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SUALIARY

The development of an Alr Maza Flow rate meter to cover o very wide
range 18 described which, essertially an analogue computer, gives a two-
sweep pointer direct presentation of air mass flow rave, independent of
pressure, tomperaturc and velocity changes within the range of the instru-—
ment, The pointers are driven by a servo system vwhich is error-actuated
from the computing bridge network, secondary feedback being cmployed to
maintain stability with a saturated anguler oubput rate of approxamately
33° per second. Specifications and performance figurcs are given for
the individual transducer elemenes and the complete instrument, crrox
cstimations are madc, and the servo stabilily is discusscd.
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4 Tntroduction

The measurement of amall air mass flow rateo can be readily achieved
by several methods. For instance the angular deflection of a swing plate
located 1n the airstream is rclated to mass flow rate, ox alternatively,
1f a lmown small hest snergy input in the alr strean causes a measursble
temperature rise, then the mass flow rate can be assessed from kown
specific heat valucs, as an the ingtrument descr.bed in reference 4. Bub
the wmeasurement of larger air mass f£lows cannot be asscssed accurately by
thesec means, and the need for an wnstruasnt giving a direct mass flow
ratc indication over the wide ranges used i1n ges turbine and compressor
work has led to the development of the instrument described hercin.

It was evadent that the direet metering of large amounts of adr waa
not a practical sropeosition, and conscquently ativention was turned to
neasuring the dependent pressures and temperaturc of the moving eir, and
correlating these in onc instrumentetion scheme to give the required mass
£low rate.

2 Prinecaiple of noasarcment

In an air stream, if '! is the static pressure absolute, 'T*' is the
absolube temperatare, 'p' and 'v' the density and velocity respectively,
and '3Y is the dynanic pressure ruise sbove the statie, then from the gas
squation: -

a constant, or P e -l% (1}

Rl
n

1
2 ) D\?
and as D « pv5, then v w{=}] . (2)

Eut the nass {lov rate
4
B o« pv or (pp)*® (3)

and substitution for ’p' resulis in:- ]

W e (”%@)‘a (&)

giving the mass flow rate in terms of measursble pressures and tamperature
within the 1limits of application of the laws ctated sbove. This was
agrecd ag an expression likely to give a practical mass flow rate indi-
cation with reasonablo acouracy when tronsformed into instrument analogies.
Overall lindts were accordingly esteblished as follows:-

P..l’ll.ll!! 6 JGO 90 P.S'i. a?DSOlU.'tG

D svsasarness a2 TO 9 PeSele E'ﬁ_ffercn‘bjﬁl

T avessoosees 285 to 612K

not greater than 0.1

1l

and accuracy of flov indication was required if possible to ‘1%, though up
to 5% would be acceptuple, these percentages being of the actual indicoted
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quantity, and not of the 1037 value. Thus thce cxpression %D' varies over

the range 1.96 x 10"3 to 2810 x ‘IO"3 , and its square root over the range
0. Ol42 to 1.65.

A four~bar linlage was tho first method tried, the verisbles 'PY, 'D?
and *T! being converted into "log" rotations, differentials being used to
add and subtract, with a final “‘de-log" linkage to give the suswer. The
moverent of the assermblies, however, was inadequate to cover the range
required, and the frictional and backlash effects introduced errors too
large to be accepboble.

It was then decifed that an cloctrical method for dhiteining the
relationship (4) given sbove, over the wide range required, would be more
practicuble than mechanical meang., There are several potentiometer nct-
works which give cithex o volbage or current outpubt proportionel to the
product of two resistances and inversely proportional to a third resis-
tance, and by making suitoble transducers for converting *P', ‘DY, and 'T!
into proportional resistances in the network, a asquare reot socale on the
output voltage or current indicator will indicate mass flow rate directly,
There is also the conventional Wheatstone bridge arrangement of four
registances, which, when balanced has one arm proporticonal to the groduct
of the adjacent two resistances and inversely proportiocnel to the fourth,
and here again the square root of the resistance value will indicate mess
flow rate, The potentiometer circuits sulfer from the disadvontage thatb
several indicators would probably be required to cowver the range, and
stabilised current or volitage sources would be necessary, alsc functioning
over a wide range. The bradge caorcuit by comparison gives a balanced
indication indepcndent of applicd voliage, and the final presentation,
being the representatzon of a varying resistance, offers greater scope
for scale extension than the current or wltage indication required by
the potenticmeter circuits, It was therefore decided to use the bridge
arranfenent, and Tigure 1 gives a diagrammatic represcntation of the
scheme adopted.

3 licthod of mcasurement

The computing network consists essentially of four resistances as
showm, arranged as the arss of a Fheatstone bridge. The static pressure
in the ducting is commwmicated to the Static Presswre Transducer, which
is a pressure~tight chasber containing an cvacuasted spring loaded metallie
bellows, Assuming a constent spring rate, the free end of this bellows
moves in proportion to any chenge in the absclute statlec pressure and this
movencht is madc to operate a wvaridble rcaistance also housed ingide the
chamber. This resistanoe, called 'A', forms one arm of the bridge and
varies thercfore proportionally with the stotic shsolute pressurc.

The dynemic pressurc differentral existing betwecn the pitot tube and
static iz connected to a second pressure-tight charber, the Lynomic
Pressure Tranaducer. The differential pressure acts across a spring-
loadod metallac bellows, the wwovement of which operates a variable resis-—
fance 'C! 1 a similar nommer to the static pressure transducer. This
reeistance 'C! thercfore varies proportionally with the dynsmic pressure
differential, and forms the bridce srm opposite to A,

The third arm of the bradge called '3' consists of a length of
platinun wire ilmierscd in the sar stream o scnse ony temperatbure varie-
tiong, any such chanres resulbting in o nearly proporticnal resistance
change of the wire over the limited range in use,

The fourth axm of the Lridge is the “answer" arm called "X, and
with the bridge balanced the well lnovm relationship gives:-
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X = —‘%q = fﬁ? % a congtant = I«'z % a congtant . (5)

The balanced value of the arm 'X' which, as shown above, varies pro-
portionally with the square of the mass flow rate, 1s varied automatically
by & servo mechenism which in turn responds to %he out-of-balance error
signal across the bridge srising from any variations of 'AY, B! or 'Cf
from the balanced condaition. The servo btends to alier 'X' back into a
balanced position where the crror signal is reduced to zero and 'X' agein
indicetes Y2'. The resistance 'X! 1s wound in the form of two uniform
toroids, variation beinz obtalacd by using conbact wiper aris rotatsble
cver the windings. Attached to each wiper sym spindle is a pointer, the
angular displacement of wnich (when the bridge is balanced) is proportional
to 'Xt or, an other words, to %i2'. By meking those pointers move over
a square root scale the {inal steady sitabe indacation of WX' or ‘! is
cbbeined directly. The two toroidal tracks inbto which 'i' has been wound
form an 2xtended range, the one covering an appracmabe range of 26550 to
200 ond the other from 207 to 100% of full scale. Associated with each
track 1s its own 1ndicator pointer, scale, and servo motor, with auto-
matic limit swibeh transference between the tracks so that the serve
system can seek to establish a balance pount over both tracks. This two
sweed presentotion endbles the reguired range to be covercd within a
reasonsble dial dimension, and gives adequate "readasbility” at the low
end of the scale.

& Deseription
Le Gonsral

TMgures 2, 3 and L give general views of the instmment with the
covers removed. The components arc mounted waithin a rectangular alloy-
angle frame, the front end of which carries the display dial and indi-
cator pointers. Iliounted off the rear of the dial plate are the servo
motor assenblics with their pear and worm drives bo the 'X' tracks and
display pointers. Zchind this asscenbly are mounted the static and
dynamic preassure transducers housang the varisble resistance mechanisms
responsive to the static and dymamic pressures respectively.

Located on the right hand side is an "electrical controls" panel, on
which 18 mounted a double-wound moving coil relay (responsive to error
signals from the main computing bradge), the preset test control switches,
Teedback and sensitivity coatrols, and all the relsys necessary for the
scrvo system operation.

The power supply peck i1s located at the rear end of the frame and
contains a step~down transformer, rcctufiers and smoothing condensers for
supplying electrical power to the bridge network and servo mechanism
contrel carcuitry. The illustrations also show a sub-panel mounted above
the power pack and carrying two pressure gauges registerang the dynamic
and stabic pressures. These erc for tegt purposss only and are not part
of the instrument.

L.2  3tatlic pressure transducer

Tigure b illustrates this itransducer. The entire mechanism is oon~
tazned within a cylindrical pressure shell of brass, with flanged and
bolted end plates, the interior assembly being pillar-~mounted off the
base-plate flange. An evacuzted and sealed metallic bellows (containing
an 1nner compression spring coaxial with the bellows) is located between
the pillar supports, and 1s secured to the basc—plate by three indavidual
clomps in order to facilitate lining-up.

A



The upper free end of the Lellows assenblir carries a push-rod which
18 coaxial with the bellows, and is located between upper and lower guide
rollers, enswring that only linear vertical motion of the bellows and
push-rod takes place. The middle section of the push-rod is formed into
a racz which engages with a pinion shaft, in twmn mounted at each end on
ball bearings. This punion shaft carries a clamped wiper arm assembly
which makes contact with, and moves over, the inner surfece of a toroidal
resistence track. This resistonce forms the 'A' amm of the bridge, and
is carried in an insulated ring housing, the centre of which 1s coincident
with that of the pinion shaft. The wiper arm contact is insulated from
the arm, and connection is wade through a wire passing through a hole
drililed dowm the centre of the pinion shaft.

£11 the electrical connections are led through hortetic ceramic seals
soldercd anto the base plate. L vibrator assenbly comprising a small
motor and eccentrically-mounted masa 18 shown f£ixed adjacent fo the pinion
shaft, end was initially ritted in case the stiction between the wiver
brush and track should prove to he excessive and some vibration be required
to free the motion. After tests, hovever, 1t was evident that vibration
would not be required,

4e3 Dynamic vressure transducer

This unit is shown in Pigure 6., As in the casc of the statio pres-
sure transducer, a cylindrical braass shell with flanged and bolted end
plates formg the presaure-tight corteiaer for the mechanlonm. The static
pressure i1s communicated ¢ this shell which alse coataing an inmer
housing for a spring-loaded metallic bellows, The bellows is soldered
around its top edge to this inner housing, the botbam end of the bellows
being free to move vertically. The dynamic pressure is connected to the
inrer housing and acts on the outside of the bellows to wove the botiom
upwards asgainst the static pressure acting ingide the hellows.

A muah rod extends from the bottom of the bellous up through a large
clearance hole in the top of the imner housing, and terminates in a rack
profiles. toller guides ars arranged along the length of the push-rod to
ensure that truly vertleal motion only is possible. The rack engages
with a pinion shafi, ball-bearing mounted as shown, which in a similar
mamner to the static pressure transducer carries a wiper arm, capzble of
moving over the imer surface of a toroidal resistence traclk. This
reslstence forme the 'C! arm of the main bridge. ..o previcusly described,
hemmetic coramic sealsz passing through the shell are used to enable axter-
nal electrical connections to be madec.

Lot  Temperature sensitive elcement

The element used in the air duet is the standard impact bulb fype
IT 3-2, This elament is of platimm wiroc wournd over an open insulated
former and is presented axially to the aar stream. . tubular shroud with
a frontel opening surrounds the slement, and the air passing over the
element escapes through small side holes at the rear end of the shroud.
These holes arc sized so thab total stagnation of azr arocund the element
is awvoided without permitting o khigh enough speed fto introduce an appre-
cisble velocity hesd errocs, For temperaturcs higher then some 120°C the
insulatvion of the standsrd head is modified to more suiteble high btem-
perature materiael,

4o5  Dial plabte, servo uctors and drive asserbly

Moure 7 pives a general view of this assexbly., The dial plate is
of light alloy end carries in the front a central bossed opening through
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which progect the concentric drive shafts for the pointers. These
pointers move over irmmer and ouber scales, rcaspecitively cover:;mg the
2.5% =205 and 209 - 100% ranges, the outer scale beung some 10; inches
diameder. Onity one pointes cen be in the indicating zone for reading at
any waerticular tine, but Yo avoid confusion a small nasked section of
the dial (sec Fagure 2) is located at the top, behind which rests the
particular pointer not in use, Just inside the two indicator scales is
engraved a 29 inbterval scale for aligmuent and calibration use. The
seales and front are of black anodised aluminium, the indications being
engraved through te the braght medal underneath. A disc of persvex, rim
mounted off the scale odge, forms a dust-proof protection through which
the pointer display cun be chserved.

Behind the dial plate 1s located the servo motors and drives assenbly.
This 1z a two stage or fwo tler assembly, the irmsr tier (ugainst the
1nside of the dial plate) cowprising the 2.5% 20k range of the 'X!
resigtance traclz;, 1ic rotating wiper and gearang; and the ouber ticr
beins the 202 =100 range of the X' track with its appropriate components.
The 2.5% - 20 track is wound toroidally, and its insulated housing bolbed
directly to the back of the dial plate. A cenbrally-located hollow spindle
carried the wiper for this {rack, the connection being made through a
helical spring o an insulated pillar ag shown. Draving the wiper spindle
15 a 43:1 worm reduction drive which in turn 18 draven by & 9:1 spur gear
reduction off the servo motor armature, giving an overall reduction of
43231, The servo motor is the low inertia D.C, type now made by uessrs
Llectro iethods L¢,, and consists of an armaturc wound on a light hollow
former, rotating around o fixed soft irow core, the field being of the
high stobality permanent magnet type. The hollow spindlc described above
ils mounted at cach end in ball bearings, and a reduced section of the
spindle projects through the front bearang to carry the indicator pointer
for the 2.5% - 206 range.

The sccond ticr of the asserbly comprises the 2051005 range of the
'Y tracl, and the mechanism layout is very similar o that of the lower
range Jjust described, The wiper spindle in this casc is s0lid and
extended in the front to pass through the hollow spindle of the lowor
range wiper, projecting through tane dial boss to carry its indicating
pointer. The connection to thais wiper is made by a waire passing through
a omall hole drilled along the centrc of the spindle at the back,

Both wiper spindles carry straker arme, whicu, at the extrernties of
the ranges operate limit svotches of the micro type. These switches
effect the transference from one track to the other and alsc switch off
the servo motors at the 100e and 2.5 positions to prevent over-rune

LeG TFlectrical controls oancl

he circuit control componcnts are mounted on ihis panel (see
Frgure 4). At the base 15 locatod the double-wound moving coil relay.
This is a type S5l 1nstruaent made by lessrs Sangano yeston and contains
two control windinzs - cne used for seusing ony out-of-balance of the
bridge, and the other carrymng o Teed-back sagnal from the servo motor
circuit. Above this relay are placed the test awiriches for checlking the
nosxbroning of the poiruters on each range, and the rheostat controls for
adjusting the bridge seaszbavity and amount of secondary fecd-back. AT
the top of the panel are mounted the contrel relays, which arc of the
hagh opeed type with changeover conbacis.

The hack of the panel has, at ithe top end, o terminal strip for
anterconmection to the bridge and power pack, and also carries two preset
rosistances used ag test armg of the bridge for reposaitioning the pointers.
Rectifler type suppressors are soldered dixcetly to the connecting stalks

of the relays, 5



o]  Fower paock

A stananrd service type rower transformer with multi-stepdown
windings supplies electrical powsr for the circuitry. The mains input
winding is sultoble for 230/250 volt, single phasc, 50 cycles A.GC.
Selenium type half-wave rectifiers with electrolytic smoothing condensers
provide individuel smoothed D.C. inputs to the bridge and control circuit
respectively, and also included is a separate rectified and switched
supply for the vibrator motor of the Static Pressure Transducer mentioned
in paragraph Lw2.

5 Control Scheme

5.1 Description

The wiring diagram of the control scheme is shovm in Iigure 8. As
already =xplained, the modin bridgze is comprised of the varidble resis~
tances 'A', ‘Bt and ¢! (responsive to static pressure, temperaturs and
dynamic pressure respectively) snd the servo driven varisble resistance
1X*, the value of which is indicated by the anguler position of pointers
and, when Lalenced, gives the mass flow rate answer. In series with
cach of the TA', 137 and 'U! resigtances are swll padding resistances,
the values of which are arranged to bringz the calibration lines through
the truc origin (see Figures 13, 14, 15). A three-pole changeover "test”
switch is fitted so that in the "normal® position the resiptances fal,
!B and fC' are ir circult, wivile “n the "test" position pre-set resis—
tances are switched in making a definite balanced value of X' available
for repositioning of the pointers. & "test range selector' switch oper-
ates on one of the pre-set resistances malking this balonced value posi-
tion availeble on both the high and low ranges.

The supply to The bradge 2s taken through the "free® end of the X
arm so that a progressively higher resistance is placed in series with
the bridee as it closes down to lower resistance levels, and tends to
countecract the increasing scnsibivety of the hridge. At the lower end
of the high range 'X!' track the seunsitavity requires still further reduc-
tion, and a 4,700 ohm meries resistance in this arn, wivich is normally
short-circuited, is placed in circuit by the opening of a switch operated
by a striker arm on the wiper of the high range track. VWhen indication
is switched to the "low raonge" 'X' track, a range transfer rolay iHo.3 is
arranged so that its contacts change over the bridge supply from the high
Tange track through to a pre-set sensitivity control varisble resusiance
in series with the low range track. The one sctbting of this control is
found adcquate for all positions in the low range, as here the rate-of-~
change of resistence is muchk less than that of the high range itracks

The bridge ocut-of-balance is sensed by a moving coil relay. This is
a type 3.54 relay wade by licssrs Sangomo Weston Ltd. The contact arrange-
ment 1g 2 changeover one, with a central contact moved by the armature
between two Limiting fixed contacts. In the central position wath no
armature current flowing the contacts are open-cireuited, and this posi-
tion iz held steble by tho armature control spring. The armature is
double-wound, one of the windings (called the scensing ocoil) being con-
nected across the bridge to scnse any out-of-balsncce If an out~of-
balance current of the order of 5 rdero—amps flows the armature is
deflccted and contact made either one side or the other depending upon
the direction of the cut-cl-balaace current. The second winding (called
the feedback coil) obtains a pre~set controlled current only while cither
servo~-motor is encrgiscd, and is arranged directionally so that it acts
on the relay armeture in opposition to the sensing coil.

-9 -~
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The contacss cf tha woving oorl relay control two high speed relays,
the "Increase” and “Decrease" relays respectively, the changeover contacts
of whicn switch the supply on to the servo-motors directionally so that
with the "Increase® relay "on', the servo-motor rotates to increase the
'It resistance, whilc opposite rotation ococurs with the "Decreasc" reliay
“on', Both relays camnot be energised simultaneously, and when de~
energised the servo-motors are short-civcurted. "Eigh' and "low" limid
switches are wired into the "Increase” and “Decrease" relay coil circuits,
These switches are open-circuited by strikers on the Wiper arms of the
t%! registance high and low rangcs at the 1008 and 2.54 positions
respectively, and prevent over-run of the servo-motors beyond these
limits,

Jange Transfer Switches are located at the top cnd of vhe low range
track and the bottom end of the high range track. These are operated by
strikers on the wiver arms, aad control the high sveed range transfor
releys te cusure that the avyropriate servo-motor changcover sequence is
observel when runnans, through from one range +to the other., Over the
regron of operatlon of thesc switches the track winding resistance turns
are shorted together so that ithe changeover action takes place without
a change of yesistance of the !X arm,

The feedback coil of the roving coil relay is connected in scries
with a controlliing resigtance across the servo-motor supply and carrdies
a current only while the scrvo-molors are encrgised, this current being
reversed on reversal of motor rotation. As stated dbove, the polarity of
the feedback coxl is arranged in opposition to that of the sensing ocoil.

5.2  Tunetioning

In analysis of the systom 18 gaven in Appendix I, and the following
paragraphs gave a verbal descripticon.

Assuming for the mcmert that the leedback circuit is not connected,
Pigure 9 illustrates the transient behavicur of the servo system com~
pornents when subgected to a step function input disturbance. In this
daagran '0;! 1s the input or the desired angular position of the 'X! track
wiper arm, and '6,' 18 the output or actual angular position of the arm.
(igure 9a shows Their fransient behaviour.) 105! is the error, or
difference between input and output, and is depicted in Figure 9b.

Figure % shows the varwation of the current in the moving coil relay
scnsing coll, and [Migure 94 the anguwlar movement of the relay axmature.
The contact srrangement consists of tiwo leaf springs fixed to the arma-~
ture and these constitute the moving contact. Fixed point contacts are
located each side of the moving contact so that a daisplacement of *
has to take place bofore contact is mode. PFurther displacenent con take
place between Y, and P4 values on each side and over these regions
the contact spring is being compressed. At the % Yy positions the arma-
ture stop prevenis furbher movencnt outside these lamits. Thumbnail
sketches in Migure 94 indrcate the attibude of the armature at various

ds
. ) - ]
wnstants. Tioure 9e shiows the rate of error correction, rrak

Praor to inastant "t..vY, the crror, error rate and sensing coil
currcnt are assumed zero, with the bridge balanced and the relay armature
central, and further asswring that balance 1s occurring on the high range,
the low ronge scrvo-motor will be shorted out by Transfer Relay No.2
(Figure 8), and Relay ilo.?1 will hold the high range servo-mobor in circuit.
A% dingtant "tgq", one of the bridge arms is jiven a stcp change resulting
in a sudden increase of '6;' to o new value, asmumed to be lovge. The
ubalance of the bridze resulis in a sudden increass from zero of the

-0 =



sensing coil current, which deflects the rclay armabture so that at instant
“top! contact is made at the '+y,' position and the "Increase" relay us
energised. This starts up the high range servo-motor which in turn moves
the 'X' resistance track wiper and staris to inereuse '0,' up towerda the
93! value, 4ip shown by the Figure 9¢ the servo-motor soon seturates to
a constant speed, giving a uniform error correction rate.

After anitisl contact at Ttn,!' the relay armature ther deflects
mtil brought to rest against its stop at the '{4' position, and this
position 1s maintained until the sensing coil current (which is pro-
gressively falling as crror correction procecds) falls to = value tigt,
which would just maintain the relay armature deflection at *{q' in the
steady state. At this instant '4p-' the armature begins to rove back
towards a central position, and at”instant '4p,' again reaches the 4!
positicn where conbact as Hroken and the "Increase" relay de-energised.
The servo-motor i1s conscquently shori-circuited at this instant and
rapidly alows down, causing the "crror' and sensing coil current to reach
the small stcady state values of ‘Ge(s)" and 'i(g5)' respectively.

The moving coll relay armature also eventually atbains a steady
state value '\}r(sg.’ ut as 1t is an independent spring-mess system assumed
critically damped it may also reach & 'Ymin' value (less than 'j(g)') at
some instant 'tos'. If 'pyn' falls o the '-§,' valuc a reverse Correc-
tive sequence W.L?_l take place to reduce *8,' from its overshoot value.
Thus an oscillatory condition of '@,' is set up, the atienwation of whach
will depend upon such frclorc as error rate and wadth of the '+ ' to
Tmidy! zones The criterion for this servo-system 2s that the indicated
output '9,* should be movew to 1ts new steady state valuc as quickly as
possible but withoutb any overshoot. These conditions are cbvicusly ful-
filled if '§.;,' Just falls short of the '~y,' value, and this condition
is achileved vrozressively from the oscillabtory condition by deoreasing
the error correction rate and/or increasing the T+y,! o '~§,' zone width.
But increase of this sone width is undesirable as 1t leads to an increase
in the indicated error for steady stote conditions, and for reducing
hyateresis of indicetion the zone width should be kept to a minimum.

A secondary fecdback loop is introduced so that the error correction
rate can be increased while meintaining a nminimum dead zone and still
meeting the regquirement for dead beat indication without overshoot.
Pigure 10 shows the typical transient behaviour of the systen with feed-
back in operation. A starting condxztion (pricr to instant 't 1) ia
assumed where a substantial error has heen estebTlished, and error correc-
tion 18 being effected at the saturated rate. The graphs for 'es%, '9,f
and '6,' have been omitted an Tagure 10, as these are all Linearly inter-
devendent, and Tigure 10a shows the sensing coil current wiuch, for small
unbalances, 18 proportionsl to the error '8.'# The waring diagram shows
the feed-back coil connccted through a controlling reaistance in such a
way thot & constant curvent flows through it while any servo-motor is
nergissd, this current ehanging in Qirection with reversal of drive signal
to the servo-motors, and droppiag to zero wien the moving ceil rclay cone-
tacts are open., This feed-back coll current ig shown in Migure 10b, and
being wound in opposition to the scensing coil, the vector addation of
these coud currents (to scele) produces an "effective” coil current shown
in Figure 10¢ to which the relay armeture is responsive.

A% anstant ‘gt the effective coll current has fallen to the '+i4!
value and the relay armature commences to move away from the '+y4' atop.
At dnstant 'tgy! the erralure has deflected to the '+§,' position where
the servo-motor is switched off and short circuited to retard the srror
correction rate, Also at instant 't,,' the fecdbock coll current is
reduced to zero, giving a step increase Ho the effective coll current to

* Bee equationiBY, Appendix I
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a value egucl te ihe sensing coil current. As this value may be substan-
$12117 sbove the '4+1,' value (as shown), the relay armature movement is
reversed and deflecled back towards the '+{y' region, reaching the '+’
position at some instant *tpg'e IHere the sexrvo-moltor 1s agean switched on
to increase error correction rate, but at the same time the feedback
current is also established civing an effective coil current btending %o
move the armature back towards its centre-siable position. These stages
of operation arc repetitive unbil at some such instent as 'tog' when the
armature passes through the '+y,' position towards zcro, the mensing coil
current (being equal to the effective current as the feedback coil is
de-encrgised) is lef? at a value below '+igl. No further swibching takes
place and the transients pass to the steady state condations depicted
alter instant 'tog'.

s the effect of the secondary feedback is fo present a spurious
balance-voint to the relay sxrmature while the main bridge is still
uribalanced. This spurious balarce peint can be approached with a high
error correction rate and as soon as near balance 18 achieved the true
balance point of the bridge is presented intermittently to the relay for
any further corrective action, the average correction rave being much
less here (dnberval 'ihg' to tig ) due to the continuel switching in and
out sequence of the scrvo-motor g.escribed above, An increase in the
feedback carrent, without a change of moximus error rate will lead to
repet.tions of intervals like '¥pg' o 'tog', slving a prolongation of
intermittent operation over which the average crror correcction rate is
mgach less tnan the maximum saturated value, There is cbviously no advan~
tage in this type of operation over the single step shovm in Figure 10.

Within limite an increase in the fecdback curreat bogether with an
increase in the error corrcction rate will amprove the performance, but
«n excessive Peedback can cause conbinuous rapid oscillation of the rolay
armature at bridee bolance, This condition ig chown in Figure 14, and i8
a casc of the familisr oscillatory behaviour of a damped spring-mass
sysbem when a pericdic foreing function is applicd leading the mouion by
& phasc angle less than 1809, It has becn assumed in describing the
trangicnts of Figures § and 10 that the switching delay time of the
"Tnercase" or “Decrease’ relay is negligibly small comparcd with the
duration of the other events. DBut where a large feedback force is avail-
sble to move the damped relay armature rapidly, these delay times 'AL!
shown in Fimure 11 may become an apprecilable fraction of the periodic
tame of the resulting motlon. The feedback then constitutes a forcing
function leading the relay armature movemcnt by a phase angle less than
1809, and if the amplitudc of the fecdback signal is large enough to
equalise mmwerically the gradients of the Figure 11b curwve at the points
'3Y, then oscillatzon will be sustained.

In normal cperotion the feedback current 1s set well below this
extreme condition, and Figure 12 shows recordings of the btransient
behaviour of tne system to step input changes. TPizure 12a shows the
oscrllatory condition which can exist without secondary feedback at a
sufficiently high ervor correction rate, and Figure 1Z2b shows the stabi~
lising effect of seccndary feedbacke It will be noticed that in Figure 12b
the value of the feedback signal is such as to give several switched inter-
vals of the 'tpg' to 'iog' tyve, belore a steady state is achieved. Vhile
the 1deel would be just one or two as explained previously, it ls not
possible o preset the feedback to gilve this condation of operation over
the whole of the bridge, due to an increase in gensitivity as the bridge
arms roduce in value. Thus a sebbing is effected which gives the required
minimum of switched steps at the low end of the bridge, and which cntails
a Tow more switched steps at the high end before a steady~-stute indication
is reached. Put thrs action is not nobicedble visunlly as 1t will be scen
from the time marks of the recording that the whole period of feedback
switching is some Cs2 to 0,3 scconds, with each switch step talkdng approxi-
mately 1/20%h of a second.
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6 Degic Jons.derations

6.1 General

As the instrument was intended for test-house use and would be statio
during aindication, no restrictions as to size and weight were applied, and
no requirenent for operation under accelerated motion was applicable. A
direct visual presentation of mass flow rate had to be garven, preferably
a pointer type of display, capable of being photographed with other test
instrupents to give permancnt records of test runs.

Ge2  Jomputing bridge

This wes designed arcund two existing conponents ~ the moving-coil
relay and the temperature semsitive element, The sensing coil of the
relay nas a resio ta.nce of 150 ohmg maltin-, contact either side for a
current of % 5 micrommps, while the fampereturc sensitive sxm has the
tcmpera”‘ure/rcsn.stanc,e character-gtic shown in Pigure 13, The actual
law does not rive & true streight lince relationship, though this mugt be
assamed to cxist for computation purposes. The curve of crror involved
in thiz acowmption is also given in Fasure 13, showing a naximm of Q.73%
in the 100°C region. A further design limitotion is the maximm current
pormisoible through the temperature element which must be kept below
15 nilliampes to avoid any appreciable heating up of the clement and con~
secuent falme indication of arbicnt temperature.

€.21 Siatic pressure transducer

In order that small cir pressure changes sheould create the maximum
total force chances to oppose fricticon e;f‘f'ects, the 1argest diameter
bellows procurable for the pressure range is used. This is a 2" 0,De X%

o T.0 hydroflex metallic bellows having 16 couvolutions, rated for a
maxammn pressure differential of 465 P.s.le by the mokers, iessrs. Drayton
segulator and Instrunent Jompany. The coubined spring-rate of the bellows
and internal spring 2s some 330 1b/inch, whereas that of the bellows only
15 45 Th/inchs Thus the characteristic of the corbination s meinly that
of the spring only, and any imperfections in the bellows acting as a
apring have practically no influence.

The machine~cut rack has 25,5 teeth/inch engaging with a 15-tooth
vinion wheel, and the resistance winding of 39 ..d.G. oxadaised Dureka is
clogsc-wound on s 3-inch diameter ring former, giving o resistence of
Oe6 ohms per turm. Surcka 1s chosen vo minimisc resistance change with
temperature. Flgore 14 gives the calibration characteristic of the unii,
and also indicates the porcentoge error at any particuiar pressure or
resistance value due to il finite resistance of each turn of wire. £
second source of small error may be due to the imperfect evacuation of
the bellows unit, and temperature changes cffecting pressure changes on
the residual axr contento. This effvet is quite smell, and caleulation
shows that if evacuation is carried to 3 mm Hg sbsolute, then a 1000
change ab ordinary room arbients will efflect o pressure change less than
Ce002 p.sen.

The shell and flanges ore of brass, labricated by brazlng, and axre
made am},ly robust to couure thet no flexing, of the material is lilkely to
affect the anguleor position off the wiper brushs.

Ce22 Trwpanic pregsure tronsducer

In thig unii also the largest bellows availoble for the pressure is
uged. This has a l@f“ O Do x 3" I.D. with 41 convolutions and is rated at
17 Desed, Qiffeorential maximumm. The corbined spring-rate of the bellows
and internal spring 1s 77 lb/inch and that of the bellows aionec 1s 5 1b/inch.
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A rack similar to the one in the static pressure transducer is used,
engaging in this case with a 40 tooth pinion wheel. This resistance
winding, again of oxidised Bureka, is of 38 S.W.G. wire, close~wound on a
5 inch diasmeter r»ing former, and has a resistance change per turn of
O.4 chme, Figure 15 gives calibration details, including an error indi-
cation due to the digcreet nature of the winding as in the case of the
static pressure trangducer, It will be noted that the maximum progsure
attained for linear relationship is 8.4 p.s.1. whereas the aniticl
requirement was for 9 p.s.i. maximum. The lower figure wes agreed ag
acceptable,

5,23 TIndicating ('X!) tracks

~o stoted esrlicr, the 'Y orm of the bridge is divided into two
tracks, one ¢1ving s balance point up to approxamately 20% of full scale,
and the other covering the remainder of the range. These tracks are
electrically in series, each having 1ts own gervo-isoctor and gearing, and
1im:t switching between them enables the balance point search to continue
as requiced from one track tc the other. To ensure that switch hysteresis
or overlap does not affect the indication of the "high" track starting
Just where the "low" track ccases to indicate, all transference switching
is done over shorted-out sections of the tracks, where resistonce change
18 zero. The concentric arrangement adopted for bringing the indicator
shefts out to the dial ensbles each pointer to be solidly fixed to the
shaft carrying its track wiper, and gives an accurate indication of its
position, avoiding possible backlash errcrs in geuring of albternative
arrangements.

The low range track is alsc of oxadiscd Bureka, 30 S.W.G. close-
wound on a 6-inch Giameter ring former, and has a resistance chonge per
turn of 0,157 ohms, Figure 16 gives details of this winding, and also
shows the percentoge eryor due to the finite resistonce change per turn.
Half this velue is alsc shown plotted, giving the error related to the
final square root display scale,

Tigure 17 details these characteristics for the high range winding,
which 13 of 42 S.W.G. oxidised Bureks on a 3%—1nch diametor former,
having a bturn-to-turn resistance change of 2,25 ohma.

642 Dradec sensitiviby

As the bridge 1s used over a very wide range of voriation of its
arms, its sensitivily at belance iz also varigble when fed from a
cengtant petential scurce. This increase in scnsitivity as the bridge
arms reduce in value ensbles the same "error" current o flow through
the relay scnsing coil for progressively cmaller "crror! displacements,
resulting in a narrow null zone at low readings, increasing to a very
wide zone at the highor indications. In the presont arrangement this
cffect is counbteracted by feeding the current into the bridge through
the "free" end of the 'A! arms As this arm balances the bridge at pro-
gressively lower values, an incressing resistance i1s placed in series
with the bridge supply, and tends to offset the increease in sensitivity.
This arrangement does not give full counberaction, but avoids the
mechonical complications of the more ideal arranpement of a sceparate
series track of a higher valuc, varied by its own wiper from the aindi-
cator sgindle. The bridge sensitivity must be considered in conjunction
with the saturated rate of the scrve-motor and the amount of fecdback,
end further reduction of bradge sensitivity is found to be nccessary at
the low end of the high range., This 18 deone by switching in an nddim
tional fixed scries resistance ot approximately the 30, position, the
switch being operated by o striker on the registonce wiper arme As the
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maximum rate of chance of resistance of the low ranse track is approxi-
mately 1/25th that of the high range track, a fixed sgr.cs ~esistonce 1s
{ound adequate to give acceptable operation on this lower range.

a3 Feedback

This type of "lmock-off" feedback is chosen becuuse of its sirplacity
over the more ususl velocity cr velocity-squarcd feedbacksd vhich would
require additionsl components to sample the servo-motor rates for refer-
cincs back to the moving coil relay. Then used in conjunction with a mull-
point detector having a dead zome, qux.te acceptable performance is op-
tained for this class of servo, 28 is illustrated in Figure 12b*

7 Calibration

Precautbion was teken when preparing the stotic pressure transducer
bellows for evacuaticn to boid the wndit for several hours to ensure
removal of the waximam omount of occluded zir., After evacvation and
gcaling, the unlt was checked for leakage over a protracteld peried by
micrometer mensurcnent to ensure that i1is behaviour as a barcmetric cop-
sule was uniform,

Both pressure transducers were thoroughly cxorcisced on tests rigs
which supplied slowly pulsating compressed air to the wiits, taking them
over thelr full ranges. All moving parts were lubricated with molybdenum
disulphide Iubricont, and 2% was also found benefreial as a surface
treatmcnt for the resisiance trocks. The dynomic pressure fransducer
woas celibrated egainst a mercury 'U' tube mancneler, and the statio
pressure transducer agoinst a sukstandard gouge which in turn was checked

gainst a deadweight colibrator. Figuares 14 and 15 show the results
dbtained, ond all points were within reading error of the linearity showm.

8 Performance

The maximum angular rate of presentation, or saturated error correo-
tion rate is 33439 per second.

The estimation of error is cOmpllcated by the fact that the br:dge
is used over a wide range of sensitivities and arm values, and any parti~
cular value of the indiceting (X) resistance involves a range of combina=
tiong of the varisbles 'At, 'BY and 'Cf. kigure 18 illustrotes the error
distribution for tho particular value of the 'X! registance at the change~
over point from the low to the high track. At this point !'X' = 220 ohms,
therefore with the bridge balanced:-

%‘5 = 220, or % - 220 (6)

and the disgram chows all possible values of 'A', 'B! znd 'C' satisfying
this equation between the proctical limits z_mpoued. fach radial line
drovm 1z for a constant value of 'C', having o glope of 220/C or ‘A/BY,
thus ony peint in the area indiecates a unique corbination of 'A', DY and
!C! to give the result at cquation (6) above, The limit cuxwve of 10

1e1 AT is imposced by the conditien stated in paragraph 2, that !'D! ehall
not be greater than 0.1 D

tAD ! t /) H
It the quantity _{%Q_ hes tae error 6&%) s due to errors of

T8AT, 50T and '¢T' in the quantities 'Af, 'C' and 'S respectively, then
the proportional error:-
* Purther analybtical detaxls are contained in Appendix I.
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and with cach point cn the diagram is associated this summation cf indi-
vidual proportional errors, giving a distribution of total proportional

errors of tne constant quantity -%g = 220 for all variations of 'At,
ot and 3t

8A &0 6B
£s+C B (7)

These summated errors form contour lines over the region as chown,
and give ready indication of combinations of 1A', 'C! and 'B! resulfing
i maximum or minimum errors. All values are taken as positive in
equation (7) to give the worst oase.

Another error involved is dus to the finite dead zone of the moving
co1l relay, References (2) or (3) statc a convenient form of dbtaining
a bradge cut-of-balance current flow resulting from & small proportional
change in one or more axms from the balanced value, This isi-

iU(‘I +%> (‘1 +%)
SR
L (8)

kR = v

where -%3- is 2 small proportional change in one of the balanced arms

resulting in an out-of-balance ocurrcnt "i"; "U" is the sum of bridge arm
regigtances; Y"G" iz the ascnsing coll resastance; "W and "Y" are the
ef'fective bridge resistances as viewed by the sensing coil end anput
points respectively; “L" is the rcsistance in series with the bridge;
and "V 1g the applied voltage across the bridge and series resistance
llLH.

By inserting the full dead zone current value of 10 micre-amps and
the other appliceble values in equaticn (8), the provortional parts error
-%R- can be obtained for ecch point ir Figure 18, These could also he
plotted as contours, though, to aveid confusion, they have beem lef't os

oR

lsolated points corrying a nunber indicating the <-I-{—> ¥ 100 value.

50, A = 745 end B = 170

it

liaximm errors arc obviously incurred where C
flor the position X = 220,

To these errors must be added the errcr due to the indicating track
LY, giving a tobtal error of:-

A C . B
Cax SE 2L PR 2

agplicable to the final indicaticn of the guantity %}- « As this repre-
sents (h)%, the total ervor applicacle to the kass Flow Rate Scale

[or J(%)] is half the quontity gaven at (9) dbove.
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Figure 19a shows this estimoted moximum error over the full mass
flow rate scale, as o percentoge of the actual voluwe of mass flow rate
being indicated. Tigure 19b shows the error ns a percentage of the
maximm mass flow rote.

9 Remorks and conclusions

Performance well within the required degree of sccuracy is obtaindble,
as shown in Fig, 19.

4s the output dis a shaft rotation the system could be modifiied for
remote indication on several differcnt dials or scales, esach calibrated

for a particular a:x duct,

Purther refinement of indicotion and asccuracy if desired could be
met by extend.iag the andicating seale to three or more sweeps as required.

This tecimique my alsc be of uge for the direct indicotion of fuel
to air mass flow ratios.

e

Tist of Symbols

&4 ,Az ete. = Constants of lantegration

A = Bridge Arm Resigtance, proportional to 'P’

B = 1 n " n u 1me

C = 1 1] L n n I’DI

D = Dynamic Pressure, absclute

E = Applied voltage to motor circuit (without feedback)

Ea = " " B " (with feedback)

B g = Hotor Back -~ E,l.F.

F = Motor tocrque

G = Resistance of moving coil relsy sensing coil (150 ohms)

H = "Specific" Registance of 'X! Resistence High Range Track
(894 ohms/rad)

ia = lMotor Armature Current

if = Hoving coil relay feedback coil current

i = lloving coil relay sensing coil current

io = Value of , 1 to maintain a steady state Y, position
(5 x 10-6 nups)

::'.1 = Value of i to maintain a steady state {4 position

I = Effective lioment of Inertie of Servometor Hystem (800 gn cmz)

3, = lioment of Tnertia of moving coil relay armature (25 gum em®)
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Iist of Symbols (Contd)

Conztents
Resistan~e in series with Bridge Network
lizss=flow rate of air

Ratio of feedback coil turns to sensing coil turne an
moving coil relay

Static Pressure, sgbsolute

Generaliged resistance arm of bridge

siobor Armature circuit resastance (700 ohms)
Ratio of gearing, servomotor to indicating spindle (432/1)

Torque Nate of moving coil relay armature centralising
spring (200 dyne cms per radian

Torgue Rote of moving coil relay contnct leaf spring
(6000 dyne cms per radian)

Temperature, absolute

Time

Operating deley time of motor control relays

Sum of bridge arm resistances (= A + B + C + X)

Air stream veloeity

fprlied voltege across bridge and serics resistance 'L!
Resistance of balanced bridge as vicwed by sensing coil,

[= (X+A2§C+B}}

U

Bridge arm resisbtance gaving "answer' (steady state

AC
L =73

Resistance of balenced bridge, as viewed by input points
[_ (X:0) (443 n

1)
J
Coefficients and constants

Input, or desired angular position of fXt resistance
track wiper

Cutput, or actusl angular position cof *X! resistance
track wiper
ei - GO, the angular srror

Anguiar deflection of moving coil melay armature
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Iist of Symbols (Contd)

Anguler limit of relay movement at which contact is made

{( #0.008 radians)

= Angular limit of relay movement ( * 0,07 radians)

= Hoximm (or saturated) value of 2%/a%

= Dengity of air

= FPhase angle
= Thase angle
REFERENCES
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May 1950,
Andress Improved Solutions of the Unbalanced Bridge Circuit,
Rev. Sci. Inst., February 1953.
atickles tlot Wire inemometer for leasurenent of Small Air Flows.,
oizer RAE Tech Note No. 5L 50,
Uttley Stabilization of ON-OFF Controlled Servomechanisms.
Hammond Poper in "Automatic and Manual Control", 5Zd. Tustin.
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APEENDIX I

Analysis cf servo system

4 General

This analysis seeks to demonsirate the improvement effected by using
this type of secondary 'knock-off! fecedhack,

The requirement for this servo system is that, for any step funciion
change ¢f any of the variables, the pointer should move reasonsbly
quickly to indicete the new value without any overshoot. It is assumed
in this anolysis that the changeover time delay of the control relays,
being of the order of 2 milliseconda, is negligibly small in compardicon
with the duration of the other segqusnces.

The normal method of analysing on~off servo systems is by phase-
plane rerrescutation?s?®, l.e. plotting error '0g! against error rate
de
199, ¢

rrulis or, for the meving coll relay, plotting displacement '§' against

tayt
%"é « As this may not be familisr to the general reader, and time

representation and coincidences are not directly appreciated on such
Alagrams, this methcd hos not been usod. Its advantages are particularly
apparent where o damped oscillatory transicnt of '65' is permitted in
response to a step change, but in the case of dead-bent operation a
stroightforward tims analysis is equally effective.

-The functioning of the system is described in paragrarh 5.2 and
Tigures 9 and 10, and this analysis is related to the sequences shown in
these disgrems, It will be uscful to study first the system behaviour
without feedbacke.

2 Without Peedback

In the motor system, the torque developed is proportional to the
armature currert, ag the permanent mognet flux is constant, Thus:-

o= k1ia. ooy (: 2 % 106 X ia dyne GmS) ’ (10)
Also
de, 560
Eg = Tk T e (= 432 x 0,0875 T volts) (11)
and
E = Eg +1R = Eg + 700 4 . (12)
Prom (12),
(2 ~E)
i& = ‘-'—"-.?m-&— (13)
and frem (10), ’
¢ (B ~E )
Fo= 2 x 107 —g (14)
8 L ao
2 x107, 2 10 2 x 0,08
or F:--v-?-(-:?-——-ﬁ,n 2 xh—? 2 ?56,1:0' (15)
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Relating torque to the moment of inertis and anguler acceleration:—

a®e, o, )
F = J == = 800 1
B ag” at’
and from (15) and (16):~
a%e, a6
£ 135 ==« 3578 = 0. (17)
2 at
a4tk
rom definition:=
aee ) dai ) dGo
at = dt dt
» (18)
2o a%s, a%
[3] L Q
and el aeb ol
at dat at
Assuming idealiged step functions, T and, —5- 6re zerc over the
at
transients. Substitition of (18) in (17) gives:~
dzse d@e
-+ 135 g+ 3578 = 0. (19)
dt
Integraticn of this equation gives:~
as
N =135t _ 3.57 ;
T = Ay e - 55 B (20)
and 8 = —-5—-9"1351‘-Mm A (21)
e © T 135 135 iy

giving error rate and error angle respectively. It will be noted that the
exponential term tends to zerc on increase of time, and the saturated, or
meximum error rate tends to:~

dﬂe -2
-&-_E-m ( ) = - 2:6'—’-5 x 10 B o= ~@y (22)
max

In the bridge circuit, when the arms are in near balence=s

1 vé o = (23)
U (1 + ﬁ> (1 + *f)
From defanition, where Be iz small:-
Hp, = &%, or 89k e, = 8X. (24)



L]

Considering the balanced bridge al wts most sonsifive position at
the minimm end of the high range track where s is 220 ¢bms 23 detailed
in Fig,18, these values can be insericd into (23) ond (24), giving:-

i = 0,001446 € « (25)

Behaviour of the moving coal relay armature is derendent on the
torgue dve to this current, its moment of inertia, ond the torques due
to the damping forces, the centralizing spring of the armature, and the
contact leaf spring.

Let

ki = +torque due to scnsing coil (= %62 X 1074 dyne cms)
S50 = " MM centralizing spring (= 2000 dyne oms)
52( 1[1'-1;’:0) = " v " contact spring, acting only fox

iy >¥>g, and = <¥ -y, (= 6000(§~y,) dyme cms),

As velocity demping i1s applicable to this movement, let torgue due to
thais factor be

e

e

2
YT R
Ri-Sgh-¥eg = 22
or
2 k 3 k
a™y 6 di 1 .
——--g.p-j—-a-%-]--i-lp = :].&l, for +1Il'o>'l£f>""1fol (26)
dt r r r

wssuming that the movement is critically damped,

k2 3
%{_ (—J-,é) = -J—j- ees (=8 sec"z) (27)
T

xr

and equaticn (26) becomes:~

2
ay ay _ k.,
" + 2B+ 8F = 1,28 x 1071, for +f > ¥ > -, . (28)

For motion between Y, and Y4 limits, the torque due to S, 1s also
acting, and:~

2, S S, +8 ¥ S
M+?Fgﬂ+1 2, . kg, o2
L2 Vo= i+==y . (29)
e J,. dt I, I J, "o
This becomes:-
2
i—g + 2 \@%-& 2h8% = 1.28 x 10%1 4 1492 (30)
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For the steady state condition, -%% and _%%ﬂ are zero, and at ¢ = +iy ..

(= 0,07 radians) where i = 1y:=

i, = 12.05 x 10-h LIPS . (31)

1

Following the sequence depicted in Fig.9 and already describ.d, prior
to instant +tp3, ‘the moving coil relay srmaeturc is stationary et its
"1y " position, with errcr correcticn proceeding at its maximum rate. The
bri&ge out-of-balance current "i" is alsc being reduccd, end 1ts exoct
value is wnimportant while a large error exists, but ac the bridge reaches
near-balance, this current "' becomes related to the error "6," by egqua-
tion (25), and it is ascured that this equation holds when, at instont
"nz" the current "i" has fallen to its "i4" value (see equation 31} where
the relay ermeture just starts to move off its +y{4 stop. 4t o subse-
quent dnstant g, the relay armature hos moved to its +i, position,
and over the interval "tnz" to "ip," 1ts motion is in accordance with
equation (29) ov (30), For this interval, “tpz" can be regarded as t = 0,
and the current dwring this indcrval is given g :

-

di
B |

which, from equations (22}, (25) and (31) becomes:—

i = i‘l—t

i = 12,05 x 107F ~ 3.0% » 107 Et . (32)

Substituting this value into equation (30) gives:~

2,
G PR m%% + 248 = 17.34 - 0,388 Bt . (33)
at

Solving this equation gives:~

¢ = Ay o VPY Sin{UBEBE + 1} ~ 1,565 x 10775t + 3,57 x 108 + 0,07 (3h)
andi-

oo s, ¢ 28 sin WES + - & - 10565 x 107 B (35)
where

E o tan—1N}<?%g> = 14389 radians,

s I ay
Substituting the conditions at +tgz, where t =0, i 0, and
1# = O-O?:—

A 1,012 x 107F E, ]

3
antl |

H

(36)
~Q. 361 radiang

3]

snd ecuations (34) and (35) can now be written:—

- 23 -
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Am

4y _ 4y

¥ o= B [1.012 % 107 6™VO% gin (250t - 0.361)

~ 1,565 x 107 + 3.57 x 10“5} + 0,07 (37)

dt ~

ay -3{1.0123,(10"4\[2?5 e in ({20t ~1.75) + 1-565x10-3} (38)

describing the relay motion over the iuterval <33 o boge I this

irterval is colled 43, then, at instent g, "¥ = +i = 0,008, and

= = 5t ; and substitutions into equations (37) and (38) give the
()

following relationships:-

yo [1.012 X 1074 ™ VB3 gin (15.49 by, - 0.361)
~ 14565 x 1077 t34 + 257 % 10‘“5} + 0,062 = 0 (39)
and
) B
%l,'c - -E [1.012 W 107 15,75 6 O+
(tg,)
x sin (1549t = 1475) + 1,565 x 10"3} . (u0)
Instant + ¢anh now be regarded as the heginning of a new transient

perlod daring which the mobor slows dovn to a standstill. PFor this period
=0 at % end if i{m) 18 the value of 1 at this instant, from
equa‘h:.on (32?1, #

. - -5
fop) = 12,05 x 10 " = 3,03 x 10~ E t% (41)

and from equation (25) 3
i
- e
6‘3(04) = 5001158 (42)

For thic pericd E is now zero and the motor is shori-circuited.
The descriptive equation for the error, from (19) now becomes:-

a%,, as, )
+ 125 5= = 0. &3
Ei‘f;z dat
Integration pgives:-
4o
<) -1 35%
&t Ay o (&)
Ly
1 ~35E
and 8 = =F%E °© 55 ¥ by (45)



ae
Ingerting the known conditions at toy, where % = 0; —= 20645 x ‘JO"ZE;

at - "

(o)’

Ay = - 2,645 x 1072 g (48)

Ir

I

, = ee(%) -1.96 % 107% | (47)

and equations (44) and (45) cen be written

A

do
?ﬁg = = 2,845 % 10“'2 R 6"135t (48)
Ly -135%
6 = 6 -~ 1;96 x 10 E (1 - 3 ) . (49)
e 9(04)

The current transiont over this period, from equations (25), (41),

(42) and (49) iz:-

i = 0,004146 9 = 12,05 ® 10’4
=

- [3‘03t34 + 20205 (1 - e"155t31o“2} 107 ,
(50)

1% will be noted from equations (49) and (50) that the Ffinal steady-
state values of Qp and 4 are given byi-

~ - ~ 5
Oe(s) = ae(%) 1496 x 10" R (51)

i(s) = 12,05 x 107% [3.03%4 + 2245 x 10“2J 10"5 E. (52)

The motioa of the reloy armature is given by equation (28), as the
centrf%ing spring only is acting, and by inserting the current trarsient
from (50):-

2
31.34 2-{3%4. 8y = Z, e”135t+22 (53)
where Z, = 0.2875 x 102 & (54)
and Zo = 1542 - (0.3881:31*_ + 0.2875 ’10"2) E . (55)
Solution of this equation gives:-
~pBt 2 Pt g



(L3

1354
135 2, e
ey . (57)

17569

ay _ T
E% = [A5(1-v’8t)-48A6Je

y
Inserting conditions at tg), where ¥ = C.008; t = 0; and % =
!
&y 3 then:i-

2

at
(tg,) ]
7
_ —_—— 2
bg = 0,008 - i - (58)
) 135 2
ay 1
and. A, = =t « V8 A, + (59)
S &7 17569

The final steady gtate value to which | tends, as % -+ e , is obtained
from equation (56):-

Z
f(e) = B = 149275 - [0.0LB5 ) + 0.359375 x 10 1B, (60)

Referring back to equation (52), it is evident that a necessary con-
divion for the requirement of no overshoot is thag i( y > =i4, and the
linit of this condition is i(q) = =i, = =5 x 1070, ‘Ihscrting this
value into equation (52) givesd the relationship:-

121

. (61)

=
I

2003 by + 20245 x 1072

Bauations (G1) and (39) are both relationships between I and + Lo and
by stbstitution the value of t34 1s contained in the relationship:i:—

-1/81;3&_
e sin (15.491:54-0.361) - 0s1383ty, + G = O, (62)

This gives

by, = «369  seconds (63)

and subatitution into equation (61) gives:-
E o= 11,825 volts . (64)

Inserting these values of E and t into equations (40), (54), (55),
{58} and (59) gives:=-

%% = = 0,0185 radians/sec (65)
(tg,)

21 = 0'054 (66)

22 =~ 0,064 (67)

A = 0,016 (68)

Ay = 0,0271 . (69)

- 26 -



These numerical values inserted into equation (56) make:-

-8t 0,0%, 1208
= [0,0271% + 0,016 i ~ 0,008 0
¥ {0,0271% + 51 e + 17569 (70)

as the motion of the armature from instant t04 onwards, Also, equation
(57) becomes:-

%‘é = = {0.0181 + 0.0765} el 0,000261 ¢~ 0%, (71)
\/
Trom inspection, % is always negative, and tends to zero as

t +w 4 Therefore, there is no instant like to_,; giving a Qr(mn)

]
value where %}:{ is zero. Therefore in this case the characteristic of

follows the dotted line showvn in Fig.9, and approaches the --1,{:0 line
agsymptotically from above.

Thus the value of E = 11.825 volts gives the optimum condition of
operation without overshoot of indication, and from eguation (22), the
maximum crror correction rate is

[w] = 0e314 radians/sec. (72)

3 With Peedback

Fige.10 1llustrates the transient behaviour of the system under the
same conditicns as Fig.9, except that fecdback effects are now included,
and prior to instant %4 it is assumed an error has been established
large enough for the orror correction rate to saturate to its maximum
value, figel10a chows the sensing coil current, which, if regarded as
near~balance, is also proportional to the error "8e" (sce equation 25).
The moving ccil relay armature 18 now actualed by two current torques,
one due Lo the current "i" in the scnsing ceoil, and the other in oppoci-
tion due to a current "ig" in the feedback coil vhich is shovm in Fig.lCh.
The cffective current shown in Fig.10c can be taken as (i - nip) where
o' i the ratic of turns of the feedback coll o the sensing coil.

At dnstant tpg the rate of error correction is given by equation
{22), and from (253:-—

ai de,
% = 0,001146 e '\.73)
giving
a3 - _ -5
= = ~ 0001146 @y = =~ 3403 x 107~ L, omps/sec . (74)

dt(m)

The effective current "i - nip" has just reached the value +iq =
12,05 x 10 amps, (sce equation 31) and the moving coil relay armature
starts to move from its "+{4" position in accordance with eguation {29),
the effective current now belng useds Thug:i-

2 [ S, + 3 k S, ¥

é 1 4y 1 2 Loy . 2 ‘o
-—¥+2“‘ b o—— = (i = nig) + (75)
a% ert "Tr Jr £ Jr

describes the motlon over renge +§y > ¥ > +§,. This becames:-

~ 27 -
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(A

2y |
S, oL ongy = 1.28 x 10% (1 - 1)+ 1,02 (76
at” £

The effective currenl transzent over the perdied g6 to ty7
(called +tg7) isi-

. . a
(1 -mnup) = 1y - b)5% l ’
(max)
vhich from eguation (32) becomes
(2 ~ni,) = 12,05 x 167 = 503 x 107 Bt (77)

Substitation back inte (76) gives:-

2 .
= E%%+ﬂ£¢::1hﬁf-&ﬁﬁEH
dt
which is adentical with equation (33). Follosing through the same s.eps
a3 previously, equaticrs (37) and (38) also describe the armature motion
L) .t'
over intorval fg7, arnd if %% au t07 15 called '%E s We have,
Trom equations (39) and {L0)r= (to7)
: ~/3%
f -
Ep ] 1012 % 10 b 8 &7 sin(15.2+9t67~0.§61)
- ]
- 1565 x 1070t + 557 x 10‘5] . 0,062 = 0 (78)
andi-
U r - "'V’F)t
%% = - B 1,012 % 107 « 15.75 ¢ o7 sln(15.h9t67-1.?5)
(tgp)

+ 1.565 % 10 5} . (79)
With feedback, the scrvomotor is required to operate at itz maximem
rating, and 1% 18 coavenient here fo laserb the rated value ofiw

Fp = 24 volts, (80}

Inserting this value into eguations (78) and (79) gives:e

t67 = 1.67 cccends (81)
o
and %% = = 0,0375 rads/sce. (82)
(o)

Instant t(07), when §  reaches the value +¥, = 0,008 rads, can

ke regavded o8 the beguaning of a new transient periecd ducing whr-m the
metor commences to slow down, ond during which the feedback currens is
ae€ros At ty.  the effective ourrcat zr_or to tie siep change is given
by equation {L4)i-

- 78



~di

(i~ nif)(07) = 12,05 x 10 " ~ 3,03 x 1072 e 4‘567 (83)

and after the step chanpge:-

Loy = 12405 x 107 - 5,03 x 107 T, bgp + i - (&)

This is clearly dependent on the value of nip, and for purposes of
this argument is assumed to be adjusted to:-

mio =+ 4y = 12005 x 107 - 5,03 x 107 Ty $y) (5)

malking i(07) = + :i.,O = 5 x 10—6 amps (86)

immediately after the atep change.

Prom equation (25):~

i
6 B €073 B BT

- ‘a.d. . 8
6(07) 0., 001146 radians ( 7)

By similar steps to those uscd in deriving equations (43) to (49), the
error transient is given by:~

~ly -] 35t
6, = @ - 1496 x 10 ", (1 = e ) (88)
e 6(07) £

and the current transient by:-

6

i = 0.00M46 86, = Lx 1077 = 2,245 % 1077 Ep (1 - 3’155""’) (89)

following the dotted curve of IFig.10c from ingtant t07 onwordse The
steady state of "1" ag {1 » o isie

i(s) = b x 10’"6 - 2,245 % 1077 Bp = = 0,335 x 10"'6 amps » (90)

The movement of the relay armature from instant +g7 onwards is
%iv§n by equation (28), using the current relationship given by equation
89)s thus:-

at?

or
8%y ay ~135%
--g +2 B+ 8F = 0,069 e — 0,005 . (91)
at

Solution of this equation gives:~

~135% 5
1 ~¥8t  0.069 e 0, 005
y = L ‘t .2‘1. -+ - 2
¥ {}7 i 8) ° 17569 8 (52)

- 29 ~
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and:-

VBt 135 x 0,069 & 20T

ay _ - -
T o=l (1~ ABE) ~ VB Agl e s (93)
where AS = 0,0085 (o1)
O
and Ay = =0.0127

from initial conditions ab ty7 where = y, = 0,008, t =0, and
-Qi = 4 = =0a0375 (smee equation 82).
dt at(ﬁ )
o7
Incerted 1rto ecuation (93) gaves:~

vt 0. 0005 e195% (95)

gle

= [0,0359t ~ 0,037]

The second term i1z negligibly sisll end from inspection, the !
curve starts ot gy (where 1t = 0) with a negative slope, the mumerical
value of whick progressively decreases, until at the value:~

0,0 )
t = EEB%%? = 1,03 seconds (96)

the slope is zercs. After this winstant, the slope becomes positive and

ES

as T 2 o, %% = 0.  The "§" curve thus follows the dotted line shown

on Fige10d, and has a value at + = 1.03 seconds. Inserting

1.
¥(1xin)
thzs value nbo eguation (92) ;ives Lhe ounerical resvlt:-

ieo.oy o= =D, 000846 radians

rdn) « 0008 . (97)
Thig walue does not reach the -y, 3Iualt of ~0.008 radians,

therefere there us no re-corrcciive action from the relay and thus no

overshoot of andication. 2eferring bo equation (74) the saturated ervor

correctron rate 1s now given by:~

307 %107 ok
w = 0, 001146 =

0,634 rads/sec (98)

and 1t 1s evident that, 1n this particular case, the seturated error
correctlon rate could be still further increascd (by ilnorease of IUp)
mﬁtil \if{m;n> = "0.608-

{mi

shus the comparstive rcesults of this serve system, for a requirement
of no overshwoot of indication are:-

Jithout fecdback, waxumu error corrcction rate = 0,314 rads/zec.

With feelbacly, : i " " > 04634 rads/sec.

1t wall be noted that, in the actual instrument the ueximm error
correctlon rabe has been adjusbed to a slaghtly lower faigure of 33.3% sec
or 0.581 rads/sce by lowering the wotor voltage Ep +o 22 volbs. This
rate has been found adequate in practice, and saves some of the wear and
tear of +the scrvo systom ond relay contacts. Tt 1o pointed out thal this
Pecdback adjustment (szivisg the zbove annlysed conditions) is suited for

- 30 -



the position of uaximum bridge sensibavity, and at other balanced

positions, g% heing less, there may be several steps of feedback
operation before final balance and these (occurring very rapidly)

1nvoive several quick change-over sequences from the relays, as shown
m the recording in Pig.12be.
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