UNCLASSIFTED

AD o

DEFENSE DOCUMENTATION CENTER

FOR
SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION ALEXANDRIA. VIRGINIA

DOWNGRADED AT 3 YEAR INTERVALS:
DECLASSIFIED AFTER 12 YEARS
DCD DIR 520010

UNCLASSIFIED



THIS REPORT HAS BEEN DECLASSIFIED
AND CLEARED FOR PUBLIC RELEASE.

DISTRIBUTION A
APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED.




No. 2237

A7
{

FILE GOPY

=,
&
7]

NAVORD REPORT 2605

RELAXATICN OSCILLATIONS N VOLTAGE-REGULATOR TUBES

5 December 1952

S50, 5. NAVAL GRDNANCE LABORAT

NPV

w5 &

WHITE 0AYX, MARYLAND



FAWIRD Report 2608

RELAXATTON OSCILLATIONS IR WLTAGE-REGULATOR TURES
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P, L. BAvards
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ABSTRACT: Gas-filled voltage-reguistor tubes are subject Hc relaxation
ogeillations vhen operated in parslliel with s condenser. These oscilletions
heve been investigated and a qualitative description of their mechanism is
presented. It was found that the voltage across the tube es a function of
current hag a minimm, and that if the current through the tube is greater
than thet at the voltage wminimm, thep relaxation oscillations 4o no%t occur.
It was slsco found that a 100 clus resistance in geries with a VRIOS5 tube
reduces the tube cuirent required to prevent cscillatiors. 3Sinusoidel of-
cillations ware observed., The equivaient irductance of a VRI0O5 was cbserwved
%0 irncrease with d2creasing tube current and decreasing frequency.
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The work here reported vas performed under Task NOL-Re2d-Ti-1-53. This
report descridbes studies of relaxation oscillations in gas filled voltege-
regulator tubes. Though the explanations are qualitative and the resuits
based on eapirical data, it is felt that they will be useful to thoge in
the electronic field. The conclusions drawn and modifications of circuits
suggested are basad on current information; they may be modified as a
result of future vork.

EDWARD L. WOODYARD
Captain, USK
Commander

777 Fpes

PAUL M, FYE
By direction
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RELAXATION OSCILLATIORS IN VOLTAGE~REGULATOR TUZEZ

IRTRODUCTION

Reference (a) describes en ediabatic compresser tc obtain P-V-T data
at high temperatures and pressures. The precsure gage to be used with the
coupressor is described in reference {b). The electronic circuits for use
vith the presgure gage and assoclated instrumentation will be deescribed in
a forthcoming report. In thess circuits severzl voltags-regulator tubes
were used and thsse tubes occasionally exhibited relaxation czcillations,
These oscillations rendered the tubes useiess as voltage regulators, and
could not be tolerated. Consequently, a study was made of the oscillations,
thelir mechaniam and possible means of their prevention.

Gas filled VR (voltage regulator) tubes, such ss the VRI0S or the VR150
sye ussd mainly for two purposes, voltsge reference and voltage regulationm.
As a voltage reference, the VR tube is cperated at nearly constant current.
The tube under such operating conditions is subject to instantaneous fluctua-
tions of voltage and slow drifts with time which have been investigated and
reported in some detail, reference (c). As a voltage regulator, the tube is
in parailel with the load, and operates with fluctuating cuyrent. It iz well
known that a condenser placed in parallel with a VR tube will improve its reg-
ulation, especiazlly at higher frequencies, It is also equally well known thet
such & condenser often causes relaxation oscilllaticns, renlering the tube
useless as a regulator. A search in the literature revealed no information
concerning the mechanism of such oscillations and vhat can be done to prevent
them. It is the purpose of this paper to give a simple qualitative explanation
of why such oscillations occur, and how they may be prevented.

Machanies of Oscillation

Figure 1 shows the regulator circuit with the condenser C in parallel
wi‘h tke VR tube. The current equation at the plate junction is

1 =1y - 13: (1)
end in terms of the voltage across the condenser,

dE
L=Cg: (2)

vhere E is the voltags across the VR tube and condenser. With the tube con-
dueting ard in eqilibriwm - that is, constant current through and constant
voltage across tha tube -

S=0 (2)
and
3, =i (&)
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In Pigure 2(a) s show: tha current-voitage chavacteristic of = VR
tube. The current-voltage characteristics of VR tubes will be discussed
below, but for the present mssume the characteristic of Figure 2(a). Note
that the voltege scale doss not begin at zero, but is expandad to show
&atsils of the characteristic. Alsc shown is the load line for the circuit,
vhich is determinad by the equation

uEbb'E, (5

i
: R

S

where R end By, are shown in Figure 1. The intersection of the Joad line

and the Vi tube characterisiic detarmines the atavle operating point of
the tubs, for it is there that equatiom (4) is satiafied.

Consider now the path of the point (3,13) vhen Eyy, is Dirst spplied.
The VR tube does not ccnduct. The current through R charges the condenser
and increasez the voltsge E across bot: the tube and condenser. This 1is
indicate2 on the current-voltage plot, Figure 2(c¢), by the path AR, aleng
wnich the current through the tuba is zero. At B the strikins potential
cf the tube is reached, and th: tube begiiss to conduct. The cuwrrent im-
mediately Sjumps frem zaro i the value correspending to the strilkdng voltege:
that is, to the value at'C. The tube cwrront is ther greatar than iy, the
curreant through R, so the condenser begins to discharge. The (E,13) point
then continues down the tube characteristic until the losd line ia reached
at D. At D the point stops because i; = i3 and so, (dE/dt) = 0. It should be
noted that as long as the point (E,i3) is on the tube characteristic to the
right of the lced line, then 13 is greater than i; and the condenser voltage
is decreasing, for from equations (1) and (2),

E 1y -4 |
—— .31 . (6
at c

Conelder now the locus of the point (E,i3) when Ey 1 first applied.
for the case of Figure 2(c). Here the tube characteristic is the same, but
the load line now intersects it on the low cuirent side <f minimm. When
Eny is first applied, the path and operation arve the same as in Figure 2(b)
from 4 to B end from B to C. 'The point does not traverse the paih frenm
C to D, however, for when the minimm {point F) is reached, the sloze of
the tube characteristic 1s zerc; which re';;,uires that (dE/dtS = 0, and If the
current i3 decreased still further, then (dE/dt} would have to become positive.
This canmnot occur, for to the right of D the tube current. i;, is greater
than 1;, and by equation (6) (dR/dt) muat be negative. Since the voltage B
cennct lacrease aiong the path from F to D, the tube characterdstic cannot
be followed, and the tube ceases to confiuct. Tn terms of current, along
the characteristic from F to D by equstion {2) the condenser current is
would have to be positive at the same time that 13 is greater than 13;
this is clesrly a viclation of eguation (1) and again shows that the tube
cannot follow this part of the characveristic. Thus the path taken in this
case is from F to G rather than from P to . From G the point moves toward
B and the cycle 1s repested, with relaxation oscillations resuliing.

-2 .
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The above discussion of relaxation oscillations explains the mechanism
of their generation. With this mechaniem in mind it is poseible tc develop
gschemes to prevent the oscilllation., ‘The most direct procedmre ie o arrange
R and/or Ep; so that the intersection D occurs on the high-current side of
the minimazm P. Also a VH tube might be picked with & minimm st a lower
current., It is also possibls to place a reaistance in series with the tube
and shift the point F of the seriss cambinaticu to a lower current, see
Figure 3.

The sbove explanation implies that the existence of the osciilationz
does not depend on the size cf the capecity €, vwhich 1s not the case, This
resultes from the 1dealized tiube characteristics of Flgure 2,

Current-Voltage Cheracteristics of VR Tubes

The experimsntel current-voltage characteristics of teu tubes (VR105)
are shown in Figure 4. These characteristics were obteined with the cir-
cuit of Figure 5. The plate of the VR tube was cuupled to the y-axis dc
smplifier througk a 10 uf condenser. The irput resistance of the ampli-
fier was two megohms, which with the coupling condensex C gave an input
time constant of 20 seconds. The voltage across the resistance Ry in serles
vith the VR tube was proportional to the current through the tube anc was
the input to the x-axis dc emplifiers. As the current through the tube
wvas varied, the voltsge change across the tube as s function of current
appeared on the scope. The current was changed by mamual rotation of the

poternitiometer; the sweep from 5 to 30 milliamperes and back took asbout one
second. <

From the curves of Figure b several interesting properties of VR tubes
are gpparent. »

(a) The eharacteristics of VR tubes vary greatly from tube to tube.

(b) The current-voltage ¢harscteristic of a VR tube depends in =
remarksble mammer on the direction of change of the current. The dlrection
that the current is changing is indicated by the arrow in Figure 4,

(c) The curve for decreasing current ie smwoother and has Pewer abrupt
changes than for increasing current. In the above relaxation oscillation
digcussion, only the curve for decreasing current 1s importaat. The de-
creasing cusrent curves of Figure U4 agree qualitatively with the curve
assumed in Figure 2,

(4) Above a certain current, depending on the tube, the curves for
increasing and decreasing current are nearly coincident and falrly smooth,
In this region, not only should relasxaticn oscillations be absent, but
the tube should be less inclined toward instantansous fluctuaations.

An idea of the day to day changes in VR tube characterietics can be
seen from Flgure 6, in which the characteristics for tube number 9 that
vere obtained on different days sre compered.

The +tube characteriatics deperd not only on the direction the tube
current is changing, but also cn the rate at widch it is changing, In

> 2 -
-
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Figure T the tube charscteriestice of tube number 9 is shown for several
cyeling rates. For each cycle the current increases from 5 to 30 milidi-
amperes linearly in one-half cyele, aad Jecresses linearly in the other
half. This was achleved by plecing e pentode in series with the VR tube
and controlling the pertods with a triangular wave. The iriangular wave
vas obtalped by integrating e balanced gguare wvave.

Relaxation Oscilletion Tests

The circuit of Figure 8 was used in the relaxation oscillation tests.
With thé plate supply "on"™ the tube current was decreased by increasing
the series resistance, urtil relaxation oscillations began. The tube
cwrreat (strictly speaking, the average tube current) was then increased
until the oscillations ceased. For still higher cwrrents, within the
normal operating range of the tube, the circuit was stable. The currents
at which the oscillations cessed for several values of capecity are
listed in Table I. A comparison of Teble I and Figure U4 reveals that the
relaxation oscilliations alwaye cease for currents at or on the low current
side of the minimum. Thus for a given VR tube one may mak: certain that
the tube will not cscillate by pessing through it s current greater than
that at the minimm of the current-voltage characteristics. This is the
equivalent of arranging that the intersection D, Figure 2, occur on the
high-current side of the minimm F, as was previcusly discussed.

In Figure 3 it ie shown that the minimum in the tube charactaristics
may be shifted to lower current valuss by insertion of e series resistance
and considering the charscteristics of the combinatiocn. The tube charac-
teristics show siopes below the aminimum which can be compensated to about
five milliamperes with a resistance of 50 t0 100 ocnms. Exsct compensation
is not feasible because of the variadbllity of the tube characteristics.

The date of Table II were cbtained in the same manner as those of Table I,
but vith the resistance Ry in series with the tube as in Figure 3(2). #rom
these dats it is apparent that Ry, in shifting the minimm to the left, does
reduce the current through the tute required to prevent relaxation cscills-
tions.

A comparison of Table I with Table II (R, = 0) indicates how well toase
measurements agree from day to day.

The experimentel current-~voltege locus was cobserved on s cathode-ray
oscilloscope and differed in some respscts from the curve GBCFG of Figure 2(cj.
Along the path GB the current wes not quite zero. A dark current of a few
microamperes way; iloving., This cuwrrent was very emsll at G increasing
approximately lineasly with veitsge tc about 50 microamperes at B, The curve
from B to C wag not horizontael but, dve to inertial effects within the
tube, was concave downward. Also, the tube did not abruptly cease conduecting
at F, but due to the avallablility of ions and the sluggishness of the tube
the locus left the tube cheracteristic between F and D to reach the zero-~
current axis a fraction of a volt ebove G. Thls behavior does, howsver,
approximate the qualitative plcture quite well.
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Simunoidal Gscillecions

Frox Tigure 5 it is sser that the VR %ubes have a region of negetive
recistance as irdicated by the negztive slope of the tube characteristice.
With such a pegative resistonce element. there is the possibility of sinu-
soidal oscillisticns, end during the sbove teete such ogcillations were
often observed. o detailed study was msde of these oscillations, but
“he following facts were noted:

(a) Occurrence. Oscillations 4id not occur for all tubes under the
test conditionsa, and for a given tube weould pot ocour for ell valuss of
parallel cupacities. For a giver curreat and capacity, however, the tube,
i1f it 414 oscillate in this manner, would cease if the current were changed
a fraction of & milliampere. With this current chenge, either relaxation
oscillations would begin (with e decrease of current) or the sinuscidel
oscillations would stop {current inerease). There vas one unusval case,
however, for whick osr~illaticns were stabls over a current range of 2 milli-
gxperes, Sinusoida) -~cillstions were ususily observed in one of two ways:

(1) with rels >?)n oscillations occurring the current would be in-
cressed, apd, as indicated abows, the vrelexation oscillations would cezse,
but the tube would then continue to oscillate sinuscidally. These oscilia-
tiocs vere not the seme fyequency =2& the relaxation osciliaticns.

(2) when the tuba operstion was steble and the current wos being re-
duced to start relaxaticn ozelllations, then sinusoidal oscillations often
woculd occuxr. In many cases, hovever, for which stable sinusoidal oscillations
did not occur, such oscillations of incressing amplitude wersobserved. After
a fev cyclen of these osciliations -- of the order of 5 to 50 cycles -- the
relaxation osciliations would bogin. This ¥was observed to occur in at least
one-half of the cases, Thus, if a VR tuve chzecu’t, vhen operating, suddenly
begins relaxation oscillations, it is probable that the relaxation oscillation
vas initiated by 2 sinuszoldsal oscillation. If thisz sizusoidai oscillation
could be prevented, then the likelihood of relaxation oscillations should de
reduced.

(b) Amplitude. Yherveas the amplitule of the rmelaxation oscillations
vere of the order of 10 volts, the amplitude of the sinusoidal oscillations
vere usueily one volt or leas.

{¢) Prequency. The ogcillation frequency depends on the capacity in
peraljel with the tube and the current through the tube. With a cspacity
of 80 uf the frequency varied from 17 cycies per second st 6 milliamperes
%0 58 cycles per second at 22 millismperes. For 4 «f. the frequency varied
from 90 oyclag ver sscond at 8 millimperes to 175 at 11 milliamveres. In
general the frequency increased with lnecrecasing current and dacreasing casacity.

(4) VR tube inductance. Because of the imertial =flects of the gea
vithin the tube, the equivalent circuit or a VR tube includes ai inductive
campooent. It is the inductance of the tube rescnating with the parallel
capacity that determines the frequency of the sinusoldel osclllations. Thie
inductance ves destermined fraa lie Inequencies measured snd ths Enown cap-
scitiss. It was found to be & function of both tha cuyrent through the tube

~5 -
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and the frequency of cscillation. At 20 milliemperes it varies from 0.05
henry at 200 cycles per second <o O.lb Lenry =+ 50 cyclee pev secord. At

5 milliamperes the inductsnce varied from 0.7€ henry at 90 cycles per secord
to 1.5 heary at 1S cycles per seccnd. Thus over the range of thease data
tre irnductance decreasez with increasing tube current apd vith increasing
frequency.

A8 pointed out sbtove none of the tubes would oscillate sinusoidally
for all values of capacity, and some would not udcillate for any value of
capacity used. Consequently no one tube would sustein oscillations at a
sufficient number of frequencies, of perallel cspacitles, or of currents
to allow the above observations to bte made. The observalions wers wmade by
considrring the information obtained fram all the tubec. They agree gual-
itatlvely with those reported by Kirkpatrick for the messured inductance of
a single VR tube over a range of currents and freguencies.

Conclisions

Reloxetion cecilletions 4n VR tude are to be expected if the tube is
shunted by a condenser and the load line intersects the tube characteristic
curve on the lov current side of the mintmim. The oscillations can be pre-
vented by arranging for the intersection to occur to the right of the
minimm. This can be done by decreasing the resistance R, Figure 1, and
moving the load line so the intersection occurs at sufficisently high curreat,
or it can be don2 by placing & resistance in series vith the tube to mowve
the minimm to the low current side of the intersection. Simusoidel oscil-
Jations will sametimes occuv in a circuit vhere a VR tube is sktunted by a
condenser, but increasing the tube current one milliampere or sc will
usually stop them; decreasing the current wvould probably bring on relaxation
oscillations. The equivalent inductance of & VR tube decreases with in-
creasing tube current and vith increesing frequency.
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Table I

Current through VE tubes required to swp relaxation
oscillations for various velues of perallel capacity C

Parallel Capacity C

VR Tube
Rumber Ll 4.2 10 uf 30 uf 80 f
1 b ma 10 ma 14 ma 12 ma 12 pa
2 N L 4 4 %
3 L 6 8 13 18
A 6 7 7 7 8
5 6 5 4 2 2
6 8 6 7 5 8
7 6 ik 1k 1k 20
8 3 13 14 1% 21
9 6 1% 12 ik 15
10 6 1L 13 20 22

'
-~
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Current through VR tubes equired %o stop relaxatior oscillations
for various values of parallel capucity  and series resiastance Ry
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Fgure 1 - Vcltage-regulator tube with parallel condenser
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the tube characteristic and losd line are shown. The
(2,17) 1s showr. 1n (b) for the case of the intersaction

D on the high-currvu. siae of thy tude-characteristic minimm, amd in (¢)

for D on the lov current uide.

E 18 in volts ad ¢ 1ir willlawperes.
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b. PESISTANCE CHARACTERISTIC

N

"

!
C. TUBX CHARACTERISTIC

i
d.SZRIES COMBINATION
CHARACTERISTIC

Figume 3 - In (a) the resistance Ry 1s placed in saries vith the VR tube
of the regulator circuit., The charecturisties of the ~eristance (b) and
twe {c) ia sostaz al to give tue cambined characteristic {d). The
mipimam of the saries caubimation occurs at a lowsr current than does that
¢f ths tube alome.

- 1% -



NAYOFD Report 2638
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5 10 15 20 25 30 5 10 15 20 25 30

CURRENT SCALE CURRENT SCAl_E

Figure 4 - Current-voltage characteristics 5= ien VR105 voltage-
regulator tubes. The arrows indicate the direction of current
change. The voltage AE J8 in volts and the current i is in niili-
amperes, KRote that the voltage scale is not the same in ali ceaea,
Theze tubes were vaken from those at hand in the laboratory. Ko
effort wes mede to obtalz a representstive sampling from various
manufacturers and for different sperating voltages.,
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LINEAR
POTENTIONETER

POWER °
SUPPLY

Y | N

Y-INPUT X-INPUT

Tigirs 5 - Circuit used to determiss the current-voltage charact-
erizlics of wcltags-regulator tubes
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(b) S 3 1o s 20726 30
' TUBE CURRENT

Figure 5 - Tube characteristics of VR tube pumber 9. Record (b) was
obtained a day later than record (a). Increasing-current cheracter-
istics similar to that of record (a) were &also observed at the tiwe
record (b) was made. The characteristic curve for Figure 4 was made
two weeks later. The arrows indicate tbe direction of current change.
OF 1s in volte and the ftube current in milliamperes.

= Al <
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B0 15 20 25 30
TUBE CURRENT

Figure 7 - Voltage-regulestor %ube mmber 9 current-voltsge cheracteristic
for several cycling rates. The srrove indicate the direction of current

~hange.
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Figure § - Circuit for relaxsticn-cscillation teits. The mililismpore
meter used for measuring the tube current is not shown.
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