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'I'HE FREQUENCY STABILITY OF PIEZO­

ELECTRIC MONITORS 

6By JAMES K. CLAPP* 

T
HE increasing demand for ac­
curate 

. 
maintenance of radio 

transmitters upon their assigned 
frequency is bringing to light the varia­
tion of frequency of the cry tal­
controlled master oscillator which are 
being more and 

be pronounced. This heating varies 
with any changes in the load imposed 
on the piezo-electric o cillator by the 
succeeding equipment, resulting in a 
frequency shift due to temperature 
change indirectly caused by these load 

more widely used 
to attain the de­
s i r e d  s t a b i l i t y. 
Where a piezo­
electric oscillator 
is used as the 
ma ter oscillator, 
economy of appa­
ratus dictates that 
the o cillator be 
operated at a high 
a power level as 
po ible in order to 
reduce the nllIIlber 
of amplifier tages 
required to reach 

" . . The variations of the cry tal­
controlled transmitter are in general 
much les than those of the usual 
tuned-circuit master o cillator, but 
under extreme condition the varia­
tions may be as great. It is a disap­
pointing, but neverthele s true con­
clusion that implicit faith in 'crystal 
control' as the answer to every prob­
lem of frequency stabilit must give 
way to a modified view which will 
necessaril involve the application 
of more complex methods." - From 
the accompanying arti l . 

changes. In some 
ca e improper de­
sign for the plate­
holder, or undue 
forcing of the o -
cillator, re ults in 
a p r o n o u n c e d  
brush di charge in 
the air gap re ult­
ing in further var­
i a t i o n  i n  t h e  
ma ter o cillator 
frequency. 

In spite of the 
u n d e  i r e d  f r e ­
quency changes in 
the ma ter o cil­

a given level for transmitter output. lator over long intervals of time, it i of­
ten found that the frequency may be 
held substantially con tant for relatively 
short intervals. As the frequency of the 
sy tern i a ju table by everal mean 
among them circuit adju tment and 
temperature of the plate, it is pos ible 

Unfortunately, a piezo-electric oscil­
lator o operated lo e many of it� mo t 
de irable chara teristics a a constant­
frequency device. Under powerful o cil­
lation heating in the quartz plate may 

*Engineer, General Radio Company. 
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to bring the tran mitter frequen y into 
agreem nt wit th frequency of a ub­
standard t rn.aintained for the purpo e, 
and thi agr m nt will then be main­
tained f r a con id rable period. Th 
varia ion of the cry tal-controlled 
tran mitter are in general much 1 
than tho of the usual tuned-circuit 
ma ter o cillator, but under extreme 
,:--0nditions the variation may be a 
great. It i a di appointing, but never­
thele true conclu ion that implicit 
faith in ' cry tal control" as the an wer 
to every problem of frequency tability 
mu t give way to a modified view which 
will ne e arily invol e the application 
of more comple methods. 

Wi h only rea onable care in opera­
tion, a piezo-elec ic o cillator may be 
dep nded upon to maintain it fre­
quency to a degree of pr ci ion exceed­
ing pre ent requirement pro idecl the 
power level is kept low ancl the tem­
perature of the quartz plate is kept 
constant. If uch an o cillator i then 
set up a a ub- tandard a d u  d a a 
monitor, the cry tal-controlled tran -
mitter frequency may be periodically 
brouaht back to it a igned value ith 
a comparati ely high degree of pre i­
sion. A the frequency drift of the 
tran mitt r is not rapid after it ha 
been in operation long enough to reach 
steady condition , only an occa ional 
che k-up would be neces ary to hold 
the tran mitter frequency within rather 
close operating limit . 

If an operating olerance of ::::1:: 50 
cps. i to be maintained, it is of course 

t uh- tandard is here used in its commonly 
ace pted en e. It i a de criptive term applied 
to a con tant-frequen y o  cillator, the frequency 
of which i determined by compari on with a 
primary tandard of frequency. 

A primary tandard of frequency i one in 
which the frequency i determined directly in 
term of the m an olar second. ee, for example, 
S. C. Hooper, «The Hague onference," Pro­
ceedings of the I. R. E., Vol. I , o. 5, l\/Iay 
1930, 769. 

nece ary that the sub- tandard pi zo­
le tric o illator hold it fr uency to 

within a mu h maller tol ranc , ay 
::±: 10 cp . Thi requirement demand 
aref ul temp rature control, ircuit 

stability, and low energy le el. 
In order to determine the frequency 

tability that can be btaine fr m a 

monitor con i ting of a tock mod 1 
piezo-electric o cillator u ing tempera­
ture control an commercially btain­
able quartz plate , a thorough tudy 
of a typi al y tem i b ino- made 
by the author in the laboratorie of the 
General Radio Company. Repre enta­
tive broadca t-frequency quartz plat s 
are being tudied and the variation 
in fr quen y resulting from all the 
pos ible influences recorded. The prin­
cipal factor are: 

1. hang in any of the circuit 
element due to age. 

�- Replacement of tube . 
3. Mechanical vibration of the y -

tern. 
4. Variations in t mperature. 
5. Variation due to change of plate­

circuit load. 
6. Variations due to chano-e in 

supply voltages. 

Of these the large t ariation in fre­
quency re ult from mechanical vibra­
tions of the y tem, variations in plate 
load, change in temperature, and 
change in tube . Of these, with a given 

y tern, the op rator may largely con­
trol the eff ct of load and tube . The 
effect of mechanical vibration must 
particularly be reduced by the man uf ac­
turer of the y tern, and th t mpera­
ture control mu t be develop d by 
him to maintain uh tantially con tant 

emperature under ordinary room tem­
p ra ure and for long period of time. 

In the ovember issue the experi­
mental re ult will be pre ented with 
parti ular reference to the cau e of 
frequency ariation outlined a Ye. 
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SYNCHRONOUS MOTOR-DRIVEN CLOCKS 

G_By HAROLD S. WILKINS* 

T 
DAY a remarkably wide field of 

u efulne i being developed for 
. mall ynchronou motor . The e 

motor::s until comparativelv recently 
were r O'ar d p rhap a a urio ity. 
Now they are availabl in a wide range 
of p wer outputs and can be designed 
to run at peed of from a f T re olu­
ti n a econd to sev r 1 hundred and 
on circuit of fr m 25 cp . t to per hap 
10,000 cps. 

Con ider for exam pl th in r a -
ingly laro·e numbers of electrically 
operated clocks that are being sold each 
year. The majority of the e are oper­
a t d y mall ynchronou otor , 
some f only a few thou andth of a 
hor e-power, yet they run ontinuou ly 
and dep ndably. \T ariou modi:fi.catio 
in de ign have been d veloped, includ­
ing wound, polarized and shaded pole . 

The imple t type ma be repre­
sented by a laminated rotor of magneti 
material having salient pole properly 
journaled between one or more pair of 
stator pole the number and ize being 
determined by the frequency, power, 
and peed characteri tic desired. The 
mechanism of op ration in it imple t 
form may be regarded a a ucce ion 
of equally paced magnetic impul e , 
each one attracting in turn a corre­
sponding rotor pole. When by ome 
means th rotor i brought up to 
syn hronou peed, th magnetic cen­
ter line of rotor and tator pole coin­
cide in ucce ion at approximatet the 
in tant of maximum current and the 
mot r continue to run.t The de ign i 

*Engineer, General Radio ompan · .  

t cp ., hereafter u ed to mean "cycles per 
econd." 

:t Note that the magnetic pull between a rotor 
pole and a tator pole i independent of the 
direction of the current. 

uch that the reluctance of the mag­
netic path increa e rapidly a the 
angular di placem nt of the cen er 
line increa es and a po iti,Te torqu 
r ult . VaryinO' pow r demand cau 
a variation in lag of rotor tooth behind 
stator tooth, re ulting in an equivalent 
variation in the input power, making it 
po . ibl for the rotor to carry varying 
load hile maintaining ynchronou 

peed. This lag · n ne er be gre· ter 
than one-half the angular eparation 
between two rotor teeth, whi h corre­

pond to 90 ele trical egree . 
There i of cour e no accelerating 

torq u in a ynchronou motor of thi 
imple typ , whi h mean th t th 

n1otor mu t be brough up to yn­
chronou pe d by hand. It also m an 

FIGURE I. The standard l\tiodel B Syner - lock 
enclo ed in walnut cabinet 
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that if the system is overloaded or if 
the po er supply fails even momenta­
rily, the motor will stop. While the ab­
sence of an accelerating torque may be 
considered a disadvantage in a clock 
for dome tic u e, its absence is a de­
cided advantage for many laboratory 
purpo es. This point will be explained 
later. 

Because such a motor runs in abso-
1 ute synchronism, it may be con­
sidered to be a counter of vibration . 
Every pair of pole that pa e a 
given point repre ents a cycle, or, if the 
input circuit is properly biased, every 
pole repre ent a cycle. To illu trate 
thi , con ider Figure 2. In thi figure 
the lower curve hows the original 

inusoidal input current. The magnetic 
field varie imilarly but the attraction 
between rotor and tator teeth will 
always be positive. If now the negative 
half of the wave i biased by an op po-

i e current to reduce it practically to 
zero, a new current curve and magnetic 
:fi ld will be produced a indicated by 
the upper curve in thi figui-e. The hori­
zontal line represents the bia ing 
current and the new alternating current 
is indicated by the top curve. It is 
readily een that the magnetic field 

trength i increa ed and the fre­
quency halved, making it po ibl to 
halve the operating peed, reduce the 
lo es, and increase the power. 

Fundamentally the motor operates 
as a tachometer counting e ery cycle, 
and when referred to time becomes a 
measure of frequency. This device, 

hen ref rred to time indicate fre­
quency and, conversely, when referred 

FIGURE fl 

FIGURE 3. The motor assembly which may be 
employed to drive discs, contactor , and small 

generators 

to a tandard frequency, indicate 
time. Obviou ly the gearing of a clock 
dial to the motor offer the u er a dual­
purpose in trumen t. third use is im­
mediately ap arent - cont o lled shaft 

peed . 
K early ten years ago the General 

Radio Company arted to develop 
a ynchronou -motor-operated clock. 
The first model * an wered the purpo e 
at that time but the wide range of 
possible uses and demand for greater 
p wer output required a design mark­
edly different. After con iderable study 
and numerou experiments the TYPE 
511 Syncro-Clock was developed to 
replace the old model. 

Briefly, the rotor consi ts of a 
carefully milled laminated iron ring 
mounted on an aluminum damping 
disc, the shaft rotating in a jewel bear­
ing and guided by a ball bearing. Power 
is upplied through three pairs of poles 
located 120° apart and having milled 
teeth corresponding to tho e on the 
rotor. 

A decimal sy tern of haft speeds ha 
been selected to better increase the 
adaptability of the motor and clock. 

*The TYPE 411 Synchronou Motor, now 
ob olete, having been replaced by the TYPE 511 
Syncro-Clock. 
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The rotor shaft speed is 10 revolutions 
per second and the secondary shaft is 
geared to rotate once a second, the 
final gearing being such that the clock 
keeps correct time at rated frequency. 
One thou and cps. is now generally 
available in the laboratory and the 
standard motor has a 100-tooth rotor 
which runs at 10 revolutions per second 
on pro erly biased 1000-cp . circuits. 

As an indication of synchroni m a 
small neon glow tube is mounted under 
the edge of the rotor. This is lighted 
from the input circuit and at syn­
chroni sm the trobo copic effect causes 
the rotor teeth to appear tationary. 
Proper voltage to the tube is regulated 
by a transformer included with the 
motor a embly. A switch for control­
ling the lamp is al o provided. 

If the natural period of torsional 
vibration of the rotor is near the nat­
ural frequency of the circuit, hunting 
may become quite eriou . Thi may be 
greatly reduced by proper design. To 
minimize hunti g and to make tarting 
ea ier, the da p"ng i. c } a been de­
veloped. The rotating part have been 
made as light a po ible. To cure 
a relati ely high moment of inertia, 
weight i, provided by the addition of 
mercury. Due to its mobile nature if in 
hunting or due to change of load there 
i a pha e hift, ynchroni m i ea ily 
ma

.
ntained by the immediate hifting 

FIGURE 4. TYPE 511- yncro- lock, designed 
for panel mounting. The micro-dial i hown 

at the right 

FIGURE 5. The clock and an amplifier may be 
assembled in one unit and used for relay-rack 

mounting 

of the light rotor. Hunting or periodic 
vibration are rapidly damped out by 
the energy given up or ab orbed y the 
mercury. The mercury is sealed in the 
damping di c and baffled to increase 
the fr"ction re ulting in any change 
of peed between the disc and the 
mercury. 

We have already mentioned that the 
topping of the clock re ult after even 

momentary failures of the power-sup­
ply circuit and that thi i an advan­
tage for many laboratory purposes. 
When, for instance, one is u ing the 
clock to count the number of oscilla­
tions executed by a con tant-frequency 
o cillator for co parison with time 
determined by some other y tem it is 
important that the clo k run in syn­
chroni m or el e not at all e pecially 
when one i making measurements of 
extremely high precision. It i highly 
de irable that any momentary per­
turbation of the circu · t be made known 
at once, if erroneou results are to be 
avoided. 

The motor is normally operated at 
from 100 to 125 volts at a frequency of 
1000 cps. and biased with from 40 to 
50 milliamperes of direct current. The 
rotor i brought up to peed by turning 
the knurled knob between the fingers 
until stroboscopic effect indicate yn­
chronism. In many ca es the clock will 
"pull in" it elf if turned fa ter and 
then allowed to drift down to peed. 
The output of two 171-A-type tubes 
operated in parallel with u:fficient am­
plification to bring the voltage up to 
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Fr URE 6. Thi lock de ign d to run on 60-
ycle ir uit l1a both a e ond and 0.1 second 

contactor 

rat 1 fi o·ur i. r o mended for o·en­
eral op rating c ndition . The direct 
current in the plate circuit must be 
allowed to flow through the motor 
win din o-. . upplied from uch a ur 
the starting i asy, operation i de­
p nda ]e, and ati fac ory r ult are 
a u1· d. Unle operating under 'ery 
beaYy 1 ad one tube may burn out or 
tul ma be r placed or changed one 
at < irne without topping the motor. 

The motor of cour v. ill run on 
widely different supply frequen i but 

tandard haft p ed are o tained only 
at rate frequen ie . Exp rimentall 
a 1000-cp . motor bas been sati fac­
torily op rated on an frequencies e­
tween 250 p . and 1750 cp . Of cour e 
for p cial purpo rotor can be de­
signed to give standard haft peed on 
any ource of from 60 p . to 5000 cps. 
In uch a e the n umber of te th cut 
in the rotor is changed to meet condi­
tion . 'I he clock movemen it 1f i a 

ta 1.dard arrang ment of gear to give 
hour , minute , and econd , but for 
conYenience a separate ·cale graduated 
in �econd ha been added on the out-

id diamet r of the dial. Th cond 
hand m y be adju ted by half cond 
by mean of a knob located ju t out ide 
t d ·al and controlling an epic clic 
gear train by m an of which the ec­
ond shaft can be rotated in either di-

rection without int rfering with th 
motor. A spring lock prevent motion 
of these o· ar ex pt when manually 
op rated. 

The Syn ro-Clo k, u ed a f re-
q uency meter, will give an accuracy of 
better than one part in 100 000 during 
a 24-hour inter al bv readinO' of th 

econd hand. To in rea e thi pre i ion 
the micro-dial atta hment niake it 
po ib]e to check the clock b r ference 
to rlington Time ignal to within 
approximately 0.01 ond. Thi m ke 
po sible a pr ci ion app ·oaching on 
part in 10,000,000 for a 24-hour 
interYal. 

The op ration of the micro-dial i 
quite imple. A i· vol ing rm or am 
on the econd haft of the clock clo e 
a contact for a period ju t ar ater than 
the duration of the tirn ignal. Thi 
p int of clo ing may be made to ccur 
at any point in a omplete r olution 
by rotating the outer drum member. 
Th ignal are recei v d by th phon 
and the dial is adju t d o that onlv the 
"no e" of the ignal i h ard. The dif­
ference of dial readin a betw n uc­
ce iv period indicate h change 
from true time. When operated on a 

tandard frequency the micro-dial may 
be u ed to end second impul and 
by mean of a ndary program 
wh el almo t any erie of a urat ly 

paced aroup of ignals may be ob­
taine l. The clocl- under thi condition 
become a time piece ha ino- the a -
curacy of the frequency sour . Con­
t<: tor giving hort pul e every tenth 
half, or wh 1 econd can ea ily e at­
tached and from tl e e many econdary 
m a uremen may be m cl with ur­
pn ing a uracy. By combinin · a 

cond and a minute contactor a verv 
hort and accurate 1ninute pulse may 

be ecured. By choo ing appropriate 
cam an g ar many other combi a­
tion can be ecured. Magn to genera­
tor offering ource of relativ ly low 
frequ ncy of good waveform of from 
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one to 100 cps. can be designed for 
operation with the clocks. In every 
ca e the preci ion wi h which the re ult­
ing frequencies and time interval are 
known i e en tially the ame as the 
preci ion of the upply ource. When a 

yncro- lock is operated from a Gen­
eral Radio standard-frequency assem­
bly for example, a preci ion of ap­
proximately one part in 1,000,000 may 
be expecte . 

To review briefly, the synchronou 

The greater power of the ne 
TYPE 511 Syncro-Clock Motor 
makes it possible to drive a large 
number of auxiliary attachments. 
Figure 7 shows a Syncro-Clock 
which has a micro-dial reading di­

rectly to 0.001 seconds. The hand 
at the right revolve once a second 
and und r this may be seen the two 
magneto generator discs designed 
to give frequencies of 30 and 35 cps. 
The two adjustable contactors in 
the lower left corner make and 
break the cir uit one and ten times 

a second respectively 

motor-dri en clock may be u ed a a 
frequency eter, a tandard lock, a 

sending device of time signals, a g nera­
tor of impul e or low freq uencie and 
a con ta t- peed otor. Impul are 
often employed to give a record on 
tapes or films and the motor may be 
used a a drive for trobo copic work. 
In fact the u e a e too vari d to 
enumerate completely and it is hoped 
the e comments will serve a a ha i to 

ugge t other application . 

F.IGUBE 7 

The General Radio Experimenter is published 
monthly to furnish useful information about the 
radio and electrical laboratory apparatus manu­
factured by the General Radio Company. It is 
sent without charge to interested persons. Re­
quests should be addressed to the 

GENERAL RADIO COMPANY 
CAMBRIDGE A. MASSACHUSETTS 
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What Is a Syncro-Clock? 

M

ORE than ten year ag , before th yn hronou motor-dri en 
clock wa p pularized for dome tic use, the en er al Radio 
Company began de elopment of such an in trument f r use 

in the Jab ratory. t wa our initial id a that the yncr -Clock would 
be dri en by a vacuum-tube o cilia or having a fairly tabl frequency 
characteri ·i and tha · the loc would therefore furni h a mean of 
determining the average fr quency of the o cillator during a giv n 
time interval. Thi development ha b n teadily arried forward, 
man models built, and now we ar able to make commer ially a ail­
able a yncro-Clock having a number of u eful and inter ting 
features: 

1 Th Syncro-Clock offers one of the most preci e 
• method pos ible of mea uring the fr qu ncy of an 

oscillator. Readings ar cured in term of our Mean olar 
Day and are integrated throughout the period of meas­
urement. 

2 When operated by a source of exactly 1000 p . the 
• yncro-Clock keep true time, the only error beino­

that of the standard. 

3 Shaft rotat·ng with a con tant angular elocity are 
• a ailable f r turnin trob cope di c , for operating 

second and tenth -of- e onds conta t rs, and for driving 
small generator to produ e other frequen ie the stability 
of which are definitely determined by he frequency of the 
driving source. 

The eneral Radio Compan make u e of hi device in it standard­
frequen y a mbly, our name for a y tern which determine fre­
quency directl in term of the Mean Solar Da . sing a yn r -
Clock we c mpare th time k pt by our piezo-electri o illator -
Syncro-Cl k y tern with the time int rval determin d daily by he 

. . a al Ob ervatory and tran mitted to u via Arlington ime 
Signal . 

Syncro- loc have many appli ation o tim e and frequency-mea ur­
ing prob em . If thi brief de cription inter st you, we hould b glad 
to end you further details. 
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