and thereby applying the 65 volt
409 cycle source to the winding 42 of motor M2. Wind-
ing 42 of motor M2 is series resonated by capacitor 43
to produce the necessary 90° current phase relationship
for the 2-phase motor. ' The other winding 44 of motor
M2 is split. Tubes 37 and 38 are preferably of the
thyratron type and firing of one of those thyratrons
causes half-wave 400 cycle pulses to flow in half of the
split winding. - Firing of the other thyratron causes the
half-wave pulses to flow in the other direction in the other
half of the split winding. The motor will therefore rotate
in either direction dependent upon which half of the wind-

ing is excited.. Because the half-wave pulses produce a’

relatively high direct current in the motor winding which
reduces motor torque, a capacitor 45 is connected across
the split winding which, by .its “flywheel” effect, will
cause a more nearly alternating current to be impressed
upon the motor winding.

From the above description it will be apparent that
should the resistive component of the load on the trans-
mission line 3 be not equal to the characteristic impedance
of the line, the motor M2 will rotate in one direction or
the other, dépendent upon whether the resistive com-
ponent of the load is greater or less than the characteristic
impedance of the line. Rotation of motor M2 causes
adjustment of the inductor 6 of the coupling network 4
and therefore the network will be automatically adjusted
such that the resistance component of the load will remain
equal to the characteristic impedance of the line.

Although specific circuits and specific values for certain
of the circuit elements have been illustrated and described,
it will be understood that these are merely by way of
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rectifier; said transconductive device having its output
terminal energized by the instantaneous voltage supplied
to the input of said coupling network, and having its con-
trol terminal energized by a voltage which is proportional
to the instantaneous current supplied to the input of said
coupling network, said transconductive device having a
load impedance across which will appear said second
signal which is proportional to the magnitude of the volt-
age times the cosine of the angle between the voltage and
the current supplied to the input terminals of said coupling
network. . )

3. Apparatus as in claim 2 wherein said fourth means
comprises a rectifier network connected in shunt with the
control element of said transconductive device, said net-
work including an impedance across which is developed
a direct current voltage which is proportional to the mag-
nitude of the current supplied to the input terminal of said
coupling network, -and wherein said fifth means ‘com-
prises a differential amplifier having as one input said
second signal produced by said third means and as the

~ other input said third signal produced by said fourth

25

means and having as its output a fourth signal which is
proportional to the difference between said second and
third signals; said fourth signal being connected to con-
trcl means for adjusting the value of said shunt reactor .
to such a value that said signal will remain at zero value.

4. Coupling apparatus for automatically matching a

_ transmission line and a complex load comprising, a
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example and many modifications, additions and omis- -

sions may be made without departing from the spirit and
scope of this invention.

What is claimed is:

1. An automatic tuning and loading coupling network
for coupling a source of high frequency energy to a com-
plex load, said network comprising, a first - adjustable
reactor having means to connect it in series with said
source and said load, a second adjustable reactor having
means to connect it in shunt with said load; first means for
producing a first error signal which is a function of the
phase difference between the current- and the voltage
supplied to the input terminals of said coupling network,
second means responsive to said first signal for adjusting
the value of said series reactor to vary the tuning of said
adjustable coupling network to a value such that said
current and voltage supplied to said input terminals will
remain substantially in phase with each other; third means
for producing a second signal which is proportional to
the magnitude of the voltage supplied to the input of said
coupling network times the cosine of the angle between
the voltage and the current supplied to said input, fourth
means for producing @ third signal which is proportional
to the magnitude of the current supplied to said -input
of said coupling network, and fifth means responsive to the
difference between said second and third signals for ad-
justing said shunt reactor to a value such that the dif-
ference between said second and third signals will be zero
whereby the resistance reflected from said complex load
to the input of said coupling network will be equal to a
predetermined value.

2. Apparatus as in claim 1 wherein said third means
comprises a transconductive device operated as a triode

45

50

55

60

70

75

source of high frequency energy, a transmission line hav-
ing its input connected to said source, a first and second
transformer each having its primary winding connected
in series with one conductor of said transmission line, an
L section adjustable coupling network having its input
terminals connected to the output terminals of said trans-
mission line, a complex load connected across the out-
put terminals of said coupling network, said L section
coupling network comprising an . adjustable capaci-
tor connected in series between said line and. said
load and an adjustable inductor connected in shunt
across the output terminals of said coupling network;
first means connected to the secondary of said first
transformer - for producing a first error signal which
is a function of the phase difference between the cur-
rent ‘and the voltage in said transmission line, second
means responsive to said first signal for adjusting the
value of said capacitor to vary the tuning of said coupling
network to a value such that the current and voltage in
said transmission line will remain substantially in phase
with each other; third means connected to the secondary
of said second transformer for producing a second signal
which is proportional to the magnitude of the voltage
times the cosine of the angle between the voltage and
the current in said transmission line, fourth means con-
nected to the secondary of said second transformer for
producing a third signal which is proportional to the
magnitude of the current in said transmission line, and
fifth means responsive to the difference between said sec-
ond and third signals for adjusting said shunt inductor to
a value such that the difference between said second and
third signals will remain zero whereby the resistance
eflected from said complex load to the input terminals
of said coupling network will be equal to a predetermined
value.

5. Apparatus as in claim 4 wherein said second trans-
former has a resistance connected across its secondary
terminals and wherein said third means comprises a trans-
conductive device operated as a triode rectifier, said trans-
conductive device having its output terminal connected
to that conductor of the ‘transmission line which is in
series with said transformer primary, and having its con-
trol terminal connected to one end of the resistor across
the secondary of said transformer; the third terminal of
said transconductive device having a common connection
with the other end of said resistor and with the other
conductor of said transmission lin¢; and a variably tapped
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impedance connected between the output terminal of said
device and said common connection so that the direct
current voltage between said tap and said common con-
 nection will be proportional ‘to the magnitude of the
voltage times the cosine of the angle between the voltage
and the current in said transmission line.

6. Apparatus as in claim § wherein said fourth means
comprises a rectifier network connected between ‘the con-
trol element of said transconductive device and said com-
mon connection, said network including an impedance
across which is developed a direct current voltage which
is proportional to the magnitude of the alternating cur-
rent in said transmission line, and wherein said fifth
means comprises a differential amplifier having as one
input said second signal produced by -said third means
and -as the other input said third signal produced by said
fourth means and having as-its output a fourth signal
which is proportional to the difference between said
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second and said third signals; said fourth signal being ap-
plied to control means for adjusting the value of said
shunt inductor to such a value that said fourth signal will
remain at zero value whereby the resistance refiected from
said complex load to the input of said coupling network
will be equal to a value predetermined by the setting of
the variably tapped impedance connected to the output
terminal of said transconduction device.
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