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SOME RECENT DEVELOPMENTS IN 
RADIO-CONTROLLED FLIGHT AND LANDING 

SUMMARY 

Th,s report surveys the present tech- 
n,cal s t a t u s of radw-controlled flight and 
landmg, and discusses some of the recent 
advances The need for relmble methods of 
performance testmg 1s panted out 

The problem of e x t e n d L n g automatic 
approach to touchdown 1s described. with 
particular reference to the work bemg done 
on the null-reference flared gltde slope pro- 
Jector at the TechnIcal Development and 
Evaluation Center, at Indlanapol~s, IndIana 

Some constderatmns of control methods 
to be employed tn radm-controlled flvght on 
o mn I r an g e and computer course lmes are 
presented 

RECENT PROGRESS LN AUTOMATIC 
APPROACH EQUIPMENT 

Durmg the past four years, commer- 
ctal development of automatic approach has 
progressed to a pomt where dlm.3J.X manu- 
facturers of automatic pilots for aIrcraft 
now furmsh. for “se with their r e s p e c t I ve 
automatic pllots. an accessory devwe which 
couples the ILS crosspomter signals to the 
automat,‘2 p&t Thts accessory de v I c e 1s 
known by varmus names. however. for the 
purposes of th,s report It ~111 he called the 
automatic approach coupler 

The purpose of an automatwz approach 
coupler ,s, on the basx of the ILS s,gnals 
from the localw.er and gltde slope receivers 
m the awcraft, to provide suItable turn and 
prtchslgnals to the automatic pllot whxh ~~11 
cause the a L r c r aft to be guided accurately 
down the proper runway approach path The 
system 1s o I d in a r 11 y expected to functmn 
down to a low altitude of the order of 50 or 
75 feet, at which pomt the pIlot can take over 
visually and complete the landing manually 

While the automatw approach couplers 
of various manufacturers all have the same 
basrc p u r p o s e. they utlllze different tech- 
n~ques to accomplish the I i- oblectlve The 
TechnIcal Development andEvaluatlonCenter 
now has, Installed m its axplanes, a”tomat,c 
ptlots with associated approach couplers of 

three manufacturers A fourth ~111 soon be 
avatlable Engmeers of the C en t e r are ,n 
the vocess of o b t a ,n ln g , through routme 
flymg and special flights for the p u I p o s e, 
practxalexpertence with each type of eq”,p- 
ment It will thus be possible at a future 
tune to de t e r m , n e the relat,ve merits of 
the vartous different technques m “se 

To p r o v I d e satisfactory approaches, 
the control system (compr~smg the radm. 
approach coupler, autopIlot and arcraft) 
must have stablltty at all ttmes durmg actual 
use Thw means that, tf at any pant “I the 
approach the alrcraft LS drsplaced from the 
ILS course or gltde slope, the system ~~11 
mttmte an mmxdrate correctmn to remove 
the error, and the osclllatmns which follow, 
tf any. ~111 be rapldly damped 

Means for obtamlng stabllleatmn ,n the 
local~zer ax,s have Included the “se of a rate 
slgnal obtamed by dlfferent,at,ng the local- 
lzer devlatmn voltage, a headmg stgnal ob- 
tamed from a dlrectvanal gyro. and combma- 
tmns of both Earllest forms of approach 
couplers used dwectmnal gyro s,gnals alone 
for stablllaatlon 1 This method suffered 
the d r aw b a c k that cross-wmds requwmg 
an appreciable crab angle to stay on the 
course lme caused a residual displacement 
error. The addltmn of the cross-wmd cur- 
rector. w hl c h was a low speed mtegratmg 
device. removed the restdual error. but ,t 
sttllwas necessary to set ,n the approxzmate 
runway headmg as a reference for the d,- 
rectlonal gyro With the advent of the rate 
method, 2 It was posstble. with proper low- 
pass flltermg of the radm signals plus s”,t- 
able c h o 1 c e of the rate constant, to obtam 
automattc approaches that had good smooth- 
ness, accuracy. and stabllttyeven ,” the pres- 
ence of Y a I I a b 1 e cross-w,nds Subsequent 
development bymanufacturers has uncovered 

‘F L Moseley and C B Watts. Jr , 
“Automat 1 c Radm Flight Control, ‘I Pro- 
ceedmgs of the N at 1 on a 1 Electron,cs Con- 
ference, October 1946 

2See footnote 1 
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other methods of der,v,ng the s tab ,l I z t n g 
s,gnals TheSperry Gyroscope Company has 
used a servo-dr,ven speed generator to pro- 
duce a s I g n a 1 wh,ch IS proportmnal to the 
rate of change of the local,zer de v~at,on 
s,gnal 3 The Ecl,pse-Pmneer Dxv,s ,on. 
BendwAv,at,onCorporat,on has used a com- 
b,nat,on of d,rect,onal gyro s,gnal and rate 
s,gnal der,ved w,th thirmal t,me lag tubes 
to obta,n stab,l,zat,on 

One of the problems wkch has always 
plagued des,gners of automat,c approach 
couplers has been the convers,on of the low 
level dc dev,at,on s,gnals avalable from the 
receiver crosspomter c,rcu,ts to ac wh,ch 
canbe ampl,f,ed ,n the coupler The problem 
,s made d,ff,cult by the requ,rement that the 
convers,ondev,ce have a h,gh order of zero- 
center accuracy wh,ch ,s unaffected by the 
passage oft,me and thesubJect~on ofthe 
e q u ,p m e n t to operat,ng cond,t,ons Any 
zero-center error ,n the ,n,t,al conversIon 
dev,c e w,ll result ,n a correspondu,g re- 
stdual displacement e + r or ,n followmg the 
course 1,ne Conversmn dev,ces wh,ch have 
found us e ,n num e r ous couplers Include 
c o p p e r ox,de r,ng modulators, v,brators , 
and saturable reactor br,dges Each dev,ce 
has ,ts own pecuhar l,m,tatmns A conver- 
s,on dewce currently bemg ,nvest,gated re- 
gardmg ,ts appl,cab,l,ty to th,s problem ,s 
the M,crosen Balance manufactured by 
Mannmg, Maxwell, and Moore, Inc Th,s ,s 
essentmlly aspec,allydes,gned galvanometer 
of l,m,ted movement. the movements of the 
vane bemg detected by e 1 e c t r I c al p,ck-off 
means wh,ch ut,l,ae var,at,ons ,n ,nductance 
or capac,tance to p r o d UC e a correspondmg 
ac The spr,ng st,ffness constant assoc,ated 
w,th the galvanometer ,s van,sh,ngly small, 
and the dev,ce ~~11 move from stop to stop 
w,th a current of less than one m,croarnpere 
When used,* a properlydes,gned c,rcu,t em- 
ploy,ng negative feedback, the dev,ce appears 
to p e r f o r m the desired functmn of dc/ac 

3P Halpert. “The A- 12 Gyrop,lot. ‘I 
SAE Preprmt. Presented before the Soc,ety 
ofAutomotIve Engmeers Meet,ngApr,l 13-15. 
1948. New York C,ty 

4P A Noxon, “Fl,ght Path Control.” 
Aeronautical Eng,neer,ng Rev,ew. August 
1948 
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conversmn w,th a permanently h,gh order of 
zero-center accuracy By v,rtue of the neg- 
at,ve feedback, the ga,n stab,l,ty also ,s 
h,gh 5 

The problem of obtam,ng stab,l,zat,on 
of the approach path ,n the gl,de slope axis 
has not been as troublesome as ,n the local- 
,zer ax,s Stabll,zat,on,s commonly obtarned 
from the p,tch att,tude s,gnal of a vertxal 

gyro Th,s method ,s broadly analagous to 
the use of the d,rect,onal gyro for stab,l,za- 
t,on m the local~~er ax,s, and has s,mrlar 
f a u 1 t s, but to a much less obvmus extent 
If the reference p,tc h angle ,s incorrectly 
chosen, there ~111 be a restdual e=rw abQx<ee; 
or below the gl,de slope, wh,ch w,ll rema,n 
uncorrected Even ,I the reference pitch 
angle ,s ,n,t,ally correct, but there IS a 
change ,n aloqg-course component of w,nd 
dur,ng the descent, or ,f the fore-and-aft 
tr,m of the arplane 1s changed for some 
reason. then there also xv,11 be a re‘s ,dual 
error above or below the glide slope Th,s 
annoymg character,st,c can be + e moved ,n 
either one of two fundamental ways. Just as 
,n the case of the 1 o c a 1, e e r ax,s control 
The res tdual error may be cancelled by a 
slow speed ,ntegrat,ng dev,ce, or, the p,tch 
gyro s,gnal may be abandoned as a means of 
path stab,l,satwn. and the stab,l,eat,on slg- 
nalmay be obta,ned by measur,ng the rate of 
change of glide slope d,splacement s I gn a 1 
E,ther method produces satisfactory results 
The latter method was tested exper,mentally 
about two years ago at the Technwal Develop- 
mentandEvaluatlon Center. us,ng a mod,f,ed 
M,nneapol,s-Honeywell coupler The results of 
the ,nvest,gatronwere summar,eed ,n a paper 
presented totheRad,oTechn,cal Comrmssron 
for Aeronautics. Spec,al Comnxttee 18, on 
Automat,c Fl,ght Control The contents of this 
paper are attached to th,s report as Appendw 
I The use of the slow speed ,ntegrator for 
removmg the restdual error now ,s be,ng ,n- 
vest,gated ,n connectmn w,th the Sperry cou- 
pler A block d,agram of this mod,f,catvan 
1s shown ,n Fig 1 The tests thus far ,nd,- 
cate that sat,sfactory results also can be ob- 
ta,ned by th,s method 

5C G Roper and J F Engelberger. 
“Electromechan,cal D-C Ampl,f,er,” Elec- 
tron,cs. November 1947 
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Fig 1 Block Diagram of Integrator Modlfxatmn for Removal of Restdual Dwplacement 
E r!ZClr 

On the questmn of throttle control ap- 
plwd to automatx approach. there has been 
considerable disagreement among engmeers 
,n the field Some feel that throttles should 
be servoed to hold airspeed or angle of 
attack constant, others feel that throttle 
posltmn should be servoed to the glide slope 
signal. and stlllothers belleve that automatic 
throttle control Itself 1s a useless frill 
Axrcraft mstallatmns followr,g each of these 
ph,losophws have been made, and It probably 
~111 be a matter for operatmnal experience to 
determme fmally the relative merits of each 

METHODS OF INVESTIGATING THE 
PERFORMANCE OF AUTOMATIC 

APPROACH EQUIPMENT 

Wh,le lt 1s true thattheultunate measure 
of p e r f o r man c e of an automatic approach 
eqmpment should be based on actual results 
III flymg automatic approaches, nevertheless 
c,ne or even several test approaches do not 
furnish a very accurate guide to the perform- 
ance This us because the wmd varlatmns 
and other transxnt-producmg condltmns nor- 

mally encountered are never qute the same 
for dtfferent approaches, yet It 1s the response 
of the system to these random transient ef- 
fects whxh determmes whether the equp- 
ment IS performmg well or poorly It 1s well 
knownthat If the air IS extremely smooth and 
the wmd v e 1 o c it y LS constant. then even a 
poorly operatmg equlpment can present the 
appearance of provldmg excellent automatx 
approaches The system needs rather to be 
subJected to known dlsturbances, and the re- 
sultmg response observed as a measure of 
performance 

Thus. If automatw approach ,s to come 
IntO general OperatIonal use. It 1s qute rn- 
portant that standard test procedure s for 
determmmg the performance of the equip- 
ment be dewsed 

In general the automatic approach 
coupler 1s a transfer device havmg two 
channels, each channel havmg an Input and 
an output The two ,nputs r ece,ve the 
crosspomter devlatmn signals and the two 
outputs, feedmg to the autopIlot proper. pro- 
duce turn and pitch changes If m each chan- 
nel the output can be speclfled as a functmn 
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of the Input, then the performance of the 
coupler 1s completely defmed The specl- 
flcatmn of the ac steady state transfer func- 
tmn 1s somewhat complxated by the fact that 
some form of lunltmg 1s mvarlably mcluded 
as an Important characterlstvz of the devxce. 
However. for an mvestlgatmn of stablllty, 
It 1s ordmarilysufflclent to constder onlythe 
transfer function at low levels. where the 
c o u p 1 e I usually behaves as a substantially 
lmear devvze It IS fortunate that this 1s the 
case. smce stablllty about the conrse lme IS 
undoubtedly the most Important s ln g 1 e at- 
tribute of a high performance automattc ap- 
proach control system 

To obtam the low level transfer functmn 
of a coupler, a steady smusoldal ac sIgna IS 
applwd to the Input. and the vector ratlo of 
output to mputslgnals 1s observed Then, as 
the f I e q u e n c y of the Input slgnal 1s varLed 
through the spectrum of lnt e r e s t. the am- 
plltude and phase of the transfer function may 
be plotted The frequency spectrum of m- 
terest m couplers normally extends from about 
0 001 cps to about 10 cps It 1s rnportant m 
makmg these measurements of transfer func- 
tmn to allow enough tune, at each frequency. 
for atrue steady-state condItIonto be closely 
approached Care also must be taken tokeep 
the slgnal level sufflclently low that lmnttmg 
does not occur In the coupler 

Smce slnusoldal sIgna generators for 
the frequency spectrum m questlon were not 
readily avaIlable. a suItable generator was 
constructed for the purpose It provides a 
sme wave sIgna havmg a frequency adpst- 
able between 0 0002 cps and 6 cps. and an 
amplitude adJustable bet w e en zero and 100 
m~lllvolts Two wews of this experImenta 
generator are shown mF,g 2 Theprmcxples 
of operatmn of the generator can be readily 
understood by reference to Fig 3 whxh 1s 
a block diagram of the unit 

While the transfer functmn of the cou- 
pler defmes the performance of the coupler, 
and facllttates the comparison of one coupler 
wtth another. It does not, m Itself. defme 
the performance of the automatic approach 
system The complete system control loop 
actually Includes the radw-produced course 
Ime. the receivers. the coupler, the automat- 
K p&at, the axplane. the geometry of flight, 
and fmally agam the radm-produced course 
lme Thus, the performance of the control 
system maybe defmed by speclfymg atrans- 
fer functton for the enttlre loop The course 
lme and receiver portmns of the loop have 
fauly well known and relatwely flxed char- 
acter~stlcs In the case of the autopilot-air- 
plane combmatmn. however, It 1s a different 
matter Airplane characterlstws vary con- 
slderably with type, particularly with regard 
to response tune In the roll ax15 Autop&& 
have widely dlfferentvalues of turn sensltlv- 
ItIes. that IS, one autopIlot may p r o du c e a 
coordmated 20” banked turn In response to a 
4volt turn sIgnal, while another autopIlot of dlf- 
ferent manufacture may produce the same turn 
m response to a turn slgnal of only one-tenth 
of that value The use of a slowl$ precessed 
dlrectmnal gyro further compluzatE the trans- 
fer functmn m the case of some autop&ats 
It appears then that it would be qute deslr- 
able to be able to measure a transfer function 
for the combmatmnof coupler, autopIlot, and 
alrplane Then by applymg the characterIs- 
hcs of the course lme, the radm receivers 
and the geometry of flight. one could arrive 
at an accurate transfer functmn for the enttre 
loop 

A block diagram of a suggested test 
eqwpment for obtamlng the combmed transfer 
functmn IS shown In Fig 6 The equpment 
1s aIrborne. and measurements would have 
to be made under actual flight condltmns 

To tllustrate the general nature of the 
transfer-functmns of automatic approach 
couplers, Figs 4 and 5 show magnitude and 
phase of transfer functmns for alocal~zer and 
gltde channel respectively These curve were 
takenwlth the expenmenttal low-frequency gen- 
erator and an earlymodelMlnneapol,~Qney- 
well coupler This coupler was, mcldentally. 
the one mentmned earlier whxhwas modlfred 
m the gltde channel to use the rate method of 
stab&zatmn 

The procedure would be to disable the 
radio receLvers, and clip the output of the 
low-frequency generator across the termmals 
of the crosspomter, on the ~XLS to be tested 
The autopIlot would be turned on and engaged 
as for an automatw approach Then, by SL- 
multaneously recordmg the generator output. 
constltutmg the forcmg sIgnal. and the posl- 
tmn of the attitude gyro, constltutlng the re- 
sponse. one couldobtam the combmed trans- 
fer functmn 

As mentIoned prevmusly. one can ex- 





Fig 3 Block Dtagram of ExperImental Low Frequency Generator 

pect to deduce the entire loop transfer functmn, 
once the combmed coupler. autopIlot and aw- 
craft functmn 1s known Havmg this. It IS 
thenpossible topredlctstabllltyor mstablllty. 
and further. to estunate dampmg factors and 
resonant frequencws, and evaluate the ef- 
fects of fluctuatmns m the p o s it LO n of the 
course lme 

EXTENSION OF AUTOMATIC 
APPROACH TO TOUCHDOWN 

At the present state of the art, It 1s 
possible, us ~ng commercml equipment. to 
demonstrate repeatedly satisfactory automa- 
tvz low approaches to an altitude of about 50 

feet, at which pomt the pIlot usually ~111 be 
m wsual contact with lights or runway, and 
can complete alandmg manually Completely 
automatic landmgs however, are quite an- 
other matter, and are yeta constderable dls- 
tance from the realm of practlcallty At 
p r e s e nt. the next logvzal step to be taken 
toward the achwvement of automatic landmg 
would appear to be the extensmn of the auto- 
pilot control to the pomt of touchdown 

The problems assocmted with the two 
axes, azimuth and elevatmn, may be con- 
sldered separately In aelmuth. *usmg pre- 
sent commerctal automatw approach equip- 
ment on an average localtzer. the performance 
1s very nearly good enough to permit auto- 



Fog 4 Transfer Functmn of Mmneapolls-Honeywell Coupler ~~X6442-Localwer Channel 
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Fig 5 Transfer Functmn of Mmneapolls-Honeywell Coupler CSX6442-Gl1d.e Channel 

pllotcontrol to touchdown In fact, It LS good polo, all of which were comfortably wlthm 
enough, lf pams are taken to obtam a partvz- the boundarws of the runway pavement 
ularly s t r a I g h t local~zer and the automatic 

Fog 

7 1s a reproductmn of a recordmg of local- 
approach equipment 1s In first-class condl- 

> 
w.er crosspomter devmtmn made when usmg 

tmn This statement 1s supported by numer- automatic approach equipment on an expert- 
ous auto m a t L c approaches to or very near mental parabolx dlrectmnal lo c al I ze r at 
touchdown which have been made at Indmna- Indmnapol,s It 1s typIca of anumber of 

IX ̂ 1 
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Equipment for Obtarnmg the 
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such r e c o r d 1 n g s made under moderately 
smooth a~ condttmns 

The prbblem of control In elevatmn to 
touchdown IS constderably more d 1 f f 1 c u 1 t 
When It 1s realwed that the kmetlc energy 
whtch must be taken up In the shock of 
touchdown 1s proportmnal to the square of the 
verttcal s p e e d. It IS apparent that the rate 
of de s c e nt must be controlled wlthm close 
1,m,ts This cannot be done If there 1s any 
tendency toward system mstablllty m the re- 
glen of hlghposltmnal sensltxvlty In the glide 
slope Just prior to touchdown Nor can It be 
done Ifthe controlhas a response speed which 
1s much slower than the speed of transient 
displacements Introduced by turbulent air 
or other effects whxh may be encountered 
On the bars of experience to date. lt 1s ev- 

I> , 

rdent that for satisfactory control In elevation 
to touchdown, the general control system per- 
formance must be at least one order of magm- 
tude better than 1s required for the automatic 
low approach 

An axplane descendmg a 2 l/2’ slope 
wtth a ground speed of 120 mph has an av- 
erage rate of descent of 460 feet per mmute 
Strtkmg the runway at thts vertical speed re- 
sults ma tolerable but rather stiff Jolt m most 
airplanes However. If due to turbulence or 
control system transients, there are varla- 
tmns mthe rate of descent, whwh are super- 
Imposed upon the average value, then the to- 
tal rate of descent at touchdown may be con- 
slderably greater than 460 feet per mmute, 
and the resultmg shock excesswe Thus, It 
seems desirable to flare the approach path, 
and bythls means to reduce the average rate 
of descent before touchdown 

At thts time, there are two basic meth- 
ods under sermus consider&van for flarmg 
the approach path The first involves the 
use of a radm altimeter whxh. at a prede- 
termlned low altitude. automatlcally takes 
over control, In lieu of the ghde slope sig- 
nal. and produces a smooth exponential ap- 
proach to the runway This method 1s under 
development by the Department of the A I= 
Force The second method 1s to actually 
modify the shape of the path produced by the 
gltde slope proJector, so that Instead of bemg 
a s t r a I g h t lme to touchdown, It IS straight 
to about 50 feet altitude. beyond which pomt 
It has a gradually reducmg slope Th,s meth- 
od IS currently bemg mnvest~gated at the Tech- 
nlcal Development and Evaluatvan C en t e r 
The theoryof the flared glide slope proJector 
IS dIscussed maprevmuslypubllshedreport 6 

The productmn of the flare by means 
of modlfxatmn of the glade slope proJector 
has the advantage that no addItIona equtpment 
1s requtred m the airplane specdxally for 
the flare Also, posstble trouble due to fall- 
ure of automatic swltchmg at a crucial mo- 
ment 1s avolded However, there are prac- 
tlcal lunttatlons on the shape of flare which 

% B Watts. Jr , “Theoretical Con- 
slderat,onofAn Improved Gltde Path Antenna 
System,” Techn~al Development Report No 
81, CAA. Indlanapol~s. March 1949 

, 

I ,’ 

I’ I 



Fig 7 Local~er Crosspomter Devlatmn Recorded on Automatic Approach m NC-181 Using 
Experimental Parabolw Dlrectmnal Local~zer. Runway 36. Indlanapolls. October 27. 

1949 

F g 8 Glide Slope Crosspomter Devlatmn Recorded on Automatic Approach in NC-181 Usmg 
Experimental Null-Reference Flared Gltde Slope, Runway 36. Indtanapolls, October 
27; 1949 

can be produced In a gltde slope. and the ef- 
fects of antenna hetght varlatmn between dlf- 
ferent alrplanes must be conetdered 

A flared glide slope proJector has been 
butlt at Indtanapolls, and 1s undergomg tests 
to determme the most desirable flare shape 
as well as the practlcablllty of the method m 
controlling automatrc f 11 g h t to touchdown 

Nume I ous approaches to touchdown usmg 
thw equipment have been made with results 
somewhat “artable, and dependent upon tur- 
bulence condltmns and adJustment of the con- 
trol characterlstlcs of the automatic ap- 
proach equipment In the atrplane F,g 8 1s 
a reproductmn of a r e c o r d 1 n g of the gltde 
slope crosspolnterdevratlon made on suchan 
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approach It ,s typxal of that whxh can be 
obtaxned under moderately smooth atr con- 
drt,o”s and with the best adjustment of the 
automatw approach eqmpment The record- 
,“gs 1” F,gs 7 and .3 were made durmg the 
same approach From the gltde slope devt- 
atwn recordrngs slm,lar to F,g 8 ,t ,s d,f- 
f,cult to determme the rate af descent, or to 
tell much about the reductvxa I” rate of de- 
scent caused by the flare, and “0 eqmpment 
for recurdIng rate of descent was avaIlable 
However, a number of approaches to touch- 
down have been observed L” whvzh the rate of 
descent at touchdown was surely less than 200 
feetper minute, resulting 1” a very mild ,m- 
pact To achieve freedom from the variable 
effects whxh were mentmned earl,er ,t un- 
doubtedly ~111 be necessary to increase sub- 
stantw.llythe tightness of control, while ma,“- 
ta,“,“gsystemstabll,ty, and also to mamtam 
a rigorous control over other important char- 
acter,st,cs of the system such as the flare 
shape and autop,lot behavmr 

Adescrlptv~nofthe experimental flared 
gltde slope proJector atI”d,a”ap”lls 1s attached 
to th,s report as Appendix II 

RADIO-CONTROLLED FLIGHT ON 
OMNIRANCE AND COMPUTER 

COURSE LINES 

With the lmplementatmn d the VHF 0-w 
range and DME programs there ,s a growmg I”- 
terest ,” the adapt&o” of automatx approach 
eqmpment to provtde radro-controlled flight 
on omntrange and computer course lme Thus 
far. there has bee” little work done 1” thrs 
dwectlon Huwe”er. ,t IS ltkely that there 
w,ll be “0 basvz trouble m accomphshmg the 
des,red results. although ,t 1s probable that 
co”s,derable madlficatwnof the control char- 
actensttcs of the coupler ~111 be requwed 

The ctosspomter posltronal sensltwxty 
of a local,zer at 10 m&s has a value s = 60 
m,c+ovolts per foot A typical value of rate 
parameter to provtde crltxal dampIng at th,s 
d,sta”ce O” the localvzer would be r = 24 sec- 
onds 7 A” om”,ra”ge has a” angular course 
w,dth about fLve times that of the localrzer 
Also, ,t 1s 1,kely that one would choose to 
have crltrcal dampng at a distance more nearly 
50 than 10 miles These twocondltmns com- 
b,“e to reduce the posltmnal se”s,t,vlty by a 

%ee footnote 1 
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factor of about 25, so that for the omnlrange 
5 = 2 4 mlcrovolts per foot Since. With 
other parameters rema,“,“g c on s t a” t the 
rate parameter for crltwal dampmg varxes 
,“versely as the square root of the posltmnal 
sensxtwty ofthe radm fac,llty, the rate para- 
meter for crltxal dampmgat 50 m&s O” the 
omn~rangewuould have a valuer = 120 seconds 
If, 1” addltmn. there 1s a reductm” I” the 
gal” parameter of the coupler, a” eve” larger 
value of rate parameter wrll be requrred to 
mantam cr,tlcal dampmg 

The reqmrement for such large values 
of rate parameter makes ,t very unlikely that 
a resistance-capac,ta”ce derived rate slgnal 
alone xv,11 be used for stabdlaatto” MS-C? 

ltkely sources are the slowly precessed d,- 
rectmnal gyro, or a combmatmn of gyro and 
rate s1gnal The latter source L” particular 
offers the poss,b,l,ty of obtamng “ear optl- 
mum dampIng over awlder range af posttlonal 
sensttwty Thts matter LS further dwcussed 
1” Appendix III of the. report 

The problems of automatic flight co”- 
tro1oncomputer cuurse 11nes are qmte s1m1- 
lar to those assacmted with flymg the “mnl- 
range cuurse 1”~s. wtth one Important Sam- 
plxfrcatlo” While the omnlrange courses are 
of constant angular width, resultmg L” chang- 
mg posrt,o”al sensltwrty with distance. the 
computer course lmes normally have a con- 
stant lmear wrdth. whxh means a constant 
pos,tmnal sens ,tw,ty throughout the en t, r e 
length of the course lme This has the de- 
sIrable result of ellmmatmg the effect of dls- 
tance O” the control system stabtlrty 

CONCLUSIONS 

Substantial progress has been made 1” 
the f,eld of radm-controlledfltght w,th regard . 
to the commerc,al productron of automatic 
approachequrpment More attentmn needs to ! 
be pard. however. to methods for testmg and 
sta”dard~.mgtheperformance of such equ,p- 
mentpr,or to radro-ca”trolledfl~ghtbecom,“g 
a” establlshed part of tnstrument flight pro- 
cedures 

Further ,mproveme”ts ,“ILS facllltws. 
togetherwlth considerable txghtenmg of auto-- 
prlot control charactertstxs, ~111 be required 
before the extensm” al automatrc approach 
to touchdown can become a practmal realtty 

Radw-controlled f 11 g h t O” omnrrange 
and computer course lines 1s technxally 
feasible and should reeelve attentm” when the 
operatIona need for It exists 
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APPENDIX I 

A Method of Automatic 
Gltde Path Control 

The followmg 1s a descrlptlon of some 
work that was done m December, 1947 at the 
CAA Technical Development and Evaluatvm 
Center regardmg a gltde path automatw con- 
trolwh,chdoes not exhtblt restdual error due 
to fore-and-aft mwtrim 

Thus far. the most widely used method 
of control had been what may be termed “dls- 
placement versus pitch angle ” In thw method 
the gltde path displacement s I gnal 1s con- 
verted to an alternatmg voltage, ampllfvzd, 
and fed to the elevator ax,s bridge clrcult. 
where ,t produces a proportmnal departure 
of the pitch angle from Its reference or zero 
slgnalvalue This method provides a smooth 
and non-oscdlatory control down to the con- 
tact, provtded the ratlo of the pitch angle to 
dwplacement LS not made too high It suffers, 
however, the a”“oy,“g drawback that a re- 
stdualoff-path error 1s present whenever the 
reference or zero stgnal pitch angle differs 
from that pitch angle which would be required 
to brmg the a,rplane down the center of the 
path m the absence of automatic control It 
1s dlfftcult, manually, to preset the correct 
reference pitch angle, and eve” If this could 
be done. the correct reference 1s s”bJect to 
changes wlthout notlce on the way down 
These changes Inreference angle are brought 
about by a number of factors affectmg fore- 
and-aft trim, such as operatmn of flaps, and 
landmggear, changes mengme power, move- 
me”t of passengels, and changes ,,I wmd ve- 
1oc1ty Increasmg the ratlo of pitch to dw.- 
placement reduces the residual error for a 
glvenmlstrim, butthls ratm cannot be raised 
above a value whxh. with the unavotdable 
arplane mertla, mduces huntmg close to the 
pant of contact The control 1s a weak one 
at best, requlrlng careful monltormg a”d ad- 
herence to standard condltmns Considered 
at Its worst. It 1s almost no control, smce 
It canbe completely overrtdden by changes m 
power and trim setting 

Anumber ofyears ago. atWrIght Field. 
F L Moseley suggested d,sconnectmg the 
pitch ~XLS gyro sIgna when us,“g the glide 
path control Th,s would have the effect of 
e 1 I m in a t in g the reference pitch angle A 
given glide path displacement would simply 

result m a correspondmg elevator surface 
deflectmn Presumably. each elevator de- 
flectronwould produce a correspondmg rate- 
of-change of pitch angle With the addltm” of 
a rate cwcult to the couplmg unxt. this meth- 
od would provtde a glide path control directly 
analogous to that which 1s commonly used on 
1OC~lIZ~~S Thx may be termed a “rate 
method I’ There would still r e ma I” some 
posstbll,tyof residual error due to Incorrect 
choxe of the zero signal posltmn of the el- 
evator surface, but such error would probably 
be qmte small The method as stated above 
has the characterwtw that If equlllbrmm with 
the glide path ,s not reached. the awplane ~111 
contmue changmg pitch angle wtthout llmlt 
For this reason prlmarlly. the method was 
never trvzd m this form 

The method whwh was tried LS a slight 
varlatlon ofthe method proposed by Moseley. 
and was made easy of accomplishment by a 
M,n”eapol,s-Honeywell couplmg u”, t which 
used a servo-driven potentmmeter to mtro- 
duce pitch dwplacement signals mto the ele- 
vator ax,s br,dge Prmr to modlflcatwn, 
th,s unit operated on the conventmnal “dls- 
placement versus prtch angle” method The 
servo mcluded a posltmn feedback potentlo- 
meter, and a speed f e e d b a c k generator to 
prevent overshoot Bydlsconnectmg the posr- 
txon potentmmeter. and mcreaslng the feed- 
back from the speed generator, the rate-of- 
change of the pitch angle was made propor- 
ttonal to the ampllfler Input The addltlonof a 
smtable rate clrcult ahead of the ampllfler 
substantmlly completedthe modlficatvan The 
method of control may now be stated as fol- 
lows Gltde path dwplacement plus rate-of- 
change of glide path displacement produces a 
correspondmg rate-of-change of pitch angle 
There IS, however, a” nnportant lxmtatmn 
to the above statement. namely, It holds true 
only unttl the servo-driven potentiometer 
strtkes Its stop Thus, although there IS no 
longer a spec111c reference or zero-s1gnal 
pitch angle. there are defmtte positwe and 
negative llmlts on pitch angle whxh keep the 
awplane wtthm a safe attrtude regardless of 
sIgna Input to the couplmg unit. Theoretically, 
as long as the potentiometer llmlts are not 
reached. the c ont r o 1 ~111 stablllze wlthout 
residual, with no regard to the tram condo- 
tmns 

Thx rate method c on t r o 1 was m use 
for several months 1” a DC-3 type airplane 
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Fig 9 Gltde Path Control, Defmltmn of 
Coordmates 

It demonstrated reasonable agreement with 
the theory For example, flaps OF landmg 
gear could be op e r ate d after the fmal ap- 
proachhadstartedwuthoutupsettmg the oper- 
atton On several occasmns, operation was 
o b s e r v e d while one or two persons moved 
from the rear of the cabm up to the cockplt 
The resulting change m trim mtroduced 
transwnts, but did not prevent the alrplane 
from settlmg back on the path The mstal- 
latmn dtd not Include throttle control The 
power was set to produce the desired a,r- 
speed, and was left unchanged unless there 
was a slgnlflcant change m speed 

A brief comparison of the two control 
methods on a theoretxal basw follows 

Fig 9 lliustrates an atrplane, viewed 
m elevation, m relatmn to e and x axes, 
the x axis bemg assumed comc~dent wtth the 
gltde path The angle $ 1s the angle made by 
the dwectmnof motmn of the center of grawty 
and the path ~XLS It LS pos~tlve for nose-up 
attitudes 

Ftg 10 shows, m b 1 o c k schematxc, 
a “displacement versus pltchangle” control 
A groupof equatmns descrlbmg the operatmn 
of the control can he wrltten as follows If 
the airplane has a speed, V, and the angle 
Q always remams small 

g = v sm Q BvQ (1) 

;=“cosQB” (2) 

The outputof the glide path receiver 1s g,ven 

by 

e, =cz (3) 

where g 1s the positlonalsens,tlvlty m volts 
per foot The filter network Rf Cf 1s used to 
simulate the lumped mertla lags of the ax- 
plane and autop&at. and a smallfdternetwork 
which may be used If It has a time constant 
7 seconds, then 

e2 + +c2 = el (4) 

The voltage e2 fed mto the ampltfwr. thence 

to the elevator bridge, causes a proportronal 
departure m the pitch angle from a reference 

00 

Q - Qo = -ge2 (5) 
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where g 1s the ampllfler-autopIlot gam con- 
stant I” radians per volt Note that the cor- 
rectmn 1s polarleed to rotate the nose of the 
awplane toward the path 

Combmmg the five above e q u at 1 on s 
yields the followmg 

-. 
T’Z’ + z + gvoz = YQo (6) 

w h I c h 1s a dlfferenttal equatmn of the air- 
plane displacement from the path It may or 
may not describe oscillatory motion For 
crttlcal dampmg 

1 
‘“‘x@ (7) 

Typical values for gam and speed constants 
are 

g = 0 44 rad /volt 
” = 200 ft /set 

Thus. 

This equatmn defmes. for a given time lag, 
the maxlmumposltlonalsens~tlvltywhrch may 
be present before overshootmg begms For 
example, suppose we cm-elder that a time lag 
of one second exists Then, 0 = 0 00282 
volts/ft For a glide path havmg a full scale 
voltage of e1 = l O 15 volts at *O 8” from 
center, this posltmnal sensltlv~ty corresponds 
to a distance of 3, 820 feet from the statmn 
Instde this dwtance the i-e 1s overshootmg. 
unless gltde path softenmg 1s used to reduce 
the posItIona sensltlvlty suffvzwntly 
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Fig 10 Block Dwgram. Conventumal Pitch-Displacement Method 

It 1s of Interest to examme the residual 
error at 3,820feet fromthe statwn Note that 
m equatmn (6). the right hand member 1s not 
zero. buthas a value dependent on the refer- 
ence pitch angle Thus, evenwhen the values 
of z and z have closely approached zero. 
there must remam a restdual e on the left side 
of the equatton In rhe example chosen, the 
residual IS 

“< =g = 806 Q~ = 14 1 QoS feet (8) 

that IS, for each degree error m reference 
pitch angle, the a L r p 1 an e ~111 stablllee m 
error by 14 1 feet at a distance where the 
full scale displacement would be 53 2 feet 

Fig 11 shows. m block schematx. 
the “rate method” control whxhhas been de- 
scrtbed A swn&~r set of equatwns descrlbmg 
thts system can be wrltten 

d=“s,“Q=“Q (1) 
;=vcosQ~v (2) 
e1 =cz (3) 

The output of the rate cwxlt LS given to good 
approxlmatmn by 

e2 = k (el + .o:l), k<<l (9) 

where p 1s the t,me constant RC of the rate 
clrcult 
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As before, the cxcult RfC, represents 
the mertla and hlter lags, and the ttme con- 
stant 1s T 

e3 + rG3 = e2 (10) 

The voltage e3 LS applwd to the ampllfler. 
and, by virtue of the speed generator. pro- 
duces a proportmnal speed of shaft rotatmn 
The slgnalpotentlometer attached to the 
shaft produces a corresponding rate-of- 
change of pitch angle The whole effect IS 
summed up m the equatmn 

9 = -ge3 (11) 

where g LS a gam constant havmg the dtmen- 
rad 

sLons volt-set 
Comblntng the SIX fore- 

gmng equatmns 

T%-t~+y”p;.tyYz=o 

where Y = #kg 

(12) 

which 1s a dlfferentlal equation descrlbmg 
the motmn This can be solved usmg cubic 
formulae, but for most purposes, I 1s suf- 
flcwntly small to permit the first term to be 
neglected Then, 

~tYvp;.+Y”z:o (13) 

This IS Identwalwlth the dtfferentlal equation 
for motmn whwh IS obtamed m rate method 
locallser control The right hand member of 
the equatmn 1s zero. and there IS accordmgly. 
no restdual error. For crtttcal dampmg. 

p :Lsec ?-- (14) 

The permd of osclllatron wtth rate condenser 
omItted 1s 

T =+.c (15) 

It may be of mterest to determme a value of 
rate constant p for crltlcal dampmg. usmg 
typxalparameters of the equipment whrch has 
been flown 

k = 0 05 numerx 
” = 200 ft /set 
g = 0 25 rad /volt-xc 
0 = 10 7$volts/ft 

where x 1s d L s t an c e from statmn m feet 
Thus 

Then, for example, to have crItIca dampmg 
at one m& from the statmn 

x : 5280 feet 
p = 0 387 m = 28 set 

A considerably smaller value of rate 
constant than that calculated above was used 
m the experiments There 1s constderable 
work yet to be done m determmmg optmmrn 
parameters Even so. It can be stated that 
the rate method appears to be a superwr one 
regardmgboth smoothness of control and te- 
naclty of holdmg to the path m condltmns of 
turbulence and changmg tram 









18 

Fig 16 Measured Fwld Patterns, Vert,cal Plane, Entlre System, 90 and 150~cps 
components 
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Fig 18 Measured Field Patterns, Horizontal Plane, Carrier Antenna and Total Modnfler 
GOUP 

Fig 19 Measured Path Shape over Runway, Usmg Portable Mast and R89 Receiver, 
September 10. 1948 



APPENDIX III 

Calculatmns of Stablllty, Usmg Combmed 
Gyro and Rate Signals m Flymg 

Omnlrange Courses 

Referrmg to Figs 20 and 21, the fol- 
lowmg control equatrons can be wrltten 

e, = sy (1) 

where el IS crosspomter voltage m volts 
y LS course lme displacement m feet 

e2 = k (el + ral) (2) 

where k<<l and r = RC m seconds 

ee = a(e- e,J (3) 

where B. 1s mltml or reference headmg 

I 
Fig 20 Aslmuth Control on Omnwange 

Course, Defmltmn of Coordmates 

20 

e3=e2teg=keltkr~l+~8-68, (4) 

-6 = ge3 (5) 

where g LS the turn sensltrvlty of the auto- 
pIlot m radmns per second per volt 
Combmmg equatmns (1). (4). and (5) 

- 6 = skgy t skg; + 8g8 - age, (6) 

If III this derwatmn It 1s assumed that 
there IS no crosswmd, and the headmg angle 
LS always small, then 

; = ve 
. . 
y = "6 (8) 

where Y IS the aIrspeed m feet per secon’d 
Substrtutmg e q u at 1 on s (7) and (8) m 

equatron (6) 

;’ t (skgvr t ag) ; t skgvy = dgv8, (9) 

whvch IS a dlfferentral equatmn for dls- 
placement as a functmn of tune From thw , 
note that for a reference headmg B. there 

IS a restdual displacement errot ya, 

(10) 

For determmmg ttanslent response, 
equatmn (9) may be rewritten with the right 
hand member set to zero 

” . 
ay t by t cy = 0 (11) 



where the coeffwlents 

a=1 
b=skgvrtdg 
c = skgv 

and m whxh for crltwal dampmg 

b2 - 4ac = 0 

or damplng factor 

(12) 

b 

D=v==l 
(13) 

and substltutmgthe values of the coeffwlents 

1 
D =+r G++dg - 

@G 
Typical values for some of the para- 

meters are given as follows ye =&e, = 
0 003 

(0 00012~)(0 05) 
e. = 500 x e. feet (16) 

k = 0 05 numerx 
g = 11 7 rad /volt-set 
v = 200 ft /set 
s = 0 00012 

x 
volts/ft for an omnIrange 
course, where x IS dwtance 
from statIon In rmles 

where x 1s distance from stat I on m nnles 
and On LS reference headmg tn radians 

Substltutmgthese values mequatmn( 14) 
for the dampIng factor 

It may be more convement to have the 
residual error expressed III angular units 
Thus, for the typlcal parameters whwh have 
been assumed. the angular restdual error IS 
g,ven by 

D :O 0591+49 6aF 
6 

(15) 

er = 0 095 e. (17) 

Note thatthe dampmg factor cornprlses 
two terms, one attrtbutable to the rate cmcuit 
and the other to the dlrectmnal gyro These 
two terms are shown plotted lndwrdually m 
Fig 22. for several values of rate para- 
meter r and gyro parameter b If toler- 

For example. wltha 2O’reference head- 
tng angle eo. therewlllbe areslduald~splace- 
ment error m flymg the omn~range course 
of 1 9’ If the error cannot be tolerated. It 
may be removed either manually, by resettmg 
the reference heading. or automatically by 

means of the low-speed mtegrator 

21 

antes of 0 5 to 2 0 are set on dampmg factor. 
It IS observed that no one value of rate or 
gyro parameter, used separately. ~111 pro- 
vtde proper dampmg over the deswed dls- 
tance range In Fig 23, however, a com- 
bmed dampmg factor 1s plotted, which IS the 
sum of the rate and gyro terms, for values 
of r = 15seconds and I = 0 003volts/radw~ 
It IS mterestmg to note that the combmed 
dampmgfactor remams wlthm the tolerances 
over a much greater range of distances 

The magnitude of the residual displace- 
ment error whwh IS Introduced with the use 
of dlrectmnal gyro signal for part of the sta- 
b,lxaAmn. may be calculated as a fun&Ion of 
the ,reference headmg wdh equatmn (10). as 
follows 



Fig 22 Omnmange Aa~muth Control, Darnpmg Factor Obtamed wrth Varrous Values of Rate 
and Gyro Parameters. Used Separately 

Ftg. 23 Omnwange Aznnuth Control, Combmed Dampmg Factor 

I/ 


