An Analysis of Three Self-Balancing Phase Inverters’

MYRON S. WHEELERT, ASSOCIATE, I.R.E.

Summary—A self-balancing phase inverter is a circuit converting
one driving voltage to two output voltages of opposite phase but of
essentially equal magnitude by an inherent characteristic of the de-
vice and not by virtue of any critical adjustment. The algebraic solu-
tion of three self-balancing phase inverters is given, assuming all
circuit elements are linear. Included in the solution are the conditions
for self-balance, the balance ratio, and the voltage gain. From this
information, the type of inverter for a particular service may be se-
lected and designed.

INTRODUCTION
THE DESIGN of audio and video amplifiers fre-

quently requires the conversion from a single-

ended to a double-ended (or push-pull) channel.
Two familiar examples of this type of amplifier are the
driving of cathode-ray-tube plates in push-pull from an
amplifier that must be, for convenience, single ended at
its input; and the driving of audio power amplifiers in
push-pull where it is again convenient to use single-
ended voltage-amplifier stages and input.

This conversion requires a network with two output
voltages, equal in magnitude but opposite in phase, and
proportional to its driving voltage. While a transformer
fulfills these requirements, it is frequently more eco-
nomical and more uniform in frequency response to use
a tube to invert the phase in a ¢ircuit that automatically
equalizes the two output signals.!:?

Three self-balancing phasec-inverting circuits will be
analyzed: the common-plate-impedance inverter, the
common-cathode-impedance inverter, and the cathode-
and plate-loaded inverter. The only assumption made
in the analysis is that all circuit elements (and in par-
ticular, the tube parameters) are linear. This assumption
is well justified, as this type of amplifier is generally
designed for linear operation. And, although the solu-
tions are given for such a frequency range that the load
impedances are resistive, the solution could be extended
to any frequency by the substitution of their complex
impedances. The circuits in Figs. 1, 2, 3, 4, 5, and 6 are
all equivalent signal-voltage circuits, as there is no loss
in generality by omitting the direct-current components.

CoMMON- PLATE-IMPEDANCE SELF-BALANCING
INVERTER

Referring to Figs. 1 and 2, the following tube parame-
ters are defined as:
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Then, adding the voltages around three closed circuits,
M€y — ilrpl — Gy — (il - 1:2)R0 =0

'izrpz = iz?’g + (11 = 'ig)Ro =0

€y — (1,1 - ig)Ro =0

Ma2€y —

and as

Es = Tof2 — €
and

E, = 1171 + eo.
Solving for E./E,
E, _ paRors — 7’p,Ro

= )
E;  ueRery + 712 + 7175, + Roryi + Rors + Rop,

In (1) the terms u2Ryre and weRery are much greater
than the rest, and it can be scen that, if the others were
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Fig. 1—Equivalent signal-voltage circuit of common-plate-impedance
self-balancing inverter.

negligible compared with these two, the condition for

balance (equal output voltages) would be
peRore = peRory or ry = r1.

The circuit could be brought to balance, however, in
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any event by adjusting 7, and 7, so that

E;

—_— = 1

E,
but we are more interested in the degree of unbalance
resulting when 72 = 7;, which we shall call 7; then

E, _ ugRor — rp,Ro
Ey  uwaRer 4+ 2 4+ 17y, + 2Ror + Roryp,

(2)

In order to minimize the unbalance, R, should be se-
lected as great as possible, as it can be seen from (2) that
Mot = Tp,y

E por 4+ 2r + 1y,

lim Ry —

E,
——

©))

which is the closest E;/E, comes to 1 as R, varies from
0 to «. Practical limits, however, set the maximum
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Fig. 2—Equivalent linear-tube-parameter circuit of common-plate-
impedance self-balancing inverter.

value of Ry necarr. As a basis of comparison of this type
of phase inverter with some others, let Ry=7. Then

E2 Mot — 71)2
El Mot + 3r + 27‘“

To simplify this expression further, if we define the
gain of the inverter tube T as N, and omit intermediate
algebraic steps

E, Mo¥s — 7
N=""="_% (5)
€o ?py + 12
then with r,=7,=r as above from (2)
E, NR, ©)
Ei 7+ Ro(N + 2)

and with Ry=r as in (4)
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(exactly) (7

where NV, the gain of the inverter tube 1%, is defined ex-
actly by (5). It is essentially, however, the gain of T}
as a normal plate-loaded voltage amplifier.
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Fig. 3—Equivalent signal-voltage circuit of common-cathode-
impedance self-balancing inverter.

That is

Ma?2

N =2 normal plate-loaded gain = ——
rpz + re

as can be seen from (5), because generally
More 2> 7y,

Let us stop to interpret these equations. We find from
(7) that the balance of the inverter depends upon the
gain of T, provided R, is sufficiently great as shown in
(3), where the gain of T3 is defined by (5). The balance
also requires that the plate-load resistors of the two
stages be equal as seen in (1), but the two tubes need
not be the same. The tube T3, then, acting only as a
voltage amplifier has a gain

El_ pieRor1 Fui(riretrir o, +71Ro+ Rora+ Ror p,)
e (71+7m)(72+7p2)+R0('1+"m)(1+M2)+Ro(72+fp,)

(8)

The only purpose of writing (8) was to show approxi-
mately that the gain of T is the same as a normal plate-
loaded amplifier with a load resistance of 7,, if

>1
for then
E, o P'IP'ZRO’I M171

e—g: (#2 + 1)(7’1 + 1’;;;)Rog (71 + rpl) . (9)

CoMMON-CATHODE-IMPEDANCE
SELF-BALANCING INVERTER

Using the same symbols as in the previous analysis,
it can be seen from Fig. 3 that
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€g = € — (1:1 + ig)Ro
€y, = (iy — i2)Ro.
Adding the voltages around two closed paths in Fig. 4
(il - iz)Ro - #1[6 — (i1 — iz)Ro] + i(r + 7’m) =0
(iy — 12) Ry + ua(iy — 12) Ry — iz("pz + r) = 0.

Then solving for E;/E,

E, _ Ro(#z + 1)’2

Ey Ro(,uz + 1)”1 + (fm + 1’2)71

(10)

As in the previous solution, let
YL = rog = 7.

R, should again be as great as practical limitations
permit to obtain the best balance. In general this is near
the value of r, and to compare this inverter with the
previous type, let

Ro =71 =79 = 7.
Then
E, par + 7

—= (11)
Ey g+ 2r + 1

This expression may also be simplified in the same
manner as the previous case.
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The common-cathode-impedance phase inverter, it
has been secn, is quite analogous to the common-plate-
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Fig.4—Equivalent lincar-tube-parameter circuit of common-cathode-
‘ impedance self-balancing inverter.

impedance phase inverter. Good balance depends upon
equal load resistors, high gain in 73, and a common
cathode resistor as large as practicable. The degree of
balance is a little better than the common-plate-imped-
ance type, but the voltage amplification of T} is found
to be about half, for

El _ w(1 4 u2) Rory+ #1(7'pz + '2)’1 . (15)
e (ua + 1)(r1 + 7,0R0 + (w1 + D (r2 + 1) Ro + (r1 + 75)(r2 + 75,) ’
Define the gain of T as To simplify the equation consider
N = :E_z _ (u2 + Dre ‘ (12) r1F 7 = 12t 1y
€o Ty + 72 and
Then H1 = 2
E, RoN where
E: RN +r (13)
s ue > 1.
and with Then
By E, M7y .
E? = (exactly) (14) e N 2(r1 + 751) ) (16)
E, N+1

where N is again essentially the gain of 7% as a normal
plate-loaded voltage amplifier.
That is,

Mare

N = normal plate-loaded gain = ————
Tpe T+ 72

as it can be seen from (10), because generally

pe > 1.

Again the only purpose of writing (15) was to show
approximately the gain of 7T, which is roughly one half
of the gain of the normal plate-loaded amplifier with a
load resistance of ;.

CATHODE- AND PLATE-LOADED INVERTER

Again using the same tube parameters, it can be seen
from Fig. 5 that

eg=e~—E2
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and from Fig. 6

4 Keg
Ip = —— — -
o+ 11+ 1
Then solving for E./E,
E2 72
El B 71

and perfect balance is obtained when

Yo = 7.
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Fig. 5—Equivalent signal-voltage circuit of cathode- and
plate-loaded inverter.

Define

and making

Yo =711 =7

ur
N=———. an
ry + 2r + ur
The gain is essentially unity as scen from (17) since
generally

pr >>r, + 2r.

The conditions for balance are less rigid in this type
of inverter, the only requirement being that the load
resistors be equal. To compare the voltage gain of this
single-tube circuit with the previous types, let us con-
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sider a voltage amplifier before the inverter as part of
the voltage gain. This tube would have a gain
E ur

e rp + 7 (18)
The inverter, having an approximate gain of unity per
phase, will give an over-all gain, to a first approximation,
equal to the gain of the first tube. This is also approxi-
mately the gain obtainable with the common-plate-
loaded inverter, the exact ratios of the gains being easily
obtainable but of little interest.
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Fig. 6-—Equivalent linear-tube-parameter circuit of cathode- and
plate-loaded inverter.

Table I summarizes this data so that the three phase
inverters may be compared.

TaBLE ]
Exact Approxi- f\pproximate
Balance Degree Exact [x)nate Relative
Type Depends ff Inverter Invarter Over-All
Upon Balance Gain Gain Vg}l;iange
Common ri=ra=vr N uere —rp, uory
Plate Load Ro=r = N =~ 1
N>>3 N+3 7p,tr2 7p,+7e
Common r1=re=r N (ua+1)rg uorg 1
Cathode Ro=r N= N —
Load N>>1 N+1 rp,t+r2 Ypatr 2
Plate-Loaded ur
Cathode- ry=ro=r 1 N=———— N 1 1
Loaded rp+2r +ur
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