ABSTRACT

The general theory of the common connections of
synchrocontrol elements is outlined under static and continuous
rotation conditions. The harmonic response functions of such
devices are analyzed using modulation theory and measurement
techniques both direct and indirect presented, Discussion of the

difficulties in experimental verification complete the dissertion,
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Construction of a Synchro

The consbruction of a synchro is very similar to that
of & mimiatuzég three phase synchronous alternator. The stator
is constructed with standerd slotted steel punchings containing
a three phase winding that is usually wye-connscted. In order
to minimize slot sffects, the stator slots are often skewed.
There are thres different types of rotors in common use; the
selient pole type, the umbrella type, and the cylindrical or

of these rotors are wound for two electrical

é_..._,f\

drum typs. A4l
poles, and the windings ars brought out on slip rings so that
continuous robation is posaible. Sallent p@l& rotors are used
for svnchro genervators and motors. Both of the other Typss of
rotors are used in control transformers where 1t 1s deslvable
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Synchro Control Transforner

The control transforwer 1s of essentlally the same
construction as the generator. The wejor difference is that
the shape of the rotor Iin the contrel btransfommer is cylin-
drical, or of the uwmbralla type, while the rotor in the gene-
rator ls of salisnt pole construction. This 1s done to prevend
the magnetic fleld from producing & torgue on the rotor of
the control transformer. The only electric power comnectsd
te the control transformer is the signal power from the
synchro generator., This s applied to the stovor windings,
which represent the primary of the transformer. The Po@tor
windings thersfors represent the secondary of the transformer.
The voltage which will be Iinduced in the sscondary will depsend
on the position of the rwotor with respect Lo the magnetic field
which is set up by the currents flowing in the stator windings.
Fopr a fileld thst corrvesponds to the zero position in the ge-
nerator, the voltage induced in the secondzry of the control
transformer will be zero when the control transformer rotor
is @ispla@@d by 9@? from the generator rotor. This QO@ dis=
placemsnt applies also for any other poslition of the rotor in
the synchro generator. These last statements demand that the
stators of both the generaitor and the control trensformer

positions be meesured with respsct to & common reference

direction.

In the diagram of fig. 6 of the control transformer

GC:OGOQOQ‘/I:@
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to reactances of the windings, the voltege appearing 8CroSS
R, R, of the control transformer will be M-Hp, apd where En
is the voltage applied %o the generetor potor and M is a cons-

".'
{

tant ©o asccount for the losses between the two units. Iet the

flux producing the voliage %‘am be represented by 4, ukﬁﬁ fore
MeE,. will s proportional b0 B, or QR . P, wheve P i3 a cons-
tant of proportionality. IP it is assumed that the generator

rotor remeins fixed and the transforwer rotor chauges in po-

hat the fPlux perallsl

)
&5
o
e
4]
3
¢t

w3 +F o o? wren
sition,

vobor will decrease. Since the

to the
voltage produced across a coll is dirsctly pro-

that flux which is parallel to its axis, E, thus

S

e 2 o
P wos (8 - @

% remains this equation can bs wrlttens-
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the oubput volbage sguation becowss:

0w =1 o o W& o % 7
34’», R .Ei.,m o gjﬁ’sﬁ ° gin /[”;f5°f}§ R PR % Ky} ’ &l °h “;‘%‘ :}

Considering the situation whers [ iz swall 1 t0 neglect

G 1. - ooy g o o 3 ey A e
the sinuscidal oscillation is

v Lo
voltage eguatlion can be

» T i & 7 PREVIL TR DU & 5
@, w E§m° Ty © glo b 0h) 8in | LS
Vouth “ firg? k

Plaeing this in ap equivelent fomm it

l -
(‘\",ﬂﬂ
Lay

yoltage wavelorm 18 & Lype

:*~n.v given oy:

£ g 4 - 3 3 P B 4 LN > e - Es : \
clizs (&wﬁqtﬂﬁjm} apd ( @ + () but no cervisyr Treguency

G 8 o s *
component. The form of this voltags is typlca al of the outpub

of & large number of iransducers used in servomechanlsms in

whtch the inpub variszble is used to mcdulate ths amplitude

of ap a.¢c. carpisr.

In this analysis for continuous rotor cscillatvion
thape 18 an inherent cheracteristic which must be carsfully
regarded. The type of waveform that will be produced acpross
the oubtput of ths control trepsformer rotor will depend on
the relative wagnitudes of O and Ae. For A& larger than

Ty the output will appear as a mormal amplitude modulated

carrier wave such as is shown in fig. 10a. As {E@ DeComes

el
a,aaaaqoa/&»‘:'j




e

less than &ﬁrg however the value of O -sin (w b+ @Q) +A8
S

will no longer always be greater than zero and for certain
portions of the oscillation cycle 1t will become negative.
This negative value corrssponds to a 1853 phase shift in the
signal end hence the waveform departs from the normel empli-
tude modulated form of fig. 1lCal).For oscillation about the
point where the two units produce a null output, that is whers
A& =0, the waveform appears as in fig. l@a(z},(fmgez:»}amd is
the same type of waveform &as would be obtalned for continuous
rotor rotation. It must be noted however thet whenever ZE@
does not equal zero the form of the output wave will change
and besides the two sideband componsnts will then conbtain a
component at the cavrier frequency and hence the system no

longer produces suppressed carrier medulation.

Qperation of the Synchro Pair wit§;§©ntiﬁu@&$ .

Rotation of *mﬁ Generator Robo:

This analyeis is very similar to the snalysis for
continuous oscillation except here the displacement (@ - €°)
follows a patiem such as shown below. This pattern occurs
whenever the generator rotor has an angular velocity of a)m
radgians per second relative to the rotor of the control
tpensformer rvegardless of which one of the rotors is moving

or whether both are moving.

30
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For one complete gensrator rotation:

e ety

& -8 =274 + 8, but Tw=2Il
fii .
4 &l

B

thevefors: @“@”mgﬁt%gm%%%mﬂ%ﬁég
27
Substituting in the instanitansous oubtput voltege sguation:

: — E { - ? s ~ o . o .
Bgyut = By 810 (8 - @) sin &chcu I ) yields:

Sout ”“’—*Em sin {w mt + @@) sin ‘\(&}@'i& =

N

5 therefore seen that the output from the control trans-

fe=d

b

it
former rotor, with continucus rotatlon of the generator rotor
with respsct to the contrel transformer rotor, appears as an

amplitude modulated sine wave wilth the modulating frequency

£

caualling the relative freguency of rotatlon of the two shafts.

AL &

it might be worthy of further emphasis to note that when the

rwo shafts are rotating at the same anguler velocity the output

e—eoanoae/’j:ﬁl



will be constant at an amplitude dependent on the reiative
shaf't positlons which is denocted by €,. 1If rotation is stuarted
in such & manner that (& ~ @') = 0 at ¢t = 0, and if S is small
enough to be negligible, the cutput eguation can be simplified
and placed in the squlivalent form:

1

& ., = E %ms(a! = ) ) B~ cos { co }tj
, c m ¢’

out = _u
Z

m
This is the sams form of suppressed carrisy ocutput signal as

was obtalned with contipuous oscillation of the rotor when Zg@zfﬁw
The carrier ls completely eliminated from the output and the
gidebands differ in frequency from the carrier by an amount

egual 10 the freguency of generator rotation.

The waveform of the oulput signal 1s shown in fig. 10b.

O
and displays the effect of the 180 phase shift in the carrler
wave whenever the relative engular displaceuent (@ = @) 1s in

(8] ]
the 180 to 360 rsglon.

This analysis 1s, as stated previously, based on a
relative angular velocity of the syunchro generator and control
transformer shafts of &)m.radiams per second. Caution must
be exercised in applying this development to the typleal con-
trol systew such as the speed control of a d.c. motor. In the
speed control system the d.c. motor whose speed 1s being re-
gulated drives a synchro generator. This of course constitutes
continuous rotation of the generator shaft at, for a particular

situation, a constant shaft angular velocity. The synchro
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W
&

control transformer is delven in continuous rotetion by &
second "refevence” prime-mover, at the speed at which it is
desirved to have the d.c. wotor opsrating. Considering the
situation where the d.c. motor and the reference prime wmovaer
are running at exactly the ssme speed, and the synchro gene-
rator end control transformer rotors ersg in corrvespondence,
thus ylelding zero output voltage from the control transformer,
this situetion will remsin as long a8 the two units continue
t0 rotate at the saws speed. If the d.c. motor shaft beglns
to speed up or slow down this will throw the two synchros oub

correspondence and hence produce & now-zero cubput from bths

o
=

control transformer. This oubtput sigpal will now obey the
general output voltage eguation:

€out = By Sin € it sin 2 (=

Now in this type of system &J will in geveral not be constant
over any great time interval since the system immedlately begins
t0 corvect i1tself and hence ths modulating freguency will be
continually varying and continues to do so until the two shafts
are roteting at the same speed and are oncs again in corres-
pondence. The value of the modulating frequency will be de-
pendent on the speed of response of the control 1loop. Analytical
reprosentation of the correcting signal, that is the output
signel from the comirol transformer, therefore becomes a bilt
cumbersome whereas in a qualitative sense the situation is
relatively easily described by siuply picturing a correcting

!

S
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svps of sltuatlion would neces-

4

sditate knowledge of

analyblcal form and then, with the proper wmodification the

previous development for the outpub volitage from the control

. 3 RN o 2 sy -
tranaformer Yoy continuous constant speed shalt roteliion can
e used to describs the btype of conbtrol syste

1y the most common applicatlon of synchros

epm i, e g, A o o feypey T PR e “ . . ”y 3 oy 2wy
rotation. In an actual freguency response GUmaLn

i - e g 1 o e o2 o oy (EH R e S den B oy . oy Y te 8
speed conbrol syastem this degree of complexiby in the analytl

cel trestwent 1s not necessaryy since only bthe swall signal
transfer function across the synchro pair is regulred. In
opteining this transfer funcbilon it is usually sssumed that
the smount of devistion from bthe correspondence position of
the two shafis is cuite smaell at all times and hence the oub-
nub volbege 1s taken as being directly proporbliomal to the

angls of relative displacement of the shafis.
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THE DIFFERENTIAL GERNERATOR



- ﬁg&. .

The Diffevential Generator or DIffe rentisl Tronspditer

IF it is desived to position the controiled shalft ef e
sepvomechanism to a shaft position which is the sum or differ-
rence of two sheft angles, & synchro differentlel genersior
con he used. A very importent example of the use of such
device is in & gunfire control system when 1t Is desiyved Lo
add engles, such asz lead angles or perallex anglss. The

aAifrerential generstor (or fransmlil ter) is very similar in

o the synchro generator and toe the conbrol trans-

K4

ne differsnticl generator iz wound with

the windings of the xobtor snd the stator
ays of the standerd dlstributed type with each of the windings
acting a8 if they were physically sepsrated 120 from the other
two, Despilte its construction similarity o 2 Lorse phase
machine, it opsrates on single phase like other synchro de-

viceas discussed thus far.

When the stator leads are comnectsad to the subput
sads of & synchro generator the currents flowing produce 2

y the differential generator which is In the same

i
Fed
M -]
&
b<
&nd:

2

orientation as the flux in the synchro genevator. This takss
slace in the same manner as ihe reproduction of gensrator

Plux in the control trapsformsy of the basiec syachro pair.
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The rotor of the differentisl generator howsver hag voliages

el

induced across 1ts terninals of & magnitude and polarlity whiiin
are 4 measurs of the sngular position of the robtor relative Lo
the resulibent flux produced by the stator currsnita. Since the

O
of the differential generator has the ssme 120 oriant-

- . P - fo Ty T,
wen fluy in the

£

> atato

;{T

g the

]

2

ation of its windings as doe

Y]
&9

Lola

e

.

diffesrential gensrator produces the same threse cutpus voltagss

!

seross 1ts B yﬂ R§ leads as would be produced across the %?

) o3 T e s - j 3 R Y . i - B pmenm T N B o R g
2., 5, leads of the opdinary synchrs genershor which is fesding
G

o7 PoLor engle an well as

» position of the synchro generatoy rotor. It is

E o 2 ) § ey sy o o] o B D P
o note in passing that ip practless it is also
o

LA
possible to use the robor of the differential gensrator as the

;3 3

thhous changing the

&
4]
i
&

3
o
[t
&
i
ferte

pimary and the stator as

L SEER B B 3.y s
elffect of the unit.

of
To e n the detail,operation of the differsntial

m
‘@
m:ﬂ

gensrator consider the analysis of a system with a differential
generator inserted beiween & generator and a control transfovmel.
For simplicity, 1t is assumed that the synchro gensrator 1l
merfect, Ffres from evrorg and unbalences. From the discus sion

of the operatlon of the syachro generator it 1s koown that the

output volteges from ths synchro generaicr ars:

0300(30«‘)9/38



, A
E._ =K cos (& - 120 )
B 2= K CO8 i & - 24 {}G )
.Eggﬁ?? = AN 3 G S AV

Considering the loads reflected iloto the primary @f the
differential generator to be purely resistive and alse ba-
lanced, the following wmesh analysis can be made (referring
to flg. 122.)
ggag T By

Yt
3

-—
- mmw’w.-—\%
e
Bzt
Pt
e
4

Y]
no
vt
et

f

. |
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B -

o - T ’m AT ama (D - = 3@ Y
L oy ES = T s \; B, ¢O8 (T Sw )
o8 35, & &b '
4 fj 1
= &
3 e ot s wmT de BDY
B s = .,  EE i, o s ‘z o AN O «&‘%é‘* AN :}{3 }
LS 3 O h\)gtw 3
kB ot A

Supstituting these into the wmairix gquation and solving fop
the currents by Cremer's Rule ylelds:

etz men b
7

I mEeos (8400 ) =2 co8 (8¢ 60 )

EAS

- -
b ad £ | - o 14 oy
T e K coz (8 = 007 ) I cos (€~ 00 )
97 m '
ja g )

The anslysis is also simplified by sssumling that tha ¢iffer-

0

D

5,

sntilal geneyetor has unliy tums ratlo and thet the cosfficlient

173 K o \,, QB e pma o 1 o8 o ot o o o e &
of coupling between stator and robtor CLPCULLS LS nity. From

rtne standaxd trensformer theory 1t 1s known that the demagne-

) S,
tizing effect of the sscondary currant wust be palanced by an

aubtomatic increase of primary cuprent to such an extent thad

N
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the resultant of the primery and secondary mml's {ampere-turns)

will be just sufficlent to weintalin the {lux at a valus corres-

ponding to ths counter eml demen

Theze condliblons must also be satisfied in & differentlal
generator and thersfore the smp-iuwrns acting along any axils

in the Alffereuntial generator stetor must be equal and opposite
to the amp-turns acting along the sams axis in the rToLow. Fop
an example of this consider. the axis passing through the leg

"l

R contributed

0'2! of the rotor (see Sig. 12b.). The amp-iw

2

. & O
o R A o I o
mmf@ags = N j{g + B + %1‘1} eos 00 4+ R 11.,1 os 120
where ¥ is the effecilve nuamber of Turns on asach winding.
oA

This ecustion assumes the windings to be so dlstributed that
the amp-burns messured in any axis ape pro nortional to the
cosine of the angle between the exis under cousideration and
the axls of the winding contributing the mmf. Thus tos angle
hetwsen the refervence axis 0°2° and ths leg 1707, carrying
cunrrent &igg + Ly )s is é@og and the conbribution to the mmf
siong the refersnce axis is given by the sacond term in the
expression. The angles between rhe three stator windings and
the sxis 0727 ape (A0 - &), (- @), amd (120 - §) for the
legs 10, 02, and 0% respectively. The rotor angle § is meas-
ured as shown in fig. 12b. It iz noted that the divection in
which the current 18 assumed to flow in ths winding 1s import-
ant. The stator amp-turns contributed to exis g'2% are:

riy)

N R YA

%
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In g similer fashion, and by using

The form &f I,

transforner angle
rather than €°
differential generator is not

of the differential generstor

W)

¥

COH

I cos

and Ibg is the same as that of lﬂ

8

o
Tyt vy > 3 y < ‘
0L, cos 9+ WeI, cos {120 - ).

P e n
& T4
& 1240

7 o

§

- ; / N
w Icos (€~ 04 60 .

leg 0'%° ag the reference

and Eb
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. - / 7
ept that the angle © hes been veplaced by the angle {8 = @).

affect of the differential generator ls to change

for zero oubtput voltage GO
. the value necessary when ihs
present. Thus this sheft angle

is added {or subtracted) from the

RO /)y



angle of ths laput.

Therefore, the ocutput voltage for the control trans-
former can be written:

1 % 1 Fa/g ,,,)‘;,, "“;
‘ER?EE = B, sin {8 -~ & I §)

- v

where ER R, is the outpus voltage and E is the maximum vaiusg
1 &

.

of thie voltage. The sign attached to ¢ depends on the dirsct~
ion of rotation of the differential gensrator rotor and must

be determined experimentally.

&

Tt is of courae possible (o use wors than one differ-

enbial penerator when wore than one additional input must be

tial generators are subject Lo

> I = £ e
the cosffi-

(.

o 2 ot ST e oo e o NS S - =~
the mame sorh of ervors as obher synchros. Alng
iz less

8

regulres

magnetizing curvent, which must be supplisd

% o 8 i g e . - P S g o 5 , 2
hy the synchre generator. This current produces REALING i

SN

I
ator, and it places a limit on the nunher of dlffsr-

the genere

. oy E 4 . ~ - 3 o v " o P
gntial X that can be exciied by & synchro gensprator
- 2 N - 4 fadid iy o, e B e o e s R e Ay or £y -
of 2 given size. The magnetizing current may be reduced gu

considerably, at least as fapr as tos synchys genspretor 18

by

the use of a synchroe capaclitor. This iz a set

apscitors usnally connected in delta and comnected

S

&

scvoss the lines connechbing the synchro generator and ths



differential generator. This perwmits more control trans-
formers L0 be supplied by a given generator. A capacitor
across each of the stator leads of & control transformsr

also tends 0 reduce the cavrier wave phase shift between

the generetor excitation and the control itransforwmer cutpub.

Synehro capacitors ave also sometimes used in simple
generator countrol trensformer systems, particularly when ons

generator supplies several control transformers. Since the

[
2
&
ks
O]
=
&
D
<

of the control transformer is usually guite high,

smalley capacitor 18 reguired in this application. The

that can single generator, however, 1S
usually sulting, particularly 1f all the

pontrol in gynchronism.
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Symchro Phagse Shift

cusly, one problem in connsction

with the applicaltion of synchros is the presence of a phese

35

é;

shift between the excitation volbage and the oubput voliage
of the control transformesr, sven 1f the residuel vollages are
zero. This phase is caused by the reactence of the syuchrod
windings and is in such 2 direction that the conbrol trans=

Pormer voltage legs the excitatlon volbtage to the genarator.

Pris wmust be taken into account in adjusting the phase of the

voltags applied to the

fisld of 8 iwo phass moLor and

alas the »siarence

(¢
This phase shift is uzuelly arovnd j ta 5

G " Y > . .
this for very large

z3

but mey puan highey

s " Q_\
Freguency Specific
e

T is worth anoting that 400 cyele ¢

& L ; ED g o “ y et 3 T e} o P g sn o
with eny trensformer, c&n be made SE wller then corpesponding

50 cycle bypes. In addliion thse dynamle errors mentloned

previously are raduced by a factor of about seven.

Powsr Synchros

Auchion woetors

both robors pa

7
o ¢ a0 v o e o "¢




the shafts of the two machines ars ln synchronism even though
there 18 no mechanicel connection betwesn them and this re-
guires that they turn at tae sams spsed. Even under these
conditions, however, the sp angle between the stator flux
and rotor flux of one wachine may differ from that of the
obther machins. The Tluxes produced by both machinss can be

Sor S

considerad egual and the potor voltages for 8 given slip musi

L= vy

be eguel in magnitvde. The currents in the twWo »oLors ars

slectrical clrcult of one phase of the rotow

P g . g & a1 -5 - . o & ;
circult iz shown In fig. 14, When the machlines are identleal

amd operal in synchroniswm, the rotor voltages induced in

" 3§ ey o~ 4 i PP S = ] P v B,

srpesponding phases of mechines A and B ame §, and B,. The
Ex) 2

aom T2 o IF N g 7 I & T i "

org are (R, + JL,) sod (K, + ;ij{;; ). When

mobors ave sgual, they must develop

torgue developsd in elthsr wachine is

multiplied by the product of 1ts potor

yolbage, ite rotor curresnt, and the cosine of the sngle &

LS

or ), between Iy and B, or B, . Thad is:

¥4 . E-Jy A 15 i} hi‘ed Y
Forgue In A = BBy i, €08 8y

[
T s AoBhe 1@’ cos @b
Unbalanced therefore reguirve a differsice in th
value exp sse squations. Since B m-ﬁb and I,

. - da oo o} e X LB e o . N R P I S N . = e
ig cowmmon o bhokh, this differsnce must result from diffsren

rotor power faotor angles €, and @ba Consider for instance,

1
ooamcaeo/’%’&})
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that the load on shaft B were to reduce to zZero. The torque
develoOped in machine B would then cause acceleration of its
rotor. When 1t hes gained position such that the rotor con—
ductors have moved sufficilently forwari, the resulient forcas
on the rotor of B will be zero, regardlesz of the magnitude
of the rotor current. If the rotor of mechine B was to
advance frowm this position, it would experisnce forces that
would tend to restorve it to the origimsl position. Thus, for
diffevent loeds on the two motors, thelr zotors can occupy
different space-phass positions busb they must run in gynchro-

nism.

The =zystem has one undssilrable featuve. If the two

rotore come to reat, when the power iz shub of £, such that

e N ¢ o e & fo e Y 3, - . e @ ¢ ] D R
g end B oare 180 out of time phase, no resulbtant current

£, will flow in the secondary clireulbs and congequently there

will be no starting torque when reconnscted to the voltage
supply. This condition cen be overcoms by swlitehing circulits

Inserted in the primary side of one machine.

Thiz type of systew, although not used extensively,

on ssveral gcecasions. Ope

hag been applisd success
axawple iz the operation of two motors on opposite ends of an

elevating bridge. It 1s not sdaptable for installations

cegquiring large valussof torgus.
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Other Uses of Synchros

The types of asynchro systems discussed up to this
point do not cover all medifications and applications of
synchros. For example a recelver similer to the differsntial

R

generator may be bullt with triple stetor windiogs., T
permits applying to the stator, as well a3 to the rolow,
signals which correspond with the anguler displacements of
two different shafts. The resulting rotor position of this
differential receiver is then proporticnal o the sins of the
differvence between the angles of the other two positions.
Another possibllity I1s to obtaln a primary feedback signal
frowm smwall angular deviations, using for tois purposs the

BEY AT Y & ¢y g e Fa S iyl ¥ -y Ry e L i LY P -:33'
synehre geusrator withoubt any other symchros., Plg. 5 (page U

showed that for Limited deviations frowm 2ero, tha voltage

. A g epen ey oy e I T P Z ™ Al < - >
changs 1s precitlecally linear with change in angle.

thwse remsining applications of ayuchros aps

mostly just modificatlions apd gloriflcations of the vasic

Line of thely operetl!
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Synchro Brrors

Synchros, when used in connectlon with servowmechanlismg,
are not as perfect as is intiwsted in the foregoling description
of thelr operabtion. Actually, synchros suffer from twe wajoy
fanlts:= inaccuracy and residual voltages. The servo cen bs
made no wmove acceurate than 1ts srror detector and 1f the synehoo
does not sccurately indlcate the diffsrence bstween two shaf't
angles, then the servo will be in evror by at lesst this in-

accuracy. L this volbage null does not occur when the commend

then the servo will be in erwor and there lg nothing o in-

dleate the anpliflsr and wmotor that such an error exists.

Although syochros can be bullt having a statle error

of but a few mibutes, the typicel ervor of a synchro generator

”“3

control trensformer combinatlon is on the order of about 18
minutes maximum and 1z & function of robor position. One way

of deteruining the erwor of & synchro-palr is flost to af

dlals to the shaft of the g@&@f&@@: and the conbtrol transfovmer.
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so that the volbage ouiput iz a null at electrical zero. If
B Eem, K £ P e wemendp g Su el D £ o B Jrag wmey d el
e snal't of the genera tor is wobated 10 , in generel the

3 Fa RN o T b i o B g cemiany g Tp a3 g . o] 5wy gen i A%
shaft of the control trensforesr must be rovated an angle oF

n_s

|5 . - .
107, to achieve a null once wmore. The difference between the

angle to which the control bransformer must be robtated, asund 10,

iz the error of the synchro-pair. I this experlment is
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repsated throughout 36@0, a typical graph of the error as z

function of shaft angle 1s obtained as illustrated in fig. 15.

If 1t is desired to find the erroy merely of a synchro
gensratopr, this can be done by defining zero error as say
lectricel zevo, affixing s very accurate dlal to the shaft,
and measuring the stator veltages induced for any angular

pusition of the sheft. Since these stabor voltages define

an angle, the engle corresponding o the measured voltages

ol

0 be calculated. I this calculated angle differs from the
the difference is the evror. Similarly,
the exact proper relative megnitudes for a

]

transfornesr and

E‘*—’

e fed to a synchro control

l‘wis
&
[Tl
pat
oo
m

to cauze a null measured. It

é&}’ﬂ i

- .
voeltages, an ervor exisis and

Provided that the syochro hes been properly designsd,

i cause of syuchro errors 1z generslly the result of manu-

facturing ¢ifflcultiss. IF the stator colls of a generaior

registances caused
by using wire

same manuiach

machines, the length and shaps of the poles :ize Ilmportent. In
”-i..
oass»’.,..u:.eff_;g'\%
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machines with round rotors, the rotor must be exactly round.

l

This is not too 4ifficult to do, but is 4ifficuly to grind

the stator of the syachro so that i%7is exactly round. BEllips-
ing of elther the stator or the rotor causes arrors. Fop
axample, ellipsing of either the rotor of the sitator an amount
sueh thet the difference betwesn the wejor and minoy axes oF
the ellipse is s= swmall as one ten~thousandth of an Incl

4

resulte in a spread of four winubtes srror in & typlecsl small

synehro.

&
i

rotor muEt bs pleced exectly in the csnter of

) G ravem H LT 2
be of wifomm

2 3 b1 Lo G . A o8 " e
horee of the stator and the lamivations mu

o - ey R S ‘ L P o s , o h,..g 7 -
a& WBeLe }:}iz@p{éjﬂ oYy 80 LL.«;“..«. G OSven B sﬁ.f. i};.i;?”" LA O

s S 8 As Ty = oy o oom Eomon ame o wan o e
the steel sheet has o he Laken L0LH ACC0
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shafts. If however, they were rotated at a constant velocity
and their stators held fixed, = voltage would appsar across

the rotor of ths control transformer. At z2bout 300 p.p.m.

1, -

rotation of the shaft for typlcal 62 cycle units, the voltage
would be sboubt 1 volt. I the spafts had hesn dispiaced by
1 volt so that mhen they were standing still there would be

sbout 1 volit output frow the control transformer and agaln

&

the shafts were votated at 300 ».p.wm., the outpul voltage
ZErD .

mould be meEz. Thus servos using synchros have an additlonal

srror when the shafte ars rotating et high speed, which is

&

roupnly proporbional to the speaed of ths shalt rotabion. The

b3

phase ¢f this volitage a

: s g .y e 5 y [y E B o v e £ Y
the synehro ouby voltage when the shafts arve standing still.
This direchtion of ths
sheady-atate error of & sevvomechanism when following a
<
The otber wrjgﬁiyaé gefect of synchros iz the presans
Ze/’o.
snsforper was = .
ny v LT I ¥ . - o
& 0 an effsct known as
as the rotors of ftos WwWo
ES
Qou

asm s o0 o]




go to zero, but instead only goes to a minimum. This residual

voltags remeining at the minimum consisis primarily
= J

]

e}p

Rk

compoenent ab carpisr fraquency W, but ! @ out of phase

3

a

bhe predomirant phass of the @atput glgnal for large 4if

rences in rotor displacement. It is therefore referred to as

wh@ guadrature voltage Or qusdrature erpop..

It can be shown thalt one reasgn fov tn@ Mxﬁ tence

the guadratu
stator cirvcult do not a2ll have the same phase angls.
the systew shown in fig. 10. The twoe currents i, en

alternating a5 the 3&@?&@ frequency ¢, . Thelr w

. .. P A B y
she shatop

s L g brEy)
nha . Thug

s - e NERT ks & o
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erroy is that the iwpedances meking up
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2 s.mm\%u%

©

Y DA DAL A AN W
b v O &5 A (c AN ﬁ\%

TN DA GNP L TOELAC FOLGHITNTD O INALD

T ewsn e

7

f’?’?}%
It

;

AT
DA DD

]

e

Iy

S,

4

uﬁdm

=
ﬂdl..xukawwﬂlm




maximue value of this mubtual inductance then the oubput
voltage way be wrltten:

res B, A7 . M e pea o N
€, = ﬁ 208 @T aka + M cO8 @T @i@ 4

substituting fo
& (,Aj ? gg.i /
2
: ;
& ] OB08 | L) b
£

xd
tLrans

infleates that

for any value of & unless I,

& N P R~
L8 Zers, & 1 oCour E,f,‘a,,gﬁ Loy

o 5:%
&~

e
[A————

P T O T Sl w gy f En D s e e pw ETRN IS S bl £ enr g4 e &3 -
generator rotor. Thus 1t 1s seen that thers wlll &iwavs be
aomwe volbag the rotors axsg in corvespondencs,

g.,“: e T ¥’ = Y . 4 ol o ove o3 e od e,
unisas the happeng to be in the two posltlions

cerm In the eguatlion ig he

which maks

o above, and for swmell O,

guagraburs

to the phase

rv Lmes

ig clasayr that this voliags can he

2

the stator currvents.

Yept to & minimum by meking certalin that the lmpedances of

Fa

A
Sz e s w9 R s



the stator clrcuit all have the same phase angle. Usually
synchros are wound quite carefully and the windings are almost
identical, but unless the connecting cable is perfectly cons-
tructed, 1t may introduce unbalancing impedances that will

give rise to considersble errorp.

Errors Dus to Hermonile Voltages
fseriii e

In eddition to the effects described above, hsrmonic
voltage components are also found near the synchro nulls,
Sowe of these are dus t0 harmonics present in the supply volt-
age, but most of them are due %o non-~linesrities inm thes iron.
Quadrature volteges of fundamental £z requency ars also sowmsg~
tlwes caused by uabalanced capacitive coupling between statow

and rotor, although this effect is usually not too Importsnt

&
fooba

1 Low freguency transducers like synchros.

The phase discriminator or demodulstor, which in one
form or enother is always used tC recover the achtual evror
information from the synchro signal, can, by proper adjustument,
be made inzsnsitive to all guadrature and harmonic yoltages and
hencs. these residusl effects do not result in any apprsclable

£ s ERY

error signel in an a.c. amplifier, &b

designed %o handle loput amplitudes that are at least as large
as the maximum guadrature signal, and preferably somswhat

larger. Hence a lerge smount of guadpature vwoltage limits

S

£ g &
aocacsoce/@&’i



e

ths awmount of a.¢. gain that can be used absad of the discri-
minator. If more gain is needed, a d.c. amplifier can be

used after the discriminator. Since d.c. amplifiers tend to
drift, 1t 1s usually desirsble to have a8 much of the regulved
gain ag possible in the a.c. amplifier. For this reason it

ig important o reduce the guadrature srror to g minimum.
Another disadvantage of a large quadrature sigpal 1is that it
results In a considerably larger ripple output from the dis-

criminator and therefore reguires more filtering.

The presence of harmonic voltages in the excitation
yoltage spplisd Lo the synchros edds somewhat to the harmonic
yoltage oubput of the control transformsr, but even 2 pure
yoltege scurce will not eliminate the bamwonlce voltages pro-

duesd in the synchro themselves.

L=
0000‘5‘000/@9
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respectively, are made egual to zerc and the synchros are
adjusted by positloning ths stator of the control transformer

80 that the final ocubtput signal is zevo. BSuppose now thaet

“ 3 8 %
ths command shaft is moved through 10 . This weans thet &
generator shaft robates 5@ if the gearing 1s accupate. The

command shell iz then rotated by hand until a null voltage

K

ef
b
&

a

£

he outpub of ths control btransfoymsr. If ths

L.-ln

b
0

exist
N P o o 3 @ o
synchros wers perfect, this angle would be precisely 10 and

o

the control @?8@&?*?@@? would have b

o

the synchro

s N y s, epmr s iy B R s
fad & servomobor geared

o} FoEN E
ahaft, 4t 13 seen

a2 58

could heve besan

synchro rotates

g e oo 3 1 oy S ~,
nheolled shaft speed. the
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the synchro sheft would be increased by a factor of ths gear
ratio, the synchro dynamic error referred to the conbtrollsd
shaft wouid remain unchengsd. The inertia of the synchro
gflected to the servomoitor homever, would Increase under
the use of gearsd-up synchros,

It is also noted that ths voltage sensitivity of the
aynchro system has been increased @5‘29% ctor of the gear
ratic. A wotion of 16 of the command shaft for instance
causes a volbage of 5 volts to appesr at the control trans-

formsy oubtput leads ef the synchros bhsve o sensibivity of 1

!u:? s ot 4 . P 2 S o, gy ey e “4 & o3 zn . %
volt/degres. This wmeang that ths servo amplifier ussd can
have one-fifth would be nscsssary if one spesd

problem of pickup in the input

Lhransmiss

leads of the e 1as therefore besn reducad.

> 1/5 of

then rot

output of
Y =2, © A, 3% & 2 o . 5
nowever, arye now T2 epart. Thus, if ths gyatem were used

. SR o oy oy B @ e o . P, SN - SO D w2
in/Bervonmschanisy, the servo would érive o the neapsst

M,
-’;’fi’
@

T I PRI T SRR I W PP — o LY payling
the five null poslitions, only one of which would bring shaf

G5

m
28
7“.

a-,
oaaooe:o/b\&



o™,
Ry

R

0
s \

66

LTI FITTVONLINGD PO

LIEHE  ONINIVOD Y ] GIFVIO  SOXHONAS
&y ??Ea&am STHN LS SANCSL FOFUAMOD —— SIMEVTD
o = ;
I3 fm eﬁﬁagfﬂeﬁm N w: % fn%
NI RES
HOLVWHINFE COFHIMAL DN TD
g & @ »m@
M/ £
AT dBISADD N

S

HAOYS DI CALUOT

LADYES LUDURISD



v and ¢ into correspondence. It is neC@SSary therefore, that
additional Information be fed into the servomechanism to tell

it which of the five null positions 1s the correct one.

Baslc Double-Spesd System

This gystem can be set up according to the schewe
shown in £ig. 18. Double-speed synchro trensmission required
two synchro gensrators and two control trangfmrmips@ The
generator and control transformer are gesred n:lﬁ%@@ command
shaft and the c@mtﬁ@l&@dbghaft respectively, but in addition,
a geuerator and a control transformer are coupled directly
to the two shafts. The synchro system can be put Into proper

ad justment by placing the command shaft angle v at zero and

Che

the controlled shaft angle ¢ at zero. The statovs of each
of the contrcl transformers are then rotated to the positions

at whlch the ouitput of both the ons-spsed zud the five-apeed
B

control trapsformsrs are equal o zero. If the commend shaft

iz moved to any arbitrary angle, the controlled shaft can be
rotated an egual amount by observing the oubtput voltage of

both the control transformers. Thiz ls accomplished by

Contre el . P )
semmend shaft and observing first only the

o

b

otating the

oltage from the coarse, or single speed control transformer.

<

When this voltage is zero the shafts are clogse to correspon-

dence, though psrhaps not exactly so bscause of errors in the

ceseocss/08
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o N cordrolled i
synchros. I, however, the cemmers shaft 1s rotated througn
the small angle necessary to ceuse the fine control trans-

former output voltags to bs equal to zero, it will be mors

el
il

exactly in coprvespondence with the command shaft. Thiis

tyue not only because the sensitivity of this contbrol trans-

former por degree of controlled sheft angle ls higher and
thus gives a greater signal volitage for & glven lack of

correspondence bubt also becavse the error in synehro trans-

wission has besn reduced by a factor of n. £in

control teensformer woltage 13 et Zero, the coarse control

will be slightly different from 28r0

e £
w?éﬁ GET 1E

i

nend alone though does not glee

%

wnless ons knows

£ 4« g 4,
k?fli»ljg 204

Lo ‘}‘i}

and

correspondence. If

and bhe

as shown in fig. 19 for one

@”@iu dan of sbalft ¢. It 1s seen thatl, in one Tovcluv:

/76
PR EE Y g‘-/
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S

of the shaf't ¢, the fine control transforwer voltage has &
noll of the proper polarity five times but the null of the
coarse control transformer voltage has only one null of the
proper polarity. If u servomechunism were used to operate
with the synchro transwmission system of fig. 18, it would

be necessary Lo have some sort of clrcult which would cause
the servo awmplifisr to be fed from the coarss control trans-
former voltage when the actuating signal was large, and from
the fine control transformer voltage when the actuating

silgnal was swmall.

whose coll iz fed from the cosrse control transformer volbtage.

If the coesrse conbrol transformer voltage is large, the reley
&

pleks up end 1ts contacts feed the cearse control transformer

yoltege Into the sewvo amplifier. When ths coarse control

seryo has rotated the controlled shaft close to 1its corres-
pondence position, ths relay drops oubt and the é@atac@& fasd
the fine control trensformer voltage into the servo amplilisr.
The servo-conbtrolled shaft is then positioned only by the

output voltage of the fine control transfovmer and the accu

vacy of the transmission system is lwproved by the factor of

gear ratio. When used in this application, the relay is known

as 2 synchronizing network and is one of many types of devlices

that can be smployed for this purpose.

e
oascnooo/(jﬁ:



Fundamentals of Opsration of the Synchronlzing Network

It would appear thet a problem would srise from the
fact that the senslitivity of the synchros, and hence of the
servo, changes by a factor of the gear ratio when the relay
switches from fine to coarse. No difficulity exists however,

since the servo amplifier is usuvally saturated by a very small

vﬂ

actuating signel. Oonce the amplifisr has saturated, its out~
put voltage is approximately constant, irrespsctive of the
magnitude of its ipput signal. At the point of transfer from
the fine control transformer voltage to the coarse conbrol

transformer voltage, the awplifiesr is uvsually sstuweted by

glther glgnal, and hence no change of torgue or of loop gain

occurs. The servo 1s therefore designed for the fine synchro

gain, since it will normally be operating with the fine control

transformer supplylug the ectuating slgnal

It will be seen from £ig. 19 that thsre ars two posi-
tions at which the coarse control transforasr volitage 1s closs
bo zZero, indicating thet the relay would drop cut and feed the
fine coantrol transformer voltage %0 the serwyo amplifier. &ﬁ%b

3

position is that of corrsspondence where ¢ = v, and the other

r

@ B
is position of shich 15180 eway from 1bs proper posiitlon.

Wnils 1t is true that the relay would drop oub and fesd fineg

control transformer voltage to the servo at the %&u position,
the polarity of the fine control transfommer voltags iz ths

same as the polarity of the coarse control transformer voltegs



and the servo tends to drive the controlled shaft away from
this point toward correspondence, so that no false null is

introduced.

During normal application of a servowmechanism, employ-
ing double speed synchro transmission, the servo is always
operal img on the fine actuating signal whenever the controllsd
shaft is sexpacted to follow the command shaift closely. Ths
only time it i not expected to follow closely is when the
gervo Is de-energlized or when ths commend shaft is wmoved so
swiftly that the controlled shaft camnot follow, that is, when

rotated at a velocity faster than the

@3

the cowmmand shaft is

gontrolled shaft can rotate even with ths motor travelling at

full speed. It 18 only wder these conditions that the syn-

3

chronizing netwo

L;

rit performs 1ts functionm of switching.

Gear ratlos between Line and coarse synchros in common
36:1, and 20:1. As long as the gear
ratio is odd, no additional problem is introduced. Problems

tios ere discussed in the

e

caused by the uze of even gear ra

o
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the Tine control transformer. If e gear ratlo of 75:1 were
used, the total width of this zone would be 1/75 revolution,
or 4.8 . With this 75:1 gear ratlo end using the synchronizing
, , Z

#* Ahrendt - Servomechanisms Practics - page 64 cevoceacs/TH

£y

"Froblems involved in using even gear-ratios®



circult described, the relay wust transfer from coarse to fine
at a coarse synchre voltage less than 2.4 volts, assuming a
synchro gain of 1 volt/degree, as the semo error decreases.

If the servo error is increasing, the relay must elsc transfer
from fine to coarse at a coarse synchrog, voltage less then 2.4
volts. OSuppose for example, that the servo has been deenergized
and the controlled shaft is 50 awey from correspondence. Suppo-
e also that the relay is not properly adjusted and drops out
at & volts oubput of the coarse control transformern. If the
servo 1s me-energlzed, the relay will not pick up. The servo
will drive toward a null position %OSO away from the correct

(]
ong amd the serve will be in error by 4.8 .

tn every circult there I3 the practical problem of

ecting the voltage at which the transfer shall take place.

[1...}

B8

&

Actuelly, the transfer can occur at any plece within the syn-

chronizing zone, however, practical civcult problems place some

restrictions on the transfer point normally chossn., For sxzample,

the btransfer polnt could be at & position very slightly to the
left of the position lebeled A in fig. 20, where the position
of A in degrees rotetion of the coarse control trensformer is

given by: Qm)

Aflps
=
z?‘%‘i

vhere W 18 the gear ratio between the cosrse and fine conbrol
transformers. This would mean that when the servo is coming

loto synchronism the voltage being fed to the servo amplifler

F e
/5
6 oo oo ey
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would switch from the ccarse to the fine voltage slightly to
the left of point A. The servo would then operate on fine

voltage and would drive to the zero position. At the instant
of transfer, the actuating signal voltage would drop to a ver

Jow value and, while 1t would still drive the serve to.the

proper null position, might show some hssitation in doing so.

Another difficulty is that a slight shift in paremeters,

n . :
a 5&1?@2@1?@&1@ valuef or & shift in the relay characteristics

might cause the polnt of transfer to shift to the right of A,
This wonld result in the servo and the rslay oscillating.

Fuprthermore, If an error was present in the fine synchro it

[
would meen that polnt 4 would not occur at exactly 180 rota-

tlon of the fine synchro away from a zZero position. IF the
fine syochro were 1n error in such a directlon that the fine

control transforser volitage reached @ zero for an angle slight-

2

uld again osclllate. For these

P;
5‘;1«

ly Jess than A, the servo wo

= 4 3, &
reasons, a safe valus of the transfer point would be about 90
of fine control transformer rotation zwey from zero at ths

soint where the voltage output of the fine control transformer

e

iz a waximus. This position minimizes the possibilivy o
servo system osclllating due to a shif't in parameters while

s8t111 holding the transfer point far encugh awey from the null

e
B
gt
%

A

6]

s53ill sabuwm

F.:xah

£

‘position that the coarse velbage woul:

a
/7T
5050090090 0f §



From this apmalysis it is seen that, bo have some margin

3,

of safety for relay differventisl and rvelay adjustmeni, the
synchronizing zone cannot be too small and hence the gear ratio

cannot be raised indefinitely. There is also a limitation in B
gear ratio caused by the Inaccuracy of synchros, for exampls,

1f the coarse synchro error in a 75:1 gear ratlo system were

leﬁe at some engular positlon of v, and the relay was adjusted

Lo transfer from fine to coarse at angle of 1m50 or less, then

the relay would improperly transfer the amplifier input from

fine to coarse sven though the servo was in exact correspondence.

The relay would again cause the servo to oscillate.

It must be rowswmbered in these explanations that the
actuatiog signal voltage frowm the control tremsformers will be
O
zero for any angle fyrom zZers to 360 of the command and con-

trolled shafts as long as they ars at the same sngle, that is

2

o be concsrned

&

in corregpondence. It 18 therefore necessary

oy
o
[
[ =3
&%

with synchro errors for any ition of the syuchro shaft. In P
encosing an engle for the transfer point, 1t iz therefore ne-
cessary to choose one which is greater In magnitude than the

largest angulay error of the coarse conbtrol trensforwer.

Since the expsrimental work connscted with this dis-

-
fd
&
a
£
®
G__:_,
<
@
ot

sertation wil into the realm of double-spesd systens,

5
143

and since many excellent reference texts on this subject are

% Ahrendt - Servomschanisms Pracbice N 4 1:1°7
Gibson & Tubteur - Control System Components
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avallable, further waterial on double-speed systems and theirp

witl
agssoclated circultry skeld not be included here.

O
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Digeriminstors

ko 3

To meke the output voltage from the control-transicrmer

suitable for use with many servomechanism systems it must be
converted intc a dirvect-current signal or & low freguency e.c.
aignal., The magnitude of this voltage must be directly pro-
portional to the magnitude of the a.c. voltage from the control-
trangformeyr, and its polarity wmust be depsndent on the phasse

of the control transformer signal. Such devices ars commonly
kmown ag discriminators or demodulators but are acbually phase-

sensitive detactors or phase-sensitive rectifiers.

push=pull amplifier of standard design with plate lead R, and

be of the saws fregusncy as the ioput

wa g Ao g o P T
volteage, and 1t nust

aignel. As =2 rasult of ths a.c. supply, the amplif

of? every obher half cycle, opervating only during the half

cycle iv which the plate vwoltage Is positive. If

of the input signal 1s such that during the OF pericd of the

amplifier the uppsr grid (fig. 21) is positive and the lower

2

one negative, move current flows in the upper triode than in

2,

oe@aa»aa/‘%}?@
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the lower, and hence the plate of the upper tricde is wmore
negative than that of the lower. If the phase of the inpub
is reversed, the polarity of the outpubt reverses. Typical

output waveshapes obtalined from the clircuit for vavious phase

]

relations between input and reference are shown in fig. 22.
In drawing these Tigures 1t 1s assumed that the gain of the
tubes i3 independent of the magrnitude of the plate voltags.
This is usually a good assumption during wost of the time that
the voltage is positive. Pig. 22{c) shows the effeft of an

(<]

input signal 90 oulb of phese with the reference. Here ths

average d.c. output 18 zero. Thes discriminator ls tharelore

=)
sgen o reject quadrature signals. In general, 1f the inpub

. o . . ‘ , .
lg less than S0 cut of phese with the reference, the d.c.
component of the ocutpubt 13 reduced from the valus it would

5

heve 1f the signel and reference wers exactly in phase.

In all cuses shown, the output comtalns a lavge e.c.

wipple component., This eipple is normally highly objectionabls

becauvse 1t results in saturation, bsating, avd gensral mal-
functioning of awmplifiers and power devices following the

giscriminator. Low=pass filters are thsrefore usually ussd

in the discrininator oubtput to abbenvate this ripple. Fop
mosh ave simple E-C networks.

o

s 4 R 2 ‘ob W P S
The outpub wavefowns shomn In fig. 22(a) and 22(b)

are similar to thoseobbained from & standard hall

00&05»,9:5/“8%
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m8§m

hence this discriminator clilrcult is referred to as 2 balf-
wave discriminator. Sows of 1its other feabtures are that it
provides galn between input and output and thet 1t delivewrs
a push-pull cubput signal., If the two halves of the clvculi

ars exactly identical, zere input results in both zZero d.c.
and zero ripple output. In practice, howsver, gerfect balance
of the clrcuit ig Aifficult to achlieve, and there is usually

somwe output for zero input. Since the circult unbslance way

vary as a reault of tewmpereture and supply voltage changes,
the output produced by the unbalsnce wmay also vary, that is,

the cireult wmay drift. This is not unreasonable since the

27t & d.c. amplifiier, but 1t should be noted

Rafia

cirveuit i in

Ke

that since it 1s a push-pull cipcult the drift should bs guite

small.
Apalysis of ths Half-Wave Discriminator

In enalyzing the opsretion of the discriminator circult
considered in the precegdlng paragrephs, 1t is convenient to

assums that the oubpub voliags dellivered during the QN period

only o the amplified input =lgnal

odent of the plate voltage. While thls ds no
imately correct during the wajor part

Late characteristics of the tubs in

if rp amﬁ/ﬁﬁ are appro-

© the opsrating point. Also 1t will be

imately indepsndent

nIB

O
found that the exact forwm of the oubput signel will affsct ths

2,

ooao@cao/%l;”



apalysis only in detail and not in principle.

the gain during the ON period .. ¢, then under the

above assumption the operation of the cireult is simply ex-

pleined by considering 1t to mulbiply the input signal by the

square wave shown in fig. 22-5. This is g squars wave having

an amplitude of G/2 plus a d.¢. component of G/2. It mey be

expandesd into a Fourier series:

£V o G %

fﬁ Ygom o g@ i

The dnput signal spplied to the discriminator is

agsuged GO Le suppressed-carrier amplibude-modulated, and

for the moment 1t is sssuwed thet the carrier is & sinusoidsl

function of time. If the moduwlating function is F(&), then

p!:-
;xT

w input sigusl to the discriminator vj(t) iz given by:

V%(ﬁ) = B(t) sin L o mfg )

where &) 1s the carri ﬁﬁ%mwmwéaﬁﬁzﬁia;gmmﬁgﬁw@%mw

? i, i L%, 2 4 OO, S = T} S .
gxizte hetwsen bths signal inpub and bthe reference. The oub
~ Lpd

o . . . o e 7 an ¥ 2t ” . . "
put of the discriminabtor v _(t) is the product of ths inpus

and the demodulating squars-wave galn functblons

In expanding this expression, 1t is convenlent to expend fiyst

v F 4= e 3 Foem p R 3 {} NN 7o o E R Ly ¥
wﬁ(@y = AF ﬁ(tj ain g(&J@“@ ) ig v 2 S an l o6 é Bsrn -
¢ 5 o

.\‘?n
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this phase angle small if waximum gein is to be secured is
therefore evident. However, 1% is slso clear that phase shifts
of the order of 10° or less are of uo great consequence. Phase
shift alsc has some effect on the magnitude of the ripple .
This can be appreciated qualitatively by inspsction of ths
. second bracket of the general '@Q(t} equation. The terms in
this bracket, which contribute & large ripple component, are
proporticnal to the sine of the phase angle 8 and therefore
vafnish  If the ioput signal and reference are in phese. A
somewnat more quantlitative idea of the effect of phase angls

on cutput ripple 1= obbalned by computing the wegnitude of

the harmonics from the general 'v@§ ) eguation as a function
of A The results of such a computatlon are given bslow

Haxmonic Magnitude

0 0-318 cos g

1 3+500

- 5 = - &

2 0-210 - V1 + 3 sins

L 0043 »Vl + 15 s,a;sta’?z‘i
- '}!ﬁ} o 72

& Q-01l5 - Y1 + 35 sin%s

- " Ay -

& 0.010 - + 6B gm;:}

£

This table shows clearly that the ripple voltages lucreases

¢
¢}

with 5{3’ , but since the largedripple~freguesncy component, the
fundamental, iz indspendent of ﬁ , the rms value of the rippls
would not be expscited to increase very much as f@ changes frowm

jo]
owne:)oaa/@g



0 ©o 90 . It is illustrative, in this connection, to compu-~

o]
@ffﬁ . For ﬁﬂg 9 , the rms value of the ripple 31
Y & .
volts while f@rf?g; 9C " the »ipple increases to
Thus 1t is clear that, although the phase shift dos:

the pripple somewhat, the effect is not of eny great lwpor

At this point there 1z an importent item which

worthy of soms abtention. This involves the determinat

the maximum frequency of the inmput moduletion P

s handled without ambiguity by & half-wave 4

L sinco -t + % cos (w, -

s

&
fureles
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The term ylslding the useful part of the output
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cerm of the firvst bracket, w“fw@®$f§°ﬁ Vogin o«
£

and becomess { &, < ldg /e It is clear that when (W

or LW, .. /2, the signel freguency and the Frew

lowest hermonle of the ripple sre the same, and

into the general vait} aquation
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te the rms value of the ripple for these two extreme values
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possible to distinguish between signal and ripple. Hence,
this contributes the important result that the absclute upper-

imit of a half-wave discriminsator is egual to ons-

=3

freguency
half the carrier frequency. Practical rsasong such as the
difficulty of constructing a ripple flilter with a very sharp
cut=0off charascteristic usually restrict the maximum permissible

signal freguencies to values conslderably below this Limit.

Thus a comnonly observed rule of thumb applied to the design
f feedback systems is that the loop-gsin crossover {raguency
should be no wmore than one-tenith of the carrisr frequency if

: g 5 : . 29 de . r 5o, .
that is useful in the design of ripple filters. Usually thess

ars simple low-pass BC networks. It is souwetimes found thai

[
o

gigned to attenuste the ripple

2 o 8 R e AT IS U o 5 -
imple Tilter of thls sord

2lao results in execesslive

) i oy o F ST " . by 2 & T P
highar havmonics of freguency. This fact perulis
) & ot o PO S ST DR o Do, gy 20 0 o T S G om0 G o ey
the use of a series of shawrply-tuned, band-rejectlon filters,

k) L. R vy, o3 1 o o, 23 P wyre ¥y - - 2 03} S e o 7 o'y e I o3
such as bridged-T or twin-T clircults which produce much .ess

phase lag and attenuation at lowsy frequenciss than the siaple

Jew-pass Filter does. It can be shown that

can be wade to approach zero, a8 the

produced by the



axn 9@ P,

%

rejection band is raduced to Zero width. It would appeer

therefore that this might be the ideal adjustment, howsver,

frowed

will

ot

if wore terms of the serles indicated are written, 1t
ba found that the frequshey cowponents found in the vipple

are not simply the fundawental, second,fourith ete., harmonics

Jefs

of the carrler, but are actually (w, ¥ wy), (2, T w ),

(b, T w,), esc. Hence if the input P(t) is confined to

of widbhs 2 &J centered at the fundamental, second harao-

Sax
nic, ebte. The ripple filter should att te all freguencies
in thisg hand, and hence cannot be of zero width., It is

concluded therefore, that in practice thers is s certaln
ninlaum amount of phise lag contribuied by a discriminator

even 1f the wmost sophlsticated typs of ripple Filter is

@Y%Z}Lﬁv’%l o

B s s N A e - I SO ] - o o3 e e
Azcol the table listing vhe harmonics and tthel

3

magnitudes, the fundamenbtal and second-herwmonic freguency

if a band-rejection type £ilter is used Lo winimizs the lLow-

fte

o rd 0 v o gm 7 o5 - o ey ; g ar demrry &5
damental and sscond harmonic by this btype of

p=pass structure to abienuate all

Low
the higher harmonics. Since this low-pass structure must

EARwCE A
%

zl

#* Yalley & Wallman ~"Vacuwum Tubs «u::»mfie g
Radiation Lab, Serdes, vol, 13, MeGraw-Hill Oo. 1248,
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attenuate only the fourth and higher harmonic components, 1its
bandpass way be relatively wide. Thus the phase shift con-
tributed by thiz pasrt of the filter at signal frequencles can
also be reduced to & winimum. In this way 1t is possible to
obtain geod attenuation of all the vipple with relatively

small effect on the signal band.

Full-Weve Discriminator Clrculits

28 shown

femgd

The analysis of the balf-wave discriminatop

that i1ts upper Frequency Llimit is equal to one-halfl the
carrier Trequency and that the lowest hammonle of the ripople

maamental or carrier frequency. Inbultively, it
appears that ths full wave discriminator, for which there Iis

an oubpub svery half-cycle of the carrier, should bs abls to

shown in fig. 23. The dots shown on the trensformers are

. . Y
the conventional polarlitciss werkings. When the upper Two

triodes conduct the lower two are dissbled by the nesgative
plate supply, and eimllarly when the lower two conduct, the

by the negatlive plate sugpgjg Ifr the

the input is such that the grid of ths uppermost

tube is posibive when the upper two Triodes con

oubput signal e, 1s positive in the direction shown. During
£ d
the next helf-cyele the lower two tricdes conduct, and the

uooogeoo(/‘i‘%g
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connection of the input Lransformer 1s such that the lower-
% grid is now nsgative. Hence ths output signel is again

positive. Thus for each cycle of the refersnce there are

two pulses in the outpub, or a full-wsve signal. Had the

phase of the input relative to the refervence been inverted,

so thet the uppermost grid was negative during the conduction

/:.A?

pericd of the upper two tubes, the oubpub would heve conslisted
of negabive pulses. If the phase of the input were such tha
during the conducting pericd of the upper tricdes the upper-
most grids were first positive end then negative, the oubpulb
would consist of a pulse first positive and then negative.

-

By this sort of reasoning the output wavashapes shown in

- \ e s o e V . oo .
fig. 24 can be obbained. It im noted that a signal 90 oug
of phese with the reference will vesult in zero output, and

" o e o -~ Py . 3
2¢ the phase shift between signsl and reference Is sowmewhere

bebtwesn O and Q0 , & reduced d.c. oubpub resulbs.

Tn apalyzing this clireuit, the assumption is wade,

b B~ BN g o 25 £a%e, < E . . Fo oD o en Ay T B e o
cvele of the reference the oupput is positive oy POSITIvE

g e e

input, then for the next nalf-cycle the cutput is positive
for negative input. Hence the circult can be assumsd

wultiply the input by the square wWave shown in £fig. 25. This
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mgém

differs from the sguare wave considered in connechion with

the half-wave discriminator primarily in that its d.c. level

fols

is zerc. The megnitude 1s arbitrarily taken as G, the gain

£ the amplifier in one of the switching wodes. The dilscri-

@

minator gain function mey be expanded into the following

Fourler series:

fd(%‘E} = 'égﬁ% (&igz &)Cat + ‘g‘g gin fzé{;} Qt + ;Ei Sim 5 C(_) o"é‘; e e(aaeeaa)
T 3 c 5 ¢

If the discriminator input is agsin:

(t) = P(t)- sin (o ot wfﬁ )

then the oubput ig given by the product of these two and may

be expanded into ths forms
v () = GF(t) (cosg |2~ L (L cos 2¢u ot + L cos beu of +
03 3 F 2» -}?ﬂ i ‘fj’”} e § o
&‘“ =
AY
1 com & b of Ooaecmqu
RE & !
252 4
; I S - 2 . .
- ;} ¢ t(ﬂ@xm/) g" ;j‘—.;‘, ‘:}'i A wa % M}: Lo gl”o }2" (m} G ) "%“
F 15 & -
G . P '? ;
@ﬁMQwWMHMM%§
35 = i
A

[
%

5 e I ] \, T S o - & oy o o
The useful part of the output is Pt} multiplied by ths time

Wy oD LN s 2
..... ES UL \v@r’\)b) m%ﬁwﬁgr uw%/é} 6}5&(@}
s
with all other terms contributing only to the ripple. Here
again 1t way be seen that the input modulation P(t) emerges

vncehanged by the process of demodulstion. Also the effect

@fiﬁ on the gain ls identical for thet found already for the

Sz
eocee"ecl/t‘ﬁf



half-wave dlscriminetor. In fact, comparison of the sqguations

for useful v,(t) for the helf-wave and full-wave diserimi

COxE

P

28

o3

shows that, except for a factor of two, the only differencs

£ the full-wave and half-wave circuilts

@

bDetwsen the oubputb
i3 that in the former, the fundamental freguency compouent

of ripple is ebsent. Hence the table of harmonic magnitudes
constructed for the half-wave discrimlinator applies also to

the full-wave discriminator if GB(t) is set-w & and Q) the

The table may agalun be used to find the approximate
mms valus of the rippls volitage and %o estimate

@

55 on it, Using only %

w’*‘

ne harmonics up o and in

a3

O .
18 0216 voits, whils for £ 90 it goss up to 0473 v

while ; = g
i

RS oy 2o ot a1 . gy e . o e 3 X oy s ey
(Note that these values are computed ¢ GB(t) = 5 in order
. | M, B e fu . o £ B e} to Ty ¢ £ o . « .Y
50 get a divect comparison with the half-wave cirveult).

)
2 . % T o g e Ba A gy e P 3 AW o
is clesar that f@fgﬁ:m > the ratio of the mms rippls voliage

o 5 5m oy S ] Gom iy o % y 7 o I ROy T o A a R .
to uselul output is Ilsse than half as large in the full-wave

E- g Pt 25 o Tty e, o 5 -y oo F Fe m, o JE N oo E: po
as 4t 1% in the half-wave clreult. This is due to the absencs

5 o . o . - N B o g o e o8 “ o e
carrler and refervence is wore serious in incresing the »ippls,
and 1t is somewhat wmors ilmportant here to keep this phass
angle Llow,

afu}
ac:wcfusso/gp}



The anount of filtsring requirsd to reduce the ripple
gubput following a full-wave discriminator o a permissable
amount is wuch less than thet nseded to produce an sgusl
attenuvation of the ripple produced by a helf-wave clrcult.
This is due to the smeller mma value of the ripple and o
the fact that the lowest ripple barmonic iz the second hay-
wmonic rather than the fundswmental of the carrier fregusncy.
For an exemple, assume that a double-ssctlon RU-Tilter, pro-
ducing an attenuation proportional to the square of the
frequency, 1is ewployed as & £ilter. Then for the =ewe re-
duction in ripple relative to d.c. outpub, ths flliber used

with the full-wave circult way himve about thrse times the

passhand (as defined by the reciprocal of the RC tiwe constant

of the two filter sechions) of the filter used with ths half-

wave circuli. The suveriority of the full-wave dlscriminavor

In opder o £ind the waximum freguency of the lupud

< . N P2 % e ~ RN - ) ]
full weve discriminator, 1st: F(t) = Vosin Lo -t
[

~ N
o 0t e 2 sin (2w - ) -
- 5 ?T o Lo
2 Siﬂfﬁ—. <2 514}) 23 ’:;m {AJ&;SJ} t o 5 5 OO ”‘E
3 2 : |
3 |
7 . . 4 \ a N % - . .
}: C@S ({\\;2{/»@—}@“»% wg) t = .;9_1‘; QQ?) (géug‘%’ wgéﬂ B T ees oo s
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As pefore the first term of the series,
@f"%f(cgglﬁ ) 2_ sin ¢ -t
5 8
YEDRTE ey 3 useful signal, with all other factors being ripple,

and 1t can be seen that the lowest harmonic of the ripple is

(2 e mLuSEG The upper limit on (v, is reachsd when this

[}

1@%@@¢ rlpple frequency coincides with the signal freguency:

w
{

Phuas the aebsolubte upper limit is sgual to the carrvier fre-

guency, & limiy twice that of the half-wave discriminator.

< o Je

As was mentionsd in connection with the halif-wave clpoulb,

2

tual useful upper limlt is nomually considerably less

S iy am Dy ge, el P o oy e o8 guamn e RN Y -
then the theorsticel paximum because of practical difficul-

ties of filter design. However, if these difficultiss ars
assumed to be identicel in the two cases, the fact thai the
practical upper-freguency limit of the full-wave discrimina

tor 18 twice as high s thet of the half-wave discriminator

be pointed out that the result conecering
the wmeximum theoretical frequency usable with a full-wave
discriminator depends on the fect that the Input signal wes
assumed t0 have a slnusoidsl carrvisr. I the carrler wers
asn accurate square wave, identical with the ons assumed for

the discriminator demodulating function, the procesz of

ﬂooefscou/:g_s@@
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T

filter to r@mcve tne band of freguencies around the second
harmonic. ALl other harmonics can be wemoved easily by a
standard RC low-pass filter snd, as mentioned in conmection
with the half-wave discriminator, this part of the filter
attenuates only the higher frequencies and has thersfors a
miﬂ%%l effect on the signal band. Ths rejection filter must
attenuate effectlively all the frequencies in a band thait is
cenbtred around the second harmonic of the carrier and has a
width or bandpass sgual to twice the maximum frequency expect-
od in the signal envelops: le:

bandpass is from (2 Ld - W} to (2 W+ & )

The improved J@@f@f&&ﬂ@@ poseible with the full-wave

dlscriminator 1s obtained at the expense of additionsl circult
complexity. In oxder t0 get accurete full-wave outpulb, the
two halves of the circult must be carefully balanced, that
ig, the gzain must be the same no wmatber which triocde peip is
conducting. If this is not the cese, svery other pulse will

be larger than the two adjecent pulses end the oubput will

then contain a component at the fundamsntal of the carrier
freguency

The two discriminator cleculbts describsd have baen
presented primarily es exswples of practlcs.
a half-wave or full-wave output. The thsory outlinsd in

these circuits iz intsnded to explain the basic functions

47
ecoeoeoo/ {\5_;




thet a dizscriminator circult is intended to perfomrm, and

also to outline the problems involved in this type of cly
cuitry. Other circults operatlng on &he same principles

may however be devised and may be mese preferable, depsnding
on the application. Among these other types of discriminstors
are the single-snded tricde discﬁ%?aﬁgrg the half-wave

cathode follower discriminator, half-wave diodg discriminators,
alectromechanical demofulators, the clawmping discriminator,

and the ring dewmcdulator. A discussion of these civcuitbs
and other similer circults is given by Greenwood, Holdman,
gl MacRae, YBlectronle Instruments® - Redlation Lab 8

Vol. 21 MeGraw-Hill Bock Co. 1048 pp. 38%-386.

£

The ring demcdulator circult wentioned above will
o o

he discussed herse in somxe detall as it 1s a simpler circull

to construct than the full-wave discriminator previously

discussed and yet fulfills the Intended purpose with the
same CGegree of sstisfaction. This cirpcult will be sumploys
in the expsrimental work in connection with this dissertation.

Diode discriminator clrcults are sometimes prelferred

&
b
o
]
o
B
2
2
@

» chircuits since the problem of dprlft is copnsldera-
bly reduced. For this reason dlode discriminators are ofien
used particularly in systems baving sufficlent a.c. ampli-

Fal 3 < £ - 3 0wy )
Fleation and therefore not requiring additional d.c. amplifiers.

//’()
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frees
7

J

output. The oubtput voltage will thereflo

that of point ¢. During the next hall ecyele,
' wey

, i Qﬁ
gative and d 1is po 3itﬂvwo Thug the =sser twWo

3 . . e,
and the output is comnested to point &' Thus
acta &8 & switeh connecting the output elther to point a2 or
ooint ¢ in syanchronism with the refersnce signal. The rve-

a

sistances in the arws arve regulred to 1lwnli the currents

the impedspces

ey

flowing in the diodes and to sguallz

four arms.

Tat o oo Ly orus RSP S T P o de D -3 by & fro Ty, wry K e g
Frow the description 1t sbould bs clear that the
. LY. BN NP N . o 2 L e b A b - S S SN P
operation of the clrenit consists of wultiplying the input

the full wa

outpult waveshapss observed under varlous

2L pege O4. It follows that the
=)

is the second narnonic of the carrler and

that the meximum envelope freguency of the lopub is the

Fomy N . o . s T 2 .
T Pﬁ%@@&@@; ineccuracies botwesn the

i i e g D 9 et 4 £ e cambe e £ the
and insccuracies in the locstion of the center-tap o he

s n LI R Geamg e gay ey
FESRLT L OUTPUT Wavesnapes

input trangforn

considerably from the ideal forws shown io

effect of these unbalences iz that the outpuwl
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Qutput Filter

The output from the discrimipmator 1g in the fomm of
e half-wave or full-wave rectifled signel wibtn wvarylng pola-
rity. To obitain the useful signal component from this wave
it is necessayy o employ a filter at the discriminstor outb
put. Tne signal containing the desired information will have
a frequency somswhere in the reange from d.c. to the freguency
corresponding to the maximum angular vobatlon or osclllaticn

P the syachro generator rotor. As explsined previously 1%

[l

s desirable, from & practical stardpoint, Yo keep this
maximum robation or oscillation freguency safely beslow the
point whare any attenvation of the useful signal might scour

-
T

Aue Lo the action of the filter. To obtain maximun usefulness

(W]

from the system 1t iz thevelfore desirvabls to design the filter
avsten 80 that thse point at which attenuvation of the usslful
signal begins is at as high e Trequency as p@gggﬁzl@c Thia

veloc: 7:7'
will allow e maximum range of angular reesasden or oscllilatlion

it was found in the analysis of the full-wave dis-

o
L‘ém (“

M?¢L39Lﬁg that the maximusm allowable useful zignal Iy

was (J  the carvier frequency. This brings up & polpt with

¢

capable of attenuating the harmonlc components while not
atbenuating the actual useful sigpel. OSlnce the loweszt

fod 5

the ripple 18 (Bw_ - w) )9 where (o 18 the
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signal frequency, the filter must be able to distinguish

pot

between ¢, and this (249%3‘°0J3) frequency, but i) w ugs

3

ag should theoretlcally be posslible; the lowest harwonic
of the ripple would nave the same freguency as ths uzeful

fo

signal apd the £llter would bs unable to separate thewm.

jo]

v

vt

77

Thue (/. west be less (o by an amount entirvely depeundent

&

e

on the shavpnsss of the filter. A filier with a stesp lsading

» with an ebtenustion

sxperimental work here a

nator wes swployed. Since this Type of disa

q g, g N . o e Y y b R I,
eliminates the Tundamesntal, the Lilter
e o & 2. - - . T roraes B g A e
should only be concerned wlith the suppression of signels in

seond , fourth, and higher bharsonics

L2 ey Gor P g e M on ey o e WEAY e
Since the Lowest freguency compo-

sacond hevwonic and since the nexd

. B2 s, x vy sl T & ] b ARG o o i oy E 5 ey o T g
WhASE 5 18 LOUTG 9 I8 almost Tive vipes SME«‘L,tg,@LQ} & 1‘*@’18. CLVE ﬁ;é;

2% o

high filtering efficlency will be cbtainsd by uwsing &

{\‘a S

filter to remove the band of fraguencies axound

A bl

S “ ! "
haer frequencies. This pela-

R " o S 20 f o 2p7 b ¢
the band rsiection £ilter which

sading sdge than the standerd low-pass

gl
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Feom the vreviocus theoretical woprk 1t was koown that
genagrator rotor with
rOLOr ¥ an

£oom oh would hmve

3

ot ol
UL o

SN P 4 EN . 2y of o I o Wn ] R =
stabio ang ifF the of Gifferantial

geners
5

ths ¢

sed abovs. Thls Ol

o EN i ey o V. o, s 4 B2 4 b -
out apalyviicelly hers but can iffieulty

in & manner simllar to that use the operaticr

of the basic pair in continucus robtation. The result wag

vorified experimentally however.

The original intsrest in peirsulng this line of invesi-

igation was to determine the type of cheracteristics that

could be obtainsd fyrom 8 s8ystem i@ which one synchro, the

synchro gensrator, was used a3 a posltlon indicator ac that
its epror siemal would be proportional to its reletive sheft

position, and a sscond synchro, the differsntial generator

oeecsonv/lf}@Q‘
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Former rotor remsing fixed, bhw output will be a earpler

freguency

the differsn
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&P

consider
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signal wodulated st a

ppear &8 & modulated
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b

ce in angular veloclt

gll threse rotors are
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continuously potatsd the
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nuoug rot rohor brought
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int which
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the wavs

for in

full n of the relative synchro
(@ - &) 2 a2 full-weve rsctified negative ocutpub for the

Since the rotors meks one

volution for every psriod corresponding to the

continvous rotation Fraguency the discriminator output will

alternate From positive to negative along the time axis. The

situation shown in fig. 33 hes the nuwber of carvier fre-
guency half-waves an integer multiple of the modulating
frequency. This kes been done slimply to fac 1litate drawing
nd is nob necessarily the general case, This means that

the position of the carrier relative to the envelops wave
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could change from one cycle of the envselops wave to the next.

This make

wore practical. Ths problem wentloned at the beglnning of

ko
o

U any the d.c.

P el - Al
se of one half—

period of the wodulating frequency, has o the medulating

freguency. Obviously If the carrier

hap tne wmodulating frequency the ¢

cyvels of the sntire wave will be rero and hence any atiempt

G bk

the oubtput will appear sz in flg. 34 and useful measursments

The simple full-wave rectifier clrcult showm in fig.
35 was bullt and the oubtput of the control transformer was
fed into 1t. A d.c. voltmeter was placed across RL t0 msasure
the d.c. voltage component in the output. For very low
modulating frequencies no resulits were obitaineble as the
meter tended to follow the instantaneous d.c. level and hence
no steady reading was obtained. As the modulating Trequency
wasg imar@as@d by increasing generator rotor speed of rotation

the meter tended to messure the averags d.c. level of the

cycle. Once the modulating frequency hed passed the polnt

tessosas/138
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2 DRgLc Synchro

F

systam (fig. catput filter o

2 sinusoidal ons of the

SYRCRPOR o e assumad

will remain

2 o d S P S N . 2 <
nere thalt ths rotor of the conbpol

=y ; o o2 1 el
fixed Iin 2e ne robavad.

oy x o 3 w “t 3 ;
ranpforgsr rotates or as lone

28 the relative m

o b B wde W

=1 res

LW

£ R o B T ot
£ QLB ETRRIER begic

schematically

etrically

that the windings of

Ja 1

located sbout the perlpbery of the af that the L1

e

£33

Tields producsd in the windlings of the atatops

R ,
can be represented by vectors spsced at 120 with respect to
sach other. As in any transformer aguivalent clreulb, the

trangformsy secondary can be spproxlmately represented by an

aquivalent generator in series with the

of the windings such as i1g shown in fig. 30,

The Iinstantangous vol the equivalent

yolbage gensrators arg:=
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where Kﬁﬁ E,, aml B ares sbitenvation factors 1o account fop
wtha [ wy
. %

voltage drops dus bto leakepe flux cors lossssg, and variation

atiog betwessn pripary

o
b
)
-y
K
s
o
i}
V]

2

25 2T {7 . 5 B el s o oy o G 8 2 Lo o enrgnd
and ., represent the phasge shifts ocourring

ES o 7 7 % i o Vo & e 2 - s EERr
the equivaelent clrcullt gensrator voltagss.

i fa e ] Y/ B Al s 2oy et i e
Factors and phase shifts shovld be very

As

rensmbersd that

discussed in 2 previcus ssction, these
might vary for different positions of the rotor since ve-
luctance paths can changs as the rotor is moved. It wlill bs

assumed here though that these unbslances and chenges ars

negligible.

To determine Tthe harponic response function £rowm
angular shaf't @i&pl&@@mgnﬁ %o output voltasge of the filter,
it is necessary to detersins the gein in tsrus of magnitude
apd phase shift. The megnitude of the galn from shaft input
t0 d¢iscriminator output 1s easily measured by experimentally
measuring the d.c. output component from the discrimlinator
for a finite dlsplacement betwsen the gensrator and control
transformer rotors., The test must be conducted im such 2
manner however that the meximum angular displacement

04\000060/3»)'&6
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Fas

[
B

small ©l

peir will occur. The gain
of the output filter can be measured separately. Po aprive

enalytica, necessitates

3 N AR P 3
values of the internal pesl

3 RSB IE

howevern

Lopment might

oscillating the rotor of the generator sinusoldally, snsupring

that the amplitude of oscillation doss not sxcesd the limits

M’

necessary to produce approximstely linear operation, and

&

compars bhe phase of the signal from the output filter with

the phase of the rotor position wave. This nescessitates
comstruction of a device to lmpsrt siousolidal vscillatlion to
the generator shaflt apd hence 1f some other wethod of evaluating

the phage shift could be swployed it might be prefevable.

oasaeooa/‘iz%’rg?




a0

RN £ 2
OGS :j, uie

is an ali

i

i of the

for phess

HOork is

2 o2 ]
OACAL

e e O

L R R

the Tormn of &

P a3
eney 2gqual

hey mod:

of tha

=

s I 5
L of these wvoll

. &
vas will

from the saws

hoa, . B o, g o E
he in tiwe phase @

tion and ain

Fisd

the

turng through an are Ae the megnetic Pleld

JIu8

L -V G




- 148 -

created by the currents flowing in the rotor windling auto~
matically, and with no lag, follows the wmotlon of the rotor.
Phis shift in position of the rotor flux fisld is instentaneously
reproduced in effect in the amplitude modulation of the voltages
of the equivalent circult gensrators since there is no device
present to create delay. The yoltages of each of the generatons
of the equivalent circult will now have the waveform of a
sine~wave modulated carrier with the varistion im carrier
amplitude being in phase with the rotor position waveform.

From the analysis of the synchro pair for continuous oscillation
of the generator rotor the equivalent ecivcuit voltage gensrators
will have an instant@neous output voltage expressed Dy:

L me L4 .
@out = B aim CL13 Qgsin QJC t)

fopr oscillation sbout the correspondence point and for small
cseillation amplitudes. Applylng the appropriaie trigonometrice
relation ylelds:

@mgge@s(w - W) - ecos (W +w})j
2 e 8 e 8

showing that only the two sidebands exist and no carrier signal
which 1s the form of a suppressed cerrier system. IF the
oscillation had not bsen centered at the correspondence poing

2 term of the carrier frequency would also be present. The
equivalent generator voltsgss will produce currents which

will consequently set up a flux field in the control trans-

Fommer thus producing & rotor output voltage of the form of

ceoeonos/LUQ
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consider the case of & %00 cyele carvier

o 2
a8 pagisn Aw““i

F:}’g“ oy <‘ 8 4

et edencibs vl

Y =y
ARy ROT

T %3&3 PN vy inl
axcasd 2000
5
. oy e PRPSU. J Qp e Py 5 by & o &
onds to 200.1 radians/sscond. This iz s86ill

less than 107 of ihe carrier frequency henc

siffacts on the sidebands

be appreclably 4ifferent

/‘\

From the ssms effect on 2 caryier freguency signal.

el

The cubput aignel from the conbrel transformer ls
of which

‘ Fhe Y ,
fed into the discriminator skese sutpul ./ then goes into the

L]

&

3
el

output filie The £ilter 1s de

&
74

igned to pass signals in the

7

range from d.c. to the higbhest expscted freguency of oscillation

apd o attenvate all highey Prequencies. By the action of
the discriminator the waveform being fed 1 vhe Ioput of
the filter will contain & component corresponding to the

freguency of oscillation of the generator rotor apd 1t Is

N
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The action of the discriminetor, including the output filter,

Is o select from the outpubt of the conbrol trensformsr a

If the action of the discriminsbop

7 *’v» |
component at frequsncy &u%a

G fllter I8 considered gulbe closely it will be seen that

the component which 1s selected wlll be equivalent, except

for emplitude.to the sigrael which would be obtalnsd if the

clreult gensrators o the output of the couly transformey

rotor, will be

P
“w:»s’&,

ances between the equivalent cirvculd generators and the

C$

outptt of ths control trensformar.

Phage Shift Intreduced by the Discriminator
aaaaT e AN AR T R AT S e

i K e st
Praizraluctetrissattrit it et as

Considerable effort was put forth in the sectlon

dealing with the theoretical opsretion of the discriminator
to develop two expressions which will bs gulte valuable at
this point. These are:

vgsﬁééaé coz £ F(b) and
7

Vo= 28 T cos B - F(t)
7
which are the expressions for ths useful output voltages from

the half-wave and Ffull-wave discriminators respsctively. The

coooocoojflglg'
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input to the discriminator is assumed 0 be an amplitude-
moduleted wave with ¥(t) being the moduleting function, that
is, the input to the discriminstor is given by:

vi(t) « F{t) sin (W -5 =P )

&
o
=
falo
&7

ths carvier frequency and & is ths phasge shift
/ 4

s
D

%
4

f ‘1
ma

cecurring between the signel input to the discorlm
the veference input. From this 1t is noted that the originsl
moduleting function F(t) emsrges frowm the discriminator

only by 2 comstant without eny phase lags or
amplitude changes depending on freguency. It i comeludsd
from this therefors thet the process of demcdulation thso-
rebically doss not introduce any phese lags (or leads) imto
the asignal chemmel. In prectice however thie signal Inpub
transformer will introduce some small shilt Into the wave
components dus to its imternel reactences. The awount of
thiz shift however should be quite swall since the load
impedance acrose the secondary of the transforwer will be
guite high. PFollowing the same veasoning as used with regard
to the shift dus to the rsactances of the syncheo palr, the
hase shift introducsd between the output of the filter and

the rotor position waveform wlll be given by:

wheres @@ is the phase shift of ths carrier Frequsncy signal
T
across the imput transformer. @@ as explained above will
T

OOOG0000/156




never exceed mors than a few degraes.

Phage Shift Across the Output Fllise

The shift introduced into the useful sigpnel by the
output filter is simply ths phase shift of the filter at
frequency (J,. This can be wmeasursd directly and will
probably be found to far exceed ths phase shilts introduced

by the other uwnits of the system.

T & g (o ; o Yo T4 P Yomy @ B o Ty g G g
In the previcus dlscussion it was shown that thers
was no phage ahift between the waveforwm of actual shalt

oscilletion and the modulating componsnt effecting modulation

et

of the squivelent generstors wavelorws.

the totel pnase shiflt frowm rotor sheft oselll

minator oubput ®will be ecual to the carrier I

GQUENCY phase

-

shift between the sguivalent generetors snd the output of the
control transformer, multiplied by the ()/cy, factor, the

carvier frequency phase shift across the discriminator inpub
transformer, sgaln wultiplied by the ¢/, fector, plus the

phase shift at freqgusney Wy occurring across the oubput filt@r@

3@ == {é@ (from eguivalent generators to outpud) g
total & of control transformern) }«ij

- ez

. carrier frequency signal phase shift e

" lacross discriminator inpet treansformer G‘Zf;;
-~ -
oscillation freguency signal phas@?

+ |shift across output filter % L

sescoooo/IBT
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¢

The problem 1s now tc measure the carrler {requency

signel phase-shift from the equivalent geperators o outpub

of contwol trensformer. The total phase shift of a carrier

% .y s

froquency signel from generator rotor input O control trans-

B
€5

Pormer oubput is a straight forward weasuremsni. £ ©

& % a

ohase shift from gemerator inpubt to the gquivalent generator

waveform is know i1t can be subtracted from the overall phase

shift to yield the desired sngle.

iy 3 Yo B LB
Carprizr Phase 3hilt

YV e gone e » 2 e O
The measurenent of the phase shift frow

9

input to control

o o 2o S % o Ty f oy e
tpub presents novthing

Q

or new. The phese measurement frowm generator imput

to sqguivalent cirvcult generator doss present some problews .
TF 4t iz assumed that the attenuation factors and phase shifts

between the rotor of the generator and sach of the stator
coile which Fform the secondery of the transformer are egual
the problem of measuving thess fectors is reduced. The
following equations show the relation between the Iinput
voltage to the generator votor and the secondary coll voltages.

@@51 (t) =B, - By - cos (8) - sin (v b + #3)

. ! - O e /
e, () =B, o Ky - cos (8~ 120 ) - sin (& -6+ &)

&=

3 @‘\ 2 4
o, (1) =By <y « cos (0 2H0) - ain (Gt + 1)

00300000/15&



= Y e
EN
thaese eguabions equal atbtenuation factors would
wean B, , £, and K% 21l sgual snd similarly egual phase shifts
EN &
between rotopr =nd stator coils would meen ¥, ¥, and ¥
ot & :«‘5
would all have the the constructicn

of the synchros grest care is teksn to place the colls

&

to maks thelr physical

symmtrically sbout the

[>3

characteristics a8 nearly

o

g g o o “
ang p}ﬁaqmm &l lxnl i,a‘é.f; & ﬁfjﬁf«"}?@ NEUE ,;j?

&8 bub sssurance of this

sumsd

23l novmiad

sal &8 weg done in the develo

E

P | I S ES = oy B2 g T &
5 earlier in this dissertation. If the

0

P o4 S P S 4 - ors 2
of the Y-connscted secondary 1

a2 T # o yrty Lad pe N B, -+ 19
azcesslble, the wsasuremsnt of the phase-shift between the

rohor and each of the windings individuwally 1s possible. If
not, the deduction of the phsse-shift between rotor voltegs
snd secondary coll voltage must be done using the resulis of
a seriss of measurecments made using the three accesslble
sescondery coll leads only. Regardless of which method is

made

used though, the measurements wust be deme 80 as to leave

the sscondary effectively open circulted so as not to allow
the internal impsdences of thes windings to offect the weesurs-
mente since 1% iz the shift from gensrator rotor input to

sgulvalent circult genereator only which is desired.

QI)OOOQ00/1§9




the angle which propsrly mepresents the desived phase relation

for the eguivalent ¢

of a Hamonic

an abier

y the hormonic responss

s
7
LA

mining the phase
function of the basic synchro pair csrtaln experimeniz wore
parformed Involving both the direct and indirvect technigques.
The following sectioms cubline the typss of tests mads, thelr
results, and the meening of these results in zelation to the
developed theory. Phese shift measursments were wade in

ith apn Advance Hlsctronices Co. Vecltoplyzex

00900000/};6@




The Effsct of thes Svncheo Palir on 2 farrier

i

Fraecusney Signal

Measurenments were made usipg a baglic synchro paly

consisting of & generator end & conbrol transioruer. The
specifications of the unlits used are:

o g, e ) il
neral Blectr

Medel 2J1FL

2 s N TR oy oy, Do 78 e o Thery o .
Cenersl BElesctrie Synchro Control Transiorwer

Model 23161 Beriel No. E37EBES

The sypehro generator wes modified slightly by bringing oub

s sixth lead from the unit. This lead was from the neutral
point of the st@@?J@t@d gtator windings and was used to

make single coil messurewsnts on the secondary of the generator.
The Vectorlyzer was used to measure the phase shift from the

senerator input to each coll of the secondsry with the colils

open=oirculted. It was found thet the amount of this shiflt

gery ewall and guite negligible with respect to the shift

oceurring in the rest of the synchro. This wmeans that to all
ntents apd purposes the generators of the equivalent circult

i

; 38 page 134) will be in phase with the carrier input

0@000000/14631
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B

i
fpe=d
i
fe

1

d

0 the synchro generator rotor. The carrier frequency signel

phagse shift from the equivalent clrcult generators to the

output of the consrol transformer will thso be egqual to ths

iaput to the generator rotor o tha

sransformer. The awount of thls phase

shift was measured b 3 For the eynchro palr used in these

Di%wwém&ﬂ&t or Phase Shift

The phese shilt of a H00 eycle

& oyl o ” o o g 18 b ol

input trensformer of vhe ring dizcerimlnat e
£3 A

N & da ¥ B Y s T J PN fm

guits negligible and hewvce the totel phase shift across the

diseriminotor wes assumed to be zZero.

Output Filter Tests

The band-pejection, low-pass filter combination
deseribed previously and used in some of the test work here
dig suffice fopr most purposes since it eliminsted to an
adequate degres wost of the barmonic content in the output

the discriminator, howsver it still left some unwanted
ripple in the ocutput whish was especially undesirable for
moasurenent of phase shifts. The situatlon could be lmproved
by use of 2 more elegant fllter design using ths sawme band-
rejection, low-pass cowbinstion with possibly engl addif tional

rajection filter to eilminate the fundamwental freguency ripple

00000000/01@2




component. In the determination of the syochro palr phase

n & wide

En‘a

ghift though it is not absuvlulsly necessary Lo meta

“«

useful signal bandwidth since only a relatively swmall rangs
of frequencies 1is pegulred €O Provic
tion, therefore & different flltering network can be used.
In ths %ests in connec sion with thiz pert of the work osclllatlior
froquencies will never exceed 15 c.p.s. and hance the use of
a2 simple R-L~C low-pass filter with a flat

L F e

to about 50 e.p.8, would be suffliclent and

LeY

oF

the expense of the wore eleboralbe comblination
~ibad above The filbter ussed in the tests iz shown in

3

des
£ig. 45 vpeage 187, and was designed

Py

spendix under “4 Low-Pass Filter Design'

o

v8., freguency characteristic of

the design bo allow computation of the synchro palr phase

shift by the snalyticsl or indirsct msthod.

Total Phase Shift for the Basic Synchro System

To obtain the total phess shift from sinusoidal synchyd
generator rotor position Go the oubtput signal from outpub
filter for the test set~up used here it is necessary to

,,,,,,, consider only the shift i@tr@@u@@@ by the syoachro palr and
the output filter since there 1s no discriminstor phase shlft.
For en exsumple & rotor oscillation frsqusmey of 15 c.p.s. will

be used., Frowm previous meauremsnt it is known that the phase
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Total Hormonle Response Function

The total hermonic response function consists of the

zain megnitude and the phase shift. From previous measuremsnts

oo

it is known that the rms voltages gain of the basic synchro
ed @

pair specified esarlier iz 0°0833 per degree of shalt rotation

3

in the linear portion of the gain vs. relative sheft displace—

tie as shown in fig. 31. Assuming a 115 volt
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Direct Measuremen F the Harn
To measurs the harmonic response funchblon of the
by diprect w is
S SRS 1 P TR, e e o 3 5
nathod then the indlrsct one just des-

practice the e

&

o gy 2o R g - ] e 3
more costly and difficult.

& ginusoidal

oy -_,a P <3 ’ e s 4
the construction of a mechen

used will

ﬂ’ff‘" @e‘k‘

and on the

4 e ap > g £ o o, e PN
device selected for the experi-

mental work neve is deseribed in the Appendix under "Mechenical

- o,

Oscillator”. To obtain & comparison of the waves bDgTHesh

which 1t is desired to measuprs ths phase shift, both of these

e
sy

vaves must be in electrical form s == to be able to uss fhe
Vectorlyzer. To obtain an electrical signel in phese with

the sinusoidsl shaft input a potentiomeWer was directly coupled
the shaft of the synchro generator on the mschenical

ke

seillator. No normally detecteble phase shift will occur

o
{
fr“

petwesn the shaft positlon sinuseold snd the e.c. componsnt
of the potentiomster output. The control transformsr of

g

the synchro palp was mounted on ths face-plate of the

&
ooooaooo//lcg’@
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ths desired €_  value, & subteffuge

,;n

ER-F & . .y
ghifts the smplitude

the 1

‘74

Y £ s g SR gy e bo  Ranmusy e o
generator and the output from the control

gnlceh 18 directly proportiongl o

E. o S
LRI

g,_,

angd control transfon

this way a much la

normally be

i

one and 2ubsed

shift of the rotor

(&

coutput of ths £ilt

;{’!

TG at the oselllation

v 80 that the contribution due to the reactances of

freguenc

pair becowss an apprecieble portion of the total

would also be desirable.

The verification of the indirect method ls basically
. the i _
juat the verification of/fect that when & low frequency
signel is used to amplitude medulate a much kighew carrier

frequency signel and the resultent wave passed through a

shiftiong nstwork followsd by & detector to extrect the

low freguency component, the phese shift existing bstween

cesoonse/LTO
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onstant of propo
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[N % 8.3
D8 WUCH gres ter U

[¥ieis

2
bhan

BE o "
Modulation

theory principle outlined

ahove the nstwork shown in fig. 4l was set up. 4 carrier

freguency of 16 KC wes used and & modulating frequency of

cycles. The phese shift occurring betwsen the finsl

b
(f‘“-
e
€3
N
¢ ’3

~D.8. oubput signal and the output from the low frsguency
1Y g

1000 e
orcillator was wmsesursd without the R-L phese-shifting cirvcult

in the network and then with this cireult inserted. This
method eliminsted the need fop computing the phase shifts
that occur in the amplifisr ocutput network and the output

filter. Insertion of the phese-shifting circult caused the
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An unexpscted result wes uncovered in ths process
of we@t&ﬁg up the test to verify the wodulation theory prin-

amplifisy thus Lﬂ@&?btﬂ@ a 110

53 -
components and @ﬁ@%@@q producin
modulating sigoed of

weorl  aa
% 180 = 11:25

between the low Frecuency oscillator and the oubput of the
£ilter. The experimental results however showsd sither

g orp 18@6 shift of the 1000 c.p.s. wave depending on ths
polarity of the detector diode. Exawmination of the h@@gp
behind the situstion showed thet although similar 58© phase
shifts can be introduced into 2 constant amplitude, constant
frequency signal by poth a simple grounded cathode auplifier
aﬁ@ also a linear passive reactive lumped-parameter network,
the effacts resulting from the opsration of each of these

networks on an amplitude modulsits: g eizpal will not be the sams.

Looking first at the effect of a simple grounded

cathode amplifisr stage on an amplitude modulated s. ignal,

cesoooso/ LTH
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for each of the frecuency components will be in actuallity
just about egual, the tiwe azis displacewent of the componsnis
will be elmost equal. Recowbinetion of the shifted components

.

1 show that the envelops outline of the output has e

1}‘“5
1]

1Y

displacement wvelative to the suvelops outline of the Input
wave and hence when the modulating € is

e T 2 . 2 3 A % TR P P S g e %, . 7 9
lecement bebween it and the oscillator oubput, where the

. ] R N P el oy - . % 3y f B S8 g o B
modulating signal wes originally produced; due Lo the elffects

&8 LA 257
i

£6 Aol a2 -, ) . p o oo CONNG S - 0o , o
of the filter. The swounbt of this anguler shift wi

vabio of the modulating to carrier fregquenclss times the
carrlier alg the filter. To illusitrate
this tims ax sutline of the envelops
wave consider {1 X ows the ipput wave being

ney components. These

broken down

components are also shown as they would apgpsar after aach
undergoes an approximate 95? phase shift due to the effects

of a passive filter. These ars shown dottsd. Recowbining
these shifted components shows the awmplitude modulated wave

o be spproximetely shifted along the time axis as iilustratsd

by the dotted envelope outline. It is felt that showing

only a 9@6 rhase shift and allowing the reader to extrapolate
the idea %o a 18@ shift provides for a clearver 1llustration

incorpect
of the phenowenz. It is posszible to obtain anwessg picture

of the situstion if one attempts to illustrate immsdlately
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