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CHAPTER 19
CONTROL _ SYSTEMS

1. INTRODUCTION

A ocontrol system, in general temms, consists of an srraunge-
ment of elements (smplifiers, converters, human operators, etc.) inter-
connected in such a way that the operation of each depends on the
results of the operation of one or more other elements, and the purpose
of which is to control some process or machine.

The whole system commences with the input element, the
operation of which should be independent of the control system, and the
outrut element is tne one -'nicn arfects dirsctly thie nrocess or machine
to be controlled. 'Yherz may be several input or outrut elements. In
most cases in radar the output element controls the position of the
load, which may consist of a needle indicatar, a shaft leading to some
other control system, an aerial array or cabin which must be rotated to
follow a target, or same other device,

A oommon example of a control system is the accelerator of
an automobile engine; the position of the pedal, or input element,
oontrols the applied engine torgue which, together with extermal con-
ditions depending on the resistance to motion, inertia, etc., determines
the speed of the ocar. The road wheels may be regarded as the output
elements. Such a system could be described as a position-veloeity
system, or more exaoctly, a displacement-oontrolling-velocity system,
since the position or displacement of the input element ultimately
controls the velocity of the output elements. It should be noted that
the relation is not necessarily a linesr one, and that it will be
affeoted by differing external oonditions.

The above is an example of an automatic, power-smplifying
ocontrol system, In the case of a recording barometer, the variatiom in
air pressure acting on a diaphragn usually provides the power to operate
the recording device directly, so that the system is not power-
amplifying. The supply of air to a pipe organ, on the other hand,
requires power to be supplied by a motor or by 2 human operator; in
either case power amplificetion is provided, a pressure gauge indicating
the quantity of air required t¢ maintain an adequate bellows pressure,
and the motor or organ blower responding accordingly.

The mechaniam of an automatic oontrol system may be hydraulic,
mechanicel or electricidl. In any case the essential links are indicated
in Pige. 8596, Fige 096(a) shows a “straight through" arrangement in
which input ocomtrols output directly, as with a Bowiden cable (non-power -
aaplifying) or as in the motor-car throttle centrol (power-emplilying).

The first part of this chapter is devoted to a oconsideration
of electricelly operated data tranmmission systems, which may be
represented schematically by the arrangement of Fig., $96(a), partioular
emphasis being given to remote position=~indicating devices. The second
part deals with Servo Systems.

A servo system is a oontrol system which is Error-Actusted,
As indicated at (b), at some stage of the control sequence the output
quantity, or some function of it, is compared with a similar functiom
of the imput quantity, so that the whole system operates on the principle
of reducing to sero the error, or difference between input and output.
The process of comparing output with inpiat is called Resetting. A servo
is an automatic power-amplifying reset control aystem.
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Pig, 896 = Pundsmental arrangements of elementary control systems,

According to this definition , certain electronic circults
are servos whereas others are note A simple velve smplifier is not a
servo, since there is no reset, Some feedback umplifiers, on the
other hand, employ the resetting principle and thus come into the servo
category. For exsmple, in a cathode follower the output quantity
(cathode potentisl) is compared with the input quantity (grid potential)
and the power smplifying properties of the valve are utilised to
minimige variations in the difference between the two (error voltage).

DATA TRANSMISSION SYSTRMS guw—nzsmmc)
2. General

The function of a Data Transmission Systeam is to convey to
some remote receiver data which is represented by conditions at a
transmitter. Usually this data is represented both at the transmitter
and at the receiver by a mechanical movement, but this is not necessary.
Such systems may be varisble either smoothly or step-by-step; the
transition frem the one type to the other is gradual and ill-defined,
For example, a wire-wound potentiometer is essentially a step-by-step
device, since the division of the total resistance into its two parts
changes with movement of the potentiometer arm By finite steps, corres-
ponding to the resistance of a single turn of the wire. 1In effect,
however, the magnitude of these steps can be so reduced as to make the
ecror ne ligible, sothe device is mssumed to be smoothly variable.
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The commonest types of datas requiring tranmmission in radar
are those giving numerical indication of the position of the transmit-
ter; e.g. the Bearing or Elevation of an aerial system. Similarly,
measured Range may be indicated by the angular movement of a calibrated
tranasmitting shaft, although it may be transmitted as a variable volie
age, the indication at the receiver being by means of a calibrated volt-
meter, '

A data trensmission system is Synchronous if there is
negligible delay between the setting of the transmitter and the adapta~
tion of the recelver in conformity with the conditions at the trans-
mitter; d.e, the follow-up time may be taken as zero, Systems which
embody servo action usually exhibit a time-delay in operation which may
or may not be sensibly constant for all imputs. They ocan seldom be
oonslidered as synchronous.

A system is linear if equal movements at the tranmmitter
glve rise to equal changes in indication at the receiver. Where dupli-~
cate systems are used, transmitting coarse and fine data, it is usually
essential that the systems should be linear, otherwise one rewvolution of
the fine tranmmitter would not correspond to the same incremental movement
of the coarse one, The alternative, a non-linear gearing system, is not
normelly practicable, The use of such coarse-and-fine systems makes
great accwacy possible without complicated or finely machined con-
struction. For exeample, in a rotational system e maximum error of one
part in 35600 means, with a single, or coarse, indicator, an accuracy
of £ 0-05° in 360°  With a coarse-and-fine system an error of ¥ 3° can
be permitted in both indicators without any deterioration in accuracy.
This sllows greatly increased manufacturing toleramces and often increases
the ease of operation.

Various non-electrical synchronous transpission systems are
in eweryday use, but omly electricel methods are dealt with in the
following sections, Mechaniocal devioces, such as flexible-cable rotary
drives or push-pull controls can be used, but are inconvenient over
distances of more than a few yardas and in any case are prone to fatigue.

Hydraulic and pnewmatic devices have not been extensively applied to
Service radar transmission problems. Electrioal methods require only

s multi-core cable between tranmmitter and receiver, and great accuracies
may be maintained over long distances,

3« Performence of Transmission Systems

The criteria by which a transmission system is judged depend
largely upon the use to which it is put. If it is required to operate
a light pointer only, power considerations generally, end efficiency in
particular, are not usually important. If it is required to drive a
heavy mechanicalload these considerations msy predominate over all others.
If the system is not power-smplifying, the power to drive the load at
the receiver must be provided by the source operating the transmitter.
Systems which are power-amplifying are frequently of the servo type,
the transmission being carried out at a low power level and the signal
power being emplified at the receiver by a servo.

The ariteria usually applied to transmigsion system are as
follows:

(4) Stiffness: this is defined as the magnitude of the
disturbing torque that bas to be applied to the load
to displace it by a unit angular smownt from its
position corresponding to a fixed imput.

(11) Maximum static errors with or without load.
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(iii) Dymamic errors; velocity and acceleration lagse.
(iv) Frequency response,
(v) General reliability, size, weight,etc.

Some of these oriteria are dealt with more fully in Secs.l5
and l17=19.

be 5 -5t stems for Transmit Position Data

(1) Lemp system. In this system a lemp lights at the
receiver to indicate the position of the moving arm at the tranmmitter.
The very simplicity of
this system, as indicated
by the circuit of Fig,

897, mekes it particular-
ly uaeful where relia-—

bility is fr w TRANSMITTER - _®‘_’__ RECEVER
can be adapted to any o
degree of acouracgy by ? o2

the usc of coarse and
fine dials with lamps
at regular intervals
on the circumference,
Even so, a large Fige 897 = Lamp system.

mmber of cable cores is

required, Since this

is an On-0ff system no

errors are introduced

by line losses, provided the lamps always light when (and only when) they
are switched on. By the use of gas-filled lamps the current cen be
kept very small., VWhilst the method is.adaptable to pointer-matching
receivers it is purely an indicating system and is not readily adapted
for power drives, Either AC or DC supplies may be used.

(ii) MType System, The M-Type Tranmission System, or
M-Motor as it is sometimes ed, is a relatively high-power snalogue
of the lemp system, the receiver current being used to provide a driving
torque instesd of energising a lemp, The method is illustrated in
aschematic form in Fig., 396,
As the brush et the trans-
mitter rotates and "makes"
on each segment in turn
of the transaitter switch,
the corresponding srma-
ture winding at the

receiver is energised, and

the magnetic field set wp LL
produces a torque on the ) i‘\\\aausn rotos ]
!
\ /
N ,/

soft~iron rotor, which is
magnetically asymmetricsl,

tending to pull its _ +
gneti TRANSMITTER RECEIVER
:;‘bh th: :?efd.int;flitﬁg (n segments) (n armature wndings)

brush makes on two seg-

ments at once, both of

the corresponding wind-

ings are energised and Fig. 898 ~ Schematic arrangememt of M-type
the rotor tends to take transmission syatem.

up a position inter-

mediate between the field
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axes due to the individual windings. In practice this overlap interval
is often brief and then does not greatly reduce the inherent errars of
the system. If there are n nmts the maximan off-load error (i.e.

assuming there is no load terque) is 3—° This possibility of error

1saompmu‘tyalao°mmtyitmumoluimm:~ia used,
since in this case a reversal of the rotor does not change the magnetic
stability of the gystem. If the rotor is polarised, two positions of
equilibrium remain fer each position of the tranmmitter brush, dbut one
of these is unstable and of little practical importance. As the trans -
mittumismudatuﬁlythnoeimmmmjm!of

ﬁ.; » The relative dispositions of brush and ammature windings should

mall;bea&juatdnthatthomri-:mmmbnuhhinthe
centre of each segment.

A variant of the elementary circuit is shown in Fig. 899.
By the use of three fixed brushes and dead seguments on the rotary switch
the field at the receiver is made to rotate in steps of 30°, correspond -
ing to a 12-gegnent switch of the elementary type shown in Fig. 898,

The receiver is
shown wound for a two-pole
field. The use of a four
pole wipding in the receiver
reduces the step to 15°, but
at the expense of
180° amdiguity, even with
a polarised rotor. Such a
fom s e N iy 59 - ietpe sranmiesion,
one complete winding is
shown, for the sake of
clarity. The windings for the sets *2" and "3" are the same as for
"1l*, each starting at the appropriately numbered point and ending at an
earthed point. If the trenmmitter
of FPlg. 899 is used with such a
regceiver there is a 1:2 ratie
between the movement of the
roter and that of the trans-
mitter switaoh,

Fig. 901 shows an
alternative form of tranmmitter
switch providing a l:1 retio when
used with a feur-pole receiver.
Negleoting the Wrief overlesp
period when a brush bridges
two seguments, Ehe receiver field
advanses in 30 steps, i.e, 12
per revolution., There is a
180° embiguity even with a Pig. 900 = 4-pole receiver.
polarised roter,

A tranmmitter switch which
provides 2i. steps/rev. is shown in Pig. 502, Seguents similarly mumbered
are ocommected together, The effect if this is used with the reseiver
of Fig. 898 is the same as if a 1:2 (step-up) gear were intreduced
between tranmuitter and recsiver.: The brushes may bs duplicated,if
desired,as shown (unshaded), If an 8-pole reeeiver is used, the 1:2
ratio is removed, but there are feowr stable positions of equilibrium
with a polarised and eight with an unpolarised roter.
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The principal
adventage of the M-type
system is that it ocom-
bines power amplifi-
cation with relatively
high efficiency. It
may be used with an
alternating supply 3 2
provided the rotor, if
polarised, is fed from
an inphase source. Its
chief disadventage lies
in the large number of
ambiguities which must
be permitted if small Pig. 901 - Alternative form of M~type
incremental steps are system,
to be obtained.

In its practical form the M-
motor is not Self-Aligning; i.e., once
the receiver is out—-of-step with the -
tranamitter it requires scme external
cause to bring it into step again, since
any one of the ambiguous positions of
the receiver rotor is as stable as any
other.

5. Potentiometer and Vol+mweter Systems

The basis of meny trans- Fige 902 = Transmitter
mission techniques is the potentiometer .
and voltmeter arrangement of Fige. 903 . providing 2l steps/rev
The valtmeter, in the simple circuit,
is calibrated to indicate the dis-
placement of the potentiometer slider
from the zerc end. Theoretically,
if a wire-wound potenticmeter is used,
the indications are stepped, but in
practice the steps may be smaller then

the static error of the meter.
Dynemic accuracy depends on the stiff- 1 < o _______
nesg/inertia and ratios of the

meter; (see Sec. 19). The accuracy

13 rffected Dy anything causing

variation in load current, such as line

resistance or fluctuations in battery

voltage. Changes of temperature

a.ffecf.e the accuracy of the v:aﬁl.‘l:mei:l:’;":"Y Fig. 503 = Potentiometer and
through mechanical changes or through voltmeter system.
variation of resistance.

A1l of the systems employ-

ing the basic principles of the
cirouit of Fige 903, same of which are described in Sec. 6, ere essenti-

ally power-smplifying, That is to say, the power which provides the
output torque to bring the needle or rotor into aligment msy be much
greater than the power necessary to move the imput potentiometer amm,

On the other hand, these systems are not suitable for high powered drives,
because of their very low efficiency. In general the load current must
be muall campared with the current flowing in the various branches of

the trensmitter potentiometer, so that if high powers were required at

How
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the reeeiver prehibitive dissipation would be necessitated at the

tranmitter. In this sense these gystems oempare unfaveursbly with
_the non-power-amplifying selsyns, desoribed below, or the power-ampli-
fying M-motor, (scc. &).

The simple circuit of Fig. 903 may be modified by the sub-
stitution ef an AC supply and meter for the DC arrangement. This in-
troduces further seurces of inacouracy, of whieh variations in wave-
form and frequency of the supply are the mest preminent.

One form of
voltmeter comuenly used POLARISING
is indieated in Fig, CURRENT
S04 e This requires a
J=-gore eable, dut is
independent of the
supply voltage, Such
an arrangement is
fundemental in all
systems whioh are in-
dependent of supply
fluctuations, and, in
seme cases, of line Pig. 90k -~ Electrodynamic¢ system with
resistenee (provided DC polarized voltmeter.

g

NAL
CURRENT

4]}
A AAA

The direetion of the resultent field at the receiver depends
on the pesition of the slider at the transmitter, and is indiocated by
a magnetised roter, This roter aligns itself with the resultant flux,
whioh is inclined at an angle §,to the flux axis of the polarising
winding, The aystem is non-linear, the movement of the input slider
Weing proportional te tan §, For DC eperation a permeanently magnetised
needle may be used, For AC working the needle must be magnetised
frem a source in synchrenimm with the petentiometer supply.

6e Ring-Potentiemeter Systems

The reselvers deseribed in Chap. 3 Secs., 18«19, may be
adspted as tranmnitters or reoceivers for use in data transmission
systema, as indicated in Fig. 905, In this case sine-graded resistive
potenticmeters are used to form the transmitter, fed frem a DC sourcs,
and a pair ef inductive resolvers with a single magnetic retor, which
aligns itself with the resultant flux, form the reeeiver. The trans-
mitter potentiometers are 30 wound that

?:ocd.noi

md?,ocusoi,moiuthnnmlumuonofmmtmny

perpendicular potenticmeter arms from some reference positien, FProvided
esach resolver is wound se as to produee a uniform flux ef magnitude
prepertional to the input voltage, the inclination 9, of the resultant

field at the receiver, is given by

Vx
tlneoz;; stanoi

o
nmo,.o:t.n.l&o



Chap.1 9’ Sect.6

This system is therefore linear., The ambiguity (n = 0 or 1)
may be resolved by the use of a polarised rotor, in which case one of
the equilibrium positions is unstable. If an unpolarised rotor is
used the receiver must hawve identical scales, each oecupying 1809, if
ambiguity is to be avoided; (Pig. 906).

The system may be used
with an alternating supply. In this
case inductive potentiemeters may
replace the resistive ones. The
rotor must be polarised from an AC
souroe in synchronism with that
which feeds the potentiometers.

Fig. 9C5 = Two=coll receiver

An alternative arrange- fed from sine~graded potentiometer.
ment of the sine-graded ring
potenticmeter system is shown in
Fige 907. This is typified by
the term Inverted, indicating
that the supply is fed to the
potentiometers via the rotat- >
ms Mmm mg. m TRANSMITTER RECEIVER
outputs to the receiver baing Pig. 906 = Resolution of ambiguity

taken from fixed points.
Separate ring potentiometers are due to umpolarised rotor.

necessary for the x and y wind~
ings of the receiver,

Although the use v vy | Zs
of sine~graded potentiometers ﬂ

=

gives a theoretically linear v
relation between 8; and 652 where~

as non-sinusoidal potentiometers
introduce non-linearity, the
latter are commonly used in
practice because of their compa-
rative simplicity of construo-
tion. By the adoption of
coarse-and-fine methods the c
errors introduced by the employ- Fig, 507 - Imort:ilt:rim-g'aded
ment of uniformly-wound potentioe transm *
meters may be made of negligible
ce, Such a system is indicated in Fige %00(z) and is analogous
to the phase-shifting network described in Chap., > Sec. 23. The errors
introduced by the potentiometer linearity are the ssme as for the phase-
shifting network and the cause is illustrated in Fig. 903(:;. This is
a veetor diagram indicating the direction O'P' of the resulsant flux in
the receiver. Using the symbols as indicated, to represent component
fluxes and voltages, we have By < Vy and By o< Vy, the changes in each
uantity b portional to the angular movement @, of the potentio-
meterq ain.ﬁniapgomons from A to B (Fig. 908(a)}) P'iiovcs from A' to
B' (Fig. 508(h)), the distance A'P' being to the chenge in
voltage from A to P, i.e, proportiomel tooi. £ 94, is measured in

degrees, mdﬂ':_gg— ,

SEPARATE SUPPLY
POTENTIOMETERS
ARE NECESSARY
FOR THE x ANDy
WINDINGS

then oncp’
and Byocl - ¢

.
so that tan O, By 1op
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The output altermately lags and
leads the input. The error 6, ~ @;
iﬂmmoiEOO’ h5°.

90° etc. Maximum errer oocurs v
when @3 = % 21.5°, 90° £ 21-5°,
ete; its value is & h‘-1°.

Sinoe the
potentiameter is uniform it may
Bbe used either as shown in TV O RANSMITTER RECEIVER
Pig. 908(2) or inverted, as in
Fige 909, This latter circuit a
also uses a fulle-wave or bal-
anced arrangement of feed-
points and receiver coils. An
advantage of this arreangement
is that the accuracy iz nmot
affected wy voltage drops at
the potentiometer output
connections due te load current,
provided the load is balanced
and cal; i.e,, the
input resistance of all the
stator coils, measured between
each input terminal and earth,
isnthc same , and the fouruﬂ Pige G0 = Uniform ring-
cable connections have eq ent ter s
resistance, The off-load potentiame ysten.
accuracy (i.e. ignoring the
effect of current drein on the transmitier) is the same for this
arrangement as for that of Fig, S0C(a) »

A modification of the method of Fig. ©09 is shown in Fig.
10 where a three-coil receiver is fed from an inverted linear ring-
potentiometer., This results in an t in off-load accuracy,
the maximum error being reduced to 1-1°. The relative voltages
carried by the three lines are indicated in the figure in terms of g,

mﬁ-& .
90°

—_—

Y O et

—VO— | — v ‘TT'.I_ sﬂN
!

Pig. 5C9 - Tnverted full-wave Fige 910 ~ Three-coil receiver
arrangement. fed from vniforily wound
ring-potentic wtcr

co
o
-3
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It may ®e deduced that, with the same zymbels as for Pig.
908,

ek - g
and oncﬁy H

NS
s0 that tan @, = = =
° % %-ﬁ -1-2-2-'-1

Provided a polarised rotor is used, no error is imtroduced at 01-o°.
30°, 60° etc. Maximum errer occurs at o =12 13+2°%, 60° I 13.2°, ete,

Te e-FPhase stems

Any of the systems described in Sees. 1 - 6 may e operated
from single phage supplies, although generally speaking the accuracy is
not as geod as with DC. The systems dealt with in the following sections
camnot be operated frem DC supplies since, in ell cases, the tranmmitter
EMF's are magnetically induced, and, in some cases, the receivers
operate correctly only if the frequency of the alternating supply s
maintained at a suitable value,

The term Selsyn (from Self-Synchronous) is used for either

a transmitter or a receiver designed on the principle of the inductive
resolver or varisble-ratio transformer. (Chap. 3 Sec, 12). The

<03 {8;-120°)

LN B
coE @

Ry,

~ S
cos g _f'j.-‘“\. _{E|.:a

(& Two coiL (b) THREE coiL

P

cos (g +120%

Fig. 911 = Selsyn trensmitters.

trananitter fulfils the function of the sine-graded potentiometers in
the cirouit of Fig. 505, feeding to each receiver ooil a voltage proport-
ional to the cosine of the angle between the tranmmitter rotor coil and
the appropriate stator coil. PFig. 911(a) shows schematically a two-
coil stator and Pig., 911(b) a three-ceir stator selsyn tranmmitter,

The currents in the receiver coils have the same function as in the DC-
circuit, te produce a resultent flux with which the polarised roter
aligns itself. 1In the selsyn reeeiver, as in the selsyn transmitter,
the soft-iron core of the rotor is polarised frem an AC supply fed to
the rotor winding via slip-rings,.

359
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In the Magslip (Magnetic Slip-Ring) receiver a shaped soft-
iren rotor is polarised by magnetic inductien from a stationsry wind-
ing s0 that the use of slip-rings is avcided, This results in a very
loss in efficiency, the output torque available from a
magslip reeeiver weing sufficient to drive only a light pointer.

(Note: ' The term Magslip, which originally had only the meaning
assigned to it above, is now employed te desaribe many
other tranmmission cemponents, some of whioh do not employ
slip-rings, and is applied to some devioces in which ne
movement at all occurs. The trensmitters used with mag-
slip receivers are called magslip tranmitters or
transnitter magslips, although are designed en the
selsyn prineiple, uasing slip-rings).

The advantages afforded by the use of selsyn-type trans-
mitters instead of resistive potentiometers are :-

(i) they are more compact for a given output power;
(i4) they are easier to make to a given degre® of accuracy;

{i11) they heve a lower eutput impedsnce for a given input
power, 50 that there is less reactiocn due to loading
by the receiver. Also, a slightly unbalanced load
does not seriously unbalence the output voltages of
the tranmmitter.

%

A disadvantage is that selsyn systems are not power-emplifying,
Because of its high efficiency a "power” selsyn (i.e,, a large one) may
be employed to drive a load which requires a large driving torque, but
this torque must be previded by whatever source of power ls used for
driving the roter of the tranmitter, In this sense selsyns are
inferier to M-motors, but compared with the latter selsyns have the
advantages of 1=

(1) mmoothly variable output, instead of step-By-step;
(11) sbsence of ambiguity; (iee., they sre self-sligning);

(141) they require a cable with only five cores, whereas
m!—noterwmo‘dnawm.

8, Selsyn Systems

Fige 912 ahows
a simple two-circuit selmyn -0 o=
system, Such a system ia

sometimes described as a

*Two-Fhase® system. The

term is not used here, C’“E E,T iR
sinoe "phase" is reaserved

for time-variations. 27 (SUTTT ) 2R
Many of the windings used
in single-phase AC trans- .
mission systems are

aimilar to those found in O ° RECEIVER

polyphase motors or TRANSMITTER

generators, where a

rotating flux is generated, Fig. 912 - Simple two-circuit
In the systems here describ- selsyn system.

ed single phase supplies
are used throughout. A
flux can be made to retate

enly by rotating the
3¢9
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appropriate field windings.

. In the arrangesent of Fig. 912 the rotor of the receiver
Ais polarised frem the seme source as feeds the transmitter., Trans-
mitter and receiver may e identieal units, or the receiver can be of
lighter comstruction. In the former case, when the reeeiver is in
alignment with the tranmmitter the line current is szero, sinee the
indused EMF's caneel in eadh of the secondary circuits. Each of the
primary windings (the two roters) draws frem the supply sufficient mag-
netising current to set up a flux which gives a primary back EMF equal
to the excess of the supply voltage over the series resistance drep.
The arrows in the diagram show the flux directions fer a cheosen half-
cycle of the supply curremt. PFig, 913 shows a three-cireuit system.
4 threewgircuit selsyn is preferable to a two-circuit one begause ;-

() The preblem of winding the secondary circuits is
simplified,

(i) Even if the variation of mutual inductence with retor
angle is not truly ad.msoiaalsthe error introduced at
the receiver is zerv every 30“, compared with every
459 for the twowcircuit system, and the meximum error
is leps.

The three-circuit selsyn
system does not require any more
eable cores than the two-cireuit

gyaten,

In genersl several STATOR é':'ownk STATOR ROTOR
receivers may be driven from a 3 B
single transmitter. TVWhere ; o ¢
regeivers and tranamitters are %:i
of identical censtruction inter- I

action between receivers may be
rrohibitive, If one receiver

is misaligned curremts flow frem
the other receivers providing a
ocarrecting terque, snd these
currents cgause the other receivers
to be misaligned also. This
interaction may we reduced by Pige 913 = Three-circult selsyn
making the receivers of high in- system,

TRANSMITTER RECEIVER

mitter, so that misaligmuent

current from any ons receiver is mmall and has little effect on the out-~
put voltages of the tranmmitter, Where this is done the stiffness of
the receiver is small, and it is suitadle for operating only a light
pointer, Precautions must be taken to minimise friotional torques

and errors due to mechanicel unkalance of the reoeiver rotor,
9. ction of Sel tters

The prinsipal cbjéct in the construction of a selsgyn trans-
mitter is to obtein sinusoidal variations of the mutual inductance
between the primary winding and each secondary winding, as the rotor is
turned. Common practice is to use three secondary windings, spaced
120° epart. Iren cores are normally used, to keep the magnetising
ourreht, at the ususl power frequencies, reascnably low. Frequencies
up to 1 ko/s have been used.

Usually the primary winding is put on the rotor, as this

requires only two slip~rings and avoids baving variable contact-resist-
ances in the secondary circuits, the impedsnces of which must be
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accurately balanced at all times. In addition, former-wound coils cen
then be used for the secondary windings. Howewer, most of the heat
losses occur in the primary, and hence some makers put the primary on
the stator, .

The problem of making the flux linkages between the primary
and eaeh seocndary winding vary sinusoidally with the angular rotation
of the roter is the ssme as that of securing a sinuseidal output voltage
waveform frem an alternator, and the methods of ocoustruction adopted
in the two ocases are similar.

The reseiver of a selsyn~type tranmission system should
resenble the tranmitter in having the secendary coils so wound t
the mutual inductance detween each secondaxry winding and the primary, er
polarising, winding varies sinusoidally as the rotor is turmed. It is
an advantage if the roter is magnetically symmetrical.

Consider a two-circuit reeeiver, If the roter is unpolar-
ised but magnetically dsymmetrical, a current flowing in either stator
coll tends to align the retor with its axis of least reluctance in the
direstion of the magnetic axis of the coil; i.e., the rotor temds te
set in the pesitien giving maximum inductance of the ceil, If the
mtinthnwﬂish(ﬂavﬂm)anﬁitsinﬂuminli,tho

terque en the rotor satisfies the relation
n2 ay
TlocE...,- =’ 0, Dbeing the angular position of
("]
2
the retor, Lﬁmlwtmmsz%—.-% is devaloped be-

tween the second coll and the roter, so that for equilibrium,
'1'1+’I'2-g.

This gives 2
Ly )
w/%- 4

This does not lead to a simple expression for 6.. In general
thcteu-quesdnetomtoraqmotrymmtlihelytotmdgopmdnuths
ssme equilibrium position for the rotor as those due to mutuel inductance

between retor and stator ooils. aﬁ""‘ i&é' usually desirable for the

nurtouqmetriulmthata-e——and 35— are sero. In this case
o o

the seme design considerations apply to the receiver as apply to the

selsyn trsnseitter; (Sec. 9).

11, The Magslip receiver

Simplified plan and elevation drawings of a magslip recelver
are shown in Pig, 91k, The Le~shaped soft~iron reter is balanced se
that its equilibrium position is independent of gravity. It is polarised
fren & fixed cylindricel polarising winding as shown, The stator has
three sets of ocoils arranged with their magnetic axes spaced 120° apart,
The mutual inductance between any stater winding snd the polarising coil
should vary sinuseidally with the rotation ef the rotor; 1i.e., the flux
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STATOR WINDINGS

POLARISING
WINDING, SOFT IRON
VANE RQYOR POLARISING

WINDIN

SPINDLE

(BEARINGS
NOT

————) SHO'ﬁE

DITHER
DIAPHRAGM

FIBRE BUFFER
(HELD N PLACE
BY SPRING AND
SCREW NOT
SHOWN )

BALANCE
WEIGHT

Pige 4 - Magslip receiver.

stator surface varies
sinusoidally frem point
to peint. Using a )

slotted stator, this 1.7 STATOR
condition can be approxi- - 8

mated to by an appropriate ET
distribution of smpere turns. srs (@)

The ssme current flews in Yz- Ui = knl

all the conductors of any EWNRE SlogonoveTons
one winding, but the

number of turns in each slot v

is so0 chosen that the

resulting stepped graph of X
magnetic potential is - %
approximately simscidal;

(Pige Y15). The inte- (b)
grating effect due to the

rotor overlapping more

than ene slot mmooths out

360

the flux-linkeages so that Pig. 915 = Distribution of
the effective magnetic magne
potential is less irregular stato:i’c potential for L-slot

than that of Fig. 915(b).

When each of the stater windings is energlased the resultent
potential distribution at the stator surface is still approximately
sinusoidal, as may be readily deduced by veotorial or analytical
methods, There is in practice a cyalic errer of maginitude approximately
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€' and of period equal te the slet pitch (15° in the magslip reosiver).

The effests of friction (see Sec. 15) are greatly reduced
by the endwise dither ef the rotor which is caused by the pulsating
magnetic pull of the pelarising ocoil.

The resonant frequensy
of a magelip receiver is in the e
neighbourheod of 2+5 ¢/s. The
velecity lag is indicated in 2°
Pige. 9165 it is about 1° at
20%/sec. The damping is low. e
VYarious methods are being in~ ) .
vestigated of inoreasing the ° 0% FRERRINE
dsmping and reduoing the pre-
neunced resenance which has
deleterious effects when used Pig. 916 -« Magslip velocity lag.
with some cemputing devioces.

12, Coincidence Indicating Systems

Ths okject of a
Coincidenoe Indicating System
is to indicate when one shaft
at the receiving end of the
system is aligned with an~
other at the transmitting
end. Usually the magnitude
and directien of any misaligne-
ment must be shown over a
certain misalignment range.

YOLTME TER

A ring-potentio- (@)

meter coincidence system ia
shown in Fig. 517(z2). The
voltmeter shows a reading \vourace
whensver the angle between j
the two brush sets is other
than 90°, The asction is
illustrated in Pig. 917(b) .
© demotes sngular rotatiom
from the dismeter AC on
either ring-potenticmeter,
:hboing the rotation of

feedpeints of woltags,
+ ¥V eand =¥, and Do the

rotation of FQ frem AC.

Negleoting the curremt PFig. 917 - Ring-potentiometer
drain from the first nst- coincidence system with curve of
work due to the second, voltage against angular rotation.

the variation of veltage
with Oo is shown in

Pig. 917(b) fer the chosen valus of @;, Provided Q, = 6; + 90° the
voltage difference between P and Q is zero,

The veltmeter may be at the same end as the power supply,
It must be polarised if the sense of the misalignment is to be indicated,

The system will cperate with an alternating supply provided the volt-
meter is polarised from an in~phase supply.
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Fige 918 shows a
selsyn ocincidenoce indicator,
The flux-distribution due
to rotor 1 is reproduced by
stator 2. Unless rotor 2
is perpendicular to this
flux, and therefore to
rotor 1, ‘a resultant EMP
will be induced in rotor 2
and will Be indicated by -
the voltmeter. The meter ~
must be polarised, as (E
indicated, from an in-phase
supply. ~ Although a dynamo-
neter meter is shown, an SoLaRIZED

AC-polarised moving iren VOLTMETER

meter could also be used, or

a polarised DC voltmeter in

conjunction with a phase Flg. 918 ~ Selsyn-type coincidence
discriminating rectifier; system,

(Sec. 14).

STA;I‘OR

A selgyn
system using a
differential receiver
is shown in Fig., 919. ROTOR OF
A differential selsyn AL
receiver oconsists of STATOR
a stator and a rotor, !
each with three sym-

metrical wi . o STATOR

The flux in the astator

of the receiver is @\km’ml

parallel to the STATOR 2

magnetic axis of
rotor 1, at an angle
8; from the reference

axis. The rotor of
the receiver, carry-
ing the rotor ooils, @

aligns itself so that
the stator flux and
rotor flux axes are

ocoincidents The rotor
flux is inclined st sn Pig. 919 - System using differential

angle Go to the receiver,

reference axis on the

rotor (indicated by

the needle attached to the rotor). Henoe the inclination of the rotor
needle to the reference axis of stator 1 indicetes the error (6; - Q).

In this system the differential receiver may be remote from either
tranmitter,

Coincidence indicating systems may be used to give visual
indication of misaligment, or mey be used, if suitably adapted, as
error indicating devices in servo mechanimms.
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SERVO SYSTEMS
13. General

Althou:gh attention is confined, in the subsequent anslysis
and description, to servos which drive a mechanical load, the principles
are the seame if the output is of a different kind, and the seme methods

of analysis may be employed.

The arrange-
ments of the principal
elements in a servo are
shown schematicelly in
Pige 520, Souetimes I 9('| meut |9 |orrerence | €
the functions of two ELEMENT P ELEMENT [P
or moreelements may
be performed by a 6,
single co-ordinsting ’
element. It will
be assuned, unless
otherwise stated, that
there is no inherent

o | seERvo
> moTor

I

AMPLIFIER

RESETTING |__
ELEMENT [

feedback from output Pige 920 = Arrangement of the principal
to input in any elements of a servo (see Sec.18 for
individual element. explanation of symbols).

14, ting Devices (Converting and Calculating Elements

In many servos it is necessary to convert operative quantities
from one kind to snother, For exsmple, either the input or the error
quantity may have to be converted from a mechanical movement to an
electrical potential, or vice versa., It may also be reguired to add or
subtract, multiply or divide, integrate or differemtiate, various
operative quantities. Any of these processes may be performed in
varicus weys, either mechanical or electrical solutions being common,

To convert a mechanical movement to an electrical potential
difference a simple linear potentiometer arrangement will suffice, as
illustrated in Pig. 921. A constant wltage is applied at the input
terminals A and B and the output voltage between the slider C end B is
proportionsl to the product of the constant voltage and the slider move-
mente If the input voltage is not
constsnt, but is proportional say,
to x, whilst the slider movement is
proportional to y, the output ia
proportional to the product xy.

By winding the potenticmeter

a t0 a non-linear law so suve
that R=f(y), where R is the A T
variable resistance and y the eyt e | o o¢
glider movement, the output can s R ? ‘ ?331::G'r£
be made proportional to xf(y). .

In converting from an
tial ch~

ﬁﬁmﬁ s self-contained Fig. 921 - Conversion of a
servo is usually required, since mechanical movement to an
a voltmeter type of arrangement, eleotric potential.
which would otherwise suffice,
does not normally provide suffi-
vient output torque.
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The fundamental arrangement is illustrated schematically in Fig. 922,
The output from the resetting potemtiometer is subtracted from the
input in a difference amplifier, The latter controls the servo
motor which drives the resetter until the input to the difference
amplifier is zero. Thus the output of the potentiometer is equal to
the imput, and the resultant movement of the potentiometer arm is
proportional to the input voltage,

Voltages may be added by using the network of Pig. 923.
The result )

pE

V= (see Chap. 1 Ssc. 12)

25
becomes, if all the resistances are equal,
ZV:
V=53 shere n is the muber of shunt networks.

SERYVO
MOTOR

CONSTANT CONSTANT
POTENTIAL - POTENTIAL

! J
I R g !
%___m_muce T L%ﬁéf’%?l?‘)%ﬂﬂiﬁ ' (RZ ("! "4% T
Yo

AMPLIFIER \ _E ,‘I\;I‘

SUTPUT 4 Vg 1R,
= 1k,
Figs 922 = Conversion of an Pig. 923 = Adding network
electric potential to a mechanical (ladder).

movement .

For direet voltages, a reversal of polerity of one of the
sources changes the addition to a subtraction. Fig. 924 shows how the
potentiometer input and output elementa may employ this principle to
form the cambined resetting link angd difference element of a servo,

In this exsmple the input element is a resistive potentiometer fed
from + 300V, the elider being rotated by the input operator. The
resetting element consists of

another potentiometer fed +300V L INPUT
from -300V, its slider being © é atany

mm b’ m outptlt M or 901‘;:?]“'0TM!TEP o I A .

the servo motor. The dif- (00 kn) & 'W—‘

ference voltage € is bc
teken from the junction of the e “'o'?; AMPLIFIER
two et:iual msista.nog and may nm:mq < 0, ., RiMn

be positive or negative, > YWV ~
according as 04 2 Oge If it Gookm | il \
is impertant that € should IR s MoTOR e

accurately represent 83 « 04. -
the output impedance of the

potentiometer should be K R. Mg. 72: = Use of potentiometers
In the case illustrsted this ani resistance network to form

is usually unimportant, since combined resetting and difference
strict proportionality isz not elements of a servo,
neoennry_in a difference
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element, although any non-linearity which may be introduced complicates
analysis, 1In other cases an amplifier inserted »etween each potentio-
meter and the adding network will ensure that the output impedance is
constant to a sufficlent degree of appreximation.

For alternating voltages
the same system may be used, subtraction
being achieved by a reversal of phase
of one of the imput signals.
Alternatively, transformers may be
employed, making addition and sub-
traction extremely simple in theory, fo g
as indicated in PFig. 925. In practice, E fentez
slight changes in phase may be te, g
difficult to avoid, and can ser-
iously affect operation. With AC,
potentiometers may be of the inductive Pig. 925 =
type, in which coils, instead of ,,gt,joim‘,ﬂmc,?m
resistance-wire, wound on high voltages,
permeablility cores, take the place
of the tapped resistance. One
adventage of this arrangement is that
with resistive loads the lcad
current is in quadrature with the
potentiometer cwrrent and does not appreciably affect the msgnitude of
the output voltage. An amplifier following the potemtiometer is thus
often avoidable. )

Electrical integrating and differentiating circuits are
described in Chap. 2 Sec. 17. Their mechanical equivalents, in the
form of ball-snd-disc gear, are not often used in serves, although the
"governor® type of speed contrcl, which is a form of rate-measurer, may
»e employed. Integrating circuits in hydraulic serveos are common,
and one type consists of a cylinder with some form of valve which allows
fluid to enter at a rate proportiomal to the size of the apertwre; the
output depends on the movement of a pisten which is proportional to the
quantity of fluid in the chamber, The piston movement is thereby made
proportional to the time-integral of the valve movement.

It may be necessary in electrical servos to convert from
AC to DC or vice versa, In some cases the error voltage is sinusoidal,
whereas the servo motor requires a steady voltage or direct current
feed, its sign determining the direction of rotation of the armature,
The sign of the error depends on the phase of the altermating voltage,
and it is therefore necessary to convert the sinusoidal input to a DC
output by means of a phase discriminating circuit.

This may ®e accomplished by a aynchronous rotary converter,
ths action of which is illustrated in Fig., 926. The commutator,
which acts simply as a reversing switch, is driven at synchronous speed
with reference to the frequency of the sinusoldal error voltage. At
(a) is shown a fictitious reference voltage corresponding to the
cemmutator retation, and (b) shows the error voltage which is fed to
the camutator via slip-rings. A reversal of the error voltage
reverses the polarity of the brushes (d) and thus the sign of the out-
put voltage after being filtered from the commutator.

An electronic circuit which accamplishes a similar result
48 illustrated in Fig. 527(a). The standard reference voltage, with
which the error voltage is either in phase or antiphase, is applied to
the anodes of the two wvalves in pushpull, so that one is conducting
when the current of the other is cut off. The error voltage is
applied to the control grids of both valves, so that anode current is
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IN=PHASE ERROR SIGMAL

ANTI- PHASE ERROR SIGNAL

T BEFEAFNCE WOLTAGE

i
a -‘-;l T/-\N '
=

)
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REFERENCE VOLTACE

b ERROR SICNAL ANTI -

-

YOLTS + i VOLTS _+
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»

RECTIFIED oc ouTeyT

1

™

N
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g

r'4

i YOLTS

DC MEAN
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(Q1) sTANDARD REFERENCE

YOLTAGE

(D) €RROR SKGNAL APPUED TO COMMUTATOR VA SUPRINGS
(C) outrpur FROM BRUSHES

{d} POSITION OF COMMUTATOR WRT BRUSHES

Fig. 926 - Phase discrimination by means of a synchronous

rotary rectifier,

caused to flow in one velve or the
other for a half cycle, as shown
in Fig. 927(b). The direction
of the field in the ancde coil

is thus reversed with the chenge
in phase of the error voltage
end, provided the linear portions
of the valve characteristics are
used, the magnitude of the current
will be proportional to the magn-
itude of the error signal. In
the case illustrated a direct
current is caused to flow in one
or other of the differential
field windings of a servo motor,
agcording to whether the error
voltage is in-phase or anti-
phase with the reference woltage.

The reciprocal
problem of converting a DC in-
put of a certain polarity into
an output of corresponding
amplitude and phase may be
solved by means of saturable
reactors as well as by electronic
means, Fig., $28(a} shows an
iron-cored reactor fed with both
direct and alternating voltages.
The direct current partially sat-
uratea the core, so that the

sented to the AC
input temfnr:ls is reduced as the
direct current is:increased,

o
REFERENCE SIGNAL

m——C) W T4 VE
DIFFERENTIAL

ERROR
SIGNAL

O EARTH

1|l-

VALVE 2

VALVE |
REFERENCE SIGNAL

@ f/-\, VTN

CUT.
OFF |\

-‘Nwt CURRINT
® T[\
f‘

Fige 927 = Operation of electronio
AC-DC error converter (Phase-
disoriminating rectifier).
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rk
in Fig. 928(b). DC
polarising windings, one
on each reactor, are fed
fron the ssme soutce,
Control windings, fed
from the DC error voltage
source, are so connected
that the DC fields in
A and C are incressed by
the error voltage when
those in B and D are
decreased, and vice
versa, When the &rror
voltage is zero and the
system is properly bal-
anced, the impedances
presented by the four re-
actors at the individuel
AC input terminals are
the seme, When the
error voltage is not
zero the DC fields in
two opposite arms of the
bridge are increased,
reducing the AC imped-
ance, and those in the
other pair of 2rms are
reduced, increasing the
AC impedance, Thus a
net voltage is produced
at the output terminals
equal to

vi (5‘& - EB)

5A+$B

showmn

Chap,19, Sect.14,15

s

DC POLARISING
WINDINGS
(e,f.g h)

USE OF SATURABLE REACTORS TO CONVEIRT ERROR FROM DC TO AC

b

Fig. 928 = Iron~cored reactor with DC
and AC fluxes, and use of saturable
reactor to convert error from DC to AC.

end is thus in-phase or anti-phase with v, sccording to the polarity of
the DC error signal. Within limita the relation is linear.

15, Characteristics of the Load

Where the servo is required to provide mechanical movement

the dynamic character- '
istice of the load,
motor armature and
gearing are of primary
importance in their
effect on the behaviour
of the system as a
whole:

The
Principal effects to be
considered are inertia
and friction. The
former is the chief
limiting factor with
respect to acceleration
or retardation, and the
latter dissipates energy
and limits the speed

T
4 FRICTIONAL
TORGUE

1

'
STICTION
I

RIS

$couloms |
*fﬂlcmN Y. %

@ ©

Pig, 929 = Variation of frictional torque
with shaf't speed.
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of rotation. Fig. 929 shows the variation of frictional resistance or
torque with shaft speed. There are three chief components of the
friction force, stiction (or static frictiom), coulomd friction and
viscous friction. These are indicated at Fig. 929(b). 1In most an-
alyses of servos the first two types are ignored, since they are non-
linear and difficult to allow for. The co-efficient of wiscous friction
is sometimes called Viacosity. In practice, stiction is particularly
important, ‘its presence leading to jerky motion (since the stiotion tor-
que must be overcome before motion can ensue, and this involves an
error in the input to the servc motor before sufficient torque can be
built up).

Various methods are used to combat stiction, one of the
commonest being to dither the output shaft either by using an suxiliary
motor, or by introducing a& deliberate dither error into the servo
mechanism. This keeps the ghaft moving at a rapid rate about the equili-
brium position, and provided the dither frequency is high enough (of
the order of 10-1000 c/s, depending on the natural frequency of the
system) the effective resistance to be overcome to cause initisl motion
is reduced from its stiction wvalue almost to zero. The dither should
be in a direction perpendicular to the plane of wmotion: e.g. & magslip
receiver pointer (see Sec. 11) is caused to dither in the direction of
the axis of rotation. A rod which moves in a longitudinal bearing
might be given a rotational dither motion. Another method of counter-
ing stiction is that of wvariable duration impulsing., This is similer
to the principle of the piledriver., Stiction may be sufficient to
prevent motion if only a steady relatively small force is applied. If
s much greater force is applied for short pericds, the duwration of each
impulse being variable, no matter how small the mean force applied the
peak force mey be maintained sufficiently large to make stiction wnim-
portant. The use of variable diration impulsing is illustrated in
Pig., 350, The momentum imparted
to the load is proportional to the
excess of the area below the
impulse curve over the corres—
ponding erea below the friction

curve., Once motion has begun it 7T [Fiweuisive ¥ DURATION YARIABLE
ia the mean frictional torque of I °“'ﬁ‘ ‘°:°”°PV:
Fig. 930 that matters,not the g
stiction value, r ?1
]
16. Servo Motors 7 A Y _seen
]
or &c mchinm():‘:a Ofinicn S 'E\{:\N FN’.TIONAI./ TORQUE AT C_QNSKTANT SP_EFD_
servo systems, besidesother o ékm m X "

types of motors in common use,
and a full description of them
is impossible in this work. Fig. 930 = Use of variable duration

A few of these will be mention~ impulsing to combat stiction.
ed with special reference to
their servo spplications.

In general the motor is required to remain stationary (for
a displacement-controlling-displacement servo) when some controlling
ocurrent or voltage is zero, and to accelerate as this error quantity ias
increased, in a direction depending on the polarity (DC) or phase (AC)
of the error. The motor may also possess additional features, such as
automatic damping or braking devices, other than frictional resistance

at the rotor bearings. :

The simplest of servo motors are of the On-Qff type, there
being no veriation of motor speed or torque with the amplitude of the

820



Chap.19, Sects16

error voltage. Such motors are prone to excessive Hunting; i.e., the
output shaft over-runs the equilibrium or sero-error position, the drive
to the motor is reversed, and the output shaft again over-runs in the
opposite senae, the output thus being of am irregular, oscillatory
nature, Alternatively there is likely to exist a substantial Dead
Zone; 1i.e., the error must exceed a certain value, either positive or
negative, before the motor is switched on. For accurate displacement =
control servos such on-off motors are seldom desirable, and a

variable type of control is necessery. In the snalysis of such systems,
it is generally assumed that either the ocutput torque or the shaft speed
of the motor is approximately proportional to the magnitude of the input
voltage or current. Whilst it is true that many types of motor do
behave in one of these ways, in general the relation between output and
input is much more complicated than this. It will, however, be ghown
how a DC motor,by means of a separate feedback circuit, can be made to
conform very approximately to the Velocity Control requirement that speed
of the output shaft is proportional to the control voltage, thereby
simplifying design, Where it is the output torque, rather than the
output speed, which is dependent on the magnitude of the error voltage
or current, the term Torque Control is applied.

DC Motors

There are two methods of controlling a DC motor with a
separately excited field winding, The control voltsge may be spplied
either to the armature or to the field winding. The advantage of the
former is that when there is no output required i,e., when the motor is
at rest, no power is dissipated in the armature circuit since no cwrrent
flows thers, The disadvantage lies in providing a supply for the arma-
ture ourrent with a sufficiently low output impedance. For high-powered
motors gas-filled control valves of the thyretron type are frequently
used, and these have other drawbacks (see Chap. 6) apart from their
compsrative fragility. Other types of current emplifiers of a non-
electronic neture are sometimes used, One of these, used in the Ward-
Leonard system, is described below.

One method of controlling a DC motor by means of the field
winding employs a reactor of large inductance in series with a bridge
rectifier circuit feeding the armature winding. While the armature is
stationary no armature reaction EMF is generated, and the AC armature
supply circuit is almost purely reactive., When an error voltage
develops a field, the armature sccelerates in the direction corresponding
to the polarity of the error, and power is drawn fram the armature supply
due to the back RMF, which makes the armature circuit partly resistive.

In general, series or shunt field arrangements are not
suitable for use in servo motors, since a reversal of the armature volt-
age does not result in a reversal of the output torque. A differential-
field series motor may be used, with opposing field-windings switched
either mechanically or electronically by the error signal.

Two~Phase Induction Motor

kony types of this motor (using cup=shapad metal fotors, or
souirrel=-eass or wound armatures) are in common use, The method of control
normally used is to apply a constant alternating voltage to one stator
field=winding and the error voltage, in quadrature with the oonstant
voltage, to the other winding. The motor will then accelerate in one
direction or the other according to whether the error voltage leads or
lags in quadrature with the constant voltage. Also, gsince the torque is
proportionsl to the currents induced in the armature, which in turn
depend on the magnitude of the rotating flux, the larger the error volt-
age the greater is the outrut torque, A gpecial point in design is that
when the error voltage is reduced to zero the motor will hunt if allowed to
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run a8 a single phase motor, This may be prevented by a suitable
choice of reactance/resistance ratio for the amature winding, When
properly designed, the armature ects as an eddy current brake when the
error voltage is zero, and this feature mekes the two-phase motor part-
icularly adaptable as a servo motor,

Induction motors used in this way are not econcmical except
atlovrpowe:'s, and it is in small servos that they are usually to be
found.

Werd-Leonard System

This high-powered type of control gear oconsists of a three-
element chain of prime-mover, DC gemerator and variable speed motor.
The arrangement is illustrated in Fig. 951. The first two elements
act as a current smplifier, since the power supplied to the variable
speed motor depends on the cwrrent in the exciting field-winding,
Various modifications exist
which affect the behaviour

of the system, particularly CONSTANT - -
in regard to ';he field :3::.: SPeeo M )= ouTeuT
winding of the generator. —_

[

FIELD’ SERVO

. SPEED
3 controL MNP MOTOR
Metadyne System CONSTANT =
VOLTAGE .
The metadyne SuppLY b3 o
is s DC generator used as in (L__E' M

the Ward-Lec.ard systesm for

driving a DC servo mutor.

The characteristics of the Fig. 531 = WardeLeonard system.

whole system depend largely

on the amplification of the

generator and its repidity

of response to changes in the controlling field-currsnt, By su.zable
design the metadyne can be made to produce very considerable power
emplification, of the order 30,000 : 1, but the same elemenis of .esign
which provide high amplification limit the repidity of response, When
the metadyne is designed to give maximmm power amplification it is
known as an Amplidyne Generator.

One of the characteristics of a Ward Leonard system using
a metadyne is that a braking torque may be automatically developed when
the speed of the output shaft of the motor load exceeds the speed
demanded by the magnitude of the error. This is a useful anti-hunt
feature, since the brake is applied in this oase before the cutput over-
shoots, i.e. before the error reaches zero.

Speed-Control System

Fige 932 illustrates a
method whereby a DC motor can be
mede to conform -approximately to
the speed-control type, i.e. its DC ERROR
output shaft speed is proportional VOLTAGE ") o

ARMATURE

HICH CAIN
POWER
AMPLIFIER

to the magnitude of the .error /// o

voltage irrespective of the out- ADOINE

put torque, within the limits of NETWORK TELD- SACK
the linearity of the motor (octorragE ©
characteristics.

A spall DC generator Fig. 932 = Speed control system.

is attached, or geared, to the
output shaft. The output volte
age from this generator is
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proportional to shaft speed within a close degree of approximation. This
voltage is subtracted from the error voltage in the amplifier input '
circuit and the difference is used to control the DC motor. The change
in torque thereby produced at the output shaft is very much more rapid
then the corresponding change in error voltage, and, provided the motor
does not overload, the difference between the error and feedback volt-
ages is kept very small, Hence the error, as well as the feedback,

is very nearly propoitional to the speed of the output shaft.

17. Performance of Servo Sysiems

No standard technique has yet been adoptéd for measuring or
estimating the camplete performance of a servo system, but various
tests which can be applied will be dealt with in this section. Possibly
the simplest complete test which can be devimed is the frequency re-
sponse, A simple harmonic input is spplied, and the smplitude and
phase of the output are determined. The phase difference and relative
smplitude for different frequencies may then be plotted on a harmonic
response disgram as shown in Fig. 933. Because some elements of the
preceding or succeeding stage of radar control systems may exhibit
pronounced resonant properties
it is frequently important not
only to avoid resonances, but
to introduce deliberately a
anall resnronse in the servo at
the resonant frequencies of
the external circuits. It
msy be sufficient if the
response to frequencies higher
than one or two c/s falls off
very rapidly with rising
frequency, but this also
tends to make for sluggish @
response to sudden changes of
input. Where the m mi M = MAGNIFICATION
quantity to a servo is a - .
received radar signal, which
is prone to certain types of
unwanted fluctuations, a
special frequency response '
may be required.

INCREASING
FREGUENCY (fj

G = OUTPUT QUANTITY
6" INPUT QUARTITY

A second test ° ® -
which may be applied to a
;ﬁen“ its response to a Pig. 933 - Typical harmonic response
quantity; (Unit Function). ’

If the input quantity is

altered suddenly by unit

smount from the equilibrium position the msnner in which the output
approaches its new value is called the Unit Funoction Response, - Camplete
- information as to the performance of the servo to any given imput can

be derived from this test; (provided the servo is.a linear system). In
particular the rapidity of pull-in and whether it is, oscillatory or non-
oscillatory, and of what degree, are of considerable importanoce in most
radar spplications. :

Other tests eim at subjscting the servo to such imput ocon~
ditions as are more directly related to the actual conditions likely to
be met with in use. There is usually a maximum input velocity which
can be expected sand at this wlodtyofinputthmmtmtbsimm
s velocity lag greater than the permissible error. Similarly, the
soceleration and higher order lags must not exoeed stipulated values,
and tests may be applied to confimm this. There is liable to be a

33
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standstill error if the system is insufficiently stiff., If the system
is too resilient, i.e., not stiff enough, extraneous torques due to
windage, stiction etc. may introduce excessive errors.

18, Definit As (Applying to a displacement-displace-
ment servo).

The input, output and mvrqmtiﬁeomwed'by @,_,
©,, and E respectively, so that E = ©; -0, These are converted
hy gear.tng inte proportionate qmntitiu of the same kind - i.e., an
sngular rotation - so that the new quantities, @y, O, and € are

connected with the old by the relations

0 Gp €
a1 5" = E = ¢ where o is the gear ratio.

(Sse Fige 9% ).

The input and resetting elememts convert ©; and @o into

voltages or currents which sre combined in the difference element, the
difference being amplified apd
applied, either direectly or
through some modifying circuit,
to the servo motor. The in-
put to the motor is denoted by

A=f (04, Op) 2nd it will H’i.i p
LEMENT

be agsumed that the ocutput 9,

torque of the motor isT where

Toatkoc-

Ths gear ratio e
is often sufficiently high to Fige O34 =
ensure that the mechanical *
properties of the load may be
neglected in comparison. with
those of the gearing and motor shaft, If this is not so the moments
of inertie and coefficients of friction for the load may We referred to
the output shaft of the motor according to the gear ratio m&aﬂdedto
the mechanical properties of the motor.

The resultant coefficient of viscous friction will de de-
noted by k and the moment of inertia by J. Coulemb frictlon and
stiction, time-lags and wacklash will be neglected, For some purposes
we shall assume that the output shaft is subjected to an extraneous
torque Ty, due, for example to windage or stictlon.

19, Simple Error Control

In this ocase, illustrated by the circuit of Fig. 934, the
input current or voltage spplied to the motor is proportional to the
error £,

iee nJ‘E, where 9’ is a constant, and

Tonkoaaxo‘fﬂ =k°3'cB .

k, is a constant for a given motor, but )’ depends on the smplfication
provided between the difference element and the motor.

§ed



Chap.19, Sect«19

The net torqus produced at the rotor sghaft ias therefare
k°-3'€+‘1'=— 3 » 20l this is equal to the rate of
dampofmmlu'm‘,.‘l%‘;r—

i.¢., kozh‘l’,-k%_ =J %—

L.o.kog’(Oj_-.oo)d-T: = J%* k%'

MJ::O + k";'." +* k.]ﬂ. I-k.?’o* %T: sssssenesse (1)

Putting 9, = 9, ~ € , and rearrenging the terms, we obtain

¢ ag &e; a1
J-a-;f—- +kF ¢ “oz’c-"ml— + k-1, PP ¢

Thess two linear differential equations form the basis of the analyeis
of the system.

St State Errors

We shall assume for the moment that a steady state can
exist in each of the forms which we are about to consider. This
assumption presupposes the stability of the system, which will be
discussed later. By steady state we mean here a condition in which
the input obeys a simple law, such as a censtant velocliy, or constant
acceleration, while the cutput follows a related law with an angular lag
corresponding to the magnitude of the inmput. We shall consider the

three conditiona, @; = constant, %..: conatant, m%:i_ = constant.

Stiffness
If Oy end 9, are both constant, equation (2) gives
-T T
S. -—5 or = - X .
"ﬁ k‘?’ £

k. I is ealled the Stiffness Coefficient of the servo, sinee it

determines the magnitude of the extranecus torque which must be applied
to the motor shaft to produce a given error £ . The corresponding co-
miumtrwmm,uummmmwm,no&oy ,

sinee the torque required is inereased, and the angular error decreased,
hmnﬂoﬂlo

Yeloaity Leg
If the input velocity is constant, in the steady state

“ &,
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then k°3«5=n - T, from (2);

te., geia T

hy T Ry

X~ is called the velocity lag coefficient; (i.e., it is the lag

<]
per unit constant velocity).

e
;:':"" = Bt + A =), say,

It can be shown frem equation (2) that
J K2 k Tx
g= (55— ~ — 2)B*k D = ¥ 5 o the steady
oy k2% o] o

atate,

S . ' is called the acceloration lag coefficient.

Yoy k232

(It is inmaterial whether velocity or acceleration lag oocefficlents are
referred to the motor output shaft or to the load itself, since both
errer and velocity or acceleration are similarly changed by the gear
ratio. Also the same figure is obtained whether the lag ias quoted in
radians per radian-per-second or in degrees per degree-per-second).

Using the notation of a subsequent paragraph, we may write
the acceleration lag coefficient as ?'i' (1 - 452), where <

k
2/ E 3’3
In a manner similar to the above, lag ooefficients of higher
orders may be cbtained, if required, In practical applications however,
it is ususlly the lower order lags which predominate, and if these are
kept within the required minimum the totel errors remain sufficiently
small,

Response to Unit Function Imput (Ix = 0)

v If @ follows the variation (a) shorm in Fig. 935 the re~
sponse of @, may be oscillatory or non~oscillatory as shown at (»)

aceording to the ratios of the ceo clents of the characteristic
equation obtained by writing D for o in equation.(1) and equating

to zero the coefficient of @,
This gives JDz-tkD-rk.Q’ = Q.

§e6
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This may e written D° + 25w D - w 2= 0,
Ihmmnn@ . » and is called the undsmped patursl angular

{n-—z‘fﬁl = '2%1_ _ko_JL is the undamped natursl frequency;

k k
- - — and is celled the Damping Ratioe,
g 23'(.0“ 2 \/ko Ja.

! | |
| & pECREASING ]

wh ity f

Fig. 935 = Response of simple error control servo to
unit-function input.

Alternatively,Cw, may be used as a parameter, called the Damping Facter.
The system is undamped if § = 0, so that continuous oscillations are
present, If<S<Q the system is unstable (impossible in this case sinoe
neither k nor J can Be negative). IfS = 1 the response is critically
dsmped, whereas for § >1.it is nom-oscillatory. (Compare Chap. 2 Sec.l10).

Normally it is important that a markedly oscillatory re-
spense should be avoided, and in practice a value for ¥ of about 0.6
to 0-8 is common. This gives a slightly escillatory response that pulls
in more rapidly than when T = 1.

For a given vaelue of S , the rapidity of pull-in depends
onw e The higher the natural frequeney the more rapid is the responss,
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‘On the other hand there may be good reasons for keepingw, low, particu-

‘larly because, as already stated, of undesirable resonances in other

parts of the control system.

Harmonic Response (Ty = 0)
HQ}sawwshnmuwmmmmdtnwmv-é%,

we may obtain the response of 6, frem equatien (1) using the relations

% = J00; and 428 = =020y,

at2
Henoem = & = Ko - 1
L Kys Fw - Jw? 1=~ w2ej X o
Yoy 4
- 1

w?2 w
1- + 2ig—
w2 gwn

The amplitude of the response is given by

/E}, - (&)2; 2 + lpl; (:?:)2 erssecssesnee (3)

Curves are plotted in Fig., 936 fer different values of § ,

showing the variation of im| with x, where x = 2.,
Wn

[o' 4]
To
co
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-0
ilo “
| % DECREASING

C4 Y

—

o i 2 3 4 s ]
Pig. 936 = Harmonio response of simple errar comirol servo.

20, Idmitations of Simple Error Control

Ih this form of oontrol system there are not normally
sufficient variables to ensure that all the requirements are fulfilled.
For a given motor and load k, Xk, and J are fixed (apart from minor
changes which depend on the gearifig) so that ¢ and y are the only
variable parameters., It is nommal to choose ¢ so that the motor can
hendle the meximm speed of rotation (2lewing speed) without over-
loading during periods of high acceleration. The other reguirements
all involve 7 and are frequently mutually conflicting, How this
works out in'practice is described in the following example, taken
from & radar servo providing auto-follow in bearing.

The servo motor is a % HP motor with & maximm speed of

2500 repele

The maximm speed required is 10°%/sec. at the load.
Hence ¢ is made equal to

2“.2@ o ;Q.;’!Tf =15w.
60 ' 360
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At this speed the output torque is given by
1 N 2%. 2T 33
T. = . 550 & = B.fte
°" 7 107 .

Hence k, the coefficient of viscous friction must not be greater than
B . 2027 . 99
107 . 2500 Tt
= 0+004 les.ft/rad/sec,

The inertis of the rotor is 0-003 slug ft. (1 slug ==
32 1bs. mass).

The maximam permissible error is %— of a degree at the

maximum speed, so that the velocity lag coefficient must not be greater
than

1 o
T T 0 YV sec.
Hence, using the formula of Sec. 19, we obtain
3'}:‘, > 30k,
For optimum dempirg teke § = 0-6, so that

k

—— = 0' -

2 by % 7Y

2

Hence 7k, = k .
7™ 10 J

Combining these last two results, we hawe

k2
Y

i.€4 k>30. 1 W4T .

> 30k

Putting J = 0003, this becomes
k > 0‘1296.

This conclusion contradicts the earlier one that k must be
less than 0+00L.

The damping requirement could not be satisfied unless the
% HP motor were replaced by a much larger ome, about li HP being required.

' 'Wmnummmmemwmm—
ments conflict with the desirability of keeping f a lnl:'l..

Since y ko > 30k , it follows that (n>§!'ﬁ' /Z;E

andtahnskuO-ODkthiamahu{n>0-9. (Taking k as 0-1296 makes
matters far worse),.

§30
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21, The Use of Derivative and Integrated Errer Oonmtrel

To overcome the limitations of asimple error control addition-
al terms proportional to various derivatives or time-inmtegrated
functions of the errer or of the imput and output quantities are
included in the quantity oomtrolling the motor, These functions may
be chtained before or after the difference element; for instance,
imtndotoibeinz fed t6 the difference element direotly, it may

pars through various devices so that the difference element imput is
o +ad Bfo, at,

or scme gimilar function. VWe shall use the notation £(D) to indicate

these additional terms, where D = -&; £(D) may include both

differentiel and integral forms,

The imputs to the differencs element then become
@, + £5(D)0; and O, + £,(D)Gy, 20 thatT, océﬂi + £(D)oy - 8, ~ O(D)Gog'

Fige 957
11lustrates the method,
(The output JE —»—]9"’/““9‘ ?‘-‘W-»-‘_,_’ .
P e een| 3 ;
from the difference 9, i 7L Ta
::;nsm e?{o also be £398,
differentiation or %' o080
BOTH INFUT AND AESETTING
integration, so that ELEMENTS CONTAIN DIFFERENTIATING
OR INTERGRATING CIRCUITS.

RESETTING |
ELEMENT]|

Fig. 937 - Use of derivative or
integrated error control.

T, ocE 1+ fED; E 51 + £4(D) 8 - 95 ~£o(D)O, {

But for simplicity we have assumed that f o (D) = 0.)
The differential equation of the Eystem then becomes

Ky} 03 - 85+ £1.(0) & - f.,(D)%} +Ty =0 0, + I D2 &, = £(D)0,

ifumpl;thememtaﬂontotholmmm
Hence we cbtain,

i % 3’(1 + £,(D)) + ge(n)] o, = 1:,3’{ 1+ ri(n)] 0 +Tyx conecces (4)

: and
{ X (14 2,0) + 2(0) =%, rie, @-1,0 £(0)} 0Ty ..(5)

§31
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By a suitable choice of f, (D) the characteristioc equatiom,
obtained by equating to zero the coefficient of @, in equation (4),

may be adjusted in any desired manner without affecting the mechanical
constents k and J.  When this has been done the function f, (D) may be

ehuentohd.ngnlod.tymdaooelmﬂ.enlmdmto the required

It may bo useful to regard the ocoefficlent of D in X,y £, (D)

as oenstituting "artifieial viscosity", sinoe it ecomes added to k in

the coefficient of §,o This coefficient of D may be either positive

or negative, so that t'hc affect of "Negative viscosity®™ can be obtained.
Shilar];theoodrid.entofn?inkorf (D) may be regarded as

"artifieial inertia"., By the introduction of these and similar

quentities the various requirements which were found to be

inoempetible in the single mystem of Sec. 19 may frequently be satisfied,
There are practical reasons for aveiding the usé of differ-

entiating circuits in the imput to the sérve. Particulsarly in radar

aute-follow systems the input signals are lisble to be jJerky, so that

differentiation aecentuates the irregularities, Either different-

iation of the ocutput or integration is generally to be preferred.

The latter inevitably involves a time lag but in practice thia can

often be made negligible.

In the case of Integrated Brrer Control £,(D) = £;(D) = 2,
say, where a is a constant.

We obtain from (5)
fx Ky (e 8) s 5 f=50) o T,

This may be written

l*kez’D + Df((D);C: D!.'((D) ¢ - ol

-Jé?—o-"_*k&%i a‘r
at’ a2

Ir 9y m&T are both censtant and the urw is stable, £
is sere in the steady state, This alsc follows when —- (04) is

constant; i.e., the velocity lag is reduced to zero, tith this form

of contrel no matter how small the errer, the cutput torque will event-

mllybuﬂdup(ﬁthinthelinitnufthemtor'aoﬂputpcm)mtﬂ
the extranesous torque is exceeded and the errer reduced,

These effects can be produced by sultable arrangement of
electrical integrating or differentiating cirouits such as those
described in Chep, 2 Sec. 17.

Although such techniques as these allow for great flex-
ibility of servo design, they operate under the assumption that the
smplifiers, motors etc,, amployed in the serve remein linear under the.
conditions imposed »y the cholce of circuit compenents, This assump-
tion is justified provided output torgues and speeds remain well below
the maximum for the motor, send provided amplifiers are not overloaded,
In practice, these assumptions frequently do not apply, particulerly
when the system is used for slewing (turning at high speed).

8§
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22, Speed Contrel (First Order Servo)

If in equation (3) of Sec, 21 we substitute f, (D) = aD
and £, (D) & 0, we have

k.;'o,+ah7dt . x 2 ”' 3 8% 2 =Ny e Te

IgnoringT and chooming a sufficiently large sothat

sry e > 3_‘.‘.2"_-.,“:...-.

AE L R AL L RS T AT SRR T RS RS RY Y Y ] (6)

o at ;_c: 01
Substituting @y = §; = € we have

E*ld—s- == a ﬂ I Y Y P P Y P YT Y T (7)
at * as

This spproximation will be justified in the majority ef
oases, exeeptiens being for imputs of the wmit-function type, which are
nermally met im initial oonditions enly.

Fer zuch a servo the velocity lag ovefficient is a, obtained
By putting :f = o in equatien (7).

The harmenioc response is obtained by putting

29 . 500, o that o, = —h—

1+ ajw
*)
Then "L‘ = -——..l—.....—. cssssserpeane 8

It is clear that a rapid falling off in response with in-
ereasing frequengy is obtained by making a large, i.e, at the expense
of velocity lag.

The sbeve equations are the same as those obtained if
simple errer contrel is employed with a moter whose speed, independent
ef output terque, is proportional to the error;

for in this oase,
80 oc (0 ~0,) = L (8 - 9,), say,

giving the ssme result as that of equation (6).

23. Second Order Servo with Zero Velocity lag

If £, and £, in equatien (4) are suitedly chesen the

833
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equatien (if T _ is ignered) reduces to i~

e a€
iT + zswn _:&... + wgc - % [IT XTI TRYNLY T (9)

where § mﬂ.wnmbo chosen without restriction. Comparing this
equation with (2),nmthltﬂutmin% has been eliminated;

this reduses the velocity lag te serv. Other modifications to the
response of the serve due teo the dissppearanee of this term may be geen
by comparing the respense to unit~functien imput (Fig. 53¢) and the
harmomic respense (Pig, 979) with those of the simple error contrel
serve (Pig. 935 end 936)s The pullein is much mere rapid and fer
damping greater than or equal te eritiocsl (T 2 1) there isa

- &, DECREASING

[}
\‘li
|

|
1
|
f———

—=—W‘n.f

[

o I 2 3 4 3

Pig. 938 - Response of second order servo (zeroc velocity
lag) to unit-function imput.

single oversheot instead of a gradual rise as in the former oase, Howe
ever, for the same values ofOp and T the rate at whioh the harmomie

respense falls off with rising frequency is greatly redused, The

acceleration lag ceefficient is given by --1-'5- ocempared with
Wi

12 » (1-452) for the simple error centrol servo. We shall compare

“n

the performanee of this second order serve having zere veleeity lag with
that of a first order serve under the follewing oonditisns :-

834
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1 é

& INCREASING
o8
»lo
b \________
|
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! —
!
02‘”" i
| o

Fig. 939 = Hermonic response of second order servp
(zero welocity lag).

(1) Maximum angular veleaity of the imput = 10°/sec.
(i1) Maxima angulsr acceleration of the imput = 1%/sec.

(131) At 2 o/s the response must fall to O+4 of its value
‘t f = 00

For the first order sexve, putting W = 2N £ = 4N vwhen
£ =2 ¢/s,and mi = 0°h in equation (8), we obtain

el P w L
P R 1)

2

Since the velocity lag coefficient is a, the maximum
welocity lag is
10 L -l— ;I- 0'30-
12 -

Por this servo aocelerstion lag may be neglected.

839
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The acceleration lag coefficient for the second order servo
is _j‘f_ ; hence, with the same permissible error, we ebtain

1 10
l .5 = Ty
z 12

wﬂ

80 mtwn ‘V i'z .n' 1‘1 .

2°2T

Hence, at 2 ¢/s, _f W
£ T o, ~ TT

n
—_— 12 .
Fig.939 doea not permit of extrapolation to this extent,

but calculstion gives the result that for _;f__ === 12 andm = 0%,
n

'g :-'-“_.-"": 2‘6.
Soth gervos ther satisfy the given conditions. They may
now be compars: for pull~in time in response to unit~function inmput.

Por the Tirst order servo taue times which elapaes before ihe
error is reduced to 10% of the input is given by

i i
O 5343

—
12.04343

= 0-2 secs.

For th= seoond order servo the time which elapses bwefore the
error is zero (there is a subsequent overshoot) may be shown to be

given by .
8{"”“3 - 1)t =28%-1+23/8%-1 ; (proviaeas >1).

Putting € = 2+6, we may deduce that
€2.2'1|-t = 25
b

'-n: 0+67 Becs.

It is possible to reduce the time to the first sero by
choosing & smaller value of 5 , and this permits of & larger value of
@ . If wemske G = 1 conditien (141) is satiafied provided

£ 2 5, 80 thatw s AT,
fn 5

a0
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Teking the maximum walue of W, we substitute this walue

in the abscissa of the appropriate curve in Fig, 938 at the point
where % = 1,

1090 wnt =1

8o that t = 2 _ 3 Q+4 secsa.
bT *

Any further decrease in § leads to excessive overshoots
8e that the time to the first zero errer is not an adequate criterion.

In general the second order servo is to be preferred
®ecause of the smaller lags which may be obtained for a given frequency
band-width, although where rapidity of pull-in is of primary importance
the first order servo may be better, However, it is not possible to
satisfy condition (iii) with the first order servo end at the same time
reduce the anguler lag to much less than one degree (in the instance
considered), and this limitation may be prohibitive.
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