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CHAPTER 19 

CONTROL SYSTEMS 

1. INTRODUCTION 

A control systes, in general terms, consists of an arrange- 
ment of elenents (amplifiers, 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 
output element is the one "nicn arrects directly the process or machine 
to be controlled, ‘here 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 indicator, 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. 

& common example of a control system is the accelerator of 
an automobile engine; the position of the pedal, or input clement, 
controls the applied engine torque which, together with external con- 
Gitions depending on the resistanese to motion, inertia, etc., determines 
the speed of the oar. The road wheels may be regarded as the output 
elements. Such a system could be described as a position-velocity 
system, or more exactly, a displacement-controlling-velocity systen, 
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 linear one, and that it will be 
affected by differing external conditions. 

The above is an example of an automatic, power-emplifying 
control system. In the case of a recording barometer, the variation 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 a human operator; in 
either case power amplification is provided, a pressure gauge indicating 
the quantity of air required to maintain an adequate bellows pressure, 
ana the motor or organ blower responding accordingly. 

The mechanian of an automatic control system may be hydraulic, 
mechanical or electricél. In any case the essential links are indicated 
in Fig. 896. Fige 696(2) shows a “straight through" arrangement in 
which input controls output directly, as with a Bowden cable (non-power - 
amplifying) or as in the motor-car throttle control (power-emplifying). 

The first part of this chapter is devoted to a consideration 
of electrically operated data tranmission systems, which may be 
represented schematically by the arrangement of Fig. £96(a), particular 
emphasis being given to remote position-indicating devices. The second 
part deals with Servo Systems. 

A servo system is a control system which is Error-Actuated, 
As indieated at (b), at some stage of the control sequence the output 
quantity, or some function of it, is compared with a similar function 
of the input 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 inpdt is called Resetting. A servo 
is an automatic power-amplifying reset control system. 
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Pig. 896 = Fundemental arrangements of elementary control systems, 

According to this definition , certain electronic circuits 
are servos whereas others are not. A simple walwe aaplifier is not a 

servo, since there is no reset. Some feedback amplifiers, on the 
other hand, employ the resetting principle and thus come into the servo 
category. For example, in a cathode follower the output quantity 
(cathode potential) is compared with the input quantity (grid potential) 
and the power amplifying properties of the valve are utilised to 
minimise variations in the difference between the two (error voltage). 

DATA TRANSMISSION SYSTEMS (NON-RESETTING) 

2e General 

The function of a Data Transmission Systea is to convey to 
seme remote receiver date which is represented by conditions at a 
trananitter, 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 variable 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 totel resistance into its two parts 
changes with movement of the potentioneter arm by finite steps, corres~ 
ponding to the resistance of a single turn of the wire. In effect, 
however, the magnitude of these steps can be so reduced as to make the 

ecror nesligible, sO¢the device is assumed to be smoothly variable. 
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The commonest types of data requiring trananission in radar 

ere those giving numerical indication of the position of the transit- 
ter; ¢.ge the Bearing or Elevation of an aerial system. Similarly, 
measured Range may be indicated by the angular movement of a calibrated 
transmitting’ shaft, although it may be tranagitted as a variable volt- 
age, the indication at the receiver being by means of a calibrated volt~ 
meter, . 

A data transmission system is Synchronous if there is 
negligible delay between the setting of the transmitter and the adapte- 
tion of the receiver in conformity with the conditions at the trans- 
mitter; i.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 inputs. They can seldom be 
considered as synchronous. 

A system is linear if equal movements at the trananitter 
give 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 revolution of 
the fine trananitter would not correspond to the seme incramntal movement 

of the coarse one, The alternative, a non-linear gearing systen, is not 
normally practicable, The use of such coarse~aend-fine systems makes 
great accuracy possible without complicated or finely machined con~ 

struction. For exemple, in a rotational system a maximun error of one 
pert in 5,600 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. 
Thia allows greatly increased manufacturing tolerances and often increases 
the ease of operation. 

Various non-electrical synchronous transaission systems are 
in everyday use, but omly electrical methods are dealt with in the 
following sections, Mechanical devices, suchas flexible-cable rotary 
drives or push-pull controls can be used, but are inconvenient over 
Gistances of more than a few yards and in any case are prone to fatigue. 
Hydraulic and pneumatic devices have not been extensively applied to 
Service radar transmission problems. Electrical methods require only 
a multi-core cable between transmitter and receiver, and great accuracies 
may be maintained over long distances. 

3e Performance of Transmission Systems 

The criteria by which a trananission systen 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, and efficiency in 
particular, are not usually importent. If it is required to drive a 
heavy mechanical load these considerations may predawinate over all others. 
If the systea is not power-amplifying, the power to drive the load at 
the receiver must be provided by the source operating the trenanitter. 
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 amplified at the receiver by a servo. 

The criteria usually applied to transmission system are as 
follows: 

(1) Stiffness: this is defined as the magnitude of the 
disturbing torque that has to be applied to the load 
to displace it by a unit angular amount from its 
position corresponding to a fixed input. 

(44) Maximum static errors with or without load. 
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(iii) Dynamic errors; velocity and acceleration lags. 

(iv) Frequency response. 

(v) General reliability, size, weight,etc. 

Some of these criteria are dealt with more fully in Secs.15 
and 17-19. 

4. Step-by-Step Systems for Transmitting Position Data 

(i) Lemp system. In thia systen a lemp lights at the 
receiver to indicate the position of the moving arm at the trananitter. 
The very simplicity of 
this system, as indicated 
by the circuit of Fig. 
897, makes it particular— 
<A useful where relia— 
bility is of paramount importance. The method TRANSMITTER Q———— RECEIVER 

can be adapted to any 
degree of accuracy by 
the use of coarse and 

fine dials with lamps 
at reguler intervals 
on the circumference. . _ 
Even so, a large Pige 897 - Lamp system. 
number of cable cores is 
required, Since this 
is an On-Off 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 can be 
kept very small, Whilst 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. 

—4 
—p—4 

3 oN
 

(43) MPype System. The M-Type Transmission System, or 
M-Motor aa it is sometimes called, is a relatively high-power analogue 

of the lemp system, the receiver current being used to provide a driving 

torque instead of energising a lemp. The method is illustrated in 

schematic form in Fig. 596. 
As the brush at the trans- 
mitter rotates and "makes" 
on each segnent in turn 
of the trananitter switch, 
the corresponding arma~ 
ture winding at the 
receiver is energised, and 
the magnetic field set up Ly 
produces a torque on the ) Poe rotor f] 

! 
LY 
NN A 

softeiron rotor, which is 
magnetically asymmetrical, 
tending to pull its _ = 
magnetic axis into line TRANSMITTER RECEIVER 

with the field, If the (n segments) (n armature unndings) 

brush makes on two seg~- 

ments at once, both of 
the corresponding wind- 
ings are energised and Fig. 898 ~ Schematic arrangement of M-type 
the rotor tends to take transmission system. 
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 errors of 
the system. If there are n segnents the maximum off-load error (i.e. 

assuning there is no load terque) is 300° . This possibility of error 
is aceompanied by a 180° ambiguity if an unpolarised roter is used, 
since in this ease a reversal of the rotor does not change the magnetic 
stability of the system. If the reter is polarised, two positions of 
equilibriua remain fer each position of the tranmnitter brush, but one 
of these is unstable and of little practical importance. As the trans - 
mitter arm is rotated steadily the receiver rotor follows in jumps of 

° 
sae + he relative dispositions of brush and aruature windings shoula 

normally be adjusted se that the error is sere when the brush is in the 
centre of each segnent. 

A variant of the elementary circuit is shown in Pig. 399. 
By the use of three fixed brushes and dead segnenta on the rotary switch 
the field at the receiver is made te rotate in steps of 30°, correspond - 
ing to a l2-segnent 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 winding in the receiver 
reduces the step to 15°, but 
at the expense of introducing 
180° ambiguity, even with 
a polarised roter. Such a 
four-pole winding is illus- 
trated in Fig. Seb, Only Fig. 899 = M-type transmission. 

one complete winding is 
shown, for the sake of 
clarity. The windings for the sets “2" and "3" are the same as for 
"1", each starting at the appropriately numbered point and ending at an 
earthed point. If the tranmnitter 
of Pig. 899 is used with such a 
reseiver there is a 1:2 ratio 
between the movement of the 
roter and that of the trans 
mitter switch, 

Pige 90] shows an 
alternative form of trananitter 
switoh providing a 1:1 ratio when 
used with a four-pole reoeiver. 
Neglecting the brief overlap 
period when a brush bridges 
two seguenta, fhe receiver field 
advanees in 30° steps, i.e. 12 
per revolution, There is a 
180° ambiguity even with a Pige 900 = 4epole receiver. 
polarised roter. 

A transmitter switoh which 
provides 2), steps/rev. is shown in Pig. 902, Seguents similarly nunbered 
are cormected together. The effect if this is used with the receiver 
of Fig. 898 is the same as if a 1:2 (step-up) gear were introduced 
between transmitter and receiver. The brushes may be duplicated,if 
desired,as shown (unshaded). If an 8&pole reeeiver is used, the 1:2 
ratio is removed, but there are feur stable positions of equilibriun 
with a polarised and eight with an unpolarised rotor. 
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The principal 
advantage of the M-type 
aysten is that it com- 
bines power amplifi- 
cation with relatively 

high efficiency. It 
may be used with an 
alternating supply 3 
provided the rotor, if 

polarised, is fed from 
en inphase source. Its 
chief disadvantage lies 

in the large number of 

| ( 

63 

ambiguities which must 
be permitted if anal) Fige 901 = Alternative form of M-type 

incremental steps are system. 
to be obtained. 

In its practical form the M- 
motor is not Self-Aligying; i.¢., once 
the receiver is out-of-step with the - 

trananitter it requires some external 
cause to bring it into step again, since 
any one of the smbiguous positions of 

the receiver rotor is as stable as any 
other. 

5. Potentioneter and Voltmeter Systems 

The basis of many trans- Fige 902 = Transmitter 
mission techniques is the potentioneter 
and voltmeter arrangement of Pig. 903. providing 2k steps/rev. 
The voltmeter, in the simple circuit, 

is calibrated to indicate the dis- 
placement of the potentiometer slider 

from the zero end, Theoretically, 
if a wire-wound potentiometer is used, 
the indications are stepped, but in 
practice the steps may be smaller than 

the static error of the meter. 
Dynamic accuracy depends on the stiff~ db Sage none 
ness/inertia and damping ratios of the 
meter; (see Sec, 19). The accuracy 
‘1s affected by anything causing 
variation in load current, such as line 
resiatance or fluctuations in battery 
voltage. Changes of temperature may 
affect the accuracy of the voltmeter 
through mechanical changes or through 
variation of resistence. 

Fig. 903 = Potentiometer and 
voltmeter systen. 

All of the systems enploy- 
ing the basic principles of the 
circuit of Fige 903, same of which are described in Sec. 6, are essenti- 
ally power-emplifying. That is to say, the power which provides the 

output torque to bring the needle or rotor into alignment may be much 

greater than the power necessary to move the input potentiameter am. 

fm 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 small compared with the current flowing in the various branches of 

the transmitter potentiometer, ao that if high powers were required at



Chape19, Sect.5,6 

the reeciver prehibitive dissipation would be necessitated at the 
tranmitter. In this sense these systems compare unfavourably with 
the non-power-emplifying selsyns, described below, or the power—ampli- 
‘fying M-motor, (aco. 4). 

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 inaccuracy, of which variations in wave- 
form and frequency of the supply are the mest prominent. 

One form of 

voltmeter commenly used POLARISING 
is indicated in Fig. . CURRENT 
$Q.+ This requires a 

3J-core cable, but is 
independent of the 
supply voltage. Such 
an arrengesent is 

fundementeal in all 
systems which are in- 
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dependent of supply al 
fluctuations, and, in 
seme cages, of line Fig. 904 ~ Electrodynamic system with 
resistenes (provided DC polarized voltmeter. 
this is the same for 
all the lines). 

The direetion of the resultant field at the receiver depends 
on the position of the slider at the transmitter, and is indicated by 
a magnetised roter. This roter aligns itself with the resultant flux, 
which is inclined at an angle @ to the flux aris ef the polarising 
Winding. The system is non-linear, the movement of the input slider 
being proportional te tan Q@, For DC eperation a permanently magnetised 
needle may be used, For AC working the needle must be magnetised 
from a source in synchrenian with the potentiometer supply. 

6. Ring-Potentiemeter Systems 

The reselvers deseribed in Chap. 3 Secs. 18-19, may be 
adapted as tranmitters or receivers for use in data transmission 
systems, ag indicated in Fig. 905. In this case sine-graded resistive 
potentiometers are used to form the transmitter, fed frem a DC sources, 
end a pair of inductive resolvers with a single magnetic rotor, which 
aligns itself with the resultant flux, form the reeciver. The trans= 
mitter potentiometers are so wound that 

V,, © sin 0, 

and Vy & cos Oy » where eo, is the angular retation of the mutually 

perpendicular potentiometer arms from seme reference position. Previded 
each resolver is wound se as to produes a uniform flux ef magnitule _ 
Prepertional to the input veltage, the inclination @, of the resultant 

field at the reociver, is given by 

Vx 
wn Og =a = tan 0, 

Henee 0, = 0, + nslL80® 

Sto
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This system is therefore linear. The ambiguity (n = O 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 have identical scales, each occupying 180°, if 
ambiguity is to be avoided; (Fig. 906). 

The system may be used 
with an alternating supply. In this 
case inductive potentiometers may 
replace the resistive ones. The 
retor must be polarised from an AC 
souree in synchronisn with that 
which feeds the potentiometers. 

Pige $C5 = Twoecoil receiver 
An alternative arrange~ fed from sine~graded potentiometer. 

ment of the sine~graded ring 
potentiometer system is shown in 991 5) 
Fige 907. This is typified by > 5 WR, 
the term Inverted, indicating H | yi 
that the supply is fed to the “ ye 4A CAS 
potentiometers via the rotat- 71098 1098 
able potentiometer arms, the TRANSMITTER RECEIVER 

outputs to the receiver being Pige 906 = Resolution of ambiguity 
taken from fixed points. 
Separate ring potentiometers are 
necessary for the x and y wind- 
ings of the receiver. 

due to unpolarised rotor. 

Although the use 
of sine~graded potentiometers 
gives a theoretically linear ay 
relation between 0, and Qos where~ 

as non-sinusoidal potentianeters 
introduce non-linearity, the 
latter are commonly used in 
practice because of their compa- 
rative simplicity of construo- 
tion. By the adoption of 
ecoarse~and-fine methods the c 
errors introdueed by the employ- Pigs SOT - Ewerted sine-graded 

ment of uniformly~wound potentio~ PANSMLCver 
meters may be made of negligible 
importance. Such a system is indicated in Fige 905(+) and is analogous 
to the phase-shifting network described in Chap. 5 Sec. 23. The errors 
introdueed by the potentiometer linearity are the seme as far the phase- 
shifting network and the cause is illustrated in Fig. 903(b). This is 
a vector diagram indicating the direction O'P' of the resuttant flux in 
the receiver. Using the symbols as indicated, to represent component 
fluxes and voltages, we have By O Vy and B, 0 V,, the changes in each 

quantity being proportional to the angular movement @, of the potentio- 
meter arm, As P moves from A to B (Fig. 908(s) 1) P'tnoves from A’ to 
BY (Fig. SC8(>)), the distance A'P' being proportional to the change in 
voltage from A to P, i.e. proportional to Q,- If @, ia measured in 

SEPARATE SUPPLY 
POTENTIOMETERS 
ARE NECESSARY 
FOR THE x AND y 
WINDINGS 

04 
degrees, and J Te ? 

then BL xg 

and B ol - y g 

so that tan 0 = EoD 
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The output alternately lags and 
ieads the input. The errer 0, = @; 

is sero when 0, = 0°, 45°, 

90° etc.  Maxcimun errer cocurs 
When 0, = + 21-5°, 90° + 21-59, 
eto; its value is t 4°1°, 

Since the 
potentiameter is uniform it may 
le used either as shown in 
Pig. 908(2) or inverted, as in 
Fige 909. This latter circuit ta) 
alse uses a full-wave or bal~ 
anced arrangement of feed- 
points and receiver coils. An 
advantage of this arrangement 
is that the accuracy is not 

affected by voltage drops at 
the potentiometer output 
connections due to load current, 
provided the load is balanced 
and symmetrical; i.¢., the 
input resistance of all the 
stator coils, measured between 
each input terminal and earth, 
is the same, and the four FPige $08 = Uniform ring- 
cable connections have equal potentiometer system. 
resistance. The off-load 
accuracy (i.e. ignoring the 
effect of current drain on the transmitter) is the same for this 
arrangement as for that of Fig, 90f(a) » 

RECEIVER 

A modification of the method of Fig. °09 is shown in Fig. 
910 where a three-coil receiver is fed from an inverted linear ring- 
potentiometer, This results in an improvement 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 9, 

where J = oh . 
90° 

! —s 
8 

$V Qeene ae — —_— 

“veo (005) |" 

| 
CC 3 

p= 8 
90° 

Pigs 909 - Inverted full-weve Figs 910 ~ Three=coil receiver 
arrangement. fed from vuniferily sround 

crins-potentic ieter 

Go
 

co
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It may be deduced that, with the same symbols as for Pige 
908, 

ek - 9 

and BL /3 

B ot «Vw, ao that tan 0, By kg 0 
5 —e 

. 
F] 2

 

Provided a polarised rotor is used, no error is introduced at @,= 0°, 

30°, 6° etc. Maximum error occurs at o,=* 132°, 60° + 132°, ete, 

7. Singlhe-Phase AC Systems 

Any of the systems described in Sees. 1 ~ 6 may be operated 
from single phase supplies, although generally speaking the accuracy is 
not as good as with DC. The systems dealt with in the following sections 
cannot be operated frem DC supplies since, in all cases, the transmitter 
EMF's are magnetically induced, and, in some cases, the receivers 
operate correctly only if the frequency of the alternating zupply “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 variable-ratio transformer. (Chap. 3 Sec. 19}. The 

co} (@,- 120°) 

aD SING 

_6/ 
~ . cos (8) +120' 

cos 8) -- fe Tt Fp 9 

@ TWO coIL (b) THREE COIL 

Fige 911 = Selsyn transmitters. 

transmitter fulfils the function of the sine-graded potentiometers in 
the circuit of Fig. 905, feeding to each receiver ooil a voltage proport- 
ional to the cosine of the angle between the tranmitter reter coil and 
the appropriate stator coil, Pig. 911(a) shows schematically a two- 
coil stator and Fig. 911(b) a three-ceai stator selsyn tranmitter. 
The currents in the receiver coils have the sane function as in the DC. 
circuit, te produce a resultent flux with which the polarised rotor 
aligns itself. In the selsyn reoeiver, as in the selsyn trananitter, 
the soft-iren core of the rotor is polarised frem an AC supply fed to 
the rotor winding via slip~rings. 
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In the Magelip (Magnetic Slip-Ring) receiver a shaped soft- 
iren rotor is polarised by magnetic induction from a stationary wind- 
ing so that the use of slip~rings is avoided, This results in a very 
considerable loss in efficiency, the output torque available from a 
magalip reeciver being 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 deseribe many 
other trananission components, seme of which do net employ 
slip~rings, and is applied to some devices in which ne 
movanent at all occurs. The transmitters used with mag- 
slip receivers are called magslip tranmmitters or 
transmitter magslips, although are designed on the 
selsyn principle, using 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; 

(44) ‘they are easier to make to a given degre? of accuracy; 

(444) they have a lower output impedance for a given input 
power, so that there is less reaction due to loading 
by the reoeiver. Also, a slightly unbalanced load 
dees not seriously unbalance the output voltages of 
the trananitter. 

A disadvantage is that selsyn systems are not power-emplifying, 
Because of its high efficiency a “power” selsyn (i.e., a large ons) may 
be employed to drive a lead which requires a large driving torque, but 
this torque must be previded by whatever souroe of power is used for 
driving the roter of the transmitter, In this sense selsyns are 
inferior to M-motors, but compared with the latter selsyns have the 
adwantages of t= 

(4) smoothly variable output, instead of step-by-step; 

(44) absence of ambiguity; (i.c., they are self-aligning); 

(i441) ‘they require a cable with only five cores, whereas 
an M-motor may need many more. 

& Selsyn Systems 

Fig. 912 shows 
a simple two-circuit selayn ——o 
system, Such a system is _ 
sometimes described as a 
"Two-Phase*® system. The 
term is not used here, © iT R 
since "phase" is reserved 
for time~variations. oT THTTT an 
Many of the windings used 
in aingle~phase AC trans= _ 
mission systems are 
similar to those feund in 
polyphase motors or 

generators, where a 
rotating flux is generated. Fige 912 ~ Simple two-circuit 
In the systems here desorib- selsyn system. 
ed single phase supplies 
are used threugkhout. JA 
flux can be made to retate 
only by rotating the 

TRANSMITTER RECEIVER
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apprepriate field windings. 

. In the arrangarent of Fig. 912 the rotor of the reoeiver 
is polarised from the seme source as feeds the tranmitter. Trans- 
mitter and receiver may be identieal mits, or the receiver can be of 
lighter construction. In the former case, when the receiver ia in 
alignment with the trananitter the line current is sere sinoe the 
indueed BUF's caneel in each of the secondary circuits. Each of the 
primary windings (the two roters) draws from the supply sufficient mag- 
netising current te set up a flux which gives a primary back EMF equal 
to the exeess of the supply voltage over the series resistance drep. 
The arrows in the Gagram show the flux directions for a chesen half- 
eycle of the supply current. Fig. 913 shows a three-circuit system. 
A three-circuit selayn ia preferable to a two-circuit one because s~- 

(4) The prebles of winding the secondary circuits is 
simplified, 

(44) Even if the variation of mutual inductance with retor 
angle is not truly sinusoidal , the error introduced at 
the receiver is sere every 30°, compared with every 
45° for the twoecircuit system, and the maximum error 
is less. 

The three~-cirecuit selsyn 
system does not require any more 
eable cores than the two-<cirenit 

systane 

In general several STATOR E sotor, STATOR ROTOR 

receivers may be driven from a eB N 
single transmitter. Where |e 
receivers and transmitters are 1 
of identical construction inter- ie 
action between receivers may be 
prehibitive, If one receiver 
is wisaligned currents flow frem 
the ether receivers providing a 
oerrecting terque, and these 
currents gause the other receivers 
to be misaligned also. This 
interaction may be reduced by Pige 913 = Three-circuit selsyn 
making the receivers of high in- system, 
put impedance compared with the 
output impedance of the trans= 
mitter, so that misalignment 
current frem any one receiver is small and has little effect on the out~ 
put voltages of the transmitter. Where this is done the stiffness of 
the receiver is small, and it is suitable for operating only a light 
pointer. Precautions must be taken to minimise frictional torques 
and errors due to mechanical unbalance of the receiver rotor. 

9. Construction of Selsyn Tranamitters 

The prineipal object in the construction of a selayn trans- 
mitter is to obtain 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° apart. Iren oores are normally used, to keep the magnetising 
current, at the usual power frequencies, reasonably low. Frequencies 

up to 1 ko/s have been used, 

TRANSMITTER RECEIVER 

Usually the primary winding is put on the rotor, as this 
requires only two slip-rings and avoids having variable contact-resist- 
ances in the secondary circuits, the impedances of which must be 

810
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accurately balanced at all times. In addition, former-wound coils can 
then be used for the secondary windings. However, moat 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 each secondary winding vary sinusoidally with the angular rotation 
of the roter is the seme as that of securing a sinuseidal output voltage 
waveform frem an alternator, and the methods of coustruction adopted 
in the two oases are similar. 

10. Selayn Receivers 

The reseiver ef a selsyn-type transmission system should 
resemble the tranmitter in having the secondary coils so wound that 
the mutual inductance between each secondary winding and the primary, or 
polarising, winding varies sinusoidally as the rotor is tummed. It is 
an advantage if the roter 1s magnetically symmetrical. 

Consider a twe-circuit receiver, If the roter is unpolar 
ised but magnetically asymmetrical, a current flowing in either stator 
eoll tends to align the reter with its axis of least reluctance in the 
direstion of the magnetic axis of the coil; i.e., the reter tends te 
set in the pesitien giving maximum inductance of the coil. If the 
eurrent in the ooil is I, (RMS value) and its inductances is In, the 

terque en the rotor satisfies the relation 

2 
Tyo she ae ©, being the angular position of 

2 (*) 
2 I 

the retor, 4 similer torque Ty = . se is deweleped be- 
es 

tween the secend ceil and the roter, so that for equilibrium, 

Ty +Tose. 

This gives 2 

ay /92, (23. 
dg / a 

This does net lead to a simple expression for 6... In general 
the torques due to reter asymmetry are not likely to tend to produge the 
seme equilibrium position fer the rotor as those due to mutual inductance 
between retor and stater ooils. . Hence it is usually desirable for the 

roter to be symmetrical so that ap, ana ap. Ae Bere. In this case 
.) lo 

the seme design considerations apply to the receiver as apply to the 
selsyn tranenitter; (Sec 9}. 

ll. The Magslip receiver 

Simplified plan and elevation drawings of a magslip receiver 
are shom in Pig. 91:. The Leshaped soft-iren retor is balanced se 

that its equilibrium position is independent of gravity. It is polarised 
frem a fixed cylindrical polarising winding as shom, The stator has 
three sets of coils arranged with their magnetic axes spaced 120° apart, 
The mutual inductance between any stator winding and the polarising coil 
should vary sinusoidally with the retation ef the retor; i.¢., the flux 

8il
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entering the roter due to any atater current should vary sinusoidally 
with the angular positien of the rotor. This desired variation of 
the rotor flux can be achieved if the magetie petential U of the 
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Pigs 914 — Magslip receiver. 

stator surface varies 
sinusoidally from point 
to point. Using a , 
alotted stator, this 
condition can be approxi~ 
mated to by an appropriate 
distribution of empere turns. 
The seme current flews in 
all the conductors of any 
one Winding, but the 
number of turns in each slot 
is se chosen that the 

resulting stepped graph of 
magnetic potential is 
approximately sinusoidal; 
(Pige 925). The inte- 
grating effect due to the 
rotor overlapping more 

than ene slot sucoths out 
the flux-linkages so that 
the effective magnetic 
potential is less irregular 
than that of Fig. 915(b). 

L7 STATOR 

Waa ff 

uv u 
' 2 Ss.ors (Q) 

Uz-U) = &ttnl 

7t = NUMBER OF CONDUCTORS 
IN THE SLOT 

u 

2. Pau -% Ly. '80° a—@ o—-2 2 . 
° ~ 360 

Fig. 915 = Distribution of 
magnetic potential for 14-slot 
stator. 

When each of the stater windings is energised the resultant 
potential distribution at the stator surface is still approximately 
sinusoidal, as may be readily deduced by vectorial or analytical 
methods, There is in practice a cyolic errer of magiitude approximately 

Siz
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6" and of period equal te the slet pitch (15° in the magslip reosiver). 

The effects of friction (see Seo. 15) are greatly reduced 
by the endwise dither ef the rotor which is caused by the pulsating 
magnetic pull of the polarising coil. 

The resonant frequency 

of a magslip receiver is in the 
neighbourhood of 2°5 o/s. The 
velecity lag is indicated in 

Fig. 916; it is about 1° at 
20°/sec.e The damping is low. 
Various methods are being in- 
vestigated of increasing the 
damping and reducing the pre- 
neunced resonance which has 
deleterious effects when used 
with some computing devices. 

VELOCITY 
20% 

FPige 916 ~ Magslip velocity lag. 

12. Ooincidence Indicating Systems 

The object of a 
Coincidence Indicating System 
is to indicate when one shaft 
at the receiving end of the 
system is aligned with ane 
other at the transmitting 
end. Usually the magnitude 
and direction of any misalign- 
ment must be shown over a 

certain misalignment range. 

A ring-potentio- 
meter coincidence system is 
shown in Pig. 917(a). The 
voltmeter shows a reading 
whenever the angle between 
the two brush sets is other 
then 90°, The action is 
illustrated in Pig. 917(b) . 
@ denetes angular rotation 
from the diameter AC on 
either ring-~potentioneter, 

being the rotation of 
feedpeinta of voltage, 

+ V and -¥, and 9%, the 

rotation of FQ fren AG 
Neglecting the current 

drain from the first net- 
work due to the second, 
the variation of voltage 
with 9, is showm in 

Pige 917(b) fer the chosen value ef 0,. 

VOLTMETER 

(a) 

AVOUTACE 

Fige 917 - Ring-potentiometer 
coincidence system with curve of 
voltage against angular rotation. 

Provided 0, = @, + 90° the 
voltage difference between P and Q is sero. 

The veltmeter may be at 
It must be polarised if the sense of the misalignment is to be indicated, 

the seme end as the power supply. 

The system will operate with an alternating supply provided the volt- 
meter is polarised from an in-phase supply. 

8 is
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Fige 918 shows a 
seLayn ooincidence indicator. 
The fluxr-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 EMF 
will be induced in rotor 2 
and will be indicated by 
the voltmeter. The meter 
must be polarised, as 
indicated, from an in-phase 
supply. Although a dynamo~ 
meter meter is shown, an soLawiaeo 

AC-polarised moving iron VOLTMETER 
meter could also be used, or 
a@ polarised DC voltmeter in 
conjunction with a phase Pig. 918 ~ Selsyn-type coincidence 
discriminating rectifier; system. 
(Sec. 14). 

svat OR 
STATOR 

2 

ROTOR | 

A seleyn 
system using a 
differential receiver 
is show in Fig. 919. ROTOR OF A differential seleyn RECEIVER 
receiver consists of STATOR 

i} a stator and a rotor, 
each with three sym= 
metrical windings. 6; STATOR 
The flux in the stator 
of the receiver is ROTOR | 
parallel to the 

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

axis. The rotor of 

the receiver, carry- © 
ing the rotor coils, 
aligns itself so that 
the stator flux and 
rotor flux axes are 
eincident. The rotor 
flux is inclined at an Fig. 919 = System using differential 
angle 6, to the receiver. 

reference axis on the 
rotor (indicated by 
the needle attached to the rotor). Hence the inclination of the rotor 
needle to the reference axis of stator 1 indicates the error (0, - 0,). 

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

Coincidence indicating systens may be used to give visual 
indication of misalignment, or may be used, if suitably adapted, as 
error indicating devices in servo mechanima.
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SERVO SYSTEMS 

13. General 

Although attention is confined, in the subsequent analysis 
end description, to servos which drive a mechanical load, the principles 

are the same if the output is of a different kind, and the same methods 
of analysis may be employed, 

The arrange- 

ments of the principal 
elements in a servo are 

shown schematically in 

Pigs 9°20, Sometimes PS inpuT 19% JoIFFERENCE | € | A] servo 
the functions of two ELEMENT PP ELEMENT AMPLIFIER ppd 

or moreelements may 
be performed by a 8 

single co-ordinating ° 
element. It will 

be assuned, unless 

otherwise stated, that 
there is no inherent 

RESETTING 
ELEMENT 

feedback fron output Pige 920 = Arrangement of the principal 
to input in any elements of a servo (see Sec.16 for 
individual element. explanation of symbols). 

14. Computing Devices (Converting and Calculating Elements) 

In many servos it is necessary to convert operative quantities 
fran one kind to another. For exemple, 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 required to add or 
subtract, multiply or divide, integrate or differentiate, various 
operative quantities. Any of these processes may be performed in 
various ways, either mechanical or electrical solutions being common. 

fo convert a mechanical movenent 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 alider C and B is 
proportional to the product of the constant voltage and the slider move- 
ment. If the input voltage is not 
constant, but is proportional say, 

to x, whilst the slider movement is 
proportional to y, the output is 
proportional to the product xy. 

By winding the potenticneter 
according to a non-linear law so SLIDER 

that R-f(y), where R is the A / 
variable resistance and y the WOLTace ( r of 
slider movement, the output can ef R > A SOUEACe 
be made proportional to xf(y). 3 

In converting from an 
electrical potential to a mech~ 
anical novenent, a self-contained Fig. 921 - Conversion of a 
servo is usually required, since mechanical moyenent to an 

a voltmeter type of arrangenent, electric potential. 
which would otherwise suffice, 
does not normally provide suffi- 
wient output torque.
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The fundamental arrangement is illustrated schematically in Fig. 922, 
The output from the resetting potentiometer 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 sero. Thus the output of the potentioneter is equal to 
the input, and the resultant movement of the potentiometer arm is 

proportional to the input voltage. 

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

Vu 
By 

(see Chap. 1 Seo. 12) 
2 
Ry 

becomes, if all the resistances are equal, 

LY: 
Ve a1 where n is the number of shunt networks. 

SERVO 
MOTOR 

v 4 

< RESETTING yp PRR j R l 
lOIFFERENCE at >< POTENTIOMETER of e 3 4 t 
AMPLIFIER, ft a t Yo 

UTPUT Yip Ve ae) ae 44 Vg BR, 
a LVR. 

Fig. 922 = Conversion of an Fig. 923 = Adding network 
electric potential to a mechanical (ladder) . 
movement. 

For direct 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 elements may employ this principle to 
form the combined resetting link and difference element of a servo. 
In this example the input element is a resistive potentiometer fed 
from + 300V, the slider being rotated by the input operator. The 
resetting element consists of 
another potentiometer fed +300V INPUT 
from -300V, its slider being ° 1 
driven by the output shaft of POTENTIOMETER Se 

aa R(IMA) 

¥ 

the servo motor. The dif- (100 kn) 

ference voltage € is be 

teken from the junction of the — G=05-@,] AMPLIFIER 

twe equal resistances and may . . R(IMn) 

be positive or negative, RESETTIN = 

according as 0; 2 0). If it Ponto ka) oe ' 

ia impertant that € should 
accurately represent 0, ~ 0). : 

the output impedance of the 

potentiometer should be “ R. Fig. 32h = Use of potentioneters 
In the case illustrated this and resistance network te form 

is usually unimportant, since combined resetting and difference 

strict proportionality is not elements of a servo. 
necessary in a difference 

Sit 

MOTOR 
-300V 
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eleaent, although any non-linearity which may be introduced complicates 
analysis, In other cases an amplifier inserted between each potentio- 
meter and the adding network will ensure that the output impedance is 
constant to a sufficient degree of approximation. 

For alternating voltages 
the seme system may be used, subtraction 
being achieved by a reversal of phase 
of one of the input signals. 
Alternatively, transformers may be 
enployed, making addition and sube- 
traction extremely simple in theory, fa, 3 
as indicated in Fig. 925. In practice, E t @,+6, 
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 Fig. 925 = s 
type, in which coils, instead of Fig eee tien 
resistance-wire, wound on high voltages. 
permeability cores, take the place 
of the tapped resistance. One 
advantage of this arrangement is that 
With resistive loads the load 
carrent is in quadrature with the 

potentioneter current and does not appreciably affect the magnitude of 
the output voltage. An amplifier following the potentiometer is thus 
often avoidable. , 

Electrical integrating and differentiating circuits are 
deseribed in Chap, 2 Sec. 17. Their mechanical equivalents, in the 
form of ball-and-dise gear, are not often used in servos, although the 
"governor" type of speed contrel, which is a form of rate-measurer, may 
be anployed. Integrating circuits in hydraulic servos are common, 
and one type consists of a cylinder with some form of valve which allows 
fluid to enter at a rate proportional to the size of the aperture; the 
output depends on the movement of a piston 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 fron 
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 alternating voltage, 
and it is therefore necessary to convert the sinusoidal input to a DC 
output by means of a phase discriminating circuit. 

This may be accomplished by a asynchronous rotary converter, 
the action of which is illustrated in Pig. 926. The comnutator, 
which acts simply as a reversing switch, is driven at synchronous speed 
with reference to the frequency of the sinusoidal error voltage, At 
(a) is shom a fictitious reference voltage corresponding to the 
commutator retation, and (b) shows the error voltage which is fed to 
the cannutator via slip-rings. A reversal of the error voltage 
reverses the polarity of the brushes (a) and thus the sign of the out- 
put voltage after being filtered from the commutator. 

An electronic circuit which accomplishes a similar result 
4s illustrated in Fig. 927(a). The standard reference voltage, with 
which the error voltage is either in phase or antiphase, is applied to 
the anodes of the two valves in pushpull, so that one is onducting 
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 

Si”
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IN PHASE ERROR SIGNAL ANTI~ PHASE ERROR SIGNAL 

+, + | | | . wae | | im ‘ \ 
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STANDARD REFERENCE 

ERROR SIGNAL APPLIEO TO COMMUTATOR VIA SLIPRINGS 

OUTPUT FROM BRUSHES 

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 show 
in Fig. 927(b). The direction 
of the field in the anode coil 
is thus reversed with the change 
in phase of the error voltage 
and, provided the linear partions 
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, 
according to whether the error 
voltage is in-phase or anti- 
phase with the reference voltage. 

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. S28(a} ‘shows an 
iron-cored reactor fed with both 
direct and alternating voltages. 
The direct current partially sat- 
urates the core, so that the 
impedance presented to the AC 
input teminals is reduced as the 

direct current is- increased, 

Oo 
REFERENCE SIGNAL 

O 

@) nearer’) HT VE 

DIFFERENTIAL 

FIELD WINDING 

OF SERVO MOTOR 

ERROR 

SIGNAL 

© EARTH 

«i
f 

VALVE 1 VALVE 2 
REFERENCE SIGNAL 

Co) N__” + 

SUPPRESSOR VOLTAGE 

¢ | €) we 
QS 

CONTROL GRID VOLTAGE 

(d) aN “oo 
cur. ‘ » 

~» oN NS ; 
e ANOOE CURRENT 

OLN t oN at f yt 

Pige 927 = Operation of electronic 
AC-DC error converter (Phase- 
discriminating rectifier). 

818



Chaps,19, Sect.14,15 

Pour such reactors are 
used in the network shown 

in Fig. 928(b). De “ 
polarising windings, one 
on each reactor, are fed 
fran the same source, | | 

Control windings, fed ‘ 
fron the DC error voltage 
source, are so connected 
that the DC fields in Loc J 
A and C are increased by 
the error voltage when 
those in B and D are IRON -COREO REACTOR WITH DC AND AC FLUXES 
decreased, and vice (a) 

versa. When the error 

<—— Ac ———> 

DC. CONTROL 
voltage is zero and the (ERROR) 
system is properly bal- (abresd} Dc, POLARISING 
anced, the impedances (e,fg fh) 
presented by the four re te 
actors at the individual 
AC input terminals are 
the seme. When the 

error voltage is not 
zero the DC fields in 

two opposite arms of the bq-——— % %,4z,——— 
bridge are increased, USE OF SATURABLE REACTORS TO CONVERT ERROR FROM DC TO AC 
reducing the AC imped- b 
ance, and those in the (b) 

other pair of arms are 
reduced, increasing the 
AC impedance. Thus a 
net voltage is produced 
at the output terminals 
equal to 

Pig. 928 = Iron-cored reactor with DC 
ami AC fluxes, and use of saturable 
reactor to convert error from DC to AC. 

Vi (ay = 3) 

2 A + 25 

and is thus in-phase or anti-phase with Vv, sccording to the polarity of 

the DC error signal. Within limits the relation is linear. 

15. Characteristics of the Load 

Where the servo is required to provide mechanical movenent 
the dynamic character- ' 
istics of the load, 
motor armature and 
gearing are of primary 
importance in their Te-- 
effect on the behaviour Lenictionat Ls 
of the system as a TORQUE FER ON STICTION 
whole: aan I 

ScouLome ; 
SHAFT pFRICTION ¥ nh 

The ° SPEED o 

principal effects to be 
considered are inertia } 
and friction. The IN 

i e chief former is th @) ) 
limiting factor with 
respect to acceleration 
or retardation, and the Fige 929 ~ Variation of frictional torque 
latter dissipates energy with sheft speed. 

and limits the 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 friction), coulomb friction and 
viscous friction. These are indicated at Fig. 929(b). In 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 viscous friction 
is sometimes called Viscosity. In practice, stiction is particularly 
important, its presence leading to jerky motion (since the stiction tor- 
qué must be overcome before motion can ensue, and this involves an 
error in the input to the serve 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 auxiliary 
motor, or by introducing a deliberate dither error into the servo 
mechanian. This keeps the shaft 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 initial motion 
is reduced from its stiction value almost to zero. The dither should 
be in a direction perpendicular to the plane of motion: ¢.g. a 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 variable 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 
a much greater force is applied for short periods, the duration of each 
impulse being variable, no matter how small the mean force applied the 
peak force may be maintained sufficiently large to make stiction unim- 

portent. The use of variable duration impulsirg is illustrated in 
Fig. 930. The momentum imparted 
tc the load is proportional to the 
excess of the area below the 

impulse curve over the corres- 
ponding area below the friction on 
curve. Once motion has begun it 7 FJiweusive ) SURATION VARTABLE 
is the mean frictional torque of ORIVING TORQUE 
Fig. 950 that matters,not the 
stiction value. 

“<
j 
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A
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T~ 16. Servo Motors H _ STICTION. 

ARS ETON TORQUE AT q CONSTANT SPEFD < =. ee 

Many forms of DC 

or AC machines may be used in . 
servo systems, besides other ed SSS _ 
types of motors in common use, 
and a full description of them 

is impossible in this work. Fig. 9370 = Use of variable duration 
A few of these will be mention~ impulsing to combat stiction. 
ed with special reference to 
their servo applications. 

SO 

In general the motor is required to remain stationary (for 
a displacement-controlling-displacenent servo) when some controling 
current or voltage is zero, and to accelerate as this error quantity ia 
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-Off type, there 
being no variation of motor speed or torque with the amplitude of the 

820
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error voltage. Such motors are prone to excessive Hunting; i.e,, the 
output shaft over-runs the equilibrium or zero-error position, the drive 
to the motor is reversed, and the output shaft again over-runs in the 
opposite sense, the output thus being of an irregular, oscillatory 
nature. Alternatively there is likely to exist a substantial Dead 
Zone; i.¢., 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 smoothly 
variable type of control is necessary. In the analysis of such systems, 
it is generally assumed that either the output 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 shown 
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 voltage may be applied 
either to the armature or to the field winding. The advantage of the 
fomer 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 current 

flows there. The disadvantage lies in providing a supply for the arma- 
ture current with a sufficiently low output impedance. For high-powered 
motors gas-filled control valves of the thyratron type are frequently 
used, and these have other drawbacks (see Chap. 6) apart from their 
comperative fragility. Other types of current emplifiers of a non- 
electronic nature 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 accelerates in the direction corresponding 
to the polarity of the error, and power is drawn from the armature supply 
due to the back EMF, 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 

any types of this motor (using cup-shaped metal fotors, or 

scuirrel-cags or wourd 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 constant 
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 voltags. Also, since the torque is 

proportional 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 special point in design is that 

when the error voltage is reduced to zero the motor will hunt if alloved to 

821



Chapel9, Secte1 6 

run as a single phase motor. This may be prevented by a suitable 
choice of reactance/resistance ratio for the armature winding. When 
properly designed, the armature acts as an eddy current brake when the 
error voltage is zero, and this feature makes the two-phase motor part- 
icularly adaptable as a servo motor. 

Induction motors used in this way are not economical except 
at low powers, and it is in small servos that they are usually to be 

found, 

Ward-Leonard System 

This high-powered type of control gear consists of a three- 
elenent chain of prime-mover, DC generator and variable speed motor. 
The arrangement is illustrated in Fig. %1. The first two elements 
act as a current amplifier, since the power supplied to the variable 

speed motor depends on the current in the exciting field-winding, 
Various modifications exist 

which affect the dehaviour 
of the system, particularly S constant =. 

in regard to the field spt SPEED i ed 
winding of the generator. — 

G 

FIELD SERVO 

Le See ot, RINDIN MOTOR 

Metadyne System CONSTANT = 
VOLTAGE > 

The metadyne suppcy = ay 
is a DC generator used as in h = ¥ 

the Ward-Leccard systen for 
Griving a DC serve motor. 
The characteristics of the Fige 531 = Ward=Leonard system . 
whole system depend largely 

on the amplification of the 
generator and its rapidity 
of response to changes in the controlling field-current, By su.rable 

design the metadyne can be made to produce very considerable power 

amplification, of the order 30,000 : 1, but the same elements of vesign 
which provide high amplification limit the rapidity of response, When 

the metadyne is designed to give maximm power smplification it is 
mown 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 exceeis 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 output over- 
shoots, i.e. before the error reaches zero. 

Speed-Control System 

Fige 932 illustrates a 
method whereby a DC motor can be ARMATURE 
made to conform approximately to SUPPLY 

the speed-control type; i.e. its Dc ERROR DOWER poten 
output sheft speed is proportional VOLTAcE 74) AMPLIFIER 
to the magnitude of the error LO 
voltage irrespective of the out~ appine. DC 
put torque, within the limits of NETWORK FEED-GACK (GENERATOR 

the linesrity of the motor loceperoye 
racteristics. 

A gnall DC generator Pige 932 = Speed control system. 

is attached, or geared, to the 
output shaft. The output volt~ 

age from this generator is 

CO
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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 
than 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 feedbsck, 
is very nearly proportional to the speed of the output shaft. 

17. Performance of Servo Systems 

No standard technique has yet been adopted for measuring or 
estimating the canplete performance of a servo system, but various 
teats which can be applied will be dealt with in this section. | Possibly 
the simplest complete test which can be devised is the frequency re- 

sponse. A simple harmonic input is applied, and the emplitude and 
phase of the output are determined. The phase difference and relative 
emplitude for different frequencies may then be plotted on a harmonic 
response diagram as shown in Fige 933. Because same 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 
small resnonse in the servo at 
the resonant frequencies of 
the external circuits. it 
may be sufficient if the 
response to frequencies higher 
than one or two c/s falls off 
very rapidly with rising 
frequency, but this also 

INCREASING 
FREQUENCY (7) 

% = OUTPUT QUANTITY 

tends to make for sluggish @) 

response to sudden changes of Of = INPUT QUANTITY 

input. Where the input [7{ 4m = 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. 

A second test ° (6) > 

which may be applied to a 

servo is its response to a . 

sudden. e of input Fig. 955 « Typical harmonic response 

quantity; (Unit Function). 
If the input quantity is 
altered suddenly by unit 
amount from the equilibriun position the manmer in which the output 

approaches ite new value is called the Unit Function Response. - Complete 

information as to the performance of the servo to any given input 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 importance in most 

reader epplications. 

Other tests aim at subjecting the servo to such input con- 

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 and at this velocity of input there must not be introduced 

a velocity lag greater than the permissible error. Similarly, the 

acceleration and higher order lags must not exceed stipulated values, 

and tests may be applied to confirm this. There is liable to be a 

See
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stendstill error if the system is insufficiently atiff. If the systen 
is too resilient, i.e., not stiff enough, extraneous torques due to 
Windage, stiction etc. may introduce excessive errors. 

18. Definitions and Assumptions (Applying to a displacement~displace- 
ment servo). 

The input, output and error quantities are denoted by ©; , 
©,, and E respectively, so that E = 0; -©,. These are converted 
by gearing inte proportionate quantities of the same kind - i.e., an 
engular rotation ~ so that the new quantities, @,, @, end € are 
connected with the old by the relations 

) rs) 2 
a = —~ sm 2 0 where o is the gear ratio. 
GQ E 

(See Fige 934). 

The input and resetting elements convert ©, and o, into 

voltages or currents which are combined in the difference element, the 
difference being amplified axid 
epplied, either directly or 
through some modifying circuit, 
to the servo motor, The ine 
put to the motor is denoted by 
a 6,, 9,) and it will input |< foirrerence] € | LINcaR| %| seRVO Solo Saad teSt™ fo 
torque of the motor isT,., where : 

Ty = ko 

The gear ratio eo 
is often sufficiently high to . 
ensure that the Segoaioel Fig. 934 - Simple error control. 
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 inertia and coefficients of friction for the lead may be referred to 
the output shaft of the motor according to the gear ratio end added to 
the mechanical properties of the motor. 

The resultant coefficient cf viscous friction will be de~ 
noted by k and the moment of inertia by J. Couleab friction and 
atiction, time-lags and backlash will be neglected, For same purposes 
we shall assume that the output shaft is subjected to an extraneous 
torque T,, due, for example to windage or stiction. 

19. Simple Error Control 

In this case, illustrated by the circuit of Pige 954, the 
input current or voltage applied to the motor is proportional to the 
error E. 

1.66.0 aye, where 7 is a constant, and 

Ty = ket ak xl = ky 70E ‘ 

k, is a constant for a given motor, but 7 depends on the amplification 

provided between the difference element and the motor. 
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The net torque preduced at the rotor shaft is therefore 

kg YE+Ts - “a~ 29nd this is equal to the rate of 

change of angular monentum, J 

_ deo, gs oe lete, Ko t+ T,-k ae OT ae 

6205 a Qo 
e k oo = . ieee, k, 7 (0, @) + Ty. J ne + k i 

Hence J ao + &k mote + & @, = k, , Oy + Ty cccccccccee (1) 
at2 of q = 

Putting @, = 0, ~ € , and rearranging the terms, we obtain 

2 
ae ac oF 404 Tae Eat Beh = gt Ea Tx vee (2) 

These two linear differential equations form the basis of the analysis 
ef 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 constant velocity, or constant 
acceleration, while the output follows a related law with an angular lag 
corresponding to the magnitude of the input. We shall consider the 

three conditions, 0; = constant, a= constant, end ae = constant. 

Stiffness 

If 04 and @, are both constant, equation (2) gives 

ky 7 C 

k is ealled the Stiffness Coefficient of the servo, sinee it of 
determines the magnitude of the extraneous torque which must be applied 
te the moter shaft to produce a given error {. The corresponding co- 
efficient for the lead, as distinct from the motor shaft, is o%k, 7 ’ 
sinee the torque required is inereased, and the angular error decreased, 
in the ratio e:1, 

Velocity Lag 

If the input velocity is constant, in the steady state 

ee el aey;
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then kyyé=k ~ T,, from (2); 

tee ge AT, 
kof Ko 

Eis called the velocity lag coefficient; (i.ee, it is the lag 
k 

° 
per unit constant velocity). 

Acceleration Leg 

2 
rr 2% 

at? 

a0 5 
a = BE +AaN, say. 

It can be show from equation (2) that 

J x2 k Tx 
= - - — din c Oy x2 Z) Bt ‘7° Ky the steady 

atate. 

a. is called the acceleration lag coefficient. 
k, 7 2 y2 

° 

(It is immaterial whether velocity or acceleration lag coefficients are 
referred to the moter 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 ia quoted in 
radians per radianm-per-second or in degrees per degree=-per-second). 

Using the notation of a subsequent paragraph, we may write 

the acceleration lag coefficient as The (2 - 452), where ¢ 

k 

avi ys 

In a manner similar to the above, lag coefficients of higher 
orders may be obtained, if required. In practical applications however, 
it is ususlly the lower order legs which predominate, and if these are 
kept within the required minimum the total errors remain sufficiently 
mall. 

Response to Unit Function Input (Ty = 0) 

‘ If @, follovs the variation (a) shown in Fig. 935 the re~ 

spense of @, may be oscillatory or non~oscillatory as shown at (b) 

according to the ratios of the cectfi cients of the characteristic 
equation obtained by writing D for va in equation (1) and equating 

to zero the coefficient of @,. 

This gives gp? + D+ %o7 = Oe 
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This may be written D+ 250,D-w =o, 

where io, = fz . » and is called the undamped natural angular 

frequeney; 

w 
faesr =a aot is the undemped natural frequency; 

s = — = k and is called the Damping Ratio. 
250, 2 ko 7 

(en) 

a t T 

pot | bo 
; | | y x DECREASING | 

po pT 

; = 
— | (@) 

a | 
+-— +} + 

| | 

i 

Po 
| | 

| | 
| | 

i | dene 

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

Alternatively, Sw, may be used as a parameter, called the Damping Factor. 

The system is undamped if $ = 0, so that continuous oscillations are 
present. Ifs<Q the system is unstable (impossible in this case since 
neither k nor J can be negative). If = 1 the response is critically 
damped, whereas for S$ >1.it is nom-oscillatory. (Campare Chap. 2 Seo.10). 

Normally it is impertant that a markedly oscillatery re~ 
spense should be avoided, and in practice a value for S of about 0-6 
to 0-8 is comon. This gives a slightly escillatory response that pulls 
in more rapidly than when © zl. 

For a given value of 5 , the rapidity of pull-in depends 
onw py, The higher the natural frequency the more rapid is the response,
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‘On the other hand there may be goed reasons for keepingw,, low, particu- 

‘larly because, as already stated, of undesirable resonances in other 
parts of the control system. 

Harmonic Response (T, = 0) 

If @; is a simple harmonic variation of frequenay f= =~ ’ 

we may obtain the response of 0, frem equation (1) using the relations 

404 4285, et jwepana FS. ~w%e,, 
at2 

Honea m= 2 = aa os - a -_k 5 T tee ‘igs 

= 1 

i- 3 + 235 

The amplitude of the response is given by 

1 
[mj = 

S% - (29 2 +h (2)? e-cccscsceese (3) 

Curves are plotted in Mg. 9356 fer different values of § , 

showing the variation of im with x, where x= “2, 
Oy 
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1-4 

| O35 

2 

MAM coca 
MA 
\\ 
N o2 I 

O4 

f — 
io) i 2 3 4 5 6 

Pige 936 = Harmonic response of simple error control servo. 

20. Idmitations of Simple Error Control 

Th this form of control system there are not normally 
sufficient variables to ensure that all the requirements are fulfilled. 
For a given motor and load k, <k, ami J are fixed (apart from minor 
changes which depend on the gearing) so that co and 7 are the only 
variable paremeters, It is normal to choose ¢ so that the motor can 
handle the maximm speed of rotation (slewing speed) without over- 
loading during periods of high acceleration. The other requirements 
all involve 7 and are frequently mutually conflicting. How this 
works out in practice is described in the following example, taken 
from a radar servo providing auto-follow in bearing. 

The servo motor is a * HP motor with a maximum speed of 

2500 LePeMe 

The maximum speed required is 10°/sec. at the load. 
Hence c is made equal to 

27 + 2500 + 10.27%. . 1500. 

60 ° 360 
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At this speed the output torque is given by 

ea . i 2500. 27% Toe ye 550 = 2200 an A mst. 

Henee k, the coefficient of viscous friction must not be greater than 

3s «= 2500. 20, 99 
10% . 60 2500 1 

S== 000k les,ft/rad/sec, 

The inertia of the rotor is 0°003 slug fte (1 slug = 

32 les. mass). 

The maximun permissible error is $ of a degree at the 

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

<= 10 Y ¥ sec. 

W
y
e
 

Hence, using the formula of Sec, 19, we obtain 

¥Ko > 30K. 

For optimum damping take $ = 0-6, so that 

k == 06/7 - 

2 a iad 
2 

Hence 7 *o es eu. 
lah J 

Combining these last two results, we have 

ks 5x Tas 7 * 

1.e¢. * > 30. 1'hid . 

Putting J = 0-003, 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 one, about 14 HP being required. 

‘Further Limitations arise since the velocity lag require 
ments conflict with the desirability of keeping f,, mall. 

Since 7 ky > 30k , it follows that fa> ae / 

end taking k as 0-004 this makes fx >0-9, (faking k as 0°1296 makes 
matters far worse). 
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21. The Use of Derivative and Integrated Errer Control 

To overcome the limitations of simple error control addition- 
al terms proportional to various derivatives or time-~integrated 
functions of the error or of the input, and output quantities are 
included in the quantity controlling the motor. These functions may 
be obtained before or after the difference clement; for instance, 

instead of eo, being fed to the difference element directly, it may 

pass through various devices so that the difference element input is 

o,+a Gh, Bie at, 

or some similar function. We shall use the notation f(D) to indicate 

these additional terms, where D = Hi f(D) may include both 

differential and integral forms. 

The inputs to the difference element then become 

@, + f5(D)o, and 6, + f,(p)6,, so that T, oc fo + £(D)o, - ©, ~ 9(D)0,)- 

Fige 937 . 

Allustrates the method, 

! Nee 18cfhe 9, veins € 2 —_fawputs 
(the output Pee 

from the difference e, Fie, 
element may also be -F% had 
sub jected to further apt f%o A SERVO 

differentiation or BOTH INPUT AND RESETTING MOTOR 
integration, so that ELEMENTS CONTAIN DIFFERENTIATING 2) 

OR INTERGRATING CIRCUITS. hie 
Qo 

RESETTING 
{ Sone] 

ELEMENT| 

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

Ty oc 1+ f,D} f ©; + f4(D) 04 - G -fo(D)0, } 

but for simplicity we have assumed that f(D) = 0.) 

The differential equation of the system then becomes 

kay} Oy - 8, + fy (D) % - £,(0)0,} +Ty = D0, + 5D Oo = fy (D)0, 

if we apply the same notation to the lead function. 

Hence we obtain, 

& 70 + f,(D)) + £,(0)} e, = Ke 7 i+ £,(0)} O, +Ty onceeses (&) 

and 

f k, yo + £,(D)) + £4 (0) jes x7 t (D) - £,(0) te £,(0)} @,-T,, «.(5)
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By a suitable choice of f, (D) the characteristic equation, 
obtained by equating to zero the coefficient of @, in equation (4), 

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

chosen to bring velocity and acceleration lags dew to the required 

It may be useful to regard the coefficient of D in k, ¥ f9(D) 
as constituting “artificial viscosity", since 1¢ becomes added to k in 
the coefficient of Oye This coefficient of D may be either positive 

or negative, so that the affect of "Negative viscosity" can be obtained. 
Similarly the coefficient of D2 in k, 7x £0) may be regarded as 

"artifieial inertia". By the introduction of these and similar 
quantities the various requirements which were found to be 
ineompatible in the single system of Sec. 19 may frequently be satisfied. 

There are practical reasons for avoiding the usé of differ- 
entiating circuits in the input to the serve. Particularly in radar 
aute-follow systems the input signals are liable to be jerky, so that 
differentiation aecentuates the irregularities, Either different 
dation of the output or integration is generally to be preferred, 
The latter inevitably involves a time lag but in practice this can 
often be made negligible. 

In the case of Integrated Errer Control f,(D) = #,(D) = 4, 

say, Where a is a constant. 

We obtain from (5) 

funy (ie) 4(0) JE= % (0) & ~T. 

This may be written 

(Bt he 7D + D ty (0)}c= De, (0) 0 - DT, 

7 et + k d?04 ~ aT, 
at? at 

If ©, andT, are both constant and the servo is stable, € 

is sere in the steady state. This also follows when = (0,) is 

constant; i.e., the velocity lag is reduced to zero, With this form 
of contrel no matter how small the errer, the output torque will event- 
wally build up (within the limits of the motor's output power) until 
the extraneous torque is exoseded and the errer reduced, 

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

Although such techriques as these allow for great flex- 
ibility of servo design, they operate under the assumption that the 
eaplifiers, motors etc., aaployed in the serve remain linear under the. 
conditions imposed by the chalice of circuit components. This assump~ 
tion is justified provided output torques and speeds remain well below 
the maximun for the motor, end provided amplifiers are not overloaded. 
In practice, these assumptions frequently do not apply, particularly 
when the system is used for slewing (turning at high speed). 

§: i>] 
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22. Speed Contrel (First Order Servo) 

If in equation (3) of Sec, 21 we substitute f, (D) = aD 

and f,(D) # 0, we have 

x He , 5 a 
at at2 

7% + aye + 

senses * and choosing a sufficiently large so ;that 

oY harres <2 > = ej te , we nave 
at? 

eB, 
&, + at =e @, SSHSHRSESSSEHHOTHESEO HOHE HHE TECH OE ECD (6) 

Substituting @,= 9, = € we have 

coe Sf = a a Cher recerecescoeeseoseresete (7) 

This spproximation will be justified in the majority of 
oases, exeeptiens being for inputs of the unit~function type, which are 
normally met in initial conditions only. 

Per such a servo the velocity lag coefficient is a, obtained 

by putting 2f = # in equation (7). 

The harmonic response is obtained by putting 

He = jw, so that 0, = as 
1+ ajw 

) 1 
Then |m (| = weoenesecees (8) 

ined af 1 + azw2 

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

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

for in this case, 

BBe oc (0, ~ 04) = (0, ~ Oy)» sey, 

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

23. Secend Order Servo with Zero Velocity Lag 

If f, and f, in equatien (4) are suitably chesen the 

833
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equation (if T x is dgnered) reduces to i= 

2 ave ae, 2 i —, ee a + 25, ers + Wat = m2 eoeee (9) 

where S and WO. may be chosen without restriction. Comparing this 

equation with (2), we see that the term ia has been eliminated; 
this reduees the velocity lag te sero. Other modifications to the 
response ef the serve due te the disappearanes of this term may be seen 
by comparing the respense to unit~function input (Fig. 93%) and the 
harmonic response (Fig. 939) with those ef the simple error contrel 
serve (Fig. 935 and 936). ‘The pull<in is much more rapid and fer 
damping greater than or equal te eritiosl (¢ 2 1) there isa 

Pa G a 

i 

| 
| 

oO 

o2 

a Wy AL 
° | 2 3 4 5 6 

Fig. 938- Response of second order servo (zero velocity 
lag) to unit-function input. 

aingle oversheot instead ef a gradual rise as in the former case. How 
ever, for the same values of{), and ‘§ the rate at which the harmonic 

response falls off with rising frequency is greatly redueed. The 

acceleration lag ceefficient is given by —; oaapared with 

Oe 

i, + (1-40) for the simple error control servo. We shall compare 

the performanee of this secend order serve having zere veleaity lag with 
that of a first order serve under the following conditions :- 

S34
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Fige 939 = Harmonic response of second order servp 
(zero velocity lag). 

(i) Maximum angular velocity of the input = 10°/sec. 

(44) Maximum anguler acceleration of the input = 1°/sec,” 

(444) At 2 o/s the response must fall to 0-4 of its value 
at f = 0, 

For the first order serve, putting Wea 217 f=4h when 

f= 2 ¢/s,and imi = 0°) in equation (8), we obtain 

1. /a a 
as SW S-- 

a cs Ce 

Sinee the velocity lag coefficient is a, the maximum 

welocity lag is 

10. a — aQ- 8°. 
12 2 

Yor this servo accelerntion lag may be neglected.
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The acceleration lag coefficient for the second order servo 

is i 3 hence, with the same permissible error, we obtain 

so thatw, = L-2 = ael, 

Hence, at 2 o/s, fos WO 2 2°27 
fn On iek 

az 12, 

Fige939 doea not permit of extrapolation to this extent, 

but calculation gives the result that for = Ses 12 andim = O°&, 

n 

5 6 

Soth servos then satisfy the given conditions. They may 
now te compare: for pullin time in response to unit=function input. 

For the first order servo tue time which elapses before the 
error is reduced to 10% of the input is given by 

a 
O° 4345 

a an 

1260-4343 

O°2 secs. 

. 
= 

° 

For ‘the second order servo the time which elapses before the 
error is zero (there is a subsequent overshoct) may be shown to be 

given by 
fe2 

pes ~a)e =26°-1+29/67-1 ; (provideat >1). 

Putting © = 2+6, we may deduce that 

g 2 2at = 25 

i or t= ee log, 25 

om O67 secs. 

It is possible to reduce the time to the first sero by 
choosing a smaller value of ¢ , and this permits of a lerger value of 

- If we make G = 1 condition (iii) is satiafied provided ee) 
n 

£ 2 5, so thatw,s AR, 
fn 5 

SoG



Chape1 9, Sect. 23 

Taking the maximum value of 1 n we substitute this value 

in the sbscissa of the appropriate curve in Fige 958 at the point 
where % = 1, 

i.e. Ww yt zi 

so that t= 2. Se O-k secs. 
aT ° 

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

In general the second order servo is to be preferred 
heoause 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 (141) with the first order servo and 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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