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ABSTRACT T

The impedance which a tuned sonar transducer presents to a
power auplifier may vary widely by as mch .as. two to.one. Since
most amplifiers are decigned to provide. as mich outpit.power as
is permitt-‘d by the dissipation rating of thé active devices, the
variation, “y increasing the dissipation when an impedance re-
duction occuvs, requires a reduction in output power to allow
for the increase in dissipation, and results.in poor utilization
of the active devices -and in lower efficiency..

The expected variation in impedance of the- 400 cps ARTEMIS
transducer while large; is not too large to catpletely prohibit
system operation if the maximum power output .is.held to 1.0 Mw
per amplifier, li.0-Mv total, particularly-for the contemplated
noise signals. The variation is sufficiently large to make
desirable some form of compensation to reducé the amount with-
out adversely affecting the system efficiency..

Such a system is a- network which is. parallel tuned at a

| frequency above ‘the ‘transducer center frequency and then
~._ Series tuned at the point of maximum resistance-of the trans-

"\ ducer to-prevent.a reduction in system-efficiency. ,The values

-~ of the network parameters are parallel coil inductahce - 1.98
uh;, coil resistance -~ 1.108 ohms, parallel capacitance - 66.2 ;

- uf., and series capacitance - 51.6 uf.. With. such a network, ,
operation with any kind.of .signal over-a. -band. of greater thm ’
100 cps is permisaible. 5

To ma.intain high etfici.ency, and prevent excessive dissi-
pation, the amplifiers should be' operated. only at full output
or at 20% of full cutput. This will result in. outputs of L,
33 1,0. 5 and-0.2 megawatts which are approximately two to
three db variations. It is also possible to operate the
system with less than the full complement of ten transducer
elamsnta in the array.’

PROBLEM: AUTHORIZATION

ONR. NR 287 002, AS 02101
NRL Problem Number 55S05-21

PROBLEM STATUS
This 15 an interim report on one phase -of the project. Work

is continuing. .

iv




CONFIDENTIAL , .
INTRODUCTION '

. Electro-mechanical transducers used in sonar applications present
- a variable impedance load to the amplifier. Both the magnitude and
phase angle.of the transducer impedance vary widely over the useful
frequency range of operation. This variation can have quite serious
effects on the amplifiers which supply the. electrical power, causing
large changes in output power, accompanied by either severe distortion,
excessive dissipation, or-both.

. If, therefore, effective:-operation o'rer wide rrcqucncy bands,
either with noise or with single-trequenc:’ sinusoidal signals, is de-
sired, .an.analysis of the load impedaiice and its.effect on the power
amplirier must be made. This report. describes such an analysis for

- the amplifiers and transducers used in Project ARTEMIS.. It also in~
dicates methods whereby the impidance variation may be- reduced, both-
in magnitude-and in phase, and: gives values- of these: network parame-
ters: for-the specific components ussad with Project ARTEMIS.. The effect
6f the line and matching transformer parameters upon this network is
included, and the transfomatzon- ratimor the mat..hing trmstomer is
deteruined - - . -

Thc opcration-of power- atplifiers may be- described ina gcncral
nature-with the aid of the: two- -types of output-characteristic.curves,
i. e., I versus E.-for different: values. of the input parameter, which
are obtainablo from the: active:devices used in' the amplifier. These
are the familiar triode and pentode: or beam-tetrede.characteristics
published in. tube manuals. With regard to the effects. of load changes,
Iransistor characteristics are- equivalcnt to pentodc-tube character-

stics. ’

Idealized, the  output characteristics of 1ow and. high-efficiency
* triodes are shown in Figure la and 1b; respectively, and those of
pentodes and transistors are.shown in Figure lc. Approximate output
and DC~input. powers ot' a class-B-amplifier, assuming: sinusoidal out-
put voltage and current and a DC level. of the active- device current
of 0.333.T pk, are computed for-a nominal,.or matched,. load impedance,
and for a.value of load of approximately one-half ‘the- noainal value.
These- values of. power are given in Table I.

Generalizing, it may be stated that for a constant input parame-
ter, the dissipation in tricdes is apptoxi.m;tely inversely proportional
to the load impedance, increasing proportionately as the maximum ef-
Piciency is increased. In pentodes, the dissipation is also approxi-
mately .inversely proportional to the load impedance. The chief
difference in the operation of the two types with constant drive is

B _ CONFIDENTIAL




CONFIDENTIAL

the efficiency, which is lower but more nearly constant, with triodes.
Pentode operating efﬁciency is inversely proportional to the load
impedance.

-Distortion in a triocde is not severely affected by the load im-
pedance, but, in pentodes, is increased manyfold with load impedances
which are greater than the matched valus. It should be noted that
the input power requirement is nearly-canstant in pentode~type power
amplifiers, and that they can be- considered to be-constant current
generators,

i d pentodes: or.*tranaiators are operated with large amounts of
feedback by using cathode-follcwer or common-collector operation,
the -dissipation, output power, and-efficiency behave similarly to a
high-efficiency triode, and clipping with increased- load impedance
is eliminated. Circuit gain becomes very small, however, and the-
filament-cathode voltage limitation forbids the use of vacuum tube
cathode fullowsrs:.for power amplifiers. Such awplifiers can be con-

sidered. tc be. conata.nt voltage nerators.

Even-as-the magnitude of the amplifier: lud impedance:causes
changes_in: the- operating, characteristics,. so- ‘the  phase -angle of the:
load causes-changes in the dissipation:of the active ‘devices in the
dmplifier.: Assuming that the-lcad impedance remains. conatmt, the
peak “/oltage - -and peak-current output of the amplifier:are- constant.
- Since Dc-inpub power-is. a. function of & constant. supply- voltage
and. the-peak: current,. this:power will be -a-constant,. The-output
pover in: the: load,. howsver,. is. a.function-not .only :of the.peak

" voltage:.and:peak- current;. but.also. of the phase-angle. of the load.
The-difference between the volt-awpere output (VI): and:the real-
power output. (VICos-0) wmust. ba:dissipated within .the-amplifier, in-
addition. to the normal. cperating dissipation (Pge-VI). It is for
this reason that the sonar-transducer load us mst be tuneu
so that the amplifier sees.as near uuity—power-.t‘actor load as
posaihle.

A generaI expresaion for the dissipation in the active devices
of a class-B amplifier which will account for signal shape, device -
efficiency, and load phase when the peak voltage and peak current
are lnown may be obtained from the equation

Pq = Pin - Foug: 1.

For 'nny’type of signal, noise. or otherwlse, the output power
is

— ICosO
" EpkIpk

Py 2.
[
R
R
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where B.E is the peak-to-rms ratio of the signal and @ is the phase
angle of the lcad impedance. The DC-input power in all cases is

Pin - Ek’ - . . 30

where F 1s. the form factor or ratio of the rws: to the average value -

and - Ecc 1s the DC-supply voltage.

. Ir the-.output power is asuned conatmt, the pnk cumnt
ny be expreaaed, for cos 9 1, as

-

ka = _EP_FL.' _— R k.
" , k- . . o

-

By substituting equation L in equation 3, and by usins oqul.t.ion
* 3, equation. 1 can be rewritten as. . ’

p. " PoutBec 2 o ' \5
e

* -

. " Factoring and collecting tems in. eqmtion 5. yiclds, for cos. 9 -

Al.O" . - N =« . L-
B W ST IS

Pd O\lt __,_B . ) , o ‘ ot . .

D & ‘

. To.aceount for non-unity power-factor loada, the output
- power m:st.be changed to a volt-ampere output: and: the reactive
volt-amperes wmst be added- to- equation 6. This giveu‘

pd-V‘,A.( g? 1) + (V.A. -V.L.co. ; - T..

g { fﬁklg‘m% E;Ec,;ac - lg * %% 1" con
e . - ) .. . i

7 and: . . o

) 8..

os: Q)
L),

Collecting terms in equation § gives the theorstical dissipttion
of a claas-B ampliﬁer as a function of alk possihle mriables

as; . .
| Py = EpkTpk 2 Eccﬂp.- cos @ ; ' -' \ 7.
&?pg'ﬁp Ly -

CONFIDENTYIAL
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For sinusoidal signals, where p = 1.43) and F = 1.111, equation
9 becomes

Ll S
or
E 2 ( E )
P, = 0.5 pk ( 1.274 _cc - cos @_ 11.
d -E— —
L ( - Epk, L ) T

An expression for the theoretical efficiency of a class B
awplifier way be obtained with the use oI the definition:

\ Paut i . 12..
Substituting equations 2 and- 3 in equation- 12 givn

7(,.,RFE . °0°L o 13
WRA&T

- “'implifying equation 13 givres: the general expression for etticiency

\1 ?kr cos 0/ - 4 411;. . " )

which becouea, for aixmaoidal szgnlls .
= 0.785 -E-lﬁ-cos"d . o 15
' Boc: Lo : '

I Gan be easily seen from either squation 6. or 10 that. amplifiers
using devices. with pentode characteristics, where the peak voltage is
nearly constant for changes in load impedance; have a dissipation which
is. directly proportional to the amplifier output-powsr or'volt-amperes.
This means that if dissipation for-a particular amplifier-load charac-
teristic becomes excessive, a reduction in output power by rematching
will also reduce the dissipation.

Moreover, an examination of equation 11 reveals that dissipation
is a function only of the peak voltage. Further, if equation 11 is
divided by the power output to place dissipation on a per unit basis,
‘the shape of this "dissipation" curve 1s seen to be constant for any
power ocutput, provided the peak voltage is the same. This is further

CONFIDENTIAL

.
e e m wen™




CONFIDENTIAL

inferred from equations 1l and 15, in which efficiency is shown to
be a function only of the peak voltage. This conatant shape means

that once an amplifier has been characterized as a function of im- °

pedance load for a particular matching and output power, reuutchirg
for a different output will, if the change is relatively small,
cau3e only a thange in the power scale of the dissipation and out.
put power characteristics of the amplifier, and -will not causse a
change in their shape. (See Figure 2).

Likewise, the output voltage characteristic will rswain con-
stant both in shape and in value for small reutching. Output. .
current, however, will chlnge acale;, but not slupc :

* Insofar as the actual shape-of'.the disxipation—verm-puk—
voltage characteristic is concerned,. it can-be inferred.from
equation 11 that, because power- input 'ix;creues' linearly and power
output increases on a .square law, the maximum: dissipation generally
occurs not at the point of maximm output, but at some lower ocutput.
In fact, the point of ma:d.mn disaipation is at thab pai.nt at which
efficiency equals 50%. .

Normal auplifier—design procedure as isnmnpliﬁed in the
- 'dissipation.characteristic at Zy in Figure 2,. allows: for this inw
crease in dissipation by setting the. dissipation at. the-50% ef-: -
ficiency point equal to. or less than:the dissipation limit.. How=
ever, if operation can.be confined to.either-full outp:t or-to
outputs which are less than-approximately 25%.of the-full output,,
the increase in dissipation which:occurs. between these points is:
eliminated. The small-dissipation:which. occurs: at full "output
.can then be set equal to the dissipation liwit, allouing & much-
greater power output at the f.nll output. )

One: further covnent is in order conceming disaipation in
pentode power-amplifiers. The theoretical—disaipation curve is
increased by an amount equal to the: quiescent current times the
DC supply voltage for amplifiers which are. operated in class AR
or which have a large standby powsr, Iikowlse; the-curves af
dissipaticn versus inped.nnce for various output levcla are An= .
creased by the same factor, Ecc Iq.

POWER AMPLIFIER CHARACTERISTICS T

The power amplifior which is being considered in this
report is a class-AB push-pull system, manufactured by the Ling.
Electromics Division of Ling-Altec Corporation, Anaheiw; Cali-
fornia, and uses two RCA 6949 beam power.tetrodes, giving a
nominal output-rating of 1.3 Mw. The characteristics of thias
dmplifier as a function of load impedance are enclosed as
Figures 2 and 3. In these figures, constant input-signals are

CONFIDENTIAL
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CONFIDENIIAL

used as a parameter for each curve. The input signals are adjusted
at the ncminal load-impedance to give outputs of 100%, 75%, SO%,
and 10§ of the rateéd value.

As i3 to be expected in an amplifier using ventode o1 tetrode
vacuum-tubes, the output current as a function of load impedance .
i3 relatively constant; and both voltage and power decrease with
reductions in load impedance. Further, as the output voltage de- .
creases, the dissipation increases, becoxing excessive when the re--
duction is such as to prévent a load impedance-which is 0.88 of the
nominal, wmatched value Zor an output. of 1.3 Ms. The dissipation
at output powers less. than one-fourth the nominal: cutput is either
not excessive or is less. than ihat at the nowinal output. The :
normal peaking in dissipation at output powers between 0.45 and.
1.0 Ppoq is sesn in Figure 2. -

. The characterlstics contained in: Figures 2 and 3 are based
on.the premise that- the-duty cycle is 10% or less: end £hat the

aaximm on-time-is.one minute; the continims-duty rating iz 130

kw. Although the amplifier is: designed {cr-operation with loads
having either leading: or'lagging.-power-factors-between-0.9 and

. +1,0;.'operation.at. the. 50%-efficiency point, approximately 800 v,

will require a load: power-factor- of. beuter than 0,97 if excessive

' »dissipation from: reactive loases:iis: tc be a.void.ed.

since. output power decmues at the same: \tim as- diasipation
is 1ncreasing, ‘the. input.power- should remain: relatively .constant
as a function of load-impedance.. Surmation of these-two.charac-
teristics as presented:in- Figure-2 shows that the:input pover
increases by 1% as: impedance is reduced from.1.05: Zy -to.0.82 Zy,
and iroreases only 6.1% with.a further load: reductign to 0.6 Zy-
Thus, the- operating-efficiency characteristic: for:i1esistive
loads. has the. same shape: as. the. mt.put.—-power curve for changes
in load resistmce.

‘Because- the- chnnge' in peaka voltage-swing in the RCA 6949
tube is very small when:changing -output powér, the cutput.power
vercus matched-load resistance: is' a-straight-line relationship
for all. general c¢alculations..

“TRANSDUCER CHARACTERISTICS

The transducer array which is presently being considered
consists of 10 large magneto-restrictive ring units.. Since. they
are:-magnetic, they have a constant-current transndtting-reaponse,
that is, the sound intensity in- the- water is nearly constaat ,
with a constant-current transducer drive. Although no data have -
been taken on the L0O-cps rings to prove this, a study of the
traasmitting responses of a 10-kc model of the rings, Figures

. CONFIDENTIAL
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3 and b, indicates that the 400-cps rings should have a constant-
current response. That this response is ideal may be seen by re.-»
ferring to the-amplifier characteristic presented in Figure 3, in
which it is seen that the awplifier output-current is relatively
constant with changing impedance. Thus, all tuning retworks zhould
be in series with the transducer, keeping the transducer current
constant, even though transducer power and voltage. may vary, widely.

There ia considerable variation in the impedance of the trans-

ducer; and-some uncertainty in the actual. values-of-this impedance. .
" At present,. there is.no data on the value of the: impedance: of the .

complete.array nor the value of the iupedance of. a. aingle e].enent‘
under- hydroatatic pressure, . - . iy

However, data on the iupedme of a single olenent at. the

" surface is.availadle and-this and. the projected impedcnce-value:

of the-clement:in a completed array ‘are presented in.Figure 6.4in.
the: form of reactance-versus-resistance diagrams.. The.two.circles
labelled curve-1 and 2 are for equivalent. circuits- of the maxi-
miun andminiml-dimter circlea wh:lch are upccted. -

" If. .should. be pointed out thnt put experience uith trana- :
ducers. indicates. that the.impedance value of* the actual - nrrarin
the: correct water-depth may.and.probably: will be quite .different. .

. from:those: given.in the curves. Although the: figures:used: herein
vm»eltiutn for the specific. transducer used:in:the. ARTEMIS:

program,, the-range. of impedance swing, the curve ‘shape, and:the:
techniques. for correcting the impedance to a value which is.

relatively constmt are genoullr tm for: all ugnotic trans~

dugers.. ' e
It-will bo necuury to reconputo the values: o£ the tuning
networks,. etc.,, indicated herein.when conclusive irpedance data-
on the LOO cps rings becowe svailable; the estimates;shown )
should: be reasonably close, It is recognized that the. impedance:
used i#: not. correct; however; the. mxjor influence ia«on the trans--
romr turns-ratio.’ SN

o

OTHER' PER‘I‘I‘JENT CHARACTERISTICS

The losses in the transmission lin~ -which. conmct: the atpli-
fier and transducer mu-% also be ‘considered. Further, in order:
to reduce the loss, it it necessary to use a high voltage: line,
thus requiring a matching transformer at the transducer.. Five
such transformers are used, each supplying two transducer ele-
wents from tun secondary windings. The circuit which is used,
and the estimated values of the parameters involved are shom in
Figure 7.
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Although there will be some loss in the output transformer.
of the gmplifier i tself, no attempt has been made to corfect for
this loss. The line and transducer-matching-transformer Jlosses,
however, have been included-in the -analysis, At the same time,
the turns ratio of the matching transforrmer has been determined
on the basis of present estimates of the transducer-element
irpedance. .

OPHIMIZING OF SYSTEM DESIGN
Transducer Tuning

Because the transducer-in this program has an electrical Q
of approximately two, it is obvious that tuning will be re-
auired to prevent excessive amplifier dissipation, In order
to take full advantage of the essentially-constent-current
chiracteristic exhibdited by both the transducer and the ampli-
£1ér,. series tuning 18 necessar". -

Although *ransducers are generally tuned: to resonate at
the point of maximim resistance, estimated characteristics of
the LOO-¢cps transducer displayed two characteristics which in-
dicsted. a desirability of tuning below the point of maximum
resistance. The move obvious of these is the rather low trans-
ducer regonant frequency, whether this freauency is. determined:
at the point of maxdmm resistance or at the:diameter of the
circle opposite the crossing points. Even though the required
frequency of oparation is not critical the mechanical vibration-
charagsteristics of the array structure which has been designed
fora h0o-cps transducer might be affected by a large decrease
in operating frequency, indicating that the frequency should be
increased. The other reason for tuning below the maximum-re-
sdstarice point appeared ‘after a calculation of tuned impedance
with xesonance at the point of maximum resistance was made.
Thi. 1s that the impedance swing is reduced and equalized if
the resonance point. is lowered in frequency. This will be
generally true in all magnetic trahsducers with very low Q,
for the resistance of a low Q tuned circuit 1s not symmetrical.
even though the reactance may be symmetrical.

The actual value of the tuned impedance as a function of
frequency is given in Pigures 8 ard 9. The tuning capac:.tors
¥ere chogen to resonate the transducer at-its point of maximum
resistance in Figure 8 and below thxs pomt in Figure 9. The
nn 356 ﬁn°1° Hag h"“" Lo 1"39 than 1 .LU.D' \X'I‘ =G, 7)’
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Initial System Operation,

With the tuning fixed, the extreme variation in impedance made
an initial andlysis of amplil,.ar operation desirable, even though
many losses were neglected. Therefore Figure 10, which shows the
cutput ‘power-or volt-amperes and the tube dissipat:.on as a function
of the relative impecance indicated on Figure 8§ for curve 1 was
calculated from the characteristic of Figure 2. The impedance in-
dicated as 1.0 Zy was assumed equal to-the matched amplifier-
impedance of 174 ohms,

It is imediately apparent that, for a matched output of 1.3
"Ma; the very small impedance range permissible as shown in Figure
2 prevents successful operation over a 100-cps band.. However, by
rematching for an’ output of 1.0 M«, as explained in the background,
the power scale of Figures 2 and 10 will be changed, resulting
in the- second-scales shown, permitting twice the impedance swing
and an effective inecrease. in the dissipation Yiedtb.

It would then seem to be within the realw of possibility that
successful operation with a 100-cps. noise-band held to an Ry of
1.1k can be-achieved., Anticipating somewhat the details o
utilizing less than four amplifiers, if the system is rema’ched
for 3 amplifiers, 3-Mw output, and four amplifiers are used to-
supply the power, the power scale of Figure 10 can again be
changed;. resultirz in the upper dissipation-limit-Iine and
apparently successful operation over a 100-cps band with single-
frequency sine-wdves.

Line and Natching—Transfomr Effects

The previous analysis has considered the transducer'without :
including the transmission line and transformer loss and their
-effect on load impedance.  The parameters to be considered are
.shown in Figure 7.

Bef'ore the-line impedance can be included in the amplifier
load, it is. necessary to determine the reflected transducer-
impedance at the matching-transformer primary. This, in turn,
requires a determination of the transformer-turns-ratio, 'which
may be done in the following manner: Notmg from Figure 7 that
the 1line is represented by & symmetrical T, the receiving-end
impedance which will) give the proper amplifier load can be
calculated by reversing the line and'.assuming that the sending-
end impedance required by the amplifier is the receive im-
pedance. The amplifier impedance corresponding to an output
of 1.0 ¥ is 226 ohms, and one-fourth of this (four amplifiers

in nara’l'l el ) ist ha “""““" 3! “n‘""“d}.ub"cud ;mycu.auu:. The
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calculaticn gives a sending-end impedance of 57.635 - jO.u6 ohms.
Re-reversing the line and adding the %ransformer parameters glves
the reflected transducer-impedance required for the correct
amplifier load as 58.25/0.9°chms.

. Since 10 transducers are used, the reflected impadance of

one element must be 582.5 ohms.' Figure 9 shows that the impedance
of curve 2 at 360 cps is 1.81 ohms. This gives an impedance ratio
for the matching transformer of 322 : 1, or a voltage ratio of
17.9 : 1.

Using this matching-transformer turns-ratio, it is now
possible to calculate the amplifier load over the frequency band
in question. Considering curve 2, Figure 9, the resulting im-
pedance characteristic is given in Figure 11 and the output and
dissipation of the amplifier with this load.is. given in Figure
12. It should be noted that the transducer was tuned beluow the
maximim-resistance point for this determination.-

By retuning the transducer-to a point near the mayimm re-
sistance, the dissipation at.the high end of the freQu=ncy band
was reduced slightly. At -the same time, the. turns ra’io was
dropped to 310:1 to increase the: output power. The  resulting
impedance characteristic is shown in Figure 13 and the amplifier
output and dissipation in Figure 1L.

The load.impedance, and output and dissipation for curve 1
tuned balow the maximm-resistance point, are given in Figures
15 and 16, respectively .

Although these results provide better operating character-
istics than the preliminary calculations indicated, there is
still a tendency -for excessive dissipation to dccur, especially
when using, single-frequency sinusoidal-signals. Successful
operation under these conditions can be attained; however,
excessive dissipation way cause ampllfier shut~down, by means
of the over-temperature protection, in less than the nornally
permissible one-minute on-time.

Impedance-Smoothing Network

Inasmch as it was felt that the performance cited in the
foregoing section should be improved upon, some type of network
was required which could smooth ocut the impedance swing without
increasing the value at the point where line impedance was
already a maximm.

Such a network is the series-parallel-resonant network
sheun in Figure 17 and inserted aboard ship between the matching

CONFIDENTTAL
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auto~transformer and the transmission line. -The drop in resistance
component which occurs in the. line impedance at the point of high-
frequency reactance»peaking (approximately 110 cps) can he cancelled
by adding in series the multiplied resistance'which is available
in a parallel-tasonant circhit. The increased lepedance which would
otherwise occur at 360 cps is partially cancelled by series resc-
rating the residual inductance of the parallel circuit. This also
reduces the added reactance of the parallel network between 360
ar~ 410 cps.. Because the network is in.series with the transducer,
the transdicer-current is still relatively constant, and a constant
scund-output level ‘should be generated. even though as much as one-
half tie amplifier -output-power is dissipated in the coil of the
parallel-resonanb circuit at high frequencies.

Two sets or network paranmeters were investigated, and,
although the setond set is more attractive,.the results of both
are included. Using a circuit Q of 10, and tuning for parallel
resonance at 420 cps, resulted in a coil of 0,946 mh., a coil
resistance of 0:249 ohms, a parallel capacitance of 151 wf,,
and a series. capacitance of 75.1 mf. The effective resistance
of this network(Numbér 1) was, at parallel resonance, 25,1 chms,
the correct value for curve 1, Figure 15. The amplifier im-
pedance for curves % and 2, Figures 15 and 13 respectively, with
this network 1n,seriesrwith the line is given in Figure 168, and
the resulting power output and dissipation in Figure 19.

Because the upper-frequency limit of operation was still
considered inadequdte, but more important, because the dissi-
pation at the upper-frequency limit tended to increase rather

rapidly, a new set 'of network parameters (Number 2) was used.
The parallel-resonant frequency was increased to LLO cps,

and the Q-was reduced-to 5 in order to keep the network re-
actance peak at the same frequericy. This resulted in a coil
of 1.98 mh., a coil resistance of 1.108 ohms, a parallel
capacitance -of 66,2 mf., and a series capacitance of 51.59
nf. The effective resistance of this network increased to
27 ohms. .The impedarnce load of the amplifier which resulted
is given in Figure 20, and the calculated amplifier-output—
poder and dissipation in Figure 21.

The amplifier characterlstlcs which are a result of this
second network are very encouraging. To begin with, the
frequency band over.which any type of operation is permissible
is much wider than the reguired 100 cpys. Alse, the dissipation
tends to increase rather slowly at both ends of the band. How-
ever, most important is the fact that the dissipation and the
output power for elther or tvo rather different transducer-

P P-X -l R ) 3
J.mpt:qa.m.:: Lua&a&-u:;aav.m.g are uluvut identical 4n """‘:‘actc.,

indicating that the uncertainty in transducer impedance may
not be troublesone. -
‘ CONFIDENTIAL
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Because output power as shown in Figure 1Y and 21 was a
little smaller than was considered desirable, a new talculation
".or-the line sending-end impedance was made using an impedance
ratio of the matching transformer of 279:1, 10% less than before,
with curve 1, Figure 13, for the transducer impedance. The re-
sultant impedance and the output power and dissipation for this
impedance for both networks are given in Figures 22 and 23, re-
spectively. Under this condition, the advantage of the second
network becomes obviocus. Similar results can be expected if
%he same process is carried out for curve 2.

Because the dissipation of the coil resistance in the series-
parallel network is very high, 1.6 Mw to 2.4 Mw, depending on the
output power and the network parameters, it is felt that the coil
should be more than.one unit, thus spreading the heati.ng over-
several coils. .

System-operating plans, which are' detailed later, also lead
to the desirability of more than one coil. Moreover, the ne-
cessity of using transducers in pairs as they are supplied and
in the event of a casualty, makes separate networks definitely
a requirement. This, foritnately, reduces the size- of “the ca-
pacitors, for with 5 networxs, there are 5 pairs. of transducers,
the. impedances of each individual component must. be increased
by a factor of 5, thus reducing the capacitors: to 13.24 nf.,
and 10.32 uf., for network. Number 2. The inductance is in-
creased to0 9.9 mh and the coll resistance to 5.54 ohms.

Because both transducer impedance and network impedance
obey the same laws as the number of units is altered, the
shape of the system impedance curve will be identical in. all
cases, provided the clement impedance of the t.ransducers
remains constant.

Since this, of coursc, is not the case, because of the
chang~ in array loading with redustions in the number of ele-
ments, the above statement is not quite true; howevex-it is
felt _hat the effect of the network on the line sending-im-
pedance will allow much more constant amplifier load than
would be the case if the reflected transducer-imperznce by
itself were used, FKesides, as will be shown later; the use
of less than the full number of transducers allows.consider-
able leewsy in the choice of the rumber of amplifiers which
are to supply the now reduced output-power. Then, too, the
change in transducer element impedance when using less than
a full array is likely to be an increase from the value ob-
tained in a full array. This will reduce both power ocutput
.. and dissipation from the value which would be expected when

CONFIDENTIAL
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considering element impedance in a full array, and will counter-
balance the reduced effectiveness of the smoothing network.

COMPLETE SYSTEM OPERATION

The necessity of repairing, maintaining, and testing the
'+ vmeént, as well as the requirement for continuous operation
at all times, make it desirable that any number of amplifiers
{rom one to four, or any number of pairs of ‘transducers from
one to five be-usable in any combination. These two devices,
amplifiers- and transducers, may be considered seperately.

The necessary rematching for using other than four ampli-
fiers on the line is provided by a step-down: autotransformer
between the amplifier-output transformers and the line. When
all four amplifiers are being used, the autotransformer is not
in the circuit. "As the number of amplifiers is decreased, the
load impedance must be increased to prevent excessive power out-
put. This is. accomplished by means of the autotransformer.

For three arplifiers, the impedance -of the line is increased
by 1.33; for twe amplifiers, by 2.0; and for one amplifier, by
k.G, neglecting autotransformer losses.

When  the number of transducers on the line is considered,
however, the line-sending-end impedance itself is altered. As
the number of pairs is reduced the impedance is increased. On
a relative basis, this increase is 1,1.25,1.67,2.5, and S for
numbers: of pairs from five down to one. Therefore, with five
pair of transducers on the line and the four amplifiers pro-
ducing rated power, the amplifier output power as the line
sending~-impedance changes due to a reduction in the number of
pairs or elements is reduced by the proper amount for correct
traniducer operation. For this reason, the autotransformer
may rumain at the same ratio during ail the transducer changes
-ag that determined by the number of amplifiers used for the
full complement of transducers.

Having-disposed of the necessary amplifier and transducer-
shanges,. orie can now consider-one more important factor before
establishing the operating sharacteristics of the complete
yystem.. Az has been lndicated in the background of this report,
the power amplifiers being considersd display the usuai in-
crease in dissipation as power is reduced from the maximmn
unclipped value. In fact, the dissipation, assuming louad im-
pedance is constant, is greater than that at the maximum out-
put for- all powers between 60% and 100% of the maximm output
at best, -and may be greater even a; outputs as low as 20%
although not excessive in this case.

CONFIDENTIAL
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For this reason, and because efficiency also remains wmuch
greater if full output is maintained, it is beat to operate
each power amplifier only at full output or at those outputs
less than 20% of this full value. That this is not really
detrimental to good operation will soon be apparent..

It is obvious, of course, that, when operating the system
at reduced power, it is unnecessary and undesirable to use all
of ‘the available awplifiers. Since this is so, it is possible
to control the output.power by rematching and rewovinrg ampli-
fiers, while at the sawe time allowing full output from.each
amplifier. The nominal-output powers which are obtainable in
this way, as well as the necessary autotransformer taps and
the power reduction in decibels from the maximmum are given in
Tabls II.. In addition, the corresponding values are also
glven in Table II for combinations of transducer elements
less than the normal number. The DC input power requirement
for these same conditions is given in Table III..

To allow for reductions in level with a full array-to
less than 1 M4, the awplifiers must be operated at the low-
efficiency 20% power point. Applicable values are given in
the tables.

Finally, if transducer loading for some particular-
condition.is such as to cause.excesasive dissipation,
operation will still be-possible at all but the masximm-
output power by adding one more amplifier than is indi-
cated-in Table II to provide the power, thus further di-
viding the dissipation among the amplifiers. - .

CONCLUSIONS AND RFB.OMIENDATIONS

In order to sumearize and condense thc results, the
following conclusions and recommendations are made:

1. ' Operation of the ARTEMIS power-ampliﬁers at an
output of L Mw with either single-frequency sinusoidal or
noise signals which are band-limited to a 100-cps band and
are clipped to a peak-to-rms ratio of 1.lLlL is achievable,
under the condition that a network is used to reduce the
transducer~impedance va.'iation.

2. The frequency band of operation can,be the origi<
nally postulated 350 to 450 cps, again under the condition
that the impedance-smoothing network is used.

3. The imnedance-gmoothing netws

rk that should be

ot} tue
used is one which is parallel x'e.b nant at the upper end of
CONFIDENTIAL
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the frequency band and is series resonant at 360 cps. It shovld
be mounted at the amplifier between the autotransforser and the

line, and should consist of five identical networks. The number
of nebworks which are in parallel at any time should be equal to
the number of pairs of transducer elements which are being used.
The recommended values for the network parameters are: Coil in-

ductance, 9.90 wh; coll resistance, 5.54 ohms; parallel capaci:

tance, 13.24 mf; and series capacitance, 10.32 mf, and are rela-
tively independent of the magnitude of the transducer impedance,
but depend upon the shape of the circle (X/R ratio). There will
be approximately LOO to 5C0 kw of heat to be dissipated in each

coil when-operating at LLO cps.

k. The ‘average tuning-cspacitance is 150 f, but may .
change by .10 f with differsnt transducer-imp dance circles.
The average valve should be sdequate if’ the impedance-smoothing
network is. used. :

S.. It may be possible to operate the system without the
use. of the smoothiag network. However,:'when single-frequency
-signals are used, the operation will be margiral, and the band-
width will have $o be reduced and lowered, and the pulse- length
mnay” have to be shortened. Trmsducar-load impedance will have -
great effect. oa the necessary reduction in performance. It is
recommended; therefore that, in any case, but especially for
this type of operation, the actual line sending-impedance be
determined with the correct transducer opersting environment
at gradually increaging powers, using » sufficient number of
the  power anplifiers to prevent excessive dissipation under
any possible loading condition.

6. If difficulty is experienced with amplifier shutdown
because of excessive dissipation, full pulse~length may be
.achieved, and shutdowns avoided, by rematching the amplifiers
with the autotransformer for the next lower power which sacri-
fices only 1.25 db of output. .

7. Each amplifier should be operated at'full-power output
for the. matching being used, giving the system operating charac-
teristics detailed in Tables II and ITI. If other than full out-
put. is used, it is recommended that no more than 20% of the full
output be used even though. more than this can often be obtained
safely.

‘8.  Operation with less than the full complement of trans-
ducer elements is achievable. If the shipboard smoothing-
network is used, there should be no difficulty with excessive
dissipation. However, if some difficulty is experienced, or

CONFIDENTIAL
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when operating without the network, the addition of one more
amplifier. than.indicated in Tablus II and III will solve the
problem. .

9. The mtching ‘transformer at the transducer e'xd of
the line should have an impedance ratio based on estimates
contained herein of 310 : 1, and should be tapped to provide
210% and ¥ 208 of this ratio. The systenm chmcteristics
shown in Table II will have a variation of perhaps 20,5 db
in power because of the- transducer-impeaince variation.

10. The DC-power-supply load is tabulsted in Table III.
. Once the tranaducer-load matching has been set, this load is
nearly constant (see Figure.2i) for any one power condition
for a1l signals; the variation is no greater than * 25 kw.

Variation with the transducer lcad will be quite high for
" the sams. power matching, as mch as 150 kw for-esch ampli-
fler.

11.. It is emhnsized that the band of operating frequen-
cles mat be limited to 100 cps, with very sharp fall off on
both sides of the band, particularly if operation without the
impedance-smocthing network is contenplated. Also, the: peak-
to-rms: ratio of any-signals used must be less than 1.l1k.

12.. Although the specific values.devaloped: herein are
: for use with the ARTEMIS Program and its components, the
analysis: and: techniques which are used are applicabie to all
systems using a magnetic transducer.
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