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Electric lead networks are used quite extensively to improve the response
of servomechanigms. Such lead networks may be required to operate on the
servo error voltage, on the input or output signal voltages separately,
on tne feedback voltage from an output tachometer, on verious, internal
loop volteges, and on other signals. In many cases the input voltage

to tne 1%=d network is a modulated, suppressed-carrier voltage, and it

is necessary that the output voltege of the lead network also be a
modulated, suppressed-carrier voltage of the .same carrier freguency.
Consequently, the basic d-c lead networkx of Figure 1A, which is normally
used where tae output signal may be d-c¢, is not applicable by itself

to these problems, and an z-c lead network must be used,

Tne conventional a-c lesd networ«s do not operate on tneir input signals
80 effeétively a8 does the network of Figure 1A in a d-c servowechanism,
It is the purpose of this article to suggest modifications in design
and in tne component: used which will improve tne cheracteristics of

8~¢ lead networks.

Before considering improvementes in the characteristics of s~c lead
networks, it is desirable Vo summarize the general characteristics of

these conventionel a~c lead networks.

Conventional A-C Lead Networks

When the input and output voltages of a lesd network must be modulsted,
suppressed-carrier voltages, two géneral classes of a-c lead networks
are normally used. In the firet class, illustrated by Figure 1, the a-c
signal is demodulated, then the demodulated signal is passed through a
d-c lead network, like the one of Figure 1A, and lastly, the carrier

is modulated with tae output voltage of the d-¢ lead network, This
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cless of e-¢ lead networkswill be celled & Class I network.

Regardless of the type of lead network, it may be stated that the
essential chzracteristic of an a-c lerd network is thet it produce e
pronounced, positive phase shift of tne moduleting envelope over specific
portions of the modulating frequency bend. The analytical expressions
(1A-2), (1A-3), and (1A-4) snow that the Cless I lead network of Figure 1
and Figure 1A does have a2 pronounced positive phase shift @ which reaches
@ maximum velue of ¢'m at a signal frequency of wsm. Graph 1 is a plot
of the phase shift and magnitude charscteristics of this lead network.

In general, for all lesd networxs, either a-z or d-c, the ratio of the
lesd-network transfer-function et infinite signal frequency to the
lead-networx transfer-function at zero signal frequency (for example

Equation (1A-9) ) will be defined as tne lead network attenuation.

The aemodulztor end modulator circuits of tne first class of a-c lead
networks produce noise. Filter circuits edded to tne demoduletor and
modulator tend to reduce the megnitude of this noise. Unfortunately
the reduction in noise by thais metnoa is asccompanied by a time delay
or an effective negative phase snift of tne wodulsting envelope. Such
2 negztive phase 3hift may be partielly compensated for by aan increase
in the zttenuction of tne d-c lead networs. This incresse in the attenu-
ation will result in an increase of tie overall noise-to-signal ratio,
Hence, in the Class I a-c lesd network, an engineering compromise

must be resched tetween (1) the amount of noise suppressed by filters
in the demodulator and moduvwlstor and (£) the increase in noise-to-
signal ratio resulting from the increase in attenuation required to
offset the effect of the filters. These several factors cause this
Class I networx to produce a smeller maximum positive phase shift than

the d-c lead network can produce by itself.



An example of the second cless of a-c lead networks is shown in Figure &,
and this class will be referred to ss Class II networks. The parsllel T
network of Figure 3 is snnother simple a-c lead network of Class 11.1
Bquations (2-2) through (2-5) and Equations.(3—3) through (3=7) of
Figures 2 and 3, respectively, demonstrate that tnese networks modify
the envelope of the.modulgted signal in ajproximately the sasme fashion

as does tne circuit of Figure 1.

The spplication of tunese Cless II networks is restricted by the followiag
two factors:

1. A-C lead networks of the second class

n

re guite sensitive Lo chsnges
in tne sarrier frequency becsuse & cisnge in carrier fregueacy can
reduce tae effective lead developed by these networks and cen, in
some cases, produce lag instead of lead. This effect is more
noticeable st 400 cps. then 2t 60 cps., because it is tae absolute
cnenge in carrier freguency which éffects tae network, and, in
general, 60 cps. sources are better frequency-regulested con an
absolute basis than 400 cps. sources.

2. The maximum valve of the lezd time constant T of the second clzsa
of a-c lead networksis limited and this limits the minimum

value of w the frequency at which the maximum positive phase

sm’

shift of the modulating envelops occurs. (For tae networs of

. : . ‘ L
Figure 2, tne maximum vslue ot T = 2 R. @nd for the network
e
A , . 1
of Figure 3, tne maximum velue of T' = = .} In some czses
¢

when the minimum value of Yen is too large, it is possible to
increase tue phase shift st lower freaquencies by increasing

the attenuation. Unfortunstely this increaze in attenustion
may increase tie noise-~to-signal r-tino of the lead network
sufficiently to offsel any improvewment derived from an increase

in positive phace ghift at lower frejquencies.
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[}igure 2A2 saows a modified form of tihne basic (lass II a-c lead
network. As will be noted from Houztions (24-o), (2A-8), and
(2A-7), wnen tne maximum vhese snirt ¢sm is the same for both the
circuits of Figures < and 24, the minimum veslue of wsm is
smaller for Figure ZA tnan for Figure 2 by & factor of ¢. Inas-

much as the minimus value of r' is 1, the maximum value of ¢

under tne condition of Equatioh (24-5) is f]

Modifizetions of the Class I A-C Lead Network

As was mentioned before, the demodulator aud modulator filters of

Figure 1 produce time delays or effective negative phase shiftis of the
modulating eavelope. Figure 4 saows a circult wnere the demodulator and
modulator filters zre used to an adventage. The arrangement of the
components of Figure 4 shall be referred to as a feedback type moaifi-

cation ot Cless I. To simplify thne considerstion of thls circuit, the

D

tinme delays or pnase snifts created by tne filters of the demod:lator
and moaulator have been lumped in the single RC time lag network of

Figure 4. Tnus tne miniwmum value of the time constent of tne RS net-
work of Figure 4 will Dbe determined by the filters in the demodulstor

and modulator, but i1 regquired, wdditicnsl filtéring or delays may be

edded to0 increase this equivalent time constent.

The analyticel expressions (4-10), (4-11), and (4-12) of Figure 4 show
that the cnaracteristics of this system ars the same as for the basic
Class I network. The attenustion r may be adjusted by adjusting the
gains of the amplifier, demodulator or modulator. .The lead time
constant T msy be made as large as desired but doee have & minimum
value determined by the equivslent time constant of the demoduletor

and modulator filters which prodice &n acceptable noise level.



Figure 4A shows another arrengement of the components of the basic

Class I s-c le=d network ana will be referred to as a parallel type
modification of Class I a-c lead network. The assumptions made in rep-
resenting the circuit of Figure 4 are carried over into the circuit of
Figure 4A. The analytical expressions (4A-9), (4A-10), and (4A-11)

show that the response of this network is similer to thet ot Figure 4.
The parallel type hes the limitation that, as noted from Equation (4A-8),
tne minimum value of the lezd time constant is equal to r times the
minizum value of tne equivalent time constant of the demodulator and
modulator filters. Inessmuch ss this value may be too large tor some
servomechanism applications, tne parellel type may not always be as useful

as the feedback type.

The effectiveness of the demodulator and modulator filters or tne com-
plexities of tine demoduletor zad modulator plus filters may be such as

to limit the degree of suppression of noise generated. Such & limitation
will establish tne noise-to-signal ratio and determine the applicaebility

of these circuites.

By a cnenge in the type of components zs well as tne arr=zngement used
in the basic Class I network 2 system can be evolved having demodulators
and modulstors with excellent noise-to-signal ratios. Such a system will

be referred to as an Electromechanical A-C Lesd Network - Class I.

Electromechanical A-C Lead Networks - Cless I

Figure 5 is an example of such a modified Class I network.3 In its most
general form, this network is equally applicable for d-c and a-c
operation, but in this article, only its 2-c form is discussed. In this

system the motor functions as & demodulator and tne generator 2s a modu-
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lator. Both of these functions are aspproximate with the limitstions

that W and the gotor—generatar speed be small compared to the carrier

frequency and syncaronous speeds, respectively. The anslytical ex-

pressions of (5-11), (5-1Z), end (5-13) of Figure 5 show th=t the

characteristics of tals system ere tane ssme asg for the basic Class I

a-c lead network. By proper sdjustment of K1 , XZ , and Kg. it is

possible to esteblish any vazlue of sttenuation r. The lead time

constant T cen be made as lsrge 23 desired by the addition of inertis

to the common motor-generstor shaft, Unfortunstely the minimum value
emi.Y92%93 .

of T is R and this value may be too nigh for some servo applications,

2

The arrangement of the coamponents ot the circuit of Figure 5 is such that
this type of electromechenicsl network will be referred to as a feedback
type. Another arrangement of the components of Figure § is showa ia

Figure £ and will be referred to as sn electromechenical a-c lead network
of tne psrallel type. This persliel type of electromechanical network

has cheracteristics similer to those of the feedbeck type except that its

lead time constent T is greater by e factor equal to tne attenustion r.

vonsequently in many cases, tne psrezllel type is not so useful ag the

feedbecs typre of electrowecusnicsl a-c‘lead networc. It is of interest

tc note that the amplifier K} can te omitted in the parsllel type.

Figure 7 is & scnematic of enother electromechenicel a~c leezd network -
Class I. It ie of the feedbzck type but, as indicated by Zouation (7-12),
does not nave tae phese &nd amplitude charescteristics of tne besic Class 1
e-c network. Tnis network is & resonant lead controller of Class I.
Grephe 2, 3, 4, 5, and € show tue phase sud amplitude charascteristics

of this electromechenicsl eystem.



Figure & snows tne parallel type counterpart of the electromechanicel
a-c¢ lead network of Figure 7. Its characteristics are similar to those

of the feedback type.

Of the several types of electromechsnicel a-c lead networks discussed,
thet of Figure 7 appears t¢ have the most desiratle charscteristics and
alsc to be tne simplest to menufecture. Figure 9 is a cut-away view of

& pilot design of this electromechaniczl system. The main cosponents of
the system are (1) an induction torque motor, (2) a combination induction
pickoff and electric spring, (3) an eday-current demper, and (4) inertia
weights. The induction torque motor and tne combination induction pickoff
and electric spring are made of simple, punched laminations end bobbin-

4
wound coils end are called Microsyn elecents.

The induction torque motor is excited by & fixed a-c reference voltage
and by the signal voltage. It develops s torque proportionel te the
signel voltege which ig virtuslly indepenient of the anguler displace-

ment of its rotor. The colle of the conbinaticn induction ple<off and

[N

electric spring s#re sc arrasnged thet tuere is s sepsrete circuit for bvotn
tne pickeff and electric spring. The pilexkeff circult is excited with

a-c voltege end the circuit «f tihe electric spring lg¢ excited with d-c
voltage. This combinetion then produces a signal voltege and 2 torgue,
hoth of which are proporticnzl to the angular displascement of the

rotor from neutral. By chenging tre d-c excitation of tre electric spring

circuit, the torque gradient of tne electric spring mey be ad

The eddy~current aamper is mece up of an aluminum demping disc and &
multi-pole, Alnico permerent meguet witn its poles parsllel te the axis

of retation., Tnis megnet is vuresded axielly intc the nousing; and
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therefore it is possible to adjust the specing between the magnet and

damping disc, thus chenging the demping coefficient f.

The totel moment of inertis of the system may be cnanged by adjusting

tne position of tune inertia weignhts.

Thus &% tnere are taree continuously adjuststle pesrameters--the spring
constent, tue demping, and tne moment of inertim--it is possible to

sdjust tne two variables W and ¢ independently. The attenustion fsctor
<

h“ can alsc be adjusted independently by changing the pickoff sensitivity

er the smplifier gain.

As planned, W snd ¢ are to be continuously adjustzble from 1 cps. to
6 cps. znd .8 to 1, respectively. Over tnese renges of network parameters,

the maximum gower cornsumpiion of the torque motor should not exceed one-

tnirda of a watt.
(Addenaum A)

Changes in carrier frequvency which will not prevent proper operetion of
any electromecnanic:l comporents in the complete servo loop (such as
motors and indicators) will not zffect tne operation of the electro-
mechenicsal a-c lesd networke described. Graphs 2, &, 4, D, &and 6 show
that wsm aceurs near wn' end, &8 noted ghove, Wn and hence ¥om BEY he
edjusted tc cover tne region of freguencies 1 to 6 cps. Also the maxi-
mug value of phesesaift ¢sm may be made larger for the networg of Figure 4
tnen for a simple lesd network having tne seme attenuation or noise-to=-

signal retio.

An example of tne aspplicstion of the electromechanical lead network of
Figure 7 iz shown in ¥Figure 1C. Here & two-phase induction servo is
teing stabilized by tne use of this electromechanicel a-c lead network.

As will be ncted, tae amplifier driving tne servo motor is also used to
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drive the torque motor of the lead network. This is possible because

of the very low power consumption of the torque motor.

In closing, if tne feedback paths of Figures 4, O, and 7 are connected
regeneratively, insteed of degeneratively, and the parallel paths of
Figures 4A, 6, and 8 are connected so as tc¢ add, instesd of subtract,

these systems will become lag or integral networks instesd of lead networks.

In general, it mey be stated that the modificatione in the circuit
arrzngements &and tae chenge in the type of components of the basic Class I
lead network produces an e-c lead network which hes 211 of the sdvanteges
of the Cless I lead network with ite disadvantages <ept to a miniwum.

The general approach used in modifying the besic Class I s-c lead networs
hes been to place all of tne elements with negative phase snifts in a
perallel or feedback branch where they will effectively produce a lead
instesd of a2 lsg. Thus by this procedure, tre inherent and vnzvoidsble
delaye thét occur in meny networks, such as in demodulators =nd modulstors,

can be put to an adventsge instead of being s handicap.

The characteristics of the Class II a-c lead netwcriks have been described
in this article in order to contrast more eftectively the two classes,
but no attempt will be made in tnis article to describe metnods of im-

proving tne cnaracteristics of the Class II &#-c¢ lesd networkse.
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Addencum A

1f the electromechanicel system of Figure 9 is used in the circuit of

te simplified. - In Figure 11 tre spring X, of Figsure 7 has been repleced
by tne amplifier X,. As may be noted from Equetions (11-2) end (11-3),

v s N , ) . €p
when K, K, X, is substituted for X the retio 2 ®avetion (11-2),
L a
. ey
becomes the seme 2s Eouation (7-8). Hence the response of the circuilt

of Figure 11 iz the seme as the response of the circuit of Figure 7 end

Bquation (7-~1Z) and Graphns 2, 3, 4, 5, and 6 apply for both circuits.
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