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In Part I a method of analysis of linesr carrier frecuency syetems ie
indicated, and applied in particular to parallel "T® eervoe using the
Diehl two-phass control motor. Improvemente are describsd by ths
Ny':zhu:;: Bode procedure for analysies of a fesdback amplifier or ssrvo-
m -I

Part II contains detsiled design procedurss snd tables of values for
various forme of parsllel "T" networks. The several forms arise fronm
the fact that there are fivs time ccnstants in the parallsl *T%, four
of which are independent. The remaining degres of freedom bs used
to obtain the moet suitable input and output impedsnces for the source
and load impedsncee with which the parallel "T" is to be used.

Part III contains design formulae and tables of values for Bridgze *T"
and Vien Bridge proportionrl-cerivativs nstrorss. :

In Part IV various methods of obtaining the reocuired 90° phase diffcrencs
of the 60-cycls voltages on the fixed and control windings of thes Diehl
motor are d{lcuuod and compared, In order to obtain a large phase shift
it 1s necessary to add either a scries input or a load impedance to the
parallel "T%, or to use a phase-shifting network precsding or following
the parallel *I®, Formulae and tables of values for phase lag networks
are given,

In Part V tolsrance requirements on the coasponeats of paraliel "I, briage
nT®_  and phaes lag networ<s ars derived.

Finally in Part VI ths method is indicated by msans of which the dssign
formulae of Part II were obtained.
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AALLEL *7% 9 AZING NETHORRS FOR AN SERVDS

ot I = _Iryrodnction
ILR_FREGUENCY SYSTEMS

sume! Lo be femiliar with elementary
ry, the modzsrn eguivalent of the Heavieide
3 le . This subject is excellenily presented

ks Cardner-arrcs, Traasients in Linear Systems,
o Condition for Eguivalence o & d.c. Systems Quadrature Voltage
_ . The etcady-state output of
.‘_‘ = i —_— a linear system for & aine
it = By | 6tp) i sz = usoidal input may te cal-

s \ —.@ut t ~ulated conveniently as

| ‘ follows, Let the trans-
. fer characteristic of the

linear eystem be G(p), ae

in Fig. 1. In complex
representaticn, for an input F‘l = exp (Jut), the output ie Ez = G(jw)
exp (Jut). For an tnpus E; « exp (-jut), the output is E, = (5w
exp(~Jjut). (A bar over & complex nuzber inaicates the conjugate
complex nusber; Lhus if N = A ¢ 3B, then N = & - JB,) To calculate
the output for a real input, say cos wt, apply the principle of
superposition: K, - cos ut --]5 [exp (Jot) ¢ exp (=juwt)], and the
(real) output 1s k, =3 [G(J)exp(iut) + T(30) exp (-jut)].

Let m denote a modulating zngular frenuency, LR the

carrier ar'gular frequency. Supposc a modulated carrier !1 = cos
m cos w t =3 {oxp[ (u) + m)t] + exp [-J(w + a)t] + exo [J(w - m)t]
+ exp [~ J(w - m)t]} is impressed on the linear system G{p). Then
the output 1s E, = 4R flile, + m)] exp [3(w, ¢+ m)t] ¢ Gl3(w, - m)]
exp (30w, - mt)f = 3 (| Cl3(u, + W]} cos (o, + )t » 8] 4 ol3(a, - m]|con
[(w, - -)t. v+l \\hero g= <G[J(w +m)], {J-’G[J(u - m)]. This may be

8l1-1
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expanded in the form k, » 2 [ G[J(w_ + ",{‘o ( g, )cos

(“ot $ ¢‘) ( 1/ ein ( o’ ¢ @ ),‘ + 2”'!'1 w “I éoa 3
(mt t”_‘- - (g, t y‘_) + ain (mt 9’ '2' ( t *5& } where ".
ﬁll ”zl y’l Yl arbit Iy ang hat Yy 1 ¢ Q' y/z }&l
Ve tuke ¥ y W » obtain t m F { ;fj(w -mY

+| cwo + m)][Jeas (nt + )cos (u t + B,) ‘ﬂrfa(- -
. IG[J(u ¢+ m)]|]oin (at ¢ ¢1 sin (u t ¢ ¢,‘. B, =3 (0-p)

. "‘ (ﬁ ’P)- which 1s a resolu 1 n into a main component
md 2 quao.raturr componient having the minimum po=sible smplitude.

The amplitude of the main component is the average
of the amplitudes |G " and \G '; of the upper and lcwer side-
bands; the phase of the ¢ rrier is the average of the phases
of the reepective slaebands, vhile thz modulatiocn phase is one-
half the difference. '!‘he amplitude of the quadraturs component

is one-half the difference

mod. . - { e 4
b/ % / '\ 0° mod. phase of the amplitudes of ths
3 lower and upper sidebandsj
/(" \ ca r""’. ; - ’l
}; _ O askpdas 1r 675G | the quadrature
\ ) and slde~ component lags the main
O -4 p (-1
s Lo v/ o, band phases, poonent, and the carrier
i WUSL s2d modulation phases of the
\ oy Fig. la cuadrature component lag
those of the nuin component by $0°. The relaticneships between
the sidebands, main cosponent (m.c.), cuadrature component (q.c.),

and thelr phase angles, are indicated vectorislly in Fig. la.

Evidently 1f the emplituce characteristic of the linear
ejsten G (p) is symmetrical about the carrier frequency,
’G[J(wo - :::)]I'-/G[“j((.)o . n)]}. the gquzdrature component disappears,
and the effect of G(p) 1s similar to the effect of a d.c. system
on the modulation, with a phase shift ¢2 of the carrier. In this
form, ths phase shift ¢2 may very with the moduluting frecuency;
if desired a different resolution may be madie with a constant
carrisr phase shift angle in the zain component.

-




2, Servo snd beno Controller; Stabllity

4 ‘ 08, ] a
— ‘ ki (p) ©_ Fig. 2 is the familiar

\

cervo diagran., The output
00 is related to the error,
or diffcrence of the input

0 ]
o = kH(p)e,

Fig.
The port.ion of the servo marxed x H(p) is called the servo controller,

snd k H{p)

-0 . ki
S "1+ wilp

Gi end output, through the
transfer characteristic H(p),
rultiplied by a gain factor k.

18 the transfer cheracterisiic for the servo controller.

The plot of 9 /¢ = k H(jw) in
the complex plane, as w ranges
from 0 to o, is the well-

known Nyquist diegram for ths
servo. If the origin is shifted
to the paint -1, the sazs plot
$: aleo the graph of 9’_/:. since
c-at-Oo, crl-Oile-OO/c.
(See Fig. ¢)

The degree of stability of the servo is expressed by

the peak height of the freguency craracteristic, that is the

value of U = mx‘o /01‘
M, the less stable is t‘ sarvo,
application, of course the freguency s

Tae zrecater the value of the ratio
Also, for any particular
» for which the maximum

value M is attained, is important. Stability corresponding to

values of

values of
o -t

K between 1.0 and 2,2 vwsvally is satisfactory,

In the Nyquist plane, the system of curves of equal
t.he ratio M -} 90/9 are circles of diameter (M ¢ 1)
, with A P -0t - w@e

|
i
l
|
|
i




Given the Nyquist graph for 2 stable servo, the peak height
M is the value of ¥ for that clrecle of the system which ls
Just tangent to the graph.

For easy dcterminetion of appropriate values of the
gain factor k, and also for other reszrcons, the following pro-
cedure (Bode and Nichols) is advantageous. In rectangular
coordinates, plot ihe x-«et,i.o\‘oolkt:‘| = 'l.'l(_lw)‘: in decibels,
as a function of the legarithm of the angular frequency w.
Also plot the phase margin =« [£ H(ju) - x] as a function of
log w. Trom the resulting chart, decibels corresponding to
phasa margin may be easlly Jetermined; or also ths latter may
be determined directly from!H(Ju)\‘ end.cH(Jw), Plot decilbels
versus phase margin to obtaln a transformed Nyquist grsph.

Let this graprh be referred to as A, Figure 5 {Nichols) gives
the curves which correspond, under the same transformation,

to the system of circles of equ:l values of M. Figure 5 s
then superposed on A and transleted up or dasn until the curve
corresponding to the desired ;.-e.zk‘ 00/61‘ = X just touches the
graph in A. The position of O db. in Fig. § cn A then is read,
to determine the value of the gain feetor k in decibels. If

0 db, in Flg. § corresponds to =x db., then 20 log k = x.

(For this purpose it vould ke converlent Lo huve the curves of
Fiz. 5 on a gheet of traneperent material.) The frecuency at
which the peax value N wlll be attained then may be determined
by referrinz the decibel or phase margin coordinate of the point
of contact to the ¢arlier chert.

The ratio of error to input, E -! t/Oit.'. for any
setting of kv and any freguency of the input, may be read by
comparing the plot A of the servo controller with the dashed-
line curves in Fig. 5. (The E~curves are reflections in the
0 db. axis of the corresponding M curves.) Similarly, the phase
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shift 4 of output with resicct to inrut, 4(90/01)_ |
may be deterzined U 51 on the deshed-line curves
of Fig. ba.

If thz Nyqulet nlane 48 the complex z-plane, then
he above trunsfomed plane is esmentially the weplane for
the transformetion v = log 2. Fu if 2 r—"JQ, log z = log r + 30,
Since log 2 is anslytic, if rocta ar cooriinate scales 4in
the w-plane were choscn such that Ll radien and 1 neper = £,686dd
were ezual units of distznce, then angles voula be preserved by

the trunsformation, fThat fso, an crthosoral intersection of curves |
in the Nyquist z-glane would be transformed into an orthogzonal intersection.
¥, Hurewicz suggeats a procecuse for graphical cone

struction of the above ceclbal-phise grepr which may be very
convenient fer nervo controller characteristics H(p) of the

; (Typ + 1) (Tp ¢+ 1) ...

p( | oS - .1 = W -~

AR T Wo 1) (Up s 1) ...
Y & “

fom

Let the z-plane bLe transfomed into the ceclbel-phase plane

of Fig., 5. The curve: in ¥ig., 5o inegas of the lines
zZeo+]l, 2,44 8, c0sy, 2= ¢ 0.5, ¢0.25 2 .175,...,
Zw*1Y, +2), eoey 2=+ 0.E], ¢ 2.25), «.. in the z-plane,
By means cf the curves, for cuch frocuency @ the transformed
veetors ('rl"w +1),00., (-'Jl‘u - 1), ... are located in the
decibel-phuce plane; and H(Jlw) » Qo/hvk. is thea simply the
suw of these vectors.

A plot lndleating i‘?n ‘a‘L' d 80d _(.(00/01), with
freauency w &3 paremeter, may be directly constructed on a

grid systex simller to Fig., £5, if the ¢h. scale is sufficiently
extenced, and 1f Lhcre are curves corresponding to z = * k and

z = + jh for a set of vaines of It, h sufficient for the required
accuracy. (A urit change of z corresponds to & very szsll distance

at the top of Fiz. £b, &nc to a very large distance at the bottom.)
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For since £ = 0, - 0, /6, = l/(e,A'Oo + 1), 105(00/01) - - log(e/0° + 1),

Thus ons would plot on Fig, b the curve otlkvsloo Idb - . Ioo/kv"db
and £(k,€/8,) -4(90, “.fws)- 2 180%, Tae &/, curve would be obtained
fren the kve/OO curve by a translation corresponding to subtraction
of (kv)db; and points on the curve corresponding to t/Oo + 1 are
obtained by proceding along the curves z = (t/Oo) from

5= e to s =4(e/8,) + 1. Changing the sign of the db and
phase scales, this curve is th:n the plot of the amplitude and phase
of ©./8,. .
An 2.iiv watuve method ¢f construction of the 93/01 curve
would be bareu ® relationships 9,/e = 1 ¢ @ /¢, Yeg ‘°o/°1’

= log (Qolr)- log (1 + “uole). The (L ¢ oo/e) curve could easily
be constructed from the uo/s curve, by means of the z = ¢ k and

z = *+ Jh curves; &nd the 90/01 curve then would bs obtained by
laying out from the origin the vector differences of corresponding
points on the 90,"5: and (1 + Golr) curves,

3. Equation for Two-Phase Uotor

l.at Hx = X cos wot., X = constant,
be the voltage applied to ths

B = X cos © t ixed winding; and lst l*ly = XB(t)
* ¢ be the voltage applied to the
control winding. (Fig. 6.) The
90_@ tifferential ecuation relating
LAk
H = Xp(t) the output Oo of the motor and
y the input voltage f{t) has been
Fig. 6 derived by Nichole; it is

1'.60 * (1 cos w b 29’(1,)]&“ -2 eooa(t.) sin w t ¢ 2é(t.) cos w t 1)

where T is & time constant nssociated with the motor and the load on
the output. (In the derivation of this eocuation, the effect of
circulating rotor currents on the stator field was neglected.)

For small amplituces of the input B(t), if ths high-
frequency term cos 2m°t. is neglected, the asbove equation simplifies
to the linear ecuation

16; . 60- 2 uoa(t.) sin w t ¢ zé(t) cos Wt (2)




Ifp(t) = 8, sin wot {p{t) then 13 90° cut of phase with the
fixed winding excitation), the motor will run at constant speed
2u°a'. Ir p(t) = Be cos w t, the right hand side of the equation
18 zero, and the rotor will not run,

If B(t) = coe mt ain W, the rignt hand eide is 2w
cos mt - m sin mt sin hot. If §{t) = cos mt cos uot, the right
hand side is - m 8in mt (1 * cos Zwot). Thus 2f B(t) = B, cos mt
ain (uot + #) end the high frequency terms are nezlected, the
right hand eide 1s 01[2:» _cos fcosnmt -masin @ sin mt] = B
(wo' coa® ¢ + a?s1n33)172 con (mt + ) = 23,0, cos ‘sec ¥
cos (at + ¥7), where ten = (n/2w ) tan f.

Any carrier {requency servo using the above motor
now may be analyzed by the method of section 2. The characteristic
of the servo ccatroller for the a.c. nervo is the result of the
combination of a characteristic G{p) as in section 1 with the
motor characteristic. The output of G{p) is applied to the control
winding of the motor. As in sectlon 1, if the input to G(p)

is €, ccs mt cos wot, that 3a € =~ £, cos mt, the output is

1
Ez - el[.\(::)cor(m’» . ¢1)coa(u°t + ﬂo « 3) ¢ B{:) sin (mt + ﬂl) sin (wot « .o + M)

where A(p) = %[.'H-I* ]G”] - %{Ei”(wo - m)]"v iG'J(wo + n)]’]
B(m) = 30" -1¢°]1, 2° = <alitay + W], B =<clite, - w),

B~2(8 ), p=UB v 08, 9 =<GlJu,). Suppose that

cos (uot. * ¢°) is the proper carrler phase for the control winding
of the motor. Then when € = €, cos mt, by the prcceding paragraph,
the differentiel ecuation cf the motor is

1'6; + 50- 2:1(A(n:)u° cos f§ sec y cos (mt ¢ 01 <Y B(m)wo sin @ sec Y* coe
(mts 2y ¢y -9 (s)

811-7




= [u(m)uo - B(n)mlcos @ cos (mt + ﬁl) + [F.B(rn)w° « A(z)n]ein ¢ sin(mt ¢ ﬂl)
where tanX = o tan ¢/sz. ten?d ' = - nmocot lewo. From this Oo/s may be

easily calculated, and the Nyquist or equivalent decibele-phase margin
diagranm conetructed, following the procedure cutlined in the next section.

4. Construction of Galn-Phess Usrzin Diagram for Any G(p) With Movor of 63
From the differential equation (3) for ¢ = cos mt, the
angle of Oolkve evidently ie:
°0
4;——-910'<-90'-nrctanm'r (4)
ke

where (2 5(a) - & A=) otn §

Ll (26 A(n) = n B(=)] cos ¢~ (s)
Thus we have

Phase Mcrgin = 90° + ﬂl +< « arc tan al (6)

¥Vith quantities es in the previous section, we have also

9, \_;(zuoun) - w B(m)]? cos®3 + [2B(x) - m A(m)]* sin® g} /2
k¢ 20 ] G(Jw )|m (1 * n?72)1/2
[Zmoﬁ.(n) - n B(m)]cos @# cos (erc tan nT)
B 2, [0 S0_J] So5 ™M

whers k - (outnut rate corresporiiing Lo error)/error is the
Pyelocity error ccnstent® of the servo. In general, it ie con-
venient to read arc tan x and cos {erc tan x) = 1/(1 ¢ xa)1/2
simultarecusly from a table of natural trigonometric functione,

A tebular procecdure le reccmnended for obtaining the
values of phase margin and corresponding ratioa |0°/kvc ‘. For
successive valuee of moduluting frequercy m, find and enter in
the table:

g‘t ¢-. #, cos 8, ’G- ,l,c"l A(m), B(m), [ZWOA(II) -a B(-)]l tan{,
cosK from G(p), mT, cos (are tan nT) from the motor time constant T,
then finally phase margin, ratio | k,e/0 ), and |0 /k ¢| in db =

- lk'cloolin db,




for a carcler fre
the followl
phase rargin luzrems in the next

reader in constructing

reng " £0 cycles, that is oy
ia th
:ction, will be useful to the
\lugrars for any scditionsl cares of G(p)
in which he may be intercsted:

= 2x60 = 377,
construction of the decibel-

table of valves, use

= T a [ F ) O
o % | “5°
- | s
e ! '—~§ $ q ) o §
[} n n B -] -] H‘|3
g | (kB[ o B[RRI ;
- Slgs 5 L o ° of*le| la g S
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60° | 1.732 .500 |®.66| 1.1811,0121.939 | .925 [.907 i1.097| 1.070 Lo78 |1.022 | 19.0° | .94ss
73 | 2.75 | ,342 }3.75) 2,190 ..3‘9|.932 923|992 1.108| 1.063 r9(::5 1.936 | 28.650) .377¢
0° | 5.7 .;736-[23.35 1.52)1, |.96a 2981 1238 11,321 1.243 1925 11.075 | 48.4% | 664
2s. {12.56 0794 62.eiloo i1.100|.929 L..oo L857 1,200 1.000 Leus '1.147 | 68.2% | L3714
¢re }19.00 «0523i95.4,1 I e9|.e 1.06  [.872 lr.zei| .cek [741 1.202 | 7e.20 | Lome
o8° rs* .0349148.3 %8 1324'.359 1.36 {906 l1.462] .919 Lé97 1.392 | 80.¢° | .167
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5. Provortionzle Cerdvetive Irecuency-Fhase Characterietics

The ideal provcortiocnal-derivative characteristic for a |
carrier frecusicy servo ia G(lw) =~ 1 ¢ de(:.) - n‘,)~ It may be |
shown that if a modulsted ca=rier voltags m{t} cos "o" is impressed
on this characteristic, the output is [m(t) + T, (t)]con w te |
The ratio Ty of the coofficients of the differentiated end pro-
portional couponents is callicd the "derivative time constant™.

The spproximation tc the ideal proporticnel derivativa
chzracteristic which it is posusitle to obtain with the pavallel "T
network §s

w
14T, —{uew )
o(w) = £ 8B T (2)
“d )
vl == (w-u)
where the tine lug { cancot ue larger than 1/u .

It hae heen foun werimentally that different servo

eetups requlre different values of '1d for best stability; however

Td is not at ell critics)l. Values of "'d“-'a in the renge of § to £0
have been found useful,

ve (2) i ie the decibel-chase margin plot for
2 8i ple proporticnal contreller, thet is, G{p) is identically 1 |
or a constant, 3o thet citroller characteristic H(p) is the [
wotor charucteristic 1/( L)p. Coaparing with Fig. 5, evidently
even vith low gains 'l.v r the vicinity of 10 nec'l). tnere are
peeks of large amplitu it frecuencies. In an actual servo |

system, vhere therc are time lags not included in curve (a) (as

for example & small ¢ine leg in the coupling circuits betvecen stages
of & vacuum tube smplifier}, a9 the gein is increaced, the servo
output quickly will begin t acillate violently snd continuously,

with no input; that is, the servo vill be unstable,
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Carve (b) 4 7 t
servo controll cony 1
characteristic with T 13, an
T = 0.2 secor This 1u [

—— e ————————

corrcspon.ing plot for the

ezl proportionsl-derivative

e simolifie or of 43, with 2
aporoximstely the value for the

Diehl FPE-49-2 moto ox th Fig. &, evidently the servo
now is very eteble at ull values of k . That is, if k = 560 sec™t . 55db,
the frequenc nse (9 '1: is reariy flet from O to 20 cps or -
higher, and the output ? the =e1vo e very faithful ccpy of
the input 01, even thcu 3. may bc of such a nature &s to have com~ |
ponents of rather high ency. In particular the output for a
step displacement of the iuput (‘1 %11l also be wery rearly a step,
and will have no overshoot. Thie niike the situaticn for the
proportionsl ascrvo (with t sune velocity error constant), where
for a step input the outjut s many overshoots and only gradually
settles domn the di romiesnt rresponding the input displacement.
Curve (c) is {tel-phase msrgin plot for the pro-
7 ‘ 1+ 37, (u -wo)
portimal-darivative cha ristic G{Jw) - T-—*m—_-“-,—oj—- with
time lag j‘ ’).,/.‘u-. and "‘d s s 15, Carve (@) is the plot for the |
approximate ortdonal-c tive characterisvic (8), which may !
be obtaincd with t! a L ¢ 1 e r<, f the s-ma values of
Fand T, -
In all curves of Fig. 7, ¢ carrier rhase ia assumed l
to have the preper value [ (I rol winding of the motor.
To exmalne the effect o rrect carrier phase, let us compare
the right hand side of uation in section 3, |
2w, coe $ cor mt - m sin ¥ 3in wt,

the (c.c.)

with the output of
(1 * Ujm) when cos mt is applied,

cosmt - m U sin mt

Proro.

malederivative characteristic




Thus §if ¢ r

prepe red anal

vith the stabliiz] b
The gsin i ‘] 1 Dy

voltage on the r ¢

the maxinum avail €

sataration e redu 0

tergue reductism by a P of 0.F is tolerable, then as much e
€0% phase shift mey be all in &0t » 0,5, For errors
# in currier phaze up to 45° or (3%, U 1, 4 less thas 0.5 or 0.87,
so for Ty >E, the effsc stebility of (1L & Uln) ie comparetively
cuite insimificant.

Tt 2h values of X, attal abtle rith ° parallel 777,
&nd the {lat [, churacteristic, rave heen verified experi-
mentelly In & sesy tvy using &G gynchros end the Dienl FPL=49-2
motor. (Ve | kv = 5030 sec L h eatisfuctory freecom from

chatter; the only linita

gear train)

['1.\* 8 1< ¢ sV N,

snd the L ™" a;
the cheye tie t .
:ul = 2xE0, 1 1 of Lo
13 then = Ve Ly a}
at v f1s ) .
<
tre carr C
correct {4f cct, the pr
carrier pha 1 eppl

stubllity 4s not epprnct
(e) 2nd (£)). Tt 45 «
T" networn ls funec

voe 6O eycle currier, ti

|
|
|
|

o -
i vech, t :{fectively another
carscterisite (1 ¢ Uin) is in cesteds
3 ietic (2 1' 0 1 U = tan ;‘,-/2«»0
factor c 2, aithough the actual
) e - P
te Ye . ect) is not rcduced. Also

ae of ¢ motur, that ls, ‘re toraue at

the tactor cos #. If galn snd mexicum

ien on Kk rveems to b backlaeh in the

1 '« 7 are decibelephese margin

nsi ting of the notor of section 3,

34 te sriionalederiv ve churgcterietic,
* bel d to fre i2a = 2x70 end
* : 1 re r.cy 3 65C. t.ere
ac 3 ¢.E%, o f E cad of 62.1°, i
Inciud this phas 4ft, the chane of

1 wirding <f the moter %2 azsuzad to be

fous r rk on the amall ‘ect of incorre=ct
s ar o ase o rs up to 6F°® the
zbdy ferent from th indicated Ly curves

at fron the alegmae tret when the parallel

¢ freausncy as mach us 10 cycles lower than

we gtubility still is very salisfactory at high

811-12




valuss of k. However ke zarsllsl "I" network is tuned to

’
8 frequency 10 cyclee higher than the €0 cycle earrier, even with
the optimal eetting cf k (about 5000 sec™l), there will be a peak
in the region of 15-25 cps. of hei greater than 2. (For devia-
tions of ¢ 8 cyclea, these conclusions zlso have been verified ex-
perimentally.)

6. Effect of Phase Laz Networis on Stability

Ex ally, it has b feond setlisfectery to shift
the phrse of the carrier tain the pi r phase at the control
winding, by inserting loato the servo ¢ oller & one or two-seoction
low pass R-C fi * rreceding the preportional-derivitive parallel
apn,  (See Part IV, scetien 3.) W this 1s ¢, the proportional-
derivative characteristic is multiplied by L/{Up + 1) or by 1/(uyp + 1)

(Uzp + 1), The effect rtability to exnected ie indleated by
curves (g) and (h) in Fiz, 7. Curve (h) will apyroached as U

hecomes very large, .3 one of "1' 5 Epproact infinity and the
other approaches zers. 3 {g) aad (h) indicste, for a tno-section
filter to okta'n say 100° 7 y thut better results, as regards
keeping the ificati ff nods rj r a backlash chatter
small, will be cbtsined by having ih= roots !"l d Ug-* as unequal
as possib then by vin an 3 . #£lso, the high rate

of decreanse phase mergin with to er Sfrequency in the
range 15 = 45 cp3., in contl o r time lago in the ayatem
not included in curve ( rey expl served tendency of the

servos to osclllation at
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F Ry Ry
01[ c,‘l
oS
| |
- Comte TR
put = B 2=r= { 1 E, = Output
i 4
- R1°1
‘l"2 - l’lac2
Ty = RyCy
8 = 1Gy
$‘2 = P.zca
Parallel "I" Network end
= Deternining Time Constante
Fig. 8

Tre parallel "T" notwork
ie shom in Fiz. 8. Let us
define time constants Tl L] alcl.
Ty = Blos Ty = RyCys 5) = R, Gy
52 " chs. Except for the im-
pedance level, which alwaye
mey be changed by simple scale
transformation of the R's and

C's, the parallel “I" i1s determined

by the five constants '1‘1. ‘1‘2. Ta.
31. sz. For Af theee constants
are known, snd if any one of the
componente, say for example cs.
is arbitrarily specified, then

the other ccmponente are determined:

Rl - 81/05. Rz - 52/03. R3 - 73/65. Cl - Tl/Rl. 02 - T2/R2-

1. Transfer Charseteristie; Inout and Ovtput Impedsnces

The transfer characterlstic of tha perellel "I¥ i

3
P L \C I L Vs Ui

3
1 '1‘1'1‘2'1'39

¢ IPy(S, ¢ Tg) ¢ T(T) ¢ 8) + T)Ip* ¢ (T) ¢ 8, ¢ T, ¢+ 8, ¢+ Tylp e 1

(1)

The appropriate form which this is mrde to assure in

order to ottein the appreximate propertional-derivative characteristic




il

at cerrier fraquency w, ie

Y(Tor 7 ¢ =2e 5 . WS !

g, (Ups1 (“’o" I R, p+l) . 1_1;.;'1'._; _".._Q(m - u)] =4

fI. (Up + 1)( 1 -20 2 ~-¢-J..)--:“ u.""o L
Pt igE s e gl (1o 358 (o - wg)

where In the sccond expressiun jw has been substituted for p,

and T, = n/uo is the derivetive tire constant, £= m/mo is the

tine laz. The 2ecend expression is obtained bty maltiplying
nurerdtor erd denoxinitor of tae firet by m-oizp. and then factoring
n/m out of the dencwinator. The cioice of the tirme indeterminate U,
the coefficient of p in the linear factor which cancels in the
nugerator and dencminator, dos2g nct affect toc transfer characteristic,
(But it does affect the input anud output inpedences, a3 vill be
seen.) If El E(t) sin w ty the aoproximation (w * wo)/&: ] ia
valid when the madvletion E(t) cdoes nat have high frecuency come
poniente of large amnlitude,

To realiz> the above transfer char.cteristic, the de-
termining coustants of the parallel "T" muet have the follewing

values:
A* + B, U+ U7 g(nu® + 2u ¢ n)

T, » == S —
N N w (T-eg)

2
LU B) o0 g (3)
2 A* By« I g»olnu‘ «2uen)

Y N -mzu'0%‘1-252u¢4§1-g]-n'g
1 wy (1l - g

-5 Ao (a0 - p)- en?lu® s 20 - 2g)nu - gn?
2 1 U 2 g (nu ¢+ 2u+n

L - 2 - - * 2 - - 2
where A 1/@0 3 Bl 2/nw° 2‘/’1dw° . B2 2/m° Z/Imo -

u = Uw , and the gain g:= m/n.




The ecnditicn for nen-negative Sl is that u be in the
interval with end-polnts = - -‘%1 B J17m®. The condition for
non-negative S2 is thut u be in the interval vith end-points

-n® + 2w 2 0? V107

Y P T —— . Therefore for realizability, m<l

and u musi lie in the comuon portion of the two intervals., The

possible values of u are indicetea in Fig. 9. The dotted left
and right hand curves ére sprroachea asynptotically by respectively
the right anu left boundaries of the regions for u, as m apvroaches 1.

For the general perailel "1", the input impedance, with
the output open-circulted, is

3 , o
T,T,T,p" * l'rl(s:z + Ty) + (T, + 8 + T,)]e? « (T, 8, +T,+ S, +Ta)p+1l

Voo . 2
(CqT, Ty * C Ty ¢ CuT T )p" ¢ [C) (T, + T, + 8,) cz("s"rl’sﬂ]" + (C1+C,*Cy)p
(0

The impedunce looking back into the output, with the input short-
circuited, ia:

2 f4 m
CRaTo(S) « T))p® « [Ry(S; « Ty + 1)) « (5, « 7))lp + Ry + Ry
i At e
l‘szTSJ . ['!"l(s2 . TJ) + '12(']‘1 § ¢ j‘a)] . (']‘l .S

<]
lo']‘zoszbfs)p#]_

()

The impedances 4y and Zo may be expressed in terms of
U and one of the par#tllel "I" ccastants, say C:

1 (Up'l)(;,%'zpaoszpo],)

2,(CyU) = R "

b b} Fa[(!-_o )-—l-,OU]Upag(B _B)(-T—l..._u_)pa’(h.:r_z_'l)p
Sy sy My it 2 LA T 5 'S,

(6)
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zo(cspu) =

To(B) + U)p? + [{B; + U)(1 + 8, Uu,®) + T,)p + (1 + S.0a )

¢ Uu 2(Up + l)(;izpz + B0+ 1)

(n

vhere Tl' T:. Sl’ 52 are ziven in teras of U bty formulae (3) above.
From the expression for Zi. it is evident that as U approaches an
end-point cf cne of the critical intervils, so that S1 or 82
aprroaches zero, Z1 aprroaclies zero. Thus in order to avoid
practically short-circuiting the source of the irput voltage, U
should not be near one of the end-points, and also cne should
not choose a voltage jain g too near the upper bound llemo.
If it were desired to make a ciscriminate selection
of U anong the pozeible values, the tasis mlsht be to best match
the angles and ratio of the input and output imvedances Z1 and
Zo to the angles und ratio of the source and load impcdances to
be used with the purallel "J" network, Charts for this purpose
could be prepared frow the expreszions (6), (7) for zi(cs.u) and
2,(C5,0).
After Td’ U, and g are selected, the time constants
T Ty Ty §ys £, are determined by the formilae (%). The formulae
in the next sections are obtsined from (3) by impssing special
conditions vhich fix the valuc of u, or the values of u and the
gain g.
2. RBoversible Purallel UT" Networks
A parallel ®T" proportional-derivative network will be
called reversible if it i1s also e proportional-derivative retwork
vhen the inpul and output sre 1ptrrchunged. It is shown in Part VI
that this recuirement is ecuivalent to Calc1 = Z/RS' or slT3 - Sle.
adu=l. The derivative time constant Td recessarily is the same
in both directions, tut unless the parallel "1" is symmetric,
the gains and input &nd output impedances are diffcrent.

3NL17




The design formulae for the reversible parallel "T*
proportionalederivative network are &s follows:

T o b (nt1)
l 1-pg W,

B O 5 ISP
T2 g [CI)

[(2 +n)(1 - £l - eln ¢ 1) ]
a{l - g)
S: a

b oot ®

vhere Tdmo = n and g Is the gain in the forward direction. The
galn g and n may be selected as cdesired; the gain g' in the reverse
cirection then may be seen to be

l 2

(2]
]
SIH Oc 'H OS l.—‘

JEn e m+2) - (n+2)
8! glan? + Zn + 2 = (n2 + 2n ¢ 2) (9)

To express g in terns of g', it is necessary merely to inter-
change g and g'. Fig. 10 shovs the values and relationship of
tie forward and reverse gains g ancé g', for several values of

Tduo =n,

If the parallel®™T" is symmetric, th:t is c3 - cl and
Rz - Ra, or Sl - Tl and 52 - Ta, the gain i9

1
L "B " T30 (10)

23 ReED

3. Parallel "T" with Arbitrary Condensers

Let us assume that the values of the condensess Cl.
02, 03 in the parallel "T" gre known or specified, and determine
the values of K}, F,, K, to realize any desired T, = n/wo.







Elimirating g u from enuctions (3), we fing
1 (§ > u)
S GO
R i

— (11)

s «
w2
° (n + u)c2

2

vhere r'(c1 + Ca)/C,, and u is & solutlon of

C C
3 272 a 2 2.2
b I e a GBI o TR SO (12
n Cy €3 n Cq )
The gain g is glven by
2 m
=3 O 4 rau * 2 13
g (é‘u) ( )

1
For C) = C, = C,, the positive solutions for u areu =2 2 and u= 2/n.
4., Parallel "T" wiith Arbitrary Resistors

If the resistors in the parallel "I" are arbitrarily specified,
then to realize the proporticnal-derivative characteristic with wao =n,
the velue of condenser L,;n!st?ne i solution of the fsllowing equations

3. 2 s 2.1 2 =0
R\Ry(R, + Ky)Cy" - ra, fy(By + By)Cy® - R RCy ¢ ReE]
[+]

The values of condensers Ll and 02 then are given by

8il1-19

1 2
C, = . * - - C
1 "1“;503‘"0 Rlnmo 3
and
c,C., = : ST
12 20 2, ¢
Rlnzﬁs c3 W,
The gain is given by
2 1 . 2 1 2
£ . (1 ¢ =B 4 gy} ¢ S
a moﬂlcl m.;oftac3 mo RS Cs n




r i el T
e t i th
end RCy, = e
to the fir ) cn H
L/2
i
o
{ "ll Ié
17 T 2 g
(]
,.
o (274/¢ <
n
e eterninet 1 the general tr
the value U 2 /ac. te g 33
A2, g
5 SRR VS
3.2 %y ¢
The input impedan is:
1 ®
2 (3 HLG’LDN‘L"“-‘
(«5.25 V2 n? - 18n -
For th € 1 T, B,
is 24 222 - J2606))R,
5. Divider ts -
! —
y ]
 (n=-1) Bl
% )
s
S E
< v
2 e —
<
¢l e =
Flg. 11

recteristic has

L e e A ——

7 -
2n® + \2n + &)

~f Input impedance

€ TL

Given a proportional-
ierivetive characteristic

B(p) with derivative time
13tant Td', a cheracteristic

with any lower value of Td
y be obtained with the

circuit of Fig. 11,

& perfect voltage divider,

suning

thet is neglecting the loading

effect of the input impedence
of B(p) on the divider.




?
I <
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T s R A
l.| [ |
+, 1 "
th v y des d i .
1 v .
f C terist 2 n aralle
§
) ¢ W
J "‘-_'{.L-u)
£t )
0
1+ 3= - w)
A & s transt lc, essuring a
5 ransfe eristic o
1 Y - \
MR 1
E *
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& [« 2
* ¢
Al
S )
(" ) {
A
|
‘ \ 4
me as
priy , the & has
he 4 Ze % i C c s low for enuivalent

output impedances.
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|
|

iven a proportional-deriva-
racteristic k{(p), a character-
stic rith any higher value of Td may
Le obtauined with the circuit of Fig. 12,
In this case there is no loading effect

on the diviuer, go it 1s unnecessary to
make corrective calculations as 2 p in the case of Fig, 11. If

W+ w

° 2t
Blp) = [1 ¢ )Ty 5o (0 = w )] / [1 + Jh gm0 - w )],

then for Fig. 12,

e w
1 ¥ 4T, = - w)
J ; )
L .n=1 ¢ 4@ 0
:"i n T, . RN
L +

T )

where T, {n -1)2/ (n/ /Tg' = Ly r (T,j - 1) (Td/Td' -1

This is the sume as (3) except that t

gain is lower by the '

factor {n - 1)/n, If n. 'td',’ Z, d 12 negative, and a servo
18ing the circ of Fig. 12 then nat 1y would be less stable 1
than a proportionsl sexv
A schens » inereasing ‘h. in which input and output
have a conmo | minal {whlch may be nnded), is snown in Fig. 13, |
R
3 If T4 is the cerivative time
}F' "7—“'_(- v'-i"\ . nstant of B(p), it may be shown
- 4 ’_r_' \ I a2t t ative time constant
QL S, [ “o . "
T | )RRk, S een
R ‘ | Ty' R+ Ry
| S Y ) o —— s L g camiriare
O -} T, T-—: TV Y Td'
Fig. 13 = 1

T A4(1<b)
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er ‘ig tho 4 & fa £ the tike, rP {s its plate
ais - € ) \ Y48X41 + Y & It 4
resi ce, ar (ry s, /[RL | *r ly, l(rp - RL)],
(\.t.‘ =« (| ‘\1\(‘.‘ + ‘L,) / [ (! . rf L H‘ ,.\lp ﬂ“)]-
nmericel Valusa for Giderycle Parallel
bllowipe 18 8 tahle of wvalues of and C's for
arious parall BT" ries of the tyves zribed in the
precedi secti y I cartler frequency of 60 cycles.
The R'y C's 2re numbe ee In . &,

The "aotch vidth" of & t -rejecti 1etwork is de-
fined as tno length of the frecuency interv etween the points
at which the ot V7 times the minimum put. A propoi-
tional-cerivative n R wzy L3 choracterized as well bty the
rotch width, as b . d atlve time comstant T,. The notch

idthe the follo tetle ars for the lceal proportional-
derivat rac stic (L v J T .(w=mw)); they are only
q
slightly fer from actuul one « 1€ rillel “T»
networks. Fvl tiy f e e-l ¢ teristic at 60 cycles,
the eni poii the notch inteiv re at distances
1 e}
- o+ - " or
LT, T CFS {r 60 cps where Teuo = n.

The I''s end C's the teblea are in corresponiing

unite, for example AL farads, As mentioned
reviously, & parallel ® 1t 1y desired different irpedence

evel may obtalued fr the valves Iin the table by multiply-

ing 'y by any cons t riding C'e by the same constant.

For a cavrier frequency @ different from €0 cycles, if £ = 60a,
divide e! r the E'e or C's by g, dlvide 'Iu by a, multiply notch
width by a; and Zi/l. and .0/",3 at ¢ >r freoueacy are unchanged,
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Notcl § t Input Output 5
3‘.‘!"_2 Interv 1] > f _1_"' -:_'_1“ ::rcdance Zoxl()
2.5 +24 67(1- 1.869(1-3)
5 :12 . 13 ) 1.431(1-3) 1.465(1-3)
7.5 9 ) 1.425(1-3) 1.418(1-3)
10 *6 SIS 6567 1,395(1-3) 1.395(1-3)
1s, " : 1.372(1=3) 1.272(1-3)
20 +3 459 3 ) 1.261(1-3) 1,360(1-3)
o] *2 414 .0 1.349{1-3) 1,349(1-3)
20 sl $¢ (T A 43(1-3) 1.343(1-J)
50 21,2 1 1.340(1=]) 1.340(1~3)
60 4.0 . 3 1.337(1-3) 1,337(1-3)
oo (Rescnant) 3 1.326(1-3) 1.326(1-3)
4 Net
R, * .0L326, . . .200
\ 1 . P v
Tp, Itealos ax0 6, Gin nin . Tnpesece 2’ Tepasance 70008
2.5 22 7 73 3 «20092-3) 1.808(1-3)
6 +12 . L107) /4 16268 6.889(1-3) 1.574(1-3)
7.5 *9 .7 4 2823 L1105 6.796(1-3) 1.487(1-3)
10 +6 (682 21,0000  .01736 .06417 6.752(1-) 1.445(1-3)
15 4 i 1.5 7 JO&E 6.716(2-3) 1,404(1-3)
20 +3 2.0l L.0909 . 3 04183 6.689(i-3) 1.384(2-3)
30 42 3.857 g 2 .02787 6.669(1-3) 1,264(1-3)
40 +1.5 271 1.1429  ,004250 .02020 6.6€0(1-3) 1.354(1-3)
50 1.2 2.298 1.1639  .003:87 .0L671 6,654(1-3) 1.349(1-3)
€0 +1.0 2,224 1,1613 ,002815 ,01392 6,650(1-3) 1.345(1-3)
o (Resorant) 2,210 1,2000 6.631(1-3) 1,326(1-3)
811-24
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b s M Yz
E of 2 ‘ 1
Noten Reverse
- Interya) - ird Ir 3 Output s Phase
Lo Ruao® ; | AZ7 Lovedance 220 =%
2.5 +2¢ 1 1 i 5J 1.793.1, 684 =5.00°
§ .0 L, 46 2. i 09455 3, a0m 3 1.565-1.768 ~1.84
7.5 49 . ¢ 1.303-1, 6204 1.469-1,7¢3y  _ .5
10 6 o2 2.934 7. - 1.41 3-1.7684 ~ W57
L 1.3 155 g ~1.6783 1.364-1, 748y - .27
20 ris * 127441 g8 7-1.7684 - 16
30 2 1.026 2.427 0. 155 67-1.717 6-1,768) =~ .06
40 *1.5 1.0 <. 803 21, 0<04-1,7 9. 1. )5-1.7'lRJ ~ .04°
50 * 1.2 . 7 3. )G . 1.261] $ 737 1 xF-J..?b‘SJ = «02¢
60 * 3.0 .98 of 34, 1.260a1, l.Z‘:?-l."bRJ - .01
o .(Resmant) <9373 1.9 50-1,7083 1."‘3—1."63,,
8ll1.25
.5-- Q. - - s
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For positive S, get/{4 + n?), where n = T, For the parsllel
"T", the upper bound of galn is Y/n. Thus for n greater then 2,
the gaina attaineble with the bridge "I" are considerably smaller
than those which can be cttalned with the parallel "T", (Aleo,
since the time lag Zis emaller, thc relative mplificnt.ion at
freguency :'/no. the predominant frecuency of synchro "hash®, is
greater for the bridge "T¢,)

The following formulae in terms of srbitrary Cl, cs
for caes (a), and in terms of arbitrary Hl' Ry for cese (v),

may be more convenient. For cage (a),

B

o ol
Boa T * 5,

4

g" el
n’(l*eé)o:.
1

For case (b),
- TR
nw, Rl + Rs
[ . 172 SR T
3 2R 0 R

4

g"- R
n'(lo-:é)oi

-




The formulane for (b) &re obtained from thore for {a) by inter
chaaging ﬂl with Cl. and l’.3 with Ca.

From the sbove formulce, it is cleer that sny bridge
T4 i reversible, with the rvane T a but different gaine in the
forward end reverse dircetloas, unless it is symmetric, that
s C, = 'I:3 in cere (2), R, = Ry in case {b).

2. Ircput and Outont Impedanses
For bridge "T" (a), the input impedance (with the out-
put cpen-circuited) is
(Tsp + 1)
R R n i (Ao
i Rl "1‘39 * cl0csp

The output impedance (with the input shortecircuited) is

Ry[(S; + Ty)p + 1]

Ll o = e N )
o " HTp" + (i-‘l v T p v 1

where sl » Rlca.

For bridge "I" (b), the input impedance {with the
output open-circuited) is
v 1 RaTyp e+ 1)
» w— n -~
qx C,Jp T1051p°l.
vhere Sl » Rscl' The cutput impedance (with the input shorte
circulted) is
RTgp s (R + Ry)

z.-—_".—T_—TT-.-
o Ifgp ¢ (5 +T, ~T5lped




3. Formulae for Wien Bridgs

Ra The ¥ien Bridze proportional- -
i ;1 20y derivative circuit is shown in Fig. 18.

E E, The transfer characteristic is: \

R

| 1™ b

' & -

0— Ey By TTpt e [Ty 0T, - (R/R)S]p 2 -
v Pig. 15 E (Rl . Rzi T3T4p‘ + (T, ¢ Ty * 34; pel

where Ty = .‘.333. '.l‘4 = 3434. 54 - n4ca. The
independent variables of the tranafer charscteristic may be taken

to be Ty, T, S,, and the divider ratio fe "2’“’1 + Rz). Solving
for Tgs T,s S4 in terus of Ty = n,/mo =m, and/?, we obtain:

i- 2 g & 1/2
i L e L e
ros 6 B TR 0 e e
2 i
54'55%'3)

For a given m and # , the condition for realizability is ng n/(m ¢ £ -1).
From the form of the trancfer characteristic, the gain is fm/n. For
maximum gain, F=m=n - [n(n—l)]]'h,u -[(n-().é)’]l'/2 = 0.5, the
radicsl vanishes, and Ty = T, = l/uo, 5, = Z(nol)l/ 2/w°n1/ 2, The

maximum gain is 2 P-1l. For the usual values of Td"’o = n, the

maximum obtainable goin is approximstely 1/4n, which is one-half

the gain of the symmetric parallel "T", one~fourth the upper bound

of gains obtainable with the parallel "T",

The derivative time constant Td may be varied in the
Wien Bridge by changing the divider ratio (°, without changing
Hs. Cu» R4. C,. Solving tor‘rduo-n. we have

n-—hr—z.:g?.—

;
g
€
b




Thus es @ deeorenac 3 to 1/2 mos4m, N-~®jif F=1/2 wos4n. the
Wien Bridge ia "rescnant®; end es f dncreaces to 1, by the
realizability condition, n decreases to a value not greater
thae 1. For sy Ry» C,, R, s Ouch that TaT4w°' =1, any
deaired T4 ™y be cbtained by taking © to be eufficiently \
small. Stines 2/mn° =Ty '1'4 * S5 the maximum time lag

£ - n/wo {but rot maxtmum 81n) will be obtained if 1y = T,
L] l/uo and R4 and Ce are 83 small as ressible, For '1'a =T

= l/wo, the realizabllsty condition is ng 2[—‘/[(8‘«)0 +2)p
-S6],

4 vacuum tube eircuit similar ;
to Fig, 13 may be ured with the Rien Bridge
in order to have a commen input and output
terninal (which may be grounded), See Fig. 16,
It may be ahown that the transfer characteristic bUT]

Fig. 16

e
- [Rz(lil + T, . HL) . li]_(rp . RL” “TSP ?l,z‘&p + 1) ¢ S‘pl ¢

If the anplificaticn facter 145 very large compared toR
=P /(3 £), then excopt for the gain facter, thie transfer

characteristic ia the aame a2 the trausfer characteristie for
Fig. 15,

(R, + R 4)8
B Ry (A= 1)[(1yp o (Tep e 1) - -—27_‘1%)_4}’-]

o ' o™

4. Numerics) Values for Bridge nw Netvorks

B
&




cl - (3s = 1.000

Syrmetricel Bridge MY Networks (a)

x~]l:::‘e:hw:ll = 5 Input 3 Output s
L& cpe Mx}.\)_ .10 Gain Izpedance Z,x10 Impedance Z x10
2.6 & 24 1,0610 6.63 £24242 1.7079-2.1353 1.6075-2,093
5 +12 LE305  13.06 L7407 .9678-2,470) +9824-2.4563
. 7.5 % 9 3526 19.89 02433 ,6338-2.564) +6830-2.5513
10 6 «2653 26,53 01961 ,5202-2,6023 +5201-2,6013
15 LA 1768 33.79 .008811 ,350£-2,6293 «3506-2.6293
20 :2 3 1326 53,05 004375 ,2639-2,639) +2639-2.6393
30 22 08241 79.58 J002217 +1764-2.647) «1764<2,6473
40 £ 1.5 06531 106.1 001243 ,1325-2,649] 1325-2,6193
§0 212 .05305 132.6 +0007994 ,1060-2.6503 .« 1060-2,6503
60 +1.0 «04120 157.2 .0005652 H2336R.651) +08836-2,6513
100 * 0.6 02043 265.5 « 0302200 (053042 £52 ) «05304+2, 6523
Bridge "TM Networks (a)
e Cl = 1,000, (2s = 2,500
i 140, i“p?" al N ac® gonard Reverse Input Output s
ot Ry ain Gain Impedence zixlo Impedance Z_x10
2.5 s 24 «6062 4.642 15456 2137 1.5305-1.9143 7175~ .89793
5 212 « 3031 9.284 04272 .1026 09565-2,3913 .4059-1,0153
:_ 7.6 * 9 2020 13.926 01951 04834 6T37-2,5273 .2772-1.040)
. 10 £ 5 J1516  18.57 01120 ,02778 .5169-2.580] .2098-1,049]
E 15 s 4 1010  27.85 .005054 01254 +3493-2.619) ,1408-1.0563
20 + 3 07579 37.14 .002849 ,007092  .2604-2.634) .1058-1,058)
F . 3 s 2 05052 65.70 J001268 003165  1763<2.6443 ,07064-1.05973
40 1.8 03789 74.27 .0007138 001733 ,1324-2,648] ,05301-1,060%3
50 $1.2 03031 92.84 .0004569 001142 01060=2,6493 .04242-1.060523
60 + 1.0 «02526 111.4 .0003174 0007930 .08835-2.6503 .03536-1.0607]
100 + 0.6 +01516 185.7 .0001143 .0002856 ,05304=2,6528 .02122-1.0609)
To obtain values for Bridge "T* (b), in the tables above interchange Rl with 01. and
Ry with C,.
.
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2 - (ﬁl*Rz) in parallel vith Z

3!
: R
Td"'o l'::::‘:val cpse. fzé(zi mkz) R‘xlos
5 *12 5279 4.745
10 K] 6 .5162 5,008
18 s 4 5086 5,120
20 + 3 5064 5.171
30 ¢+ 2 5042 5,216
© 1.5 .5032 5.2:3
80 *1.2 5025 5.e52
60 +1.0 .5021 5.260
100 +0.6 .5013 5.278
© (resoncnt) .5000 5.305

. Zo = Rlﬁzl(l’fl#Rz) in series with zo-.

Galn Zx10°  z 'x10° \
,05572 5.024(1-3) 1.252(1-3)
02234 5.1&(1-3) 1.291(1-3))
01724  5,2i4(1-3) 1.303(1-3)
J01262 5.237(1-3) 1.309(1-3)
008476  5.259(1-3) 1.315(1-3)
006330  6.271(1-3) 1.318(1-3)
005050  6.277(1-3) 1.319(1-3)
.004220  5,282(1-3) 1.320(1-j)
002512  5.291(1-3) 1.322(1-))
£.305(1-3) 1.326(1-3)

Wien Dridge, Ry = 002683 = 27,
€, = 2.0 = 2C;, m = 0.8

T:w s R/ Rlﬁilgz = Gaiu
5 .2381 02810

10 ° 1”4 01739
15,2118 <01127
20 ,2033 008333
30 .2085 «005479
40 ,2041 »004031
50  ,2033 .003252
¢ .2027 .002702

100 ,.2016 001612
® ,2000

Wien Bridge, R, = .005305 = 2Ry,
=1.0 =2, m= 0.5

C

s
L Rzl(ﬂlﬂlz) = Gatn
$ 5586 05586
10 .5263 02632
15 5172 +0172¢
20 .6128 Ol282 |
20 5085 008474
40 5063 006229
50 5081 «00E0E0
60 5042 004201
100 »5026 0028502
] 5000
1
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Part IV

As mentioned in Part I, 1t 13 necessary that the
phasy of the carrier of the modulated error sigral applied
to the control winding of the two-phase motor be 90° out of
phaso with the valtage on the fixed winding., All methods of
obtaining phase shift of the carrier cause the frequency
charucteristic of the a.c. servo controller to tecome un=
symmetrical about the cerrier fraguency, and also affect the
phase characteristic. This distortion of the frequency-phaee
characteristics, and the questinn of its effect on servo per-
formence, would not crise in a case where it was feasible to
shift instead the phase of the voltage applied to the fixed
winding. (Assumirg the simplified mctor, the effect of the
dietortion on stability and error in any case may be determined
by the method of Part I.)

So far &s obtaining the proporticnal-derivative effect
on the wodulation is concerned, the eassential portien of the
tianefer characteristic of the rersllel "™ is the factor

wen
{1+ J'l‘d o 2w - uo)] in the nuvmerator., Accordingly, in

the. following first section we investigate the phase shift which

cen be obtéired from the remaining portion of the parallel *T*

transfer characterictic, preae?ving the proportional-derivative

factor in the numerstor. *

1, Phasa Shift at v, In Terms of Independent Constants in the !;Arauel L o

Let the nuzerator end cerominator of the parallel *I"
transfer characterietic [(1), Part II] be multiplied by n:n°/2p,
and let p = ju, Then in order that the numerator conzist of
the proportionzl-derivative characteristic

weow 0

[1e L —a—.g(u - uo)], multiplied by & linear factor (Ujw + 1),
the followirg conditions must be satisfied by the fundamental
time constentst




u

T,T,T, =

1°2's 3 (1)
(-]
1 22
T)(S, * T,) = ;::(1 - (2) L
. 1,2
T, ¢85 - ;0:(;‘- + ) (=) e

Suppose that theze conditione are satisfied. Then we may

coneider '1‘1 and 1‘2 as independent vgriablee, '1‘3. Sl and 82

ee dependent variables: T, = w/is “T;T, from (1), and then

S, and S; may be expressed in teras of T, T, from (2) and

(3). For positive S1 end 32 » We eee that Tl' T2 must be

restricted to lie in the region 'l‘zw°>nu/(n + 2u), T1w04(2 + nu)/n.

In terms of Tl"'o’ Tzwo, u, the phase shift @ at ER is

given by:
i tan ’ - L‘_E (‘)
(u? 01)[00—;-(10 )] +u (1e+3)
. ) where a = Tjw , s = Tl'ramo’. n=Tuw. Thus if Tsz"’e.4“" 1

! the phase shift is a lead; and if Tszuo’ —u?, it is ¢ lag, i

ir Tl'rzuo' = 4%, then not cnly is there zero phase shift at

| wys but also it may be verified that the factor (Up ¢ 1) of
the numerator is also a factor of the cenominator, so that
the transfer characterfstic is of the form (2), Part II,
The gain at o is given by:

f . ?a(ul - 1)1/2
g" 1/2 '
[(2e ¢ nz + n + 2u)? ¢ (2au ¢ nu + 28 ¢+ 2nu)?)
1]

28
“"2e*u) ¢+ n(1 + ud) incase z = w? .

Let us examine the expression (4) for tan § to
determine the maximum azount of phass shift which can be
cbtained. The expression:

! K!n' * 1’ + uh +8)




is a monotonic function of u; its value increases from -z/K at
u=0tol/K as u—»m. erefore the tangent of the angle of

" 1 P
phase lexd cannot be greater than T n(leayz on° The

tangent of the anzle of phase lag carnot be greatsr than

L |
fae80ea)] 2egden)

<2,
n

Thus for wao = n = 15, the upper bound of possible phase shift
is less than 7.6°. Actuzlly, the bounds as found by calculation,
for the case of equal condensers, vwere 3.8° lag, 0.5° lead.

It may ba verified that ecuaticns (1), (2), (3) are
invariant when the input and output of the parallsl "T" are
reveraed, that is, when ana and C.fca. They are also in-
variant when one of the individual "T¥'g of the two "I"'a in
parallel is reversed, that is, when either HZ:RS. or Cl‘#c .
Thus sny proportional-derivative rearallel "T" ia reversible,
without changing T a0 and the individual "T"'s likewise are re-
varsible, to within the prastically negligible amount of phase
shift of the carrier.

2. Load Impedance and Series Input Impcdance

Though tha intrinsic phase shift ottainabls in the
parallel "T", together with the proper rroportional-derivative
characteriastic for uxably high values of Td' is very small, an
appreciable phusa shift at the carrier frequency may be obtained
(1) by loading ths output of the parallel "T7, or (2) by inserting
4 reslator or other impedancs in series with the input to the
parellsl ®T%, A third method 1s to insert a one or two atage R<C
or C-R phase-lag or phass-lead network either preceding or
following the proportionalederivativs parallel *T°, (hith any of
the three methoda, thare ia of courae an accompanying effect on

the gain-phase margin diagram, which mzy bs calculatad as in Part I.)




In this section we consider (1) ana {2). if the
input impedance to the parallel "T% 1s A-JB, and the source
of !1 has series impedance Z, Fig. 17, the phase shift 1is
2[(A=3B)/(A*2-38)]. Thus if

"‘““z‘ Parallel Z is resistive, the phase shift
uTH aprroaches a lag of arc tan B/A

1 as 200} and if Z is inductive,

Fig. 17 a phase lag up to 90° ¢ arc tan
B/A may be obtained.

If a load impedaice , is connected

B(p)

WA ~0 to the ocutput of the parallel *I7,
zo by Thevenin's theorem the circuit

E 4L i3 equivalent to Fig, 18, where
B(p) 1a the parallel "T" transfer

ks characteristic, If the ocutput
impedance is z° = C-jD, the phase
shift is ZL/(C-JD . zL). Thus if
ZL is resistive, the phase ehift
approaches a lead of erc tan D/C
as 2,+0; and 1f<2; = 9 >0, a phase lead up to 6+ erc tan p/c
may be obtained by taking ZL to be sufficiently emall.

8ince the gain of the transfar characteristic is
small, the effects of series irput impedance and load impedance
are neerly independent, and the total phaze shift with both
is epproximately equal to the sum of the phase ehifts which
would be caused by each separately. Thus for example if Z is
a large resistance, and ZL & large capacity, a total phase lag
of spproximately < Z, + (90° -<z°) may be obteined,
If series input impedance

Z and load impedance Z; ere connected
to a transfer characteristic B(p),

Fig. 19, it may be shown that the

B(p) |32,

&c—owm

resulting transfer characteristic is:

Mg, 19
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oz,
£ ] P » L ry
(1 v 543) - Alnp)?
1 L L -
)] 48 the ocutput impedance with the

- 2 show the effect of a load resistor
sfer charrcteristic, for the case of
» = 15 and 30,

Let the load on the phase-

‘ } o 1ng network at carrier frequency wy
gt | 4= ? be repleced by an equivalent resistor
! { R and condenser C in parallel, as in

! Fig, 22, The capacity C is included
! C): the source impedance Zg, if !
purely rcsistive, ia included in R

L procedure for dealing with the
cace where Zg is complex is indicated |

later,) The transfer characteristic is:

1.

("] b
£ “RT.Tp* « IRT « R(T + 5. i
B, RTT R x\l°¢a1+r1)]90xt¢R°0F.1 |
wher s ‘f‘_ Pl 1° Thus ths engls of phase lag through
r rk is:

c_‘[d(ﬂo - Rl)co ¢ Tl(Ro + R)]

) = arc tan —— R .
R+ R+ - B T

Let tan % = = k. Then the ga!n ie:

R
:(moTluo' B = Ro - R],)(l " kl)llz

where the + sign corresponds to §>90°, the = sign to @290°,
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&

iven

en the

r »exizam gain,

) ¢ k{1 + .»‘}io + n{b+cR)+k(R+n) = 0

/i{b® ¢ 1) ¢ EeR],

the following formulae

follovwing e deter=inz R , ‘L
c(l-kb)zR @ ¢ (m+ 1 cf
.1_ >

vhere b ‘of.ﬁ , ¢ (*'O, nme=(b*+1)
n = R/[{(b3 + 1) ¢ beR]

Tf &, R, C, € are give,
drtery k , Ry Jor - exified po

Yo 2 (1.xh )AL
( )R C ). )‘0
R, = LR

the vo

1

;
A =R [(i - 1)

o

-

11 cese J 1e

<

s ipcs B
syirce k.

is equivslent

paralleled by a

';-:’.4-

/L
/

o 8o
{

T, w?), ¥

37 L e

1x?) Y2 ok o1 S k)b ¢ Kk ¢ L - kb),

vith impedance
2 (T p+ 1)
positive or negetive) enpeclity Cys where

-RATﬁtv/‘il +

nt

-

4,

Q‘,‘p'l)i

R

ad
19

N

I3

7

v
-~

4

-k -(k+bla=0

g¢*R' = x ¢+ Jy. Then

+ Jv, 3t frecvency w,

with reslstunce R4,

2.2

- -

o

J

)y Ty R4C4, cr

e e AAAA -

Ry

C‘T 4
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Thus to compute the phase sairt, '4 miy be substituteq for 171

and ('1 nodified by the goqd iom of C,, Then 4} 2

P phase lag
with respact to El 18 6 - pre tan T‘lwo, end the gain ig
2,2311/2
g(l + T )<,

4. Numerica 1 len_for Phar Lag Networks

Consider the trangfer charscteristic

P S
%% ¢+ €T 4 1
The phaee lag @ of this ¢ &nufer characteristie at frequency
w, ie agno
# = arc tar i—:——,za‘-_-r .

Fig. 23 45 o Breph of the valyes of e

1 and Tmo for phage
lag engles # fron €ov to 170°, an

d Figure 24 44 & graph of
corresponding va..u. of gain et Yo 2% & functicn o!‘?'l - ‘7
The valye arc alro tabulated belew, in convenient form for
the design of Fhase laz n tworks,

— — --l___wf, The transfer characteristic
? é L c~‘ iR o £22 the tuo-section phase lag network
% T o7 f *1lth no load resistor, Fig, 25, ist

L e S

E
° - e 1--~—‘
R ¢ PRV
where Tl = Rlcl' "o - Boco’ Sl Rlco' The input impadance i
2
T, Top" + (T, + S *Tp e

The output impedsnce {with the input clwx-t-c.*.rcuitod) is
RTp+R « R
2 w2l [+)

°o TP+ ('ro + <sl . 'l'l’p +1 °
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If the condenssrs Co, C:L are epecified, the follexing formulae
glve the tvo zolutions for Ro’ Rl to realize any deoired Sand T3

Ere 1[G -1 - (¢ /o))
)
&3NS - 1 - (c /o2

° Co

Thess soluticns are tabtulated below, together with the impedences
z1 end 2, for several seta of valuesz for Co. cl.

If a load resistor R 1e edded to Fig. 25, as in section
3, the trensfer chargctaristic is:

E‘!... R/(R + R *F.l)
F.l T

[+
l'x'op’ﬂtnonooplj vTRT, * h(?ooslo"x?jp/(noaoml) + 1

Thus T £nd & becone T! end &'V, where 'I" - [R/(R+R°+H )]llz'l‘,
25070 » [RT) ¢ 28TRI/(RE R, I T and &V are calculated,
the new phase shift mey be deternmined from Fig. 23, and the new
goin 1o R/(R + R, ¢ Rl) tires the value corresponding to &' and
7' in Fig. 24, Or, Af ths output impecence Zo of the phace lag

network 1s &t hand, the chungs of prhase due to any load impedance
nmay be exsily caleuleted,
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g2l 3 lgr | glle | oowi glla jsal elle lor | g
0.05| .000135 | .00229 |.s0u| |.00018 sa | .aaql Looozes | .oorza | .177| |oozes |.osm l.025
0.1 | .000228| .00223 |.504| |.000a53 | . 0378 | .348] |.000700 | 00700 | .187] [.00265 |.0265 |.06
0.2 | .00c446| 00223 [.s1gf |.090¢a1 | .oom11 | (366! 101198 | .00599 | .218] |.002€5 | L0108 |.1
0.3 | .0004a8| .00216 |.532] |.003652 | .00v)r | .xaz| 001513 | .00z05 | .2ra| Loo2es |.00884].15
0.4 | 000829} .00°07 |.584] |.001175 1 00255 | 421 1.001720 | .00133 | 502 | 00265 |.00663|.2
0.5 | 090989/ .c0163 |.531] |.00i5C | 90270 | .462| |.001877 | 2075 | .5¢8| LOOR6S |.00£21} .25
0.6 | .0011z9| 00188 |.611] |.00149 | 00245 | =01| [.0o19as | .00051 | 295 00265 |.00442] .3
0.7 | .001251| .00179 |.643| (.COL610 | 30230 | .542 .002067 | .0029¢ | .4¢2] [.00265 |.20m79] .35
0.8 | .001857| 00170 |.677| |.001707 | J00212 | v 34| ['00122 | 100267 | 1490| Looz6k | -00m3z| . .
0.9 | -oo14s0| 20161 |.71x! |L001739 | Joo19s | L6z7] |.c02183 | 00213 | .538] |.000€s |.00295| .45
0.95| .001492] 00167 |.731 [.0082z | 20192 | .649] [.002208 | .002e2 | .5€3| [.oo26e |.00279] .a78
100° 1100 120° 1300
I |
.g-_ll._'r._[_ gy | g |f 1 ,'_.‘Z'LT Bl T T""ﬁ 1 4 T er £
0.05] .019¢77| .38124 |.0044 [.couvu” | 77594 | L0214 Lob1270]1.2274 | 00294 |.089108) 1,78209]. 000 57
0.1 | .010054| .1005¢ 013! 101966k | 119636 | 006 [ 060826 .rO886 | .00BT | 0s4670| " .44670| 0023
0.2 | .00fe75| .02938 |.014||.01007¢ | 08167 | .c2¢ | [01E760] .07da0 | .015 ||.022568] .1128¢].0090
0.3 | .0s¢5C| .01s:s |.085||.oormee | .ovaer | loe1 | [c1o8er; Lozelg | ios2 ||.n1s298| .05099).020
0.4 | .004068] 007 |.128 | [icokooc | (01500 | 1063 | Loosass| 02122 | .08 ||.0il728) .02982|.085
0.5 | 1008748| L007:0 |.174 | K00E2L2 [ 01062 | 1120 | LOOTLLE| 01422 | 031 |[0096SD) 01927 .0K3
0.6 | .003taa] .00tox |.221|.004711 | Loorss | 159 | [ootzea] 01069 | i121 |[008270| .01378].074
0.7 | .008:04] 00486 |.265 |].000269 | J0062¢ | 1200 Looreas| 00404 | 14% | [.co7az0| 01046, .097
0.8 | L0001 L00SLY |27 |[.000121 | (006 | .42 | LOOGIES | .00eAd | ATT | 1,00C626] 0,328) 123
0.9 | .008223| L0038 | 356 | (005984 | L0047 | .285 | l.oceass| .00s29 | .213 ||.006099) .00678}.153
0.95| .002169| .003% 39 | |.0038587 | 00406 : 77 | [.004716] 00496 | .23 -!.oosesz 00619} .16+
[} i I
140° s0° 1600 170°
[]

¢t 9 er | _”____ L s |2 gz cr | g 7 ¢T jlg__
0.05] .1268) 2.53001 od L1279 [5.6789 | .co01el 23804 |5.76020] 009079 |.€01e9 p2.0:4 Joooor9
0.1 | .06aos4 .€3¢3¢ 0013 | Lo9agéa! .9r5és| .00072) |.145800|1.45803| 00031 | |.300882] 3.0026d 000077
0.2 | .081823] .1£917| .04 | [0a£09¢| 23048 L0029 |[.072108| .sv0sz| (0017 |{.15047¢ .7t20d,00021
0.3 | .024405| ..07134.012 | Losoar7| .1cec! L0064 |[0esrae | recaz).002e ||locosd .3e4ed.00069
0.4 | .016z89 ~.04060| .021 | Lomwi7a| Lozelgl 011 ||0z6198| 39080 .00sc ||.075308 182270012
0.5 | .Clz178] .02¢34) .32 | Lotarz2| .avvsol .18 |[029045| .0f809| 0078 | lo6o2sdl 120569019
0.6 | .011167] .0le61|.0a6 | l.oiever| .02631| .o2e |[.onaz92| .0e049] .0102 ||-050782 .o0an31|.0027
0.7 | 009753 .01393| .061 | [.o1z6az| .01545| 03¢ |[0211én| lomyza| cuso |[oazler .celealanit
-0.8 | .008711| .01089|.078 ||.002069! .02509].024 |[.018%8¢| .02262!.020 ||037793 .0a724l0349
0.9 | .007914| .00879( .097 I .0i0é£3! .o120¢| .oes | Loreszol Lo13z¢|.025 |[.033¢38 .oa738[0082
0.95] .007e83| .00799| 107 | [-on0erz| owom o6 | boieTael Lo166a| .0z | fLosuagy .oas7[0069
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5 T ST | = |
958 LUCL495 | LCOIET | .78
.923| 001461 | ,00160 | .718
.816| 001372 | L0018 | €83 |
:707{ .CO1259 | ,00178 | .€45
77 001555 | 00190 | .654
.408| ,00084% | 00227 | . 55F
302] 000651 | 00216 | L532
) 100¢

¢ ar | x
L9531 07188 | 00334 | 391
L9131 005214 | L00352 | 371
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L7 | 002395 | .00480 | 272
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.408| .one025 | L0092 | 102
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- 140°
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g T ST | =)
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912 | 007325 00857 | .099
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O] 01082
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001798 | 00197 |
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. |egr A
003852 | 00404 |
L 00391T | 10429 ¢
L 0040¢ 0599 |
004345 | 00515
L004308 | 00233
05918 | .0Le50
.00 4] I 02441 i

Ib)'

b ST

80° 90.

: B S B s § £ T &1 £
L6511 002207 | L00231 |.564 | 1.002651.00278 | 477
A3 (002129 | 00240 |.545 | 1,00265(.00291 | .456
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az8 ‘r.". 44 | 00427 |.%0¢ | [.00265].07650 | .204
.39 ‘rx 22 505 |.259 |]1.002651.00830 {.151

120° 130°
- ’_,l B NN OV 8 g T ¢T 4
.308 |1004707 |.0049¢ |.233 | L0JEEL8 [.00615].165
-291 1,004 1€ | 00529 |.218 ||.026041 [.00662] .154
.249 |hoos12¢ |.o0623 | 183 |].006529 |.00800{ .127
3 1100ss50 | L0079 |.146 {l.007204 |.00027 .099
L1520 |b0ose0s | 01109 1,104 |].008534 |,01478] 069
096 (L00B34F | .020¢4 |.0f6 ||.011514 [,028201,039
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€, = 1.0, C = 1.0  60° 70
1 3 31 2 10" o s fn ~10° : 2 x10°
gt | medtiend ane® | zadt e nad|aae®  jegad®
v.05 | 2-292 | 0 | 2.293-11,327] ,r72-1,995 ‘3.ct 8.627-11.725] ,43541.174
. 0 | 4,584 | 1.968-41,32 1.150-41,529, - 241 | 1.8900-11.226) ,8E9-12,740
" 2,269 | 0229 | 2.296-21.3230 sog-1i.co0l3.062 | | 2.526- 11,324 .444-41.177
ot .0L15| 4.557 | 1,957-11,324) 1 1.934f 018 |7 1.900-11.321) ,866-12.257
H { ] 1
0.2 2,180 L0911 ! 2,254-11.%07 L6r -;_h'_\l,l .328 .}4‘1 | 3.425-11,234 497 711,196
i 0456 | 4,359 | 1.952-11.3 l1.171-01.508] 072 (6,676 | 1.921-11,308 ,905<12.218
9.3 2.058 <7040 | 2,205-11.257; -.-ri;.:.:'l 2,02 2364 | 3,209-11,240] ,=571-11.225
. .10201 4,136 | 1,552-11.302] 1,194 -11.0420 148 [€.044 | 1,954-11.290] _558-12,286
0.4 1,890 | L2603 | 2.144-31.26%) ,3-11.@1'2-'@"4 5117 | 3.005-11.192| ,675-11,260
: | L3305 3.779 | 1.910-11.239| 1. ©e11.90) +2% }5.348 | 2,08£-11.286]1,040-12.21K
0.5 P 1,683 | .5e14 | 2.078-11,288 ,se0-11,154)2.005 | (7908 | 2,785-11.159] ,787-11.342
X L0907 2.879 | 1.924-11.2 S0-11.844 97% {4,009 | 2.065-11,229]1,088-12,170
0.6 1,438 | 8843 | 2.007-11.209] ,6r.3-41,2241.9008 11,173 2.564-11,126| ,922 41,447
: 4422 | 2,87 |1..; 9-11.234| 1 .268-11.755 .587 [3.307 | 2.072-11.187|1,148 42,066
0.7 1.021 | 1,657 | 1.922-11.190|1.149-11.4221.313 [1.976 | 2.299-11.110|1,107 41,674
. 7637 | 2,043 1.992-11.100)1.231-41.FC% 1.98V [£.6256 | 2.181-11.1301.167 41,829
- _- L)
M2 | asg | 1.780 | 1.920-1 219201.194-11,49Y 1.144 | 2,733 | 2,232-11,118|1.143 41.755
£ -le, ¢ =10 83 90°
£ (TR | . T | 3 e 3 3 3
_g ol gae jrent Jenmoapolasge. | e
0.05 |7-748| .01 | 7.281-11.313] .235-11.284152.990 23 1r2,95 -11,163 .116-11.310
i .009314.60¢ | 1.206-11,320) ,€81-42,5 L117 |205,970 | . 133-41,225 . 117+12.81)
. '
0.5 €.965 | .07¢ 7.013-11,280 ,202-11.293P6,367 |  .266 |26.46 -1 .839].132-11.333
o 025 13,95 1.297-41.500| .486-12.5 .-;' L1835 152,754 | .266-11,321 .122-12,646
0.2 | 5608 .2t 6.024-11.192| ,348-11.315112.991 | .618 [13.09 -1 .762].302-11,3F7
: a2 f170e ' 1.412-11.202) ,£65-12.544| .707 [25.932 | .531-11.200| .302-12,622
o.3 | 4.821| (476 | 5,098-1l.111 ,460-11.247| 3.420 | .340 | 8.625-1 .683.400-11,389
i -229 [ 9.642 | 1.652-11.27¢| .66a-12.512] .£20 |16.839 | .798-11.267.400-12.589
0id 5,948 | ,767 | 4.344-11.0845,24-11,299 || 6.047 | 1.167 | £.325-1 ,£9¢|.522-11.443
3 282 [ 7.897 | 1.698-11.236 ,771-12.453] .534 [12.092 | 1.070-11,220] .F33-12,£2
o 2,202 | L,09€ | 3.722-11.90% .714-11,474) 4.529 | 1.5€2 | 4.382-1 .719|.666~11,52]
| .548 | 6,404 | 1.852-11.19: .svs-lz.zsj .731 | 9.058 | 1.355-11.167] .666~12.457
0.6 £.530 | 1,653 | 8.202-1 984 ,grs3-11,723) 5.379 | 2.083 | 2.830-1 .752].796~11.6%9
2 730 | 5.061 | 2.024-11.12Z .9es—12.?¢.j 1.942 | 6,757 | 1.686-11.074{.796-12.240
0.7 1,631 2,832 | 2,608-1 .9791,025~11,823 -,163 | 3.255 | 2.753-1 .845].929-11.896
g 1.006 | 3,368 | 2,340-11,0391.057 -12.ozo| 1.627 | 4.325 | 2.276-1 .928|.928-42.083
27Y2 | 1465 { 2,921 | 2.464-11.014 1.051-41.929] 1.876 | 5.751 | 2,501-1 .884{.93841.9%0




€, = 1.0, C = 1.0 100° 110°
5 w1 Rlxloa R x109 2z, x10° Z x10° k. x10°| R x10% 2z x10° z x10°
g 15 S48 I .L_T__u_ i [+
0.05 | 38L.06 .960 257.8+¢1 51,71 [.239-11,295[1774.97 1,94 |597.3 +1124.0].429-11.173
48 062,12 -.450-11.231.012-12.571 .97 [1549.94 «,958-11,325] .0035-12,342
0.1 |100.04 1.0L | 93.77 +17.872.259-11.293(1L95.67 1.93 |149.2+4120.64 |.401-11.177
* .51 {200.07 -e399-11.220.040- 12, FCL 99| 291.24 «.934-11,320}.019-12,236
0.2 28,78 | 1.20 ] 26.83 «11.767.339-1L 313 6£.62 2,11 | 238,16 +i7.36A}.527-11.209
: L0 | 57.86 - 256-11,299].121-12. 547} ~.06 | 111.72 -.778-11.237|.079-12.312
0.3 14,72 1,46 | 13.67 +1 .556[.40511.247) 23.4¢ 2.83 | 17.834 +12.981}.5634-11.227
¢ 73 | 29.44 JO0L104-11 263237 12,5120 1.16| 4€.93 «.690-11,261|.126-12.288
0.4 9.28 1.78 8.600-1 ,07&l.041-11.3599}} 153.78 2.63 9.868+1,398|.600-11.282
. .28 | 18.56 .294-11.208,444-12.455}| 1.32| 27.% -.478-11,203|.248-12.241
0.5 6.40 | 2,20 | 5.928-4 .19','1.69'}:'1.475 8.9 2,08 6.195+41 .599|.661-11.344
e 1.1 }12.80 631-11.1320.400= 12,3240 1,652 17.79 -.188-11,117{.366~12.171
0.6 4.52 | 2.73 4.206-1 ,297.75111,585{ £.00 2,70 | v.9424 ,081].722-11.448
B 1.39 9.04 1.059-11,024.6C1=42.27 | 1.358 | 12.02 Jd70-1 .765(.496-12,067
0.7 2.77 4.17 2.589-1 .651.828-11.837]| 3.re 5.%6 1.975-1 436 |.741~11,675
. 2.09 | 5.55 1.893-1 .808.871-12,022| 2.8 7.12 1.140-1 ,684|.681~11.841
2'1/2 2.401 | 4.802| 2.218-1 7263 411,930l .07 6.15 1.517-1 .566|.716~11.787
C, =1.0,C =1.0 120° 130°
1 3 - 3 3 3 3 % 3
é R,x10°| R x10°| 2,x10 2_x10 By x10 lnoxm 2,710 2,210
0.05 1225.86 | 3,07 Pl2.7¢1264.8 W75-41.0014775.80 | 4,45 D09.8+1438.9 |.650-1,782
- 1.54 Pa51.73 | -1.572-11.35F005712,006 2,22 |3559,73 | -2.224-11.325] .0003-11.559
0.1 |307.91| 3.10 R61.9+1 €5.5 £80-41.005 [l4c1.46 ¢,59 | 76,42%11082 | .654~1.785
: 1.55] 614.02 | -1.509-11,220{011-11.995 } 2,24 | 35,91 | -2.221-11,320 |DPO51~11,F56
0.2 77.19 3.22 | 37.41+115.77 [610<21,017 |110.54 4.61 {17.41+4126.01 {.659-1.797
2 1,61 |154.28 | -1.469-11.2950069-41.571 | 2.36( 221.07 |+2.206-11.299] .064~11.544
0.3 34,48 | 3.42 | 16.05%1 6.519{621-11.044 || 48,58 4,81 | 6.695+110.79| .661~1,818
e 1.71| 68.96 | -1,385-i1,201300-11.944 § Z,40{ 97.17 |-2.177-11.261].067-11.523
v 19.36 3.73 6.434+413,205661 11,084 || 26,75 £.14 2.829+15,363 | .666~1.850
y 1.86| 38.71 | -1,287-11.29d75-11.90¢ }| 2,57 | 53,50 |-2.130-11,200].127-11.491
0.5 12.34 |  4.17 4.304+11.5121F76-11,142 || 16,44 [ .960¢12,7¢7 | .666-1.89¢
* 2,03) 24,29 | -1,065-11,1090267-11.845 || 2.82] 32,89 |-2,083-11.104 | .202"11,.446
0.6 7.94 4.89 2,628+ ,684692-11.231 || 10.54 6.49 «.146¢11.255 | .649-1,965
. 2.44 | 15.89 | -.760-1 ,959386-11,757 || 3.24 | 21.07 |-1.917-1 .942].301-11.27¢
o7 | 459 6.90 JT44-1  20d457-11.42¢ || 5.97 | .98 |-1.137-1 .020].571-11.016
‘ 3.45| 9.18 L0019-1.5779476-11.565 || 4.49 | 11.94 |-1.522-1 ,494|.479-11.226
V2 3.951 7.90 .345-1 .41X0619-11.493 || f.1a | 10,27 {-1.351-1 .2791.528-11.171
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0.3

0.4

0.7
V3

7.36
154,76
7.67

82.56
7.94

19.58
8.50

3C.96
9.54

17.28
2.99
14.81

706.33

15.34
309.52

15.87
165.13

17.01
99.17

19.07
61.91

25.96
34.50

m‘62

-7.,230-11.. L

=118,3+1 22,52 | 412-

=7.507-11.263 p2u-
=64.76+111.89 [.297-1.17

=7.791-11.159 D45

-29.67+1 £.723.374-1.163
-8.,246-11 1*‘{ 1.30
-25.47+1 2,665.340~1.202]
- 9.054-1i ,921|112~1,286
=15.24+41 .4 1257—1.22
=11,77-3 .329197-1.25

-13.2044 .03G.227-1.2

1 )2

(3.3
LS

)5 . .72
9 6,00

)
. <

o] 106.17

7
. .2

. 1y

[=

- |
e 29.12

o< )52 .83

o U2l

A{-1€.10-11.320

i|-19.50-1 .919
1|-34.08+1 ,419

|-29.39-1 .010

.8+41196.3
-4,610-11,%2

41{-115.2+1 46.98
-4,658-11.299

-51,31+119.26
-4,743-11,26

-28.86+1 9.52
-4,873-11,19

=13,35+1 4,94
=f.093-11. 1

=12,29+1 2,29

-5.443-1 928

~T.945+1 ,27
~6.E67-1 .38

=7.(53=-1 .00

«572-1.339
.0035-1,667

«558-1,339
.029~1,662

+5571,353
.036~1.653

.540~1,366
.065-1,639

.513-1,385
.107-4.620

AT77-1,416
+174~1,592

$373-1.479
-291-1.526

»333-1,503

b x10°
[}

1202, 24163.3
=15.05-11.324

865.9+1268.8

=675,6+100.43
-15.32-11.29%

-300.6+124.69
-15.76-11.261

-162.5+112.14
-16.44-11.199

-97.78+16,231
=17.53-11.099

-61,27+12,904

-25.86-1 .334

.231-1.047
.0015-1.087

$227-1.047
.0029-1,086

«222-1,048
.0047-1.086

«216-1.049
.011-1,085

»208-1,050
+020~1.083

«195-1,083
.034-1.081

+175-1.056
.058-1,077

+131-1.064
«099-1.070

+115-1.067
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=10, C, = 0.5 60°
3 3 3 a3
i Il N 7 il
3.06 0 2,057-11.7¢5 | .768-11.338
0 | 9.17 | 2.187-11.5148}2.301-13,981
3.03 .034 | 5.048-11.762 | .785-11.3%
011 | 9.09 | 2.189-11.514002.309-13.970
2.93 Q4| 3.008-11.744 | .960-11.369 4
045 | 8,73 | 2.197-11.512%2,340-13.938
2.73 .30 | 2.929-41.715 | .964-21.418
.10 | 8.3¢ | 2.202-11.511¢)2,589-13.284
2.58 3 | 2.857-11.620 {1.101-11.4935.
A8 | 7.75 | 2.216-11.£0952.454-13,800
2.46 83 | 2,766-11,642 |1.296~11,603)2
.28 | 7.09 | 2.226-11.£037{2.513-13,704
2,0 | 1.20 | 2.667-11.¢02 |1.518-11.785¢)2
.40 | 6.31 | 2.245-11,4097]2.554-17, 548
1.90 | 1.74 | 2.560-13.761 {1.798-11.974)2
.58 | 5.42 | 2.267-11.493¢>.582-43,52
1.26 | 2.72 | 2.424-11.815 [2.194-2.389h
91 | 4.03 | 2.320-11.402d2,504-42.922
1572102 | 5.5 | 2.367-11.80 12.572-42.650
C,= 1.0, C, = 0.5 80*
Rlxlo:’ R x10°) % xo® Z x10°
) [0
9.23 222 | 9.es1-11.,7511 .321-1 .msfpo.
0092 29.49 | 1.104-11.351¢ .921-15.142} .
9,30 Al | 9.282-11.709 .:*16-11.'5’95""
.035 | 27.89 1.136+41,3543 .972—1;‘.1*]
7. 8¢ .36 8,022-23.525 | .510-11765f
.12 23.60 1.241-11,35241.127-1F,
6,51 .71 6.797-11.479 | .767-11 fze 1.2
.2¢ | 19,52 1.376~12.2479 Loas-15.02
5.40 1,12 5.79:-11.235 | 1.018-11 937
27 | 16.20 1.523-11, 4334 1.658-14 922
4,48 1.56 4.987~11.22: 11,269 ~12, 070
52 | 13,44 1.686741.32¢41.749 14, 7386
.70 2.13 4,311711.,277 |L56 42265
J1 | 1 1.864-11,5074 1, %65-14.592
2,98 2.86 3.829011,242 1L.ED ~12,546
.9F 8.94 2.274~11,28172.157-44,311
2,14 4,27 3.019-11,226 | 220843, 088
22ji .42 6.41 2.461~11,247712 AL 722
1.5 " 1.75 5.2¢ 2.,725-11,234 |2,303-13431

811-42

70°
3 3 3
‘;"ofl_f Z,x10 . X10
.034 | 4,842-11,770 | .591-11.570
14.49 | 1.863-11.4277| 1,721-14.679
L0854 | 4.782-11,752 | ,60511.575
14.27 | 1.870-11.4264] 1,732-14.675
22 |4.581-11.713 .713-11,.611
15,42 |.1,905-11.4252 1,809-14.638
.44 14,201-11.652 | ,858+11.669
12.24 | 1.961+1),4247} 1,923~14,576
L | 4,005211,587 | 1,05513.741
10.97 | 2.115«11,420) 2,082-14,433
1.13 | 2.711-11.535 1 1.282-11.886
9.07 | 2.09t"i1.4122] 2,187+14.359
1.60 |5.427-11.482 | 1.543-12.064
8.36 |2.181-11.4029 2,307-14.181
2.23 | %.124-11,474 | 1.836~12.316
6.97 | 2.285-11.3920 2,419-13.925
4.01 | 2.686-11.393 | 2.557=12.537
.11 | 2.4836-11.3807 2,711~13.843
4,22 |2.618-11,381 | 2,691~12.124
30°
3 3 >
R 0" |2,x10 2,0
40 70.56-11.773 26641.775
|212.00 -.0995=11,326| .260-15,298
40 |3E.28-1 .8“7 .26641,782
105,60 »200-11,22! .259-15.292
91 (17,4671 .978 -£96-11,829
£2.29 ,400-11,315 | .590~15.244
1.26 |11.51-1 .904 .804-11.893
24,11 .£02-11,304 | .810-1£,180
1.71 | 8.451-4 .998 {1.066-11.996
24.81 .825-11,286 |1.066-15.077
2.24 6.554=1 ,922 11,335~12,140
19.00 1.056-11,260 |1.342-14,933
2.85 | 5.224-1 .936 |1.593-12,337
14,83 1.318+11,228 |1.594-14.735
3.68 4.162-1 .962 |1,859742.628
11.48 1.640+11,183 11.863-14.448
;; gz s.ois):-il.ozl 2.51-13.%
2.2 g 1.105 . 213.
6-50 2-598"11-061 gc111‘13q558




: ] - »
¢, = 1.0, C = 0.5 100
2 3 2 3 3
o Rx0°| Rxa0"| 2x0"  poad® _!_.
0.05 |608.24]  1.43/477.24152.61 | .623-117TI9%03
: .48|1624.72| -.484-11.,30d .024-15.145 .9
0.1 [133,§ J51[125.141 10,54 { .668-41.723 261,
.50] 400.64f -.416-11.32Y .061-i5332f .79
0.2 38.57|  1.80] 35.77%% 2,254 .834-11.768 £7.6
g 60 116.72] -.288~11.308 ,248-15.093 1.05
0.5 19.88 2,16] 18,27*1 .77FL024-41.2360 ©L.¢9
‘ 2] 59.64] - 1d6~11.287) .462-15.026 ..
b4 12,69  2.61) 11.54#1 .1:11.223-11.936{12.72
2 .37 38,070  .089-i1.258 .711-14.926f 1.t
0.5 #.95| 3.18] 8.037-1 .194'h457-12.o7o 4
A 1.05| 26.88]  .326~11.219 .973-14,785
0.6 6.61] 3.8l 5.866-1 .4041.72112.266| R.T
: 1.270 19.84]  .699-i1.125L258-14.506 1.6
0.9 3,91  4.71] 4.300-5 .E741.358-12.547{ 6.
o 1.57| 14.73]  .987-il.097|L646-14,%.5] .02
0.8 3,30 6.6 2.778-1 .77 2018-1%.088) 4.
< 2.20 9.91] 1.683-1 .9631.896-12,773} 1.7
L1534 2 6al  a.08| 2.170-1 .8741998-13.426}
€, = 1.0, C, =0.6 120°
2 3 3 3 3 i,
&2 | pxo® g x0° | 2,10 Ezozao | BN
0.05 |1636.00  4.60{817,34353,6 [1.551 qz3z2gmre.
* 1.53]4905,0011,529-11.325 ,0022A40,%0
0.1 409.87 4.,64]203.7+1687.74 15404340 £92,0¢
: 1.55|1229.6001 ,520-11.321 | 02512972} 2
. 0.2 103.47| 4.80| 50,21+121.24 [[.674 41,70 ¢2.1¢
‘ 1.60] 310.40}1.485-11.506 |.090439% 1 .2°
0.3 46.57|  5.06| 21,75*1 8.91201.622-iLe2al £5.61
i.69] 139.70] -1.426-11.230 .203-13_?,9:‘. 2.3
o 26.48|  5.45| 11.64+1 4.7271. 687501 760
* 1.82] 79.43] -1.339-11.241 ,z56~43.3130 2.5
_ 16.98] 5.96 6.899*12.465;.74141.608‘2:.“&
. 1.99| 50.96] -1,218~11.18% ,57343.706) 2.1
0.6 11.62)  €.68] a.183+11.2300L79041756 |15.4:
d 2.,23| 34,880 -1.049-11.100| 7€6-43.557 2.9¢
o a8.14| 7.73] 2.421%1 ,505{1.802-0.9¢8 [110.56
. 2.58] 2€.43] -.794-1 .984|LOLL-43.47 || .28
8 5.18 | 10.37| .793-1 .228[L7O-12.9L || 6.62]
0. 3.46| 15.55] .230-1 .717]1.42842923 || 4.42
1.671/2 | e8| 125 .ei2- £07]L 604-12.,65¢]| 5.5
]

1

3, 3 3
10 | x10 ___.i Z x10 :
2.92 | 790.0 +1164.6 |1.148441.566
0.84 | -.959-11.325 | .0076-14.683
2.96 | 227.2+141.9% 11,163 41,578
13,68 i ~.942-1 1,321 ,040-14.67¢
3.14 1.06¢%  9.9%61,235-11,609
N3, R4 -.874-1 1.307 ,[133-44,637
3.45 | 23,2941 4,069 1.352-41.671
95,07 | -, 871 1.282 29514878

. 3.85 3,35+1 1,978 1,480-11,762
£6.15 ~.618-1 1,246 484-14.484
4,56 | B.557+1 .962/1.611-11.888
37.32 ~.427-1 1.197 .706-14.3567
£.05 5.74041 342 1.394-12,063
26.35 -.180-1 1.130 .9€7-14,182
6.05 3.814vi  .08r L.853-12,318
18.91 L169+1 1.0%7 1,27%~13.928
8.24 2,065~1 510 1.887-12.811
2.36 LB75-1  (B31 1.663-13.436
0,01 | 1.40L-1 ,685 1.813-13.127
L ]

3 a 2
L x10 x10 2 x10"
o _ .. PR
6.68 2.144684,5  1.735-11,045
)1.68 2,253-11,325 | ,0042-13.11"
6.72 1.3¢1144.9 742-11,051

730.08 2,272-11,321  .013-$s.111
6.88 3,64+4435.02  1.752-11,075

444,48 2,211-11,306 ,061-13.087
7.13 9.360¢116.48 1.760-11.116
)L.83 2.192-4 1.279 ,144-13,047
7.5 4.27¢+4 T7.572 1,771-11.177

109,76 2.,161~1 1.233 ,2%6-12.986
8,08 87241 4,191 1,777¢11,.262
69.00 | -2,116~1 1.179| .397-12.902
8.86 L5404 2,317/1,758-11,378
46,26  (2.048-1 1.062 .573-12,785
10.15 -.37341 1,084 1,714~11,548
31.69 1.936+4 .94j +816-12,617
13,26 1.16244 019 1.540=11,.874
19.87 | -1.672-1 .&jx.m-u.m
5.99 1.452-4 .351 1.387-12.082

811-42A




Cl ~1l.0, ¢ Jo& 140

=13,21~4

om' 051426 (35 54 50,72

A £
g% | Rxao® g 0? z,x10° 2,219° (| p ;09 RX10" | 2, x10% z x10°
———— o r———— . - i ~ ———— < ~
0.05 (3870.17, g . =588,0¢1827 . 4 L 7a2 1743;39 53 14 00 1-2449.8+ 11020, ¢ -564-4,454
* 3.17 10110 5~ =2.9621 308 .cnamz.log_j 1.57 14689, ¢ =4.597+4 1,25 -00374+1]; 33
0.1 | 841.27 9+54 ~160.041215,, L741-1.72 #.2'1. 13,85 .61z 144262,3 «528+1.4¢)
' .18/ 2523,820 3 -08141 274 012423851 3064, €5 =1-606-11,321 [ (0099447 .+
0.2 [28.9) 570 a5 6reys0 n *1."4—4.762”.0‘.9.5, o001 18860 6557 f a0l
‘ 3.23 | 626,98 =3.175-41.304 oan-12 3] 907.82] . 4.641-11,304 +025+11,3;
0.3 91.80 9.97) -18.25%420. 9% LNpd, '790” 25 14,40 ~68.47+126,54 «476+1 484
* .32 | 275,38 =3.194~41, 27 .O‘L-iZ.L‘? 4.30| 397.0¢ ~4.704-11,273 «073+41 .30
0.4 50,66 10,42/ .13, 18+10, 71,1':!)4-1 72,611 14,93 =38.61+113, 43 +46541,510
¢ 47 | 151,95 =3.21941, ?”h. L8Tui2, 4 'ﬂ" 217.82 =4.8034i1,235 132441, 24
0.5 7l.46 | 11,05 ~7.8594¢, 7716724 892 4.77 | 18,90 =24.714) 7,620 «417.1,545
o .68 93.39| -3,260.1. j~r~ 22000 ¢ 3| 1330 ) 95941.173 | .204-41, 24,
0.6 20,82 11,97 .4, 02947, '-44'1616-1 974 294 v,‘ 16, 921 ~17.02+1 4,70, 36041, 597
¢ 99 | 62.47| .. 311-“.099 -4-54~il-96- §.04| gg, 821  -5,1404) 077 | .320.81,1¢03
0.7 14,07 | 13,52 ~4.897 411 facl), 52741, 09!'19.4'»:; 18.92 | -10.94¢ ;, S50 |L,251 41, 66¢
. 481 | 42,20 _3l2gsy 922 'l 622-11.844 ("7 | 59.0¢ | -5.526.1" 1989 464441,12
I
0.8 2.71 | 17.42 -3.955+4 <974 L.312.4] g 12.07 | 24,1 | -8,385% .4zs 1.0374 807
‘ .81 | 26,16 | 35845 RLONTR il-dsl 8.05| 363 | 6,377 | +731-1,98¢
© 1.8 1/2‘ 20.98. ~3.763-4 ’*"',1 K74 L1470/ | 9.67 J 29,02 | ~7.193-4 .10 .886-1.895
. J. =10, Co = 0.5 160° 170
e | R x10% g x0° ] _x10° R x10°| p  x19° | zx0° 'leo
i . 0, S \_
0.05 {7672.86 -<e42.5+11‘42 97 Lu6. . g, 160M4 | 45, 53] -14941 +41332,1 1, 613-3, 065
i 7.21123021, 58 ~7.206~11 325 DW4.606 5 | 1- 9 ...1-1< 09-11.22¢ . 00861, 175
0.1 (1986720 21,96/ 1 4a5 211 308.¢/ L1654 228ff500, -26| 4410 849,441 366,59/ . 608~1.067
. 7.32] 5810.16 “7.81~11,32) Ned 7 X 14 7olL19as ;I_ej -15,10-11, 321; -0090-1,173
0.2 |473.38] 21,98 s, 0% 74.29/11734, 70 737.89 | 48,84 _c 29, 4181.90 | .596.1,069
g 7.33| 1420.14 ~7.397-11, 304 Q241 £ " s, .>e' 2963.64] <1, 27-11.306 +0095-4,172
0.3 '209.00 22.72 -159, 1+ 31,19 Lllig 238 s‘) 4 , 46,80 -405.5434, 27 -584-1,071
4 T.57] 627, ~7.425-11 . 274 Oudeq 11= lo 1291.24f .15, 57-11.273 .022-1.170
0.4 112,93 23 ~87.77+115, 921 10814251 ) 34 93 48, 23 ’-421 8417, S1 | .567+1.074
. 74| 338,78/.7, 623~41, 2z, 0Be1h19 1), o 704 160411, ons -040-1,167
0.5 | 69.34| 24 .33 5¢.17+5 g_an¢ -1.368 14;.94 52,81 '-136 34 9, 724]-543-1-’-‘79
% 208.02 ~7.857-11.172f a34-1 5% llf.n 431.80 | <16,74~37 17 065-1.1¢2
| 45.30| 26,04 ~36.35¢1 4,972 WA2P 93 78| 53,91 =89.16tiF, 44 -610-1.,084
- 195:92 -8.366-11 074 ap s [|17:97 | 28134 | 1380t 072 .1%4.):7
0.7 30.53 | 29,3 ~25.23¢4 2,533 B0 162,04 | 59.81 -%9.50«42 73 [~ 4614, o8
, 9:78 91,89 ~9.252-4 908 30452 11504 186,71 | . 19,6841 , +150-1,248
0.8 |18.38| 3.9 ~15.82¢1 ,gxy TEAZ3 37.79 | 75,88 =36.51+1 , «367~1,119
12,2 55.15) 13,134 479 .496-1.48; 127.20 [ 113,38 ~24.64-1 .44 0247+ ,121

'29-4')-1 <013 .308-1.190
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6 = 0.5, C =10 &0
-2 3 .3 'y o
LX) R0 Za0 | B0
{
0.05 (%05 | 0 | 3.057-11.764 .765-11,524
. 0 | .5 | 4.072-11.9871.149-11, 982
o 1202 | osa | 2.0a8-11.7¢9 786-11.332
* .023 | 4.53 3.05) -11.97',1 L164-11.985
0.2 1288 | .14 | 3.005-11.744 .846-11.546
2 | "9z ] 4u32 | 3.020-11.951|1204-11.967
o |2:67 | .21 | 2.95011.715] .936-41,572
3 | %21 | 401 | 2.965-11.907|1.2611.943
0.4 | 238 | .58 | 2.36a-n1erL072-41 .42
4 | "ag | 3.56 | 2.297-11.345|1339-11.592
o5 | 198 | 99 | 2.731-11,66111202-41.492
5 |7 6s | 2.97 | 2.813-11.7680.424-11,824
373126 | 1.90 2.79-11,672L428-11.652
C, = 0.5, € =10 80
-2 nlno‘"’ r x10°] 2z x10® z x10°
o i, o o
0.0 [9+82. | 028 | g.8a-11.751) s21-11.me
05 [""01e 114,73 | 2.947-12.448] .470-12.570
o |96 | 1 | 9.ms2-11.709 .374-11.722
L 17071 |13.39 | 2.985-12.295] .s21-12.568
o2 1774 | o7 | 8.052-11.590 .539-41.741
2 |"'2e |11.61 | 3.209-12.312) .684-12.547
o (626 | .74 | 6.797-11.490 .758-11.779
3 1749 | 9.38 | 3.410-12.162] .8e?-12.509
o |97 | 121 | s.788-11.027] Loo7-11.8
4 [ay | 7045 | 2.579-11.930]1.108-12.45
os |87 | 127 | 4.940-41.395( 1. 247-12,92
5 11225 | 5.63 | 3.752-11,768|1.326-12.35
3V 227 | 3.40 | 4.1225-11.49¢1.479-12.1

31
.

R, x10
*- -

R.x10°

.

70.42
ey

“0*
LA 3 3
Ll
024 | 4.841-31.767 .568-11.563
7.24 I:;.m-z.z.u. 0866~12,341
054 | 1,762-11,752 .602-11,569
7.1 5.515-12,150 ,881-12.335
.22 4.561=11,71% ,702-11.587
6.60 L501-12.094] .961-12,316
.46 4,308-11,5 .841-11,617
5.823 2,474=12.00G 1.087-12.286
32 4,010~51.599 1,019-11,650
5,04 1.451-31.9o7|1.232_12.203
1.2F 3,71E-41,.570 1.235-11.7566
4.05 2,335-11,768 1,377~12.146
2,53 2,425=1),608 1,458011.921
|
‘)O

R xlO: 2,x10 o Z xl()3

o ! s | ) ——

|

L5611 70.39-12.477 | J371-11,773
135.64 2399-12.649 | ,378-12.648

.40 1 38,23-1 .887 | .205-11.778
62,60 «791+22.615] 2(8-12.646

87 17.47-1 (958 | ,561-11,797
25.73 | 1.544-12,456| .561-12.624
1.29 | 11.49-i ,93) | .797-11.832
16.39| 2.249~12.31%] .797-12.588
1.85 8.288~1.97F |1.062-11.890
11.41 | 2.893-12,074/1.067~12,531
2.66 6.362-11,063]..330~11,991
7.56 3.536- 11,763 1.327-12,430
4.59 L.530+2,210

4.596—11.324
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cl = 0,5, c° =1.0 00° 10°
-1 3 3 3 3 3 3 10%
noxlo Z,x10 2 x10 R;x107| R x10"} Z,x10 Z x
0.05 1,43 K77.2+142.61 [.620-11.717{R032.64 | 2.92 | 797.0+3164.6 |L.147-11.565
e 761 .65 -.682-12.647|.466 42.571)l 1.95 }L£48.96 | -1.907-12.648| .86T-12,342
0.1 1.52 |L25.0+110.45 [.472-11.72%( 260.23| 2.97 | 193.9+140.86 [1.170-11.569
* 199,56 -.728-12,631),5:0-42,56€{ 1,98 | 390,85 | -1.837-12,631| .834-~12.3%8
o2 1.82 | 25,72+12.300 {,833-11.742{] 60L.76) 3.2 50,63419,662 |1.248-11.587
. £6.94 | -.196-12.877.093-12.647]] 2.13 [L00.14 ~1.548-12,568 | .979~12,320
0.3 2.25 |18.1341 ,667 }.035-41.77¢]| 30.45| 3.59 22.80+13.776 |1.371-11.620
. 28.65 .539-12,59¢].906-12. 518 2.29] 45.47 -1.054-12.424 [1.125~12,287
0l 2.84 |11.27-1 .025 [L257-11.83¢[; 17.z1] 4.13 12.63+11.588 [1.510-11.672
: 17.50 | 1.422-12,147] 1.14542.488] 2.79| 2t.82 -.14-12,183 [1.307-12.236
Ot 3.75 7.293-i .434LsT5-31.9%¢] 10.42| s.21 7.41044 .356 [1.661-11.759
s 1.25 | 2.501-11.70:146-12,8591 2.47| 1£.65 .811-11,768 11.518-12.151
3~1/2 671 | 4.z6-l10fL6:042.14e]  5.55] .52 3.236-1 342 [1.73€-11.953
¢ 1.0 120° 130°
-1 3 ) PR % 3 3 3
R x10 zi-..m _oq.o R0 R x10° | 2,x10 _{2,x10
ol6 4.0 815,54352.5 ILEraA L8, h071,66 6,691 410.1482.9 1.741-31.044
. 2450.19 na.osz-iz...-‘},.la)-n.w 4.46 | 3557.49 ) -4.448-12.648 [1,307-11.561
0.1 4.66] 202,341 87.17.544<4L.23% f§ £51.10 6.75| 99.85+1143,7 [1.747~11.047
° 612.46] <5.01612.67 ‘p:ﬁi)ﬂ.%s 4,00 | 8%6.65) -4.,437-42.632 [1.318-11.559
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* 15.88 -15.82-16,607 7324,02] -23.03-16.606 | 4.61(-1.689
0.1 |1039.49 | 19.29|-204,1+1259.0 | £.449-L.587 ~766,2+41318.4 | 4.786+1.581
y 16,08 |1247.29] -15.88-16.205 5.209-11J14 -23,21-16.528 | 4.603-1.688
0.2 | 248.28 | 20.41| -53.004155.22)5.475-1.9% ~191.1+166.55 | 4.876-1.587
. 17.01 | 297.93] -16.08-16.166 -24.01-16.177 | 4.709-1.683
o3 99.78 ~27.76+113.18| 5 . 506-1.963 -63.77+122.28 4.795-1.597
. 19.13 ~16.45-15.305{ 5.2367=1 1067 ~25.70-15.333] 4.668-1.672
D 40,60 ~18.76412.259| 5527 -41.27+32.736] 4.786~1.624
i 27.07 | 48.72| -17.28-12.210]5.492-4L. 014 -31.60-12.211] 4.747-1.646
6V aas 39.02| -17.83-%,021 |5.520-11.0%6 ~35.51-1,166 | 4.765-1.635
C, = 0.2, C, 160° 170°
-1 5 3 3 ‘, 3 | 3
Ryx107 R X107} Z,x10 R 7,x10 2 710
0.05 |9565:19 ~7289,9+11540.742.5 90,80 -18743,5+11684.8| 1.892 4..083
Q 36.14 [L1478.23] -36,12-16.60¢ 27977.20] =75.49-16.606] 1.820~1.114
0.1 |2393.03| 44.42{-1843,5+1573.8 |=.%2-4,290 497,82 -4674,51417,7 | 1.874-1,101
. 37.02 | z871.64) -26.76-46.52¢)3.414 4.34 £925.78]  ~76.35-16.529] 1.800-1,114
0.2 | 562.36| 46.23| -438,4+180.26 [12.582 429901173, 66 -1108.9%37.73 | 1.886-1,102
¢ 38,53 | 674.83| -39.69-46.59: 1103.29| -81.20-16,177{1.820-1.113
0.3 | 27,171 £2.26] -181.2+125,25 §.74 4.4 | 4L7.83 -445,6+127,31 |1,879-1.103
. 43.55 | 272.60] -41.83-15.349||3.4774.229] 37.70 -89,12-15.357] 1.828~1.112
0.4 90,50 | 72.40| -77.33+12.999|l3.560.1.56 | 128.27] -182,5+13,254 |1,863-1,104
60.23 | 108.60| -55.57-12.211}3.522-4,727] 125,52 -122,2-12.210 |1.848-1.109
6°V2 13,2 87.93| -65.92-1.070 Y3.504-+1.523] 150,63 -147.0-1.017 |1.814-1.105
811-44A
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‘:1 » 1.C, o = Se~ it bll-44B
-1 3 2 3 3 i 3 a 3 3

Ryx10” | R x10 ' ﬁx 0 B 2.x10 R X107} Z,x10 z x10
0.05 |417 0 | 4.169~12.407| 104611610 .15 |6.606=12.417 ,911-12.175
: 0 |45.87 | 2.291-11.635| 11.511«i19 72.45 |1.752+i1.477| 8.627-123.384
0.1 4.15 .126| 4.156~12.402] 1.1568=11,857]{6.49 «20 16.521=12.390 .956+12.189
* <011 |45.47 | 2.297«11.640)11.538+119,841 71.40 |1.760+11.478| 8.653+123.366
0.2 4.01 .50 | 4.097-12.377| 1.499=12.010 .81 [6.247¢12.337 | 1,509+12.384
s L045 |44.10 | 2.314-11.647]1L 707114 631 67.39 [1.798¢11.484 | 9.058-123.179
0.8 3.83 1,10 | 4.007~12.338] 2.042¢12.269 1.58 |5.868¢12.250 | 2.205+12.658
s 10 |42.10 | 2.336~11.655/1L.951=113422 61.82 [1.862411.497 | 9.546~122.883
ke 3.59 1.89 | 3.693~12.288] 2.76012.630 2.68 {5.459=12.159 | 3,181+12,099
. A7 [39.51 | 2.370-11.668]12.232119,053 55,92 |2.041«11.567 | 10.196+122,.442
0.5 3.33 2.96 | 3.768-12.236) *,691ei3,159 4.01 [5.059w12,085 | 4.32712.706
. 21 |36.64 | 2.407-11.68212,5744014 550 49.99 12.02541.523 | 10.892#421.836
0.6 3.04 4,18 | 3.629-12.155] 4.74013.815 5.56 [4.670212.005 | 5,60314,502
- .38 |33.42 | 2.458+11.693012,861.117.874 44,24 [2.129%11.539 | 11.659«121.045
0.7 2.73 5.77 | 3.420+12,.115] 6.028+14,723|} 7.38 |4.293«11.928 | 6.991+15.540
P .52 130,03 | 2.515~11.722|17 066+11A.983 33,62 |2.252+11.559 | 12.250-120.000
0.8 2.38 7.77 | 3.322+12.046] 7.509-15,939 9469 [3.917#11.852 | 8.544-16.563
. 1 |26.23 | 2.591-11.7E51{1% 203118775 32,91 |2.409-11.535 | 12,773+118,564
0.9 1.95 |10.78 | 3.127~11.964] 9.43717.95512.41 | 13.34 |3.486+11.771 | 10.505+19.265
. .98  [21.42 | 2.710-i1.797[12.830114828]{L.21 | 26.46 |2.637w11.621 | 13.026+116,282
0.95 1,55 14.36 | 2.952+11.893(11.126=110071}|L.39 17.57 13.124-.11.704 | 11,.957=111.862
. 1.31 17.04 | 2.877+11.871}12.044=111.616 20,83 12.914~11.667 | 12.644113,673
10 Y21 45 is.68 2.893+11.87112.041=10239}1L.74 | 19.16 {3.016-11.685 | 12.302+112.747
€, =10, C =0. g0 90°
-1 Ryx10°| R x10% 2,x10° 2 x10° Rx10°| R x10%| z,x10° Izo:d.o3
o.05 | 1341 210 | 13.42-12.3€8] .503-12.368 § 96,29) 1.32] 96.26-12.177 ||1.198-12.440
. .0093 [147.50 | .955-11.366 {4.621-12F,T10 .16/1060.3 L073-11,.32(]1.597~-126.49
~r 12,69 39 | 12.75-12.328] .767-12.403 || 48.05| 1.46] 48.11-11.204 ||1.324-12.478
) .035/139.61 | .982-11.268 |4.862-125661 .13] 528.54 <147-11.327|1.296-126.46
0.2 10.77 | 1.33 | 10.95-12.163\L618-12.598 || 23.87| 3.45] 23.78-11.406 ||3.096-42.724
* .12 |118.47 | 1.06211.3765610 425,466 W31} 262.55]  .294-11.324)13,060-126.21
0.3 8.97 | 2.57 | 9.269%12.0112.726 42.933 || 15.¢6] 4.55| 15.69-11.z24 ||4.030-13.032
. 23| 98.63 | 1.181-11.32336.604-125129 1| 172,25]  .448-11.324]3.994~125.90
03 7.51 | 4.04 | 7.902-11.894]4002-13,430 || 11.49] 6.16] 11.54-11.218 ||5.338-13.531
: .37 | 82,56 | 1.8508-11.389|7.769-124.636 .56] 126.44] .610-11.321!15.340-125.41
0.5 6.31 | 5.54 | 6.809%1.787| 5.228-14062 |I8.93] 7.97| 8.976-11.226{6.702-14.221

.50 | 69.46 | 1.454-11.399]|8.727-123993 I .72} 938.23| . .782-11.316}|6.659+124.71
0% 5.35 | 7.39 | 5.905-11.713) 6£65-44.98 H7.14] 9.87] 7.213-11. «972-15,104
' 67 | 58,81 | 1.611-11.407| 9847-123012 | .90] 78.52] .975-11.312)|7.994-123.83
0.7 4,50 9.45 5,137-11.644|8.0683=16,079 [5.78] 12.20] 5.864-11.226{}9.302-16.292
J .86 | 49.55 | 1.796-11.438 10.22.24121.% 1-2 63-3 1-128-11-50 -235:'1,2;524

3.76 | 12.20 | 4,428-11,537{9,662-17.681 }4. 15, 4,74-11,234 g
0.8 1.11 | 41.20 2.021-11.435 191.894-120.:82 1.38] 51.22] 1.477-11,296{104654.21.35

2,94 | 16.29 | 3.694-41.532|11.350 410.176 {|3.57] 19.78] 3.671-11.244jl1, 97-110.50
0.9 1.48 | 52.31 | 2036811446 |12.692017,883111.80|  39.22} 1.909-11.2683 97-119 4
0.95 | F:83 | 228 Sz}éﬁiﬂzﬁbiﬁ%’qi‘é%,ﬂn 85:58) 2:41%-13.%88 §§ gg
1. 1‘*/ 2,10 ! 23.15 2.944-11.480112. 688-11 2.53] 27.82] 2.650+11.26 =114,

.
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_, .1 oe 81.-44C
1 3 3l 03 1. 5 3 3 3
Ryx10%| R x10%( 2,x10 = | “_“E. Ry R x107 Z,x10 2,x10
0.05 | 693.24 5.20]| 651.2+158.64 [1166-i2,257 [409.83| 10.70 L077.6+1224.6 | 7.803-12.152
s .47 |7625.60] -.458-11,32 .022425.71 .97{15508.10 | -.961=31,325 | +040-123.42
0.1 |1€2.30 5.54]170.5+114.36 |4.44742.405 {1356,58] 10.80 | 272.1+456.31 | 7.848-12.196
* «50 12005.30] -.430~il1,322 .&38-125.66 .98 3922.40 | -,949::41,328 | .123-123.37
0.2 | 52.82 6.59] 48.79+13.225267-42.604 §| 92.90 10.95| 71.11¢ila.52 8.240-12,351
¢ . 581.01| -.337-11,314) L065~125.47 .95{1022.20 | -,899-11,312 | .251-123.20
0.3 | 27.38 7.82) 24.57*11.109|620342.924 | 43.64| 12.54| 31.88+15.635 8.838-12.681
* J71 | 301.18] -.214-11.302 2.279-425.14 | 1.14| 480.06| -.822-11.296 | 1.483-122.89
0.4 | 17.64 9.28| 15.81+41,261 7.267«1:.421 26,02 13.84| 18,42+12.82% 9.467-13.122
g .35 | 194.02] -.071-11.288{2.68420.65] 1,26] 226,16 | -.721~11.274 | 2.446~122.45
0.5 | 12.62 11.17| 11.08-i,176 .2,4-14.081 17.54] 15.44| 11.95+411,47110,12-12,717
* 1.02 | 1ze.83] .092-11.270{4.923-422.99] 1.40| 19z.96| -.596-11.247 | 3.492-121.85
0.6 9.55 13.20| 8.204-1.445)9.471-14.956 § 12.68] 17.48| 8.215¢1.677]10.83-14.511
‘ 1.20 | 105.00] .281-11.250[6.265422.22§ 1.59] 139.52| -.443-141.213 | 4.812-121.06
0.7 7.42 15.58] 6.231-1.624]10.4645.093 | 9.52] 20,02| 5.789+1.161}11.47-15.556
. 1.42 81,62 .503-11.224|7.68742L.93) 1.82] 104,78| -.251-11.169 | 6.210-120,02
0.8 5,80 18.85| 4.690~1.776{11.4947.684 § 7.23f 23,47 4.022-1.217|12.01-16.995
. 1.1 €3.75]  .799-41.190| 9.209-120.390 =2.13| 79.53| .009-11,110| 7.762-118.58
0.9 4.33 23.38| 3,523-1.912{32.27-10.18 § 5.28] 29,27] 2.515~4.545(12.24-19.274
* 2.18 47.62| 1.266-41,137)0,91417.90F 2.66] 58.13] .440-11,011 | 9.691~116.31
0.95 | 3% 30.74| 2,356-11,014{12,39-41304] 4.00{ 37.14| 1.512-1.768]11,84~111.88
g 2.79 36.46] 1,858 11,069|12.03-415.02§ 3.38] 44,06] 1.013-1.880{11.21-112.70
12V % 3,04 33.44| 2.097-11.043(12.28-414.05] 3.67| 40,40 1.249-1.827111.55-112.79
¢, =10, C,=0.1 120° 130°
-1 3 3 3 9 3 3 3
R,x107| R x10%| Z,x10 Z, X0 R x107] R x10”| 2,x10 Z x10
0.05 [2280.10 | 16.9011112,2+1430.81M4641.839 §3237.95 | 24.70| 568.8+1802.6 |11.81-11.454
* 1,54 p4531.10{-1,529-11.325| 064-419.90] 2.22 p5617,40| -2,225-11.325| ,041-115.569
0.1 | 559447 | 17,00{ 277.9+4119.800.48-1.876] 809.95 |  21.60| 138.9+1198.2 |11.87-11.483
: 1.55 | 6154,20|-1.528-11.525] .136-119.86] 2,24 | 8909.40] -2.223-11.323] ,082~115.56
0.2 |141.68 17.53] 68.76¢129.151066-12029] 202,88 | 25.10f 32.92+148.2211.92-11,602
. 1,59 | 1558.50]-1.498~41.312 | .42C-119.71 T 2,28 | 2231,70| ~2.215-11,312| ,302-1l15.44
0.3 64.13 | 18.33] 29.93+112,36|0.9042.B7 [90,36| 25.87| 13.29+120.54|11.96-11.804
* 1.67 | 705.42|-1,456-11,294 | .586~019.45 | 2.35 | 993.93| -2.202+11,293| .68l-115.24
0.4 36,80 | 19.62| 16.25¢16.4050L2B-12.665 150,85 | 27.05| 6.368+110.77]12,03-12.098
a 1.78 | 404.78| -1.393-11.2681L7X-119,08 | 2,46 | 559,35| -2.182-11,265] 1,257-114.94
0.5 23.95 | 21l.15| 9.862+13.645/D.53-33.173032.43 | 28,66] 3.134+16.555(12,08-12.499
i 1.92 | 263.45| -1.321-11,234|2621-i18.57) 2,61 | 356.74| -2.155-11.228] 2,002-114.55
0.6 16.78 | 23,16 6.278*12,09111,82-17,845022.26 | TO.68| 1.401+43.729/12,0%13.022
* 2,11 | 184.64| -1,22111,190|3.704417,90] 2,79 | 244.92| -2.119-11.178] 2,808-114.02
0 12,27 | 25.83] 4.005+11,104]12,06-14.727 15,96 | 33.60] .276¢42.152|11,.95-43.722
si 2,35 | 134.97| -1.090-11,132] 45904122 | 3.05 | 175.60| ~2.069-11.109 +1i.30
9.10 | 29.54] 2.418-1.414 P2.1345564 J12.62 | 357.74| -.481+11,083(11.64-14.673
6,8 2.69 | 100.06| ~.90511.050] 646741576} 2.43 | 127.86| -1.995~11.008] 5.182-112.37
. . . '1.160 o O™ 45.43] ~1.103+1, 1 Q44 9
89 g.gg 3?.},% i,]égg.i,qo? 3,5‘2 11?1'?3( 4 }.g 90,17 -1.848.'1.%]5% 9.840'218.86
0.95 4,89 | 45.26 «277-1.525110.92410.78 1 €11 |  56.63] ~1.484«1.310 | 9.779-17.92¢
5 -1/2] 411 | 53.83|  -.135-1.707|10.00-41L64 § 6.16| 67.17| -1,665-1.557 | 8.7€6-19.128
1.1 4.49 | 49,237 #0541 ,624]1 10.57-410,87 1 5.59 | 61.54] -1.581-1.443 | 9.2756-18.527




Cl = 1.0, C‘ =N 140 £11-44]D

1] mpo] rad®| zx0® 20® | rpao®| mme®| 20 z x0°

0.05| 596.84 | 34,80[-820.2+11130.6 [1L.E7-TOW678.76]  50.60[-2341,3+11442,3 | 10,67-1.660

. 3.16 [50565.20] -3.162-11.32 M0410.99) 4.69[73466,40]  -4,596-11.325 .024-16.682

\ 0.1 |1148.35| 34,90|-217.2¢1290.6 |l 85-5L0(R667.45| 50,70| -836,044359.1 | 10.418~1.672
* 3.17 02631.90| -3.164-11.524 OB-110.7 )] 4.61[18341.90| -4.603-11.323| .0263-16.668

0.2 286.17 35.50| =52,504168.07 NLA7=-0129 14,39 §1.30| -209.5+187.37 | 10.369-1,723
3.23 | 3147.90f =3.172-11.31Y X9-185 | 4.66]| 4558.30 -4,629-11.31%] .151-16,617 .
0.3 | 126,42 36.20| -29.82+130.51 [1.%-41,291 |182.27 52.28| -93.43+137.14 { 10.271-1.809 . |
g 3.29 | 1390,60| =3.186-11.29d .496-10% | 4.75] 2004,90] -4.673-11.292| .353-16.532 ¢ |
I oce 70.41 ] 37.48| -14.76+115.31 |,6941.4% [L00.92 £3.73| =52.764119.55 | 10.123+1.935
¢ 3.41 | 774.52| -3.205-11.264}.929-110.5) 4.88] 1110.10 -4,74011,263| .634-16.407
0.5 44.26{ 39,19 -10.27+18.890 |1.E6-1L780] 63.12 §5.66| -33.87¢111.44 | 9,890-11.104
‘ 3.56 ] 483.01] -3.232-11.224[L639-410.2¢] 5.06] 694,34 -4.834-11.222] ,999-16.237
0.6 an,07 41.45| =7.770+1£,.39211,32 42190 42.51 58,61 -23,52416.903 | 9.657-11,332
y .77 | 330.75] <-3.2069-11.17C12.02-19.897 £.33| 467.59 -4,957+11,163] 1,538-16.029
0.7 21,26 44.70] =6,249+13,22101L.00-i2.639 [} 29.75 62.58| -15.03¢13,313 |9,021-11,626
¢ .06 233.90) -3.320-11.094}292¢-19. 01} 5.69| 327.22 -5.123-11.1211} 2,1%3-16,720
0.8 15.29 | 49.66| =5.224+11,731[10.51-13.314f 21.18 68,82 -12.89+12.310 |8,654-12.034
¢ 4,51 | 163.14] -3.396-1.973 |4,008-48.735] 6.26] 202,98 -5.434-1.957 | 2,930-15.314
0.9 10.63 58.87| -4.42801,577 | Q£28-14.377] 14.58 80,77 -9.608+1.881 |7,660-13,024
. 5.351 116.93] -3.500-1.761 |SR612-17.464] 7.34| 160.43 «5.986-1.714 |4.211-14,.666
0.95 7.87| 73.00] -85.962-1.118 |&251-45,599] 10.75| 99.72| <-7.687+1.036 |6.478-13.418
¢ T] G6.64 86.60| =3.754--1.432 | 7.252-16.4434 9.07| 118,28 -6.845-1.335 |5,597-43,932
2

) 3 7.2 | 79.30| -3.850-1,287 |7.770-46.025] 9.84| 108.23 | -7.232-1.163 |:,0u3:13.673
€, = 1.0, C_ = 0.1 160° 170°
-1

= 3 3 1 3 3 3 3 3
Rx107 R 0" |2,x10 {4,%30 Rx10% |R x10 Z,x10 Z 20

. 0.05[10466.97 79.30 -7965.5’11693.4732)‘1.’3 21664.76 157.40 |-21485,0+12153,7 4.203-1,138
7.21 L15136.70}-7.205-11.325 [ 074220 14.33}240512.40 |-15,05~11,325 |.00594~1.869

0,1 | 2643.65 80.15|=2029.6#1426.2) 1741263 || 5455.,50 165.90 | -5302.5¢1516.7 | 4.116+4,140 |
7.22 | 29030.20|-7,308-11.323 | OZB-L3AT 15.081 60010,5N (=15.08=11.323 +010-4,863
0.2 648,21 80,30| -494,7+1102.3 7,754,382 || 1352.75 167.40] =1272.041115.2 | 4.080-1.149
) 7.30| 7130.30|-7.329-11.311 | X090 -43199 15,22| 14880,20| =15,21-11,311 |.0482-4.860 |
0.3 287.83 82,50] 218.24143,70 {7.59-L. A6 §| 592.77 169.90| =-558,0+4148,09 | 4.022-1.1569 |
- 7.50 | 3166.,10] =7.362-11.292] 22243142 15.44] 6520.50| -15.42-11.292| .106-1.843 |
0.4 156.95 83.54| =121.2+4122.957,513-1.483 || 3(2.52 173.70] =-307.8+125.31] 3.997-1.190 '
i 7.59 | 1726.50! -7.499-11.262 .408-13,099 15,79] 3591.70| <=15.75-11.262{ .196-1.835
0.5 97.78 86,28} -83.92+114.767213-1.%5 | 202,95 179.10| -191.6+114,75 | 3.827-4,195
> 1075.50] =7.695-11,221 ,649-43 16.23] 2232.50| <-16.21-11.220| .231654.814

7.84
* 0.6 65.41 90.26 |=51.53¢18.137 |7.057-1.672 [| 135.40| 186.79| -128.1+18,966] 3,678,222 i
e 8.20| 719.55| =7.969-11.162 g75-~2.91l 16.98| 1489.40] -16.86-11,160| ,4734,787 |
0.7 46.14 97.031-37.11414.949 s 6a5-1.797 94,70 197.83| -89.35+15.442| 3.5061.259 |
= 8.82| 507.57| -8.475-11.077 Lags-42m1!l 17.98] 1024.80| -17.82-11.073| .677-1.752 l
0.8 32,26 | 104.78|-26.31%12.764 {622 ~11.008 | 66.31] 215.38| =63,25413.065 | 3,061,307
- 9.53 354.82( -8.924-1,945 N1.970-12876 § 19.58 729.42| =19.32+1.937 | ,962~4,703
0.9 22,08| 122.33| -18.55+11.104 54338-11.07 § 45.20] 250.41| -43.39+11.256| 2,773-1,285
g 11.12] 242.87] -10.20~1.646 | 2855-12.269]] 22.76] 497.19} -22.31-1.664 | 1.410-1,625 |
‘ 0 16,40 152,05 =14,29¢1,152 [4456-15.636 § 33.12 307.12| -832.54¢1,223 | 2.770-1.474 \
! 981 Ja.82| 180.35| -12.32-1.264 |2 M2-11.877] 27.92| 364.28| -27.16-1.222 | 1.913~1,.536 '
f 1.1‘12115.00 165.02] -13.22-1,073 [4.122-40.786 || =0.2¢8] 333.10f -29.38-1.018 | 2.093-1,505




C,=0.1,C =10 & 70°
-1 5 5 3 3 3 3 3
nlxlo‘ﬁ Rx 3 | 2,x1) 20 fryx10°| R x10%| 2,210 2 x10
o.05] 414 | .01 |4.170-12.408 1.058-11.306f6.56 | .068 | 6.642-12,407| .825-12.136
. 2019 | 4.5 |4.456-12.667]1.263-11.083)] .053 | 7.20 | 6.774-13.029 .898-12.340
o | 402 | s |4.186-12.4081.1%6-11.816] 6.52 .20 | 6.521-12.390] .9m2.12.145
. J2 | 4.43 | 4.408-12.647]1.253-11.9858 .18 | 6.96 | 6.689-12.973] 1.004-12.336
o2 | 354 | .56 |a.102-12.089(1.300-20.827]5.42 | .86 | 6.250-12.372| 1.388-12.187
g .51 2.90 4,295-12.556]1.470-11.94L] .78 5.96 6.650~12,885| 1,444-12.315
“ous | 216 | 198 |a.060-12.787/1.818-11.8875.17 | 2.85 | 5.920-12.360] 2,068-12.222
. 1.77 | 2.38 |4.035-12.412{1.875-11.91042.59 | 2.49 | 5.938-12.411] 2.077-12.244
1.0V 06 | 2,16  |4.0m-12.308|1.800-11.897{2.38 | 3.17 | 5.923-12.383] 2.085-12.274
C, = 0.1, C,_ = 1.0 go* 90
2 rxao? e xao®|zx0® z x10° L x10%] R xac® z,x10° z x10°
() i | %o 1 ") s o
o.0s| 18.38 1 .10 [13.42-12.3e8 |.5001 4234531 .81 | 96.38-11.338 | .731-12.417
3 .090] 14,66 11.66-14.578 |.540-32.571 1 .74 |105.39 6.867-112.40] .734-12.6F1
o | 3227 .40 [12.75-12.330 |.756-42.346 hie.82 | 1.50 |48.10-11,236 | 1.325412,418
. .26 |13.60 [ 11.31-14.279 |.791-42.565 § 1.26 | 51.50 | 11.72-110.34 | 1.322.12.646
0.2 9.52 | 1.51 | 10.96-12.305/1.581-12.268 f1.10 | 3.838 | 22.79-11.378 | 2.681-12.441
o .27 110,47 | 10.26-13,4811.609-42.542 | 2.08 | 23.22 | 14.76-15.875 |2.689-12.622
/5 5.06 | 4.55 | 9.227-12.284ps37 12,442 § 3.84 | 7.96 | 14.96-12.041 | 3.980-12.521
. \_’ 4.24 | 5.57 | 9.174-12.41J2645-42.467 §7.23 | 9.72 | 14.47-12.410 | 3.975-12.543
1°1-1/2. 4.59 | 5.05 | 9.181-12.542{2.659-12.454]8.00 | 8.80 |14.66-12.211 |4.000-12.532
€, =01, C, =10 100° 110°
Ry 3 3 3 o3 3 3 3 . .3
Ryaa0°] R x10°| 210 lcoxlo ,x10°| R x10° |2, x10 2 x10
0.05 | 689-08 5.1l | £52.3+159.74 !_1.%.’:-12.342 L401.25) 10.39 |2089.8v1252.8 | 7.509-12.139
. .68 757.97 | -3.675-113.154.02642. 7]  9.451541.49 | -9.210-43.16 | 7.437-12.349
o | 177-63 5.69 | 170.0+113.88 |4.46142.248 | 347.45| 11,13 | 268.8+154.02 | 7.904-12.144
. 5.17|195.39 | <721-112.64 |s42042563 || 10.12| 382.19 | “-7.810-112.82] 7.832-12.344
) 46.69] 7.40 | 47.94¢12.485 528542571 | 82.13| 13.00 | 65.68+111.07 | 8.738-12.165
2 6.73 51.36 | 8.986-49.1705.25742.546] 11.82| 90.3¢ | -1.027~110.51] 8.281-12.324
0.3 | 1545 13.90 | 26.15-41.41776.200-12447) 24.63| 22.17 | 20.54-1.453 |8.979-12.23
3 | 12.64] 17.00 | 18.82-12.417 6.30%-12.470 20.15] 27.09 | 15.92-12.411 |8.968-12.2%6
[
1.1°Y2] 13,04 15.34 | 19.82-11.891) 6.327-12 458] 22.19| 24.41 | 18.16-41.418 |9.134-12.229




:l = 0.1, ('.) = 1.0 20° 0
-1 ke 2 . K. 3 3 3 3
ulno RoxLO Zi.p 10 z,ox.u. e -1x10 ) chlu Zixlo ZOYIO
0.05 | 2214024 | 16,44 |'[142.9+4150).7 11007841 25%R18.47 | 23.86 | 609.4+1835,3 | 11.456-11.444
14,94 [2435.66 | -15.11-113.18 9.97L-4200f 21.69 [3540.32 |-22.18-113.17 | 11.338-11.584
0.1 | F45.14| 17.47 | 270,2+1114.8 |10.53741.8518789.20 | 25.28 |126.7+1123.3 | 11.914-11.448
15.83 | 599.65 | -14.40-112.85/10,427-2.00:f 22.93 | 868.17 |-21.96-112.86 | 11.801-11.582
0.2 | 125.24 | 19.83 | 59.554123.23]10.%2-11.84079.25 | 28.42 | 19.31e437,13 | 12.043-11,462
18.03 {127,77 | -10.62-110.97(1Q686-11.935)25.62 |197.28 |-20.52-111.16 | 11.964-11.568
0.3 3619 | 32,57 | 10.39+4,561 n.uz-i,mqrso.qq 45.89 | -8.532+11,406| 12.224~11.509
. 29.61 | 39.81 4.832712,41]11.1241.977/1 41,72 | 56.10 |-12.11-12.414 12.211-11.523
1.17Y2)a2.59 | 35,85 | 7.509-.961 [uazs.918]|45.90 | 50.50 [-10.39-1.605 | 12.222-11.516
€, =01, C, =10 140° 150°
-1 7 3l 2 3 i 3| . 3 3
Hl)dO Hoxm ..ixlo Zoxll) ‘I hli.ﬂ Hoxlo Lixlo Zoxlo
0.05 | 4569.19 | 33.84 |-749.7¢11200.3 1L A-U0TI623,60 | 49.34]-3339.84115%4,9 10,005-1.656
y 30.81 [5026,11 | -31.66-113.17) 11.50941.125| 44.86 | 7302.46] -46.36-113.23 9.997-1.714
0.1 |1118.94] 35.85 1-228.2¢1274.2 11834-1L0A[1624.74 | £2.05| -£35.5¢1335.9 | 10.44¢-1.667
. 32,59 [1230.8% | -21,89.112.4711.7324L.1%§ 47.22 |1787.21] -46.82-112.87] 10.2€0-1.714
0.2 | 252.98] 40.06 | -63.82+150.66(11.92 41050 fae6.53 | 58.00| -206.8¢162.47 | 10.466-1,663
b 3€.42] 273.28 | -32.62-111.2¢11.&4-1102] £2.73 | 402.96] -50.10-111,31| 10.288-1.708
% 71.34 | 64.21 | -36.03+42.034 12.02-0.0334102,86 | 92,57 =75,97+12.462} 10.481-1.683
¢ 8,37 78.47 | -34.75-12,.40712.008-01.0%§ 84.16 | 113,158 -66.66-12.413] 10.472-1.689
1.1 6a.22| 70,64 | -55.29-1.30 12.020-41.0864 92.57 | 101.83 | -70.87-1.182 |10.475+1.686
€, =0, C =10 160° 170*

-1 3 v .. ! 3 2 ) 3 a
rx20°| g xio} z,x10 X0 Rx10% & x10°| z,x10 Z X10
0.05|10404:081  77.17 1-8095.9+11823.9] 7.544-4748 [121733.27/ 161 .40 {21028.3+12011.4 8.987-1.139
S 70.16{01444,43 | =72.42-113.17| 7.46777 146.73 25906.60_[-151.4-113.17 3.942-1.146
0.1 | 2575.94| 82,53 11992.4+4592.7 | T.7EL LS ] 5315.21)169.71 |-5023.8+4424.0 | 4.106-1.141
Y 75,03 2833,53 | -79.28-112.63 7.6784372f 154.28{5846.73 | -154.7-112.88 | 4,067-1,148
- 0.2 573.0. 90.74 | 457.1¢17123 |7.84 43§ 1195.83|139.35 |-1136.0¢176.99 | 4.120-1,142
. 82.49| 620.22| -80.79-111.32 7.766-LF5( 172,14{1315.41 | -171,3-111.35 | 4.089-1,147
0.3 | 162.42 146,191 -142,3¢12,708 [7TE-L37 || 234.52|301.07 | -326.5¢12.897 | 4.108-1,144
s 122,90 178,67 | -119.7-12,411 |7720-L%2> || 273,70 367.97 | -268.0-12.411 | 4.104.1.14€
1.1'1/1(46.19 160,81 | -131.8-1.076 {7.Mmo-1353| 301.07{331.18 | -293.9-1,063 |4.107-1.145
0 ’
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5. QOverall Transfer Characteristic for Bridge "I" and Phase Lag

From the form of the
input and output impedances of
the briapge "T" and of the parallel
"I, it mey be seen that the
essential proportional-derivative
numerator factor,
lo,7%p" + 2> )™ Pp + 1], 18
preserved in the overall transfer

chsracteristic for either of the
phase«lag circuits of Fig, 26,

This is true also for the methods
of series input impedance or load

In either case of Fig. 26, and for non-inductive seriece
input or load impedances, the overall proportlional derivative character-

fetic ie not very seriously disturbed since it is lmown that the
denominator of the transfer characteristic for any kC network can

have no comnlex roots,

For tac parallel "T", the transfer characteristic

for either circuit of Fig. 26 will be of the form:

%.

‘ <
where ¢’1 >1 and %5

FERR

l 2
(Ugp + 1)(7ep" ¢

>1.

1 P ’2“1“19’.1 Uzp + 22,00 ¢

For the bridge "I", the transfer characteristic

E
[«]

(1)

will be of the same form with U3 = U4 = 0.

%hen two networks are connected in cascade, us for example
the varallel "T" and phase iag nctvorks in Fig. 26, there 1.ill be
no phase ehift due to the connection of the output of the first
network to the input of the second, if the angle of the output ime-
vedance of the firet network is ecuul to the angle of the input
impedance of the second. Thie of course does not mesn that the




overall tranasfer characteristic is the product of a constant
gain g 1 and the scparate transfer charecteristics for each
netvork. In fact if B’*.). B'(p) are the sepzrate transfer

characteristics for each of the tvo networxs, Fig. 27, the

overall transfer characteristic is:
G} | &
%, |B(p) B'(p) ; B (p)
t‘——- ; ‘ : -1.2::_2' 22‘;( B zll 231;.}1: Z)
! S Y2 Y
T 1 5 - i) ¥y °
Fig. 27

B(p)B'(p) (2)

where z11, z11! are t:e seoarate input impedaices, and 222 = Z_ ¢ 21l {8(p)])®

is the impedance lcuking iato the ontput of tr
input open-circuite!.

of Fig. 19, vhere !

Thir follows from the transfer characteristic
= 0; or imnedlately by Thevenin's theorem.

R,
3

Ti lT ll”‘ﬂl& netv

For the combination of phase
worg anc. bridge "T" as in Figz. 28,
_'IS the transfer characteristic is:

Fig. 28 l = 2
EO uo i mo i
i At eBp e CpPeDpel
where
A= -'-.o'rl - Tz
m’_ w—‘
Y (T, + 5y) 2'1'1'1'0 . T(F /R, ¢ 1) o L2,
% S Sl =
c_z(To’sl’T.._)_‘(Ro/RE‘l). Ry T 21R /R,
x!’"0 wo‘ H2“’0 2 n"’0
! (25T - 1)) 2
-4 K _l' R.C w ¥ i R grnw
s Y 200 20 o0

first netvork with the

(s)
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. L. . L. £,
D - (n‘c 4By LT nw o, |
» 20251 - 1.) 2
258+ e e he
20 0 o
Tre transfer churacteristic B(p, of the phove lag network is: {
¢ |
B(p) = s ];" alrut Wil . T Jore \“1— o T T
™p ST+ 1 T T v (T * 5 +Tp+l
o
where Tl = -1f‘ X To = ..c’:,’, b; Cb. The t& er characteristic
Bt(p) of the Lridge "T" is:
|
iy, ? 3 -—--pz 1 2 .
w* o JTpt ¢ (Ty* S )p el
Et(p) = —§——o——g " T W T“‘ e e —':5-, T
Sp?epey T2 245 Ty
8 s
where fa = R2C2' T,& = R:;).,,s. )2 = szs,
e trunsfer characteristle (8) ic of the form (1) with
Uy = U, = 0. The denoninator sists of & product of four linear
factors:
A (]
¢ 2 . - 1 2 . n 1 . %) b
'\ULZF’ + ‘ + ’)(t’.: pe ¢+ 2 “," p ¢ ]_) = c‘;—p + .)l‘? + l\(:—:-.o-p + 1)
(;’-'p + .L)-
)
R A3
(The phase lag ﬁi At w cue to a linear fector (";"*p + 1) is ziven |
by ten ”i -.’(i.) Since tihere are several conbiu ?lom. of products |
of pairs of the linear fastors, 'l;'C s U;, "?2 of course are not 1
unioue for soceifled 4,B,C,0. Thc reluticns between U;,U,, ';‘1, ‘;2
und A4,B,C,U are:
2y 2 ]
A=V U2

= l £ [
B = 20U (5U, + 50,)

C =47 G0, ¢ ;'13 + 02

D= .:(G.’lul + S0,)




The procedure nas will be inct d for answering the
following two questions: (1) Given a bridge "T", and a phase

lag network either determined experimentelly or designed by the
method of a previous section to give the appropriate carrlier phase
shift, what are the values cf UL f;l' 02,.%? {2) Given a bridge
"7, what should be the values of the camponents of a phase lag
network In oruer to realize a s;ecified zet of veluees of Ul' Uz.
Gy G, or AB,C,D?

To encwer (1), the velues of 4,B,C,D may be calculated
by the abeve formulme, and the roots for x = (p/mo) of the equation

4
A‘MO

x‘ + Bw°3x5 + (l'mo’x=l + bmox +1=0

found by numerical methods. Fath of the four quant.tties//,_ in the
factored form of the denominator then is ziven by Mi - -l/xi, where
Xy is one of the roots. :i‘tae effect of the rhase lag netvork on
stability of the bridge "T" servo then may be determined by referring
to Flg. 29 in the next section.

To enswer {2), we aolve the sccond of the above sets of
expressions for A,L,C,D for T, C;. 5‘2 - szo. T]. = P'lcl in tems of
AB,C,D. Since the bridge "I* is glven, I.z
determines co. Formulae for the design of &n unloaded phase lag

is knovn, and S:2

netvork to realize eny ¢, & heve been given in section 3; frem the
formula for *'l' it follows th&t the ratio r = co/cl may oe found
from Tl by solvinz the guadratic eovation:

7,262 + (21,7 - 2677, ¢+ T)r r - 2617, + 7,2 = 0.

1

The values of Co and r cctermine 01; and Ro is given by the forrmula
of section 3 for R in teras of &, T,r, and Co. Thus i 7,5, S,

'I‘1 to realize a given set of A,1l,C,D are knorn, the phese lag net-

work components Rl' Ro' cl. co are determined,

The solutions for T, é’. Sz. Tl in terus of A,B,C,D are
as follows:




vhere

1/2
T wOA 3

18 a root of a2 + b5+ c =0,

(.4_n)

- (51
& l.’wo m n

4nTD® | 16TH' | 2ICt.4 8
b = [Megs s a0 ',‘,o(n-m°n)]

40
c = [2(C")? - UD—:llDu - —nﬁucul
o

1 2 2 212
C" = C = = = T® D = D= =% B! =« B . &~
w, 0 o mmo
X 2T%w
- x-_'
W25t o xce)

where

217D 212

= C— + o
s2 12(*'0)0 - nD! SC'wo ul.‘mo

45T

cmon &L oy
[-]

6. Multi-section Phase lLag Networks, Gain-Ph:r-e Marpin Diagrems

The transfer characteristic for

3 T‘é:’,—_nz c

L

ZT'

an n-section h-C phase lagz network followed

fig. 28a

S Bridg
%l;l— w0 or'r E{’\o by a briuge "I", or for a bridge "T" fcllowed
l:;x:l.‘ 21 1 by an n-section phase lag network, is of the
form:
i_ 2
B, 5 tmrd

[} 0
E TTpp v O(Up « 1)+(Up » ITpp » I(Tp v 1) °

Fxcluding the proper proportional-cerivative factor (wo"p' + 2p/nw + 1)
(nmo/2p), the phase lag at any fremuency w of the remaining portion
of the transfer characteri=tic is:

P = Zarc tan in + arc tan le + arc tan Tzw - 90°,

Clearly, as w-s, $-:(n ¢+ 1)90°, so that for a phase lag @ _ at
we? it is best to keep tie nuiaber of sections n as small as possible,

a)2-50




in order to minimize the change of phase vith freouency in the

vielnity of w = Wy Tne frequency characteristic, on the othsr

hand, is most flat, and the guin i= largest, vhen the number ’
of ssctions im large. For n R-C sections of egual time constant,

a8 n +00, the trensfer characteristic 1/(Tp/n + 1)"— exp(-Tp).

Thus the limiting frequency characteristic is lexp(-Juﬂ‘)! 1

and the limitingz phase lag is @ = uT,

The gain-phase margin diagrams in Fig. 29, together
with the ¥ and E curves of Fig. £, show the effect on error '\
and stability of varlous nethods of obtaining 90°® phase lag,
for a servo using the simplified motor with time constant ‘
T = 0.2 second. Curve (a) is the decibel-phuse margin plot \
for the proportiocnal-derivative .arallel "T" transfer characteristic -
(uo"p’ + 2p/nw ) ¢ l)l(mo-'p3 * 2@00-1}: + 1), wheren = T, = 15,

Canl. 20, (This is the s:tne a8 curve (d) in Fig, 7‘5)’ Gurve

(b) is the decibel-phase margin plot for G{jw) = 1 + Ty 5z °(w-w°).

(For curves {(a) and (b) the fixed phase excitation is 90° out of

phase with the carrier; for curves {c) through (i) the fixed phase
excitation is in phiss with the carpicr applied to G(Jw).) Curve (c)
1s the plot for G(jw) = [1 + L 2w - wo)]e'jwu. whers U = =/20 .
This corresponds to a 90° phase lag network having & very large

number of sections and galn nearly 1. Curve {d) is the plot for

werw wrw

G{jw) = [1 « JTd-TQ_('" - mo)]%; ; curve (e) for [1 + Ty °(u-w°)]/
*w

f1e 3/ (wew,) 1dw = (w,"2p? + 2p/rw + 1)/ (w0 %p® + 2¢w°'1p + 1) Jw.

The latter characteristic 1s aporoached ty a single-section R-C network
as its phuse lag approaches 90® and its gain approsches 0. Curves (2)
and (1) are the plots for G(juw) = (wo-'p’ + 2p/ow + l)l(wo.'p' . 2¢’w°-1p +1)2,
where & = 2,0 for (f),5 = 1.0 for (1); and curves {g) and (h) for
(wo-aﬁ' *+ 2p/ou ) ¢ 1)
(Vp" + 24, Uyp + 1)(U3p? + 25" Up + 1)

6(Jw) =

811-51
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where Ulwo - 2.682, Ujw, = 373, & = &

1% %2 % 2.0 for (g), ana

R - % " 240 for (n). The firet

factor produces 60°® phase lag, an¢ the &econd factor 120 phase *
4
. lag a0 that with the numerator legqd of 90°, the net phase lag
ia 90.0

B, = 3 M2 Uy

8l1.52




fart V. .
[ R ts For Parallel "T", Bricge “T", and Phase lLag Networks

In thia part formulie are given for the variations (1)
of parsllel "T" resonant frequency w,, (2) of derivative tims
constant T, {or, equivalently, of notch width l/:‘l‘d). (3) of
phase shift at carrier frequeacy, (4) of input and cutput im-
pedance, in terms of the variations of the individual components
of the networks from their correct velues. From thsse formulae
are derived psrcentage tolerancss for the components. Gaine
phase margin diagrans are given to show the effect of varying
'!d. and of incorrect rescnant frecuency wg. The effect Jf in-
correct carrier phase has been dircussed in Part I.

1. Variation of Resonant Fregquency w, of Parallel "T" Nstwork

For any parallel ®T®, the numsrator of the transfer
charecteristic is ¢f the form:

(Sp ¢ 1)(hap® ¢« 2p v 1)

o Wy iy |
for some w, u, and n. As in section 1, Part IV, the relations
between tusse quantities and the parallel "T" constants ares

a—s' - TIT2T3 - a
e !

uléqu cB) an(s, Ty -

ﬁ;(-gov)-('rlosl)-c

Miainating u and n, we obtain:
alx> - acx? +bx -1=0

————— Lt o i bt 1 e s




- . = -
where x 0% Ir °:l dRi/Ri, & dci’ 4s e have

dn-a(41042+A30e1¢e20c3)

d - ba, « 1'182A2 + TITSAS . b(sl *+ &)
Ac = Ml . Tlel ¢85
and
Qx - 1 [(ex® - 2ax), bx ¢+ acx®]
* A, Cex® - g )a-x.ST] )
* A[(ex® - 205° Ja - X1, 7,]

0:[(cx'-2ax)|-bx0tx’1']

* eyl(ex? « 2ax° Ja]

* eyl(ox? - 2053 )u-bx*axsj
where Q = (za@x® _ 2acx ¢ b),

For the Parallel "o ,4:4 equll condenuu, section 3,
Part I, Tl =S, =(2/n u)/an T,=8, =10 (2/n + u),
Ta - 1,’um°. bubetit.uting t.hose valuea lnd © = W, in the ex-
Pression for dx, we obtain:

(1*3"'3)-—-(1 -E)(Al A2)¢ *(§ qi-.)(t *¢5)°(%~;\,E)=2-

For fairly large n, this is Spproximately;

aw

T::""l“z“a‘%“l“a)’%‘z'

For 5% tolerence on rescnant Trequency @, of the paralley wr»




with ecual condensers, taking A]. - A2 = As = A and g =gy "€
.05 = 35 + 10e/4 + r2/2. Therefcre in order to insure that w,
will fall in the renge 2x57 to 2x63 (see curves (b) snu (c),
Fig. 50), the epyrop:iate tolerrnces on the parallel "T* com-
ponentd are * 0.83 for ¥, Hyy gy 2 0.67% for Cys Cy» and

et e el N s, e btned

* 1.67% ror C,e  Unifor: .olerance of & 1% will insure that

the rescnent f{ricuzncy will fall witlin u band of * ¢% from
the correct value.

2. VYaristion of Motch hi:duth of Parsliel "I® Transfer Characteristic

.The noten wiath is :L/a*l‘d = y/2x, where y = 2/'1'd.
Eliminsting w, and u from the r.lations (1), we obtain:
y(b-ay)® - c(b-sy) + a = 0.

DPifferentiating, we have:
Rdy = A1[2w2(b-a3')-acy ~ a + b(2ay? -« 2by + ¢) + (v-ay)e)
. Az[Zay’(boay) -acy -a+T 52(2ny - 2by + ¢)]

. A3[2ay"(b-ay) - acy - e ¢ TlTs(Zay - 2by ¢ ¢)]

+ ¢, {2ay*(b-ay)-acy - & + b{zay? - 2ty + ¢) + (b-ay)T,]

. cz[ZAy’(b-ay) - acy - &}

+ cyl2ay*(b-ay) - ecy ~ a + blzay? - 2ty + ¢) ¢ (b-ay)s,]
where R = b? ¢ ac - 4aby + 3a%y3,

;
i
i
3
:
)
|
1
1
:
3
i

For the parallel "T" with equal condensers, the ex-
' pression for Rdy Lecomes:

24 b 1
G- Do AF-2- g, - ey
1
(g - Bty + e5) - i d. 8., .
For fairly large n, this is approximately?
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Therefore 1f all components of the parallel "I" are correct
within + 1%, dy/u-a will not exceed 7 y2/6 » 1,65% in numerical
value. That is, the notch wiuth viil be within & 1.65% of
the carrier frequency of its correct value. For 60 cycle
carrier frcquency and * 1% tolerances, the variation in notch
width cennot exceed 0165 x 60 = 0.99 cps., /For 'l'duo - 15,
the notch width then would be (8 + .99) cps.; for Td"’o - 30,
(‘ : -99)0?3-)

Fig. 31 shows the effect of variatiom of Td (and also
the effect of variation of motor time cormstant T).

S. Yariation of Phase Shift at Carrier Freouency

The phase shift at carrier freguency w, is

w?-) (b+T,7.*Tcw?®-1
'-mtm—g——a-aretm 23 2 o

| 3
o - aw (c012082073)u°-w°

For fairly iarge n, for small variations of the parts from their
correct valuea, the major part of the vuristion of @ is the
variation of the first temi; the 3econd term is practically
constant and equal to arc tan U. Accordingly for aimplicity

we calculute only the variution of the first term, Let the
first term be denoted by ¥ . Then ve have:

A% tany= A [w (c - a )

. Az[w‘,'s(c'i"ls2 -a+ a'l'l'l‘amo')]
. Aa[ew‘;"(c'll‘l':5 a*a Tlszwo’)]

. cl[c»‘,'(bslm"'3 wO' + ‘l‘l)]

A oa(bwo' 1))

a 3
* tyfo o(bTyw, w b sl)]
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Apelysis of the Par T _Network
In thle final par n ed by
means of rhirch the formlae of Fart II erived,
1. Tranefer Characteristic s ut_cnd Output, Impedance
It is conven f T" (or ™") of
the parallel "T" to its ecu ngr {or "A") of impedunces.
The &om\‘.‘ e for t rnation from A | nd from Y to &
- 1 2 (see Fig. 33), are as follows:
) 2
A s
(&) ¢4, (b) ) * U By ¢ 2By
L Wl 7 2" Y
<
- S %2 Pats t s
o
2 Zl *i, v 2 3 2g
. - 212; 7 2 2,24 * %ipBa
3 Zl ¢ 22 + 13 L 1
These forxzulae ar ell-known. nfumiliar the re e
they may be establishe L) by a plication of
Kirchoff's laws,
In the paral " 3 I 3, let %) ! Ry,
2,' = Ry, 2,' = 1/C p; 2" 2" = 1/Cup, 25" = Ry
s A — Then er the tr:
|2, Z

"ormation

R
® L T"] Y 1l

Networke Ecuivalent to the Parallel "I" Nety.ork

Fig. 34

A 3 . of each "T" to
o I TR ,
R 3 | T I 1 ts equivalent "x", the
E " network becomes
shown in Fig. 34(a)
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Ln™d
T, T, T,p + L5 T.)p2 + (T, * + 1
——— L2871 A S S (1)
m:m 3| L (¢ ,‘ ']." T.(" + & ‘»2 (T .0 ‘0T2¢qk’Ta)P + 1
2, Determina of Constant 1 the Proportional-
Derjvat sracteriat
The tr:nafer char e written in factored
r.a as follows:
1 1771 2 "
E" (ﬁ: 1 g .p-‘ - (2)
¥ (Up* D% v E.p + 1)
) 2 4 .
vhere U, A et 175Ta- L3 a proporticnal-deri-
vative netvork at freque .:: s o U, = J2 = U, Ay - A2 npAe llmo.

Then if we let [ 1" - T £ oe divide numerator and

do !
denominator of (2 p/ £ o bty Jw, we ottain the

characteristic:
wew wew

T —..‘ 4m D { 5
P2 . _Z_IEJ 2o 2" 0 o Tdow Yol ()
f; Td W 8 wes A
f a2 T 2 (0et
1434 20 "~) d 2w w ))
To solve for the constunts in the paral.el "T" necte

work which will give a transfer characteristic of the form (3)
we compure (2) with (1).
Pe thuc obtain:

Ty 1Ty = AU (a)
Ty(5,°T,) = A%+ B,U (b)
Ty *8 =B+ U (c)
ToTa » T, * Sy = (By - BU (d)
T,* S, * Ty =B, - B (e)

8l1-62
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Substituting from (a), (b), (c) into (d) and (e), we obtain
T, U2. Then from (a), Ty = A3/U. Substituting the value
of Ty in (=) and (b), we are able to solve for T, and 5,.

Then T, = u? /T,s and we solve (c) for £+ Collecting resulta,
we obtain ‘he group of formilae (3) of Part II.

3. Proportional-Derivative Characteristic with Phase Shift
of Carrier

Ir wao = n ie quite small {(in the vicmi"l-y of 2 or 3,
the upper bound arc tan 2/n will permit a useful amount of
intrinsic phase shift. To obtain the proportional-derivative
effect on the modulation, with phase shift of the carrier,

the parallel "T® transfer characteristic should have the form:

wre
2,2 1 [+]

Ey ypey WrpieBpel) RS S T ™ (w-u)
E, ::‘Up Y (A=,."p" ¢ Byp ¢ 1) T4’ - Ujw * 1 . wew

X - / = 2 = P a
with £ £ 1, where as before A = 1 W El 2/wa° p Bz 2_/,’w° ‘

Comparing the above trensler characterietic with the
parallel "T" characterietic ( 1), we have:

" A2
T(S.+T ) - Aa +« B.U

TS Rt

o et TR 2,3 _
TZ(T:5 *Ty . sl) (<"*B, Bl)U + A%(c 1)

- (2 "2 . e
'I‘2 . S2 . 'I‘:5 ( 1)U 0(82 Bl)"

Solving for Tl' Tz. Ta. Sl. 82, we obtain the following formulae
for determination of the conetants in the parallel "T" network

it
L4 J("—Z-r‘-(-:wo)

to give the phaee-shifting proportional-derivative characteristic:




-2

of 1
€ -3
"ﬂ--

- 2 2
g (e ~ -B, ( "1)]
N
- k¢
o] Y -2 A 7 2 . -
) - -
1' -~
g€ 1 preceding parts, the numerator
fer c ter i i riant under
at, en & phogee fting proportional=-
v ed, it 3 1 phuse-shiftir
el TP with sar it in
28 -







ATI- 13787 _ __

TITLE: Parellel " T" Stabilizing Networks for AC Servos vison :
| (None) ' ||
AUTHOR(S): Sobczyk, A. —(None] __
ORIGINATING AGENCY: Massachustts Institute of Technology, Cambridge, Mass. R-311 N
PUBLISHED B8Y: Office of Scientific Research and Development, NDRC, Washington, D. C. [ rususwing acency wo.
(None)
DATE DOC. CLASS. COUNTRY LANGUAGE PAGES ILUSTRATIONS

Dec ' 45 Unclass. U.S. Eng. 98 | diagrs, graphs
ABSTRACT: .

v

All the necessary equations for the parallel " T" stabilizing networks as used in AC servos
are presented. The Diehl two-phase control motor is used in the servo-mechanism. Design
formulas and tables of values for various forms of the parallel " T" network, of the bridge " T,"
and the Wien Bridge proportional derivative networks are developed from the simplest basic
assumptions. Tolerance réquirements on the components of the parallel " T," the bridge " T,"

and phase lag networks are given.

=
DISTRIBUTION: Copies of this report obtainable from Air Documents Division; Attn: MCIDXD
DIVISION: Electronics (3) v SUBJECT HEADINGS: Servos, Electrical (85000); Frequency
SECTION: Navigational Aids (3) _ stabilization (42150)

ATl SHEET NO.: R-3-3-28

Air Division, -D AIR TECHNNICAL INDEX Wright-Patterson Air Force Base
Air Moterie! Command Oaylon, Qhio




T
. ATl- 13788
TITLE: Part I - Carrier Frequency Systems

AUTHOR(S): Sobczyk, A.
ORIGINATING AGENCY: Massachusetts Institute of Technology, Cambridge, Mass.

PUBLISHED BY: (Same) PUBLISKING AGINCY fi0.  ~/
(None) &
DATE I DOC. CLASS. COUNTRY LANGUAGE rAGES ‘nusmmous / /R
Dec '45 Unclass. U.s. Eng. 17 diagrs, graphs iy
: ABSTRACT: ( y

A method of analysis of linear carrier frequency systems is indicated, and applied in particular to
parallel " T" servos using the Diehl two-phase control motor. Improvements are described by the
Nyquist Bode procedure for analysis of a feed-back amplifier or servo mechanism. The calculations
are achieved by the Laplace transformation theory. Equations are developed for one-, two-, and three-
phase motors. Time lags and their effects on the stability are discussed, for they have a dlrect effect
of the calculations.

‘-
DISTRIBUTION: Copies of this report obtainable from Air Documents Division; Attn: MCIDXD

DIVISION: Electronics (3) SUBJECT HEADINGS: Attenuators, Electronic (12850); Servos
SECTION: Components (10) (84700); Frequency modulation systems (42144)
s
ATl SHEET NO.: R-3-10-03 -
Alr Divisi il AIR TECHNICAL INDEX Wright-Pattarson Air Force Baso
— - Al Ma'otlol Command Dayton, Ohio _

R —— |



7 _ N
AYV0- 13789
TTLE: Part I - Deslgn Formulas for Parallel " T" Networks e
(None)
AUTHOR(S}: Sobczyk, A. 0. AGSKCY £0.
ORIGINATING AGENCY: Massachusetts Institute of Technology, Cambridge, Mass.
PUBLISHED BY: (Same) PUSIIIKIND AGCSEY B0
__(None)
ban ©OL. QA coxmY LARTUAGT PAGS WUSTIATICNS
" Dec '45 l Unclass. U.S I Eng. , 14 ' diagrs, graphs
ABSTRACT:
Detailed design procedures and tables of values for various forms of parallel * T» networks are
presented. The several forms arise from the fact that there are five time constants in the parallel * T
four of which are independent. The remaining degree of freedom may be used to obtain the most suitable
input impedances for the source and load impedances with which the parallel " T" is to be used. I the
constants are known, and if any one of the compaonents is arbitrarily specified, then the other components
may be determined.
DISTRIBUTION: Copies of this report obtainable from Air Documents Division; Attn: MCIDXD
DIVISION: Electronics (3) SUBJECT HEADINGS: Attenuators, Electronic (12850);
- SECTION: Components (10) Impedance - Measurement (50927); Eleclrlc measurements
(31490)
ATl SHEET NO: _p.g-10-a71 !
Alr Divizion, Hollh QIR TICHA___/INDAX Wright-Pattorsen Al forco Doso
Alr faatorid) Commcad * = Doytoa, Ohio _l

AL AmARLEAITO Y




ected to the need for compliance wita security regulatio

—

L

r%

N N g _ N N
LI FORIGD (1 1532 47) R-3-70-35 I_A_Fl]u 13790
Sobczyk, A DIVISION: Electronics (3) ORIG. AGENCY NUMBER

SECTION: Electronic Theory (32} /O
CROSS REFERENCES: Yot works, Bridged parallel - ¥
(66586) REVISION

AUTHOR(S)
AMER. THLE: Part III - Bridge "I" networks

FORG'N. TITLE:

ORIGINATING AGENCY: Massachusetts Inst. of Technology, Radiation Lab., Cambridge
TRANSLATION:

COUNTRY | LANGUAGE [FORG'NCLASS] U. S.CLASS.| DATE [PAGES| ILLUS. FEATURES
U.S. Eng. slunclass. Dec'l5 | 6 I 3 I diagrs
ABSTRACT

The two forms of the bridge "T" proportional-derivative networks may be obtained by
assigning specific values to certain constanta. From the formulas derived it is evident
that any bridge "T"™ is reversibls, but with diffsrent gains in the forward and reverse
directions, unless it is symmetrical. The design formulas and tables of walues for
bridge "T" and Wien Bridge proportional-derivative networks are presented. A vacuum-tube
circuit is used with the Wien Bridge in order to have a cormon input and output terminal,
which may be grounded.

T-2, HQ., AIR MATERIEL COMMAND &ﬂQNICAI. []NDEX WRIGHT FIELD, OHIO, USAAF
WhO-21 MAR @ 204




™ FEIR (Bkam) | 0 - ‘ . . - Hé?[]n_ 13791
Sobczyk, A. °  [DIVISION: Blectronics (3) " ORIG. AGENCY NUMBER | -

SECTION: Components (10)
CROSS NEFERENCES: . Hmse shifters (7(1;83)

BEVISION

AUTHON(S) * : ) -
AMER. TITLE: :Part. IV - Mhoda ‘of bbtaining reqnirad carrior phase shift

FORG'N. TITLE:
ORIGINATING AGENCY: mssachusetts Inst. of Technoloy, Radiation Lab., Cambridge

TRANSLATION:
COUNTRY LANGuAG; RGN U. SCIASST. DArE PAGES lu.us FEATURES
U.S. Unclass. | DectLi5| LL diagr, graphs’

. ABRSTRAGY .
Various method of obtai.ning the required 90° phase difference of the 60—cycle volt-
- ages on the fixed and control windings of the Diehl motor are discussed and compared.
In order to obtain a large phase shift it is necessary to add either a series input or
a load impedance to ths parallel "T", or to ise a phase-shifting network preceding or
following the parallel °T%, Formulas and tables of values for phase lag netvorks ‘are
given, which aimplify the calculations to a great extent. .

T2, HQ, AIR. MATERIEL COMMAND. /A1 UECHNICAL UNDEX WRIGHT FIELD, OHIO, USAAF




—

' : ATI- 13702y ||
TITLE: Tolerance Requirements for Parallel " T", Bridge " T", and Phase Lag Networks GVISION ;

~ . ____(None) |
AUTHOR(S): Sobezyk, A. ORIG. AGENCY NO. N
ORIGINATING AGENCY: Massachusetts Institute of Technology, Cambridge, Mass {None) )
PUBLISHED BY: (Same) PUBLISHING AGENCY NO.
Q (None)
BATD DOC, CLASS. ‘counY LANGUAGE PAGES HLUSTRATIONS
Dec '45 l Unclass. U.S. Eng. 9 l graphs

ABSTRACT:
Formulas are given for the variations of parallel " T" resonant frequency of derivative time constant, of
phase shift at carrier frequency, and of input and output impedance, in terms of the variations of the
individual components of the networks from their correct values. From these formulas are derived per-
centage tolerances for the components. Gain-phase margin diagrams are given to show the effect of varying
time constant, and of incorrect resonant frequency.

DISTRIBUTION: Copies of this re
DIVISION: Electronics (3)
SECTION: Components (10)

SUBJECT HEADINGS: Attenua.ors, Electronic (12850); Networks,
Bridged parallel - T (66586); Impeduiice - Measurement
(50927)

ATl SHEET NO.: . R-3-10-93

Air Division, p AlIR TECHNICAL INDEX Wright-Patterson Air Force Baso
i Alr Mmorlol Command Dayton, Ohio




s

ATI- 13793
TITLE: Part VI - Analysis of the Parallel " T" Network m
one [
AUTHOR(S): Sobezyk, A. ORI, AGENCY WO, T

ORIGINATING AGENCY: Massachusetts Institute of Technology, Cambridge, Mass. (None) K '
PUBLISHED BY: (Same) PUTLISKING AGENCY NO.
{None)
DAL DOC. CLASI. COUNTRY LANGUAGE PAGES TUUSTRATIONS ~
+ Dec '45 I Unclass. U.S. Eng. | - diagr
ABSTRACT:

The methods by means of which the design formulas for parallel T" networks were derived are indicated.
The transfer characteristic and output and input impedances are developed from an application of Kir-
chhoff' s laws. The determination of constants to realize the proportional-derivative characteristic is
accomplished by solving simultaneous equations. The numerator of the parallel " T" transfer character-
istic is Invariant under reversal of input and output, When a phase-shifting proportional-derivative parallel
" T is reversed, but the gain and phase-shifts vary.,

DISTRIBUTION: Copies of this re
DIVISION: Electronics (3)
SECTION: Components (10) .

SUBJECT HEADINGS: Attenuators, Electronic (12850); Impedance
- Measurement (50927)

AT! SHEET NO.: R-3-10-92
Alr Dy Divigh Il AIR TECHMNICAL INDEX Wright-Pottorson Alr Forco Baso

lon,
Alr Matorlo] Command Dayton, Ohio ~ |

q






