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CONPIDENTIAL
FINAL ENGINERING REPORT

DEVELOPMENT OF
RATE-DATA STUDIES ON
RADIO SETS AN/URN-6 AND AN/ARN-26

BART I

SECTION 4 = PURPOSE
1. Contract by Bureay of Ships

l. This contract was initiated by the Bureau of Ships to determine rate
and accuracy required of the tactical navigation system (AN/URN-3 ang AN/hRN-Zl)
and data transmission 1ink (AN/URN-6 and AN/ARN-26) for automatically positioning
aircraft from the ground,

2. It is the purpose of this study to relats navigation, data transmis
sion, and the aireraft in one equation for automatic flight of varying accuracies
and rates of navigation and data transmission information, Ths study has been
based on automatic flight because of the difficulty of simulating a humen in the
loop.

3. To date, radar, flight plans, and voice radio reports have besen the
chief source of information for the control of carrier aircraft in tactical opepa-
tions, The TACAN system and data transmission devices now under development permit
all carrier aireraft to report their position in three coordinates, as well as
report their direction of travel and speed. The same transmission system provides
for ship~to=air order messages. The accuracy and rate at which the position ang
direction of travel are relayed to the ground, and orders sent back to the aire
craft, determine the value of this data for automatic flight control, Speed mam
neuverability and response time of the aireraft to automatic control are other
factors closely associated with this problem. This study therefors, considers the

effects of rate and accuracy of the Automatic Dats Transmission System on the

GONFIDENTIAL
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control of aircraft,
2. Sgope of Study

4. Two aircrafts were to be studied under the provisions of this con=
tract, the Grumman S2F-]1 squipped with an Eelipse Pioneer P-1 autopilot, and the
Douglas FSD=2 equipped with a General Electric G-3 autopilot. The Grumman S2F=-1
is a low=speed, patrol-type aireraft while the FSD-2 is a two=-place, high=perform-
ance, Jjet aircraft, Actually, only the S2F-1 aircraft was studied in detail for

the following reasons:

5. (a) = It was the only aircraft on which sufficient, detailed
information was received in time to make the investigations.

6. (b) - There was reason to believe that a scale fector could be
derived that would extrapolate responses for any aircraft from the characteristic
responses of the S2F-1,

7. Only the lateral mode of the aircraft behavior has been subjected to
full simulator experiments. It was felt that "noise" effects are the most diffie
cult problem in tight control of aircraft via a navigation and data transmission
system. This noise is by far most significant in control of the aircraft-to=
carrier bearing., Hence, the mode most closely coupled %o bearing orders and re=-
ports was given the closes’ serutiny.

8. The contract provides that simulated flight paths will be obtained
using the same response time and characteristics for automatic control of aircraft
but substituting in mathematical equations one at a time for the following tasks:

9. (a) = Terms for greater or lesser accuracy in azimuth, range,
altitude, and heading.

10, (b) = Terms for greater or lesser rates of determination for

azimuth, range, aeltitude, and heading.

CONFIDENTIAL -2
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11. (ec) - Terms for greater or lesser accuracy in (air-to-ground)

position and heading reporting.

12. (d) = Terms for greater or lesser rate of (air-to-ground) po-
sition and heading reporting.

13. (e) - Terms for greater or lesser accuracy in transmission of
automatic control information from ground to air,

14. (f) - And terms for greater or lesser rate of transmission of
automatic control information from ground to air.

15, Group treatment of some of these tasks turned out to be the most
substantial method of attack. For instance, task (a) and (c¢) present a nearly
inseparable error in considering the determination of accuracy in azimuth, range,
altitude, and heading and the reporting of these accuracies to the ground. In
addition, the error outlined in task (e) is relatively negligible in comparison
to the other two accuracy errors. It was assumed, therefore, that a valid system
anelysis could be obtained by considering tasks (a), (c), and (e) as a lumped
error and treating them accordingly.

16, Similarly, the rates of determination and transmission of informa-
tion as outlined in tasks (b) and (d) fall into a single category.

17. Tasks (d) and (f) are considered one problem by virtus of the phil-
osophy of the ARN/?G-URN—B system. In this system, a message sent from the ground
to air initiates a return message instantaneously. These messages (ground to air
and air to ground) are transmitted at discrete intervals as determined by the

system transmission rate. For the purposes of this study the interval between

the ground-to=air and the air-to-ground messages is negligible, and only the trans=

mission rate need be considered. Therefore, these thres tasks (b) (d) and (f) may

be grouped under one consideration of data rate of transmission.

CONFIDENTIAL -3-
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18. There is one further investigation pot covered by the detailed re-
quirements of the contract that assumes major importance in the consideration of
a realistic system. There are seemingly innumerable external disturbances that
affect the flight path and performance of the aircraft outside the realm of the
measurable quantities of azimuth error, heading errors and the like. These dig=
turbances act as forces on the airframe that tend to wrest the aireraft from its
attitude of equilibrium. These disturbances may be in many different forms, the
most common of which are wind disturbances. No aircraft is fres from the effect
of variable winds that act on it at any time and in any direction, It is there=-
fore considered essential that an investigation of these additional disturbing
forces be undertaken.

19. The purpose of this study, therefore, can be restated in light of
the above: to investigate the effects on an automatic transmission system for the
control of aircraft of (1) errors in navigation information, (2) transmission

extorna

3. Method of Approach

20. The first objective was to duplicate a closed=loop system that in-

corporated all the components of a realistic system of automatic aircraft control.,
When each component was developed to the state where it accurately represented the
part of the system for which it was designed, the study portion of the contract

was undertaken. The purpose, mentioned previously, was to investigate effects of

rate and gecuracy of data transmission for the automatic control of aircraft.

SECTION B - GENERAL, FACTUAL DATA
1. Identification of Tochnicians

2l. Man-hours of work performed by engineers during the interim period,

December, 1953, and Jamary, February and Merch, 1954, are as follows:

CONFIDENTIAL ~4-
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. B. Alexander 22 hours
M“ M. Damon 361 hours
R. Jacobs 46 hours
2. Patents
22. Nothing to report.
3. References

¥‘r 23. Federal Telecommunication Laboratories, a division of International
EW
|
i Engineering Report Nos. 1 to 4 of this contract.

Telephone and Telegraph Corp., Proposal No. 1180, W.0,800 - 36095 and Interim

SECTION C - DETAIL FACTUAL DATA

1, L onents for the 8

a. Introduction

! 2%4. In devising a system for the analytic study of flight paths, it be-
'\ {‘ came necessary to develop several components that were necessary for a realistic
%" duplication of an automatic flight control system. This system was by nature a
closed=loop system and made up of the following components.

ol 25, (1) = A unit which would represent the responses of an aircraft

i in accomplishing various flight paths.

o] 26, (2) = An auto=pilot configuration by means of which the ajir-~
craft was automatically controlled by the ground controller.

- 27, (3) = A transmission system simulator that duplicated the navi-

gation and data transmission systems.

28, (4) - A configuration of a flight-path computer which computed

‘i instantaneous flight-path orders based on information received from the aireraft

or the ground.

il ‘ m‘
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29, (5) - A unit which would initiate a stimulus that represented
external disturbances on the aircraft (wind, ete.). A blocked diagram of the com=

ponents for the rate data study is shown in Figure 1.

b.

30. For performing such an analysis, a high-speed computer is particu-
larly useful. For this study, Philbrick GAP/R High Speed A1l Electric Analog
Computer components were used. A short discussion of component philosophy, quan-
titative data, and accuracy of the computer is offered to acquaint the reader of
this report with the capabilities of the computer.

(1) Component Philosophy

31. The Philbrick Analog Computer is made up of & group of compo=
nents capable of a set of operations that combine to make up the desired range of
computing structures. The most important of these operations are: addition, multi-
Rlication by adjustable constant, and integration in respect to time. Most linear
systems may be represented by the connection of components with these three opera=
tions with a great deal of authenticity. By adding simple nonlinear elements, such
as those having limiting or suppressing properties, certain violent nonlinear sys=
tems are incorporated.

32. In its physical form, each component is unidirectional; infor-
mation flows only from input to output. This does not prevent the study of bidi-
rectional actions, since the two paths may be individually formed. The output
signal capacity of each component makes negligible the load imposed by the input
of another, so that it may "instruct™ any number of others without correction.

33. Electronically, all computing signals are instantaneous d-c
voltages with zero neutrals. Initisl conditions are established by an external
voltage wave - usually a step as has been used in this case = applied as a stim-
ulus, and the responding solutions displayed on the oscilloscope through the

CONFIDENTIAL ~6=
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appropriate variable voltages.

34, The nominal voltage range for all variables is 100 volts,
minus 50 to plus 50 volts. Feedback is so heavily applied that electronic varia=-
tiono affiet sensitivity very 1ittle. Frecision ciccuit elements of highest qual=
tps anl Meebfld aithly et Wolomsee, lformite et Blemmetormoticn,
Normal calibrations, fixed or central, are maintained to such accuracy. Thermal
drifts within the computing time are negligible. Such accuracies as fidelity to
dynamic form (as in integration), resolution, and precision {reproducibility of
parameters) are of a high order. In cases under optimum conditions, these are

found to be of the order of one per cent or less.

35, The application of a high-speed computer to this project can
be easily seen. (By high speed, we mean speeds at which solutions may be presented
repetitively on oscilloscope screens at speeds high enough so that flicker does
not present a distraction problem to the operator.)

36, One of the more prominent advantages in this applicetion is
the use of the compressed time scale inherent in the machine. It has an effective
time scale ratioc of 2500:1,

37. High=-speed computation allows immediate display of entire solu-
tions on an oscilloscope screen. Large areas of useless results may be swept
through and discarded in several seconds with the turn of the dial.

38. The instantaneous display on a CRO facilitates recording re-
sults by means of a CRO camera., In this connection, a DuMont 304~-H CRO was used.
It was particularly adaptable because of its high-gain and high~persistivity sereen
features. A Fairchild Polaroid Oseilloscope Camers F-284 was used to record oscil-

lograms of results.
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e Aireraft Simulation
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39, Some types of dynamic systems have only one characteristic mode of :

motion, while others have more complicated systems of two or more at the same time. |
The airplane, being a somewhat complicated dynamic system, will move in several "

different modes at the same time. It is essential, therefore, for the aerodynam-

icist to understand the nature of these modes and to study their importance in re-

:
lation to the handling qualitites of the airplane from the pilot's point of view.
40, In order to determine the characteristic modes of motion for the ’
airplane, it is necessary to set up and solve the airplane's equations of motion.
The equations of motion are developed by application of Newton's laws for each of
the airplane's degrees of freedom in turn, and the characteristics of the airplane's

modes of motion are obtained by solution of the resulting simultaneous differen= ﬂ

tial equations. ﬂ
‘» 41. The airplane, considered as a rigid body in space, is a dynamic
system in six degrees of freedom. Its total motion in space may be defined by ;%
six components of motion along and about the airplane axis system., Refer to Fig- L
ure No. 2(A) of this report for a pictorial sketch of axis system.
42. The airplane axis system is a right-hand system of Cartesian coordi=

nates with the X and Z axes in the airplane plane of symmetry and the Y axis per-

pendicular to the plane of symmetry out of the right wing. The origin of the air=
plane axis system is taken at the airplane's center of gravity, and the six velocity
components are the linear velocities u, v, and w along these axes and the angular

velocities p, q, and r about these axes. The airplane axes move with the airplane.

43. The mathematical treatment of airplane dynamics is based on methods

introduced many years ago by men such as Bryant, Lanchestor and Glauert. (Reforw
. encet see W, F. Durend's, "Aerodynamic Theory.") The basic theory through which

; 1“”\ the dynamic characteristics of the airplane are studied is based on the assumption

1
\
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that the disturbed motion of the airplane is one of small variations about some

steady-state flight condition., There is also the assumption that the changes in

the gxterns] forces and moments acting on the airplane, because of a small depar-

ture from the steady-state motion, depend entirely on the displacement and dis=

turbances velocities along and about the airplane axis and do not depend on the
accelerations involved. It has been proven that the results obtained correspond
with sufficient accuracy to the actual results obtained through flight testing
the aircraft.

(1) Evolvement of the Equations of Motion

44, Tho equations of motion for an aircraft with controls locked

may be written in accordance with the Newtonian laws of motion, These quantities
are all measured in respect to axes fixed in space. Applying the Newtonian laws,

the six equations become:

® J Fx=max > L= de
ZF':sz(lﬂ ZM"" d‘t (1)

2 Fz=ma; 2N ‘-‘-‘-%—%‘

where Fx, Fy, and Fz are the summation of external forces and Hx, Hy, and Hz the
angular momentum along and about the fixed axes X, Y, z.*
45, The accelerations and rates of change of angular momentum must

all be expressed along axes fixed in space. However, the axes chosen to rapresent

the airplane are moving axes, Therefore, the acceleration and rates of change of

momentum about the airplane axis must be referred back to the axes fixed in space.

"MU‘ ¥ Por complete definition of all terms in this section, rafer to glossary.
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» 46, In order to determine the momentum of a body about the X, Y,

and Z axes, refer to Figure No. 2(B). Consider a body having an angular velocity
w with components ux, wy, and wz about 0X, OY, and 0Z, The volume variation of

sngular momentun can be expressed by:
dhy = wy (534- 2%)dm - Wy (x g)dm - waz(2x)dm
dhy = uy(zeext)dm - Wz (yz)dm - wy (xy)dm (2)
dhs = w, (x2+42)dm — Wy (2x)dm - wy(yz)dm

where dhx, dhy, and dhz are the OX, 0Y, OZ components of the rates of volume angu-

lar momentum.

47. For the whole body, the components of angular momentum about

the three axes are the volume integrals of the above equationss
” hx-"wx (sz&?)dm-u)jj)(ﬁdm-—wz zxdm
h%: u)jf(zhx")dm-w; gzdm - W, dem (3)
Nz = Wq (xt+y‘)dw;*wszxdm -Wy !jchm

The integral is the moment of inertia about the X axis and

is indicated a&s Iy. The integral | A dm is the product of inertia and is
X

indicated as Jxy. Similar indications may be given to the other moments of inertie

and products of inertia. Rewriting Equations (3) in these terms they become:

PRX ==(A)x.]:x "{AJS :K;j - Wz :I;zg
hjawglj“w:aj&i”wx J'x(j (4)
h:ﬁ xu)z:[% - Wy J;(% "'(’03 3—5*
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If axes are chosen as prinoipal axes, the products of inertia vanish by definition. ]

|

o |
‘Vﬂn If the body contains a plane of symmetry, then the axis perpendicular to this plane .w
'ﬁé will be a principal axis, thereby eliminating two products of inertia, The air- &
t H" plane is & body with just such a plane of symmetry taken to coincide with X-Z I@
ME} plane. The Y axis which is perpendicular to this plane will be the principal axis ‘i
IH and the products of inertia, Jxy and Jyz, will vanish. In NACA terminology, wx, ;
hMﬂ wy, and wz are called p, g, and r, respectively. Making these substitutions, Equa-

WH{ tions (4) become: l
e ;
e

|

huj = Cily (5)

18 :
I he =+ Iz-pxa '
i Q% Equations given in (1) relate to axes fixed in space. If the motion of the aire L
#:Jﬁ WI. plane is given relative to axes fixed in space, the'problem becomes unwieldly, as !
Wtrb the moments and products of inertia vary from instant to instant. To overcome '
| lg this difficulty, use is mads of moving Eulerian axes which coincide in some par- |
lf'ﬁ ticular manner from instant to instant wish a definite set of axes fixed in the ‘w
Eﬁgw airplane. ;
il 1 48, Referring to Figure No. 3(A), the general case with airplane f
FJ’ axes rotating with angular velocities p, g, and r, the accelsrations rslative to i
%Y % fixed space ares P
W Q= G -ur - wg |
i ay -dU-wp+wr @)

dt b
I Qg = duw _ Llca 'F'lJfP i
[ dt |

CONFIDENTIAL -11-
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The rate of change of angular momentum relative to fixed space can be developed

in a similar manner, Refer to Figure No. 3(B

d_H.E dah-“h(ﬂr'* htq
dgi-—d__ﬁ hap+hxl” (7)
dHaud_h}_hxc]H’ljp

dt

In these expressions ax, ay, az, CJ HX CJHL{ A H%_ are all measured
at’ 3 S

relative to fixed axes and u, v, w, hx, hy, and hz are measured relative to the

moving axis.

49, Substituting these quantities for the moving axes into Equa=

tions (1), the six equations of motion becomes

ZFx=m(w- ur +uuq)
ZFE’:m(fJ“- wp +ur)
ZFi m(u'J uc’+‘up)

(hx ~h r+hzq)
ZM = ( - h;_x_P'l’hx )
iN= ( ~hxq+h‘jp

Making use of Equations (5) the equations of motion of the airplane relative to

the moving or Eulerian axis become:

2 Fy = m(i(,-ur~+u)c:i)
2 by= mE - wp +ur) 9)
2F=m (*v'u-uq + UP> (CON'T)
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2L = PIX“};‘IXE‘I' (IE*Ig)qr“-Pq J;%
ZM = Iy +rp(Ty- Tq) +(p*-r2) Jxe
ZN"‘”‘ V."Iz -'PJ;; +(I‘:]‘IX)PCI+ U}.-LQF

50. As mentioned before in the study of disturbed motions, only
very small displacements or disturbances from some equilibrium flight condition
are considered, Under this assumption, tha disturbance velocities p, g, r are
small., Therefors, it is allowable to disregard their products., Making this as-

sumption Equations (9) becomet

ZFh = m(o'uwc,)

ZFy = m(T4 ur-wp)

ZF o= m(d -ugq)

e = MW -ug (10)
ZL * PIx"‘PJ;§
.

EETPV1 = C1 :I:tj

2N = FIZ"PJ;E
The moving airplane axis system can bs fixed with reference to ths airplane in two
different ways. One of these is to consider the axes fixed to the airplane under
all conditions. These axas are termed body axes, with the X axis along the thrust

line or fuselage center line. Another possibility is to consider the X axis al-

ways pointing in the direction of the relative wind. These axes are called the

wind axes.

51, The wind axes are usually convenient as the component of air-
plane motion along the X axis will be the airplane's forward velocity u = V. Lift

and drag forces will be along these axes and the components along the Z axis will

be zero (w = 0).
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52. If wind axes are chosen as the airplane axes, and the assump-
tion is made that changes of moments of inertia are negligible for small disturb-

ances, the equations of motion in respsct to the wind become:

ZF, -

EFy = m(7+Ve)

2 Fy=-mV¥

ZL =pL-~Jxz

ZM =4 1
=tli-plee

>3, Because of airplane's plane of symmetry, small symmetric dis-

(11)

turbances will not introduce changss in the external forces and moments along or
about the axes cutside the plane of symmetry. Conversely, small disturbances in

roll, yaw and sideslip will not introduce changes in the symmetric forces and

moments. The gymmetric degrees of freedom, therefore, do not gouple with the
asymmetric degrees of freedom, and it is possible to break the problem of the

airplane dynamics down into two separate ones. They are called the longitudinal
mode and the lateral mode. Only the lateral mode will be considersd for the pur-
poses of this investigation,
(2) amic Equations for the Lateral Mode
54, There are five degrses of freelom for the lateral case. Thess

five lateral degrees of freedom are as follows:

(a) Velocity along the Y axis.

(b) Rotation about the X axis.

(¢) Rotation about the 2 axis.

(d) Rotation of rudder about its hinge,

CONFIDENTIAL -14-
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;!..; “ M (e) Rotation of aileron about its hinge.
il ! L

»]w 55. In the study of this mode, it appears that the rudder and
I
:ﬂJﬁ aileron hinge moments do not constitute an appreciable effect on the response of
|

e
}-’ the aircraft, Accepting the validity of this assumption, the airplane need only
T

&iﬁ be considered in its first three degrees of freedom as listed above for the pur-
P

’Huh pose of the basic derivation of lateral mode equations. At a later date they will
j

gﬂw be neglected where feasible,

i !E'l" Z F.j =m (v + V)

il : ( ) ;

! 2L = P I - dxe

: I;wl o 1® ‘ -

fJH ZN =+ I%"‘PJ;%. (12)
il

i ’; re

1 -

N , 2Ha = Laba

| 1‘;‘” -

;“ \::EH where fFj is the summation of all forces along the Y (wing) axis, ZL and
f%ﬁw ZE:PQ are summation of all rolling and yawing moments, respectively. For pur-
poses of study, the X axis will be considered as essentially the principal one

1

and Jy; vanishes, A pictorial view of the airplane axis system is given in Fig=

ure No. 4(4).

f 56, The acceleration along the Y axis, ay, can bs expressed in
g
i | torms of the sideslip velocity U, and yawing velocity by letting B = V/Vi
i
b | * -
| -
i Qy=V(£+¥)
.
N;M‘ Applying the above two assumptions, Equations (12) become:
| x,

Zfirg = 17\¥/(f;'+ ¥)
| £L-5T, 13)
2N = F-I& (ZON'T)

ij me
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57. In developing the lateral equations, the independent variables

would be }€Jy{¢) Sa./ S'v

rium is the sum of the partial derivatives of these forces in respect to each

The total change in forces from some equilib-

variable plus the rate of change and acceleration of the varisbles. In many cases,

the partials do not exist but for a completely general case the equation may be
written in this manner:
C]Fj /6 d¥ + ofyd@ 4. e-

5¢ o

(19)
BEydd o Aydr - ete
%

58. If the above squation of partials is examined completely, only
two of these are important, The development of these two is shown in Figure No.
4(B). This diagram shows the forces along the airplane's Y axis.

59. It is known that any airplane at some angle of sideslip, ﬁS.

vill develop & crosswind or side force. Another component of side force is devel~

oped as a result of the airplane's bank angle, @, which introduces the airplane's

veight along the Y axis. None of the other variables introduces forces along the

Y axis. Assuming small deflections for which derivatives are linear and the sine

of the angle equal to the angle in radians, the equation becomes:

afFy=17 oFy 08 13K 2 g (5)

ol 3¢
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st t=0 ,8J¢, ¥ =0 In coefficient form F‘j A Cg q S

substituting

Cy=9C

The equation of motion along the Y axis for level flight (equilibrium) becomess

Cj,,e+c;gi= my (449 "
Copf = 25
#f = 55

In Equation (17) the left-hand side of the equation is nondimensional. The de=
rivatives & and ¥ have dimensions of one over time (]/1‘), q in the constant
& m
on the right-hand side é /O V making the right-hand side ;-3-;..\/ (IB +7//).
L44)
The factor /03\/ has dimensions of time. Assigning greek letter T to repre=-
sent factor ""CSQ""’V and if time is counted in terms of time ratio (:-t--) ,
the right-hand side of the term may be expressed as d (4: + v, \ * By
» ) d(Yy)
letting an operator a-"—‘—

Equations (17) becomes d(t/.r)
C% ﬁ + CL¢ = Zd( 4 v) and transposing
(Cop- 26 -24% + Cug = 0 o8

This is the nondimensional equation of motion along the Y axis for leval flight.

the right-hand side bescomes d (ﬁ'*' Y/) .

60, If the equation of motion in roll about the X axis is inves=

tigated, the rolling moment is a function of the following:
The remaining varisbles are negligible in r:<spect to these. Writing the sum of

the partial derivatives as was done before, the general equation iss

8l= 3L g +2L ¥ +3L G +3L 6u + 3L 50 (19)

Y o¥ 3P F%a 3 S
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INM In terms of rolling moment coefficient Cy» ‘
1 | . . | éié
il .y : - L
| | CINB + CU,W + C‘L¢ ¢ + ClSa Sa = ..._S.Eq : ¢ (20) \'
L ‘
} ”;‘ To clarify our terminology and write the equation in a simple nondimensional form, }'i
§ ]
‘1“ ClP is the nondimensional rolling parameter. *i
1l Cng d Cl where Pb/ 2V is the nondimensional roll- ‘
i dipb/2v) |
’ ; M ing parameter. Demonstrating this convenient use with the damping derivative in ;j:
i roll .
Cr5¢- 5L x b x g (21) |
: d (pb/QV) 2V
| 1 ;
"‘ Making use of CKP and the airplane density U= m/o S b and applying the f
\ Hl philosophy of the time parameter 7" Equation (21) is: *
' .
! 2 Cle? = Clexg= Clpeg (22) |
1 2 |
‘ Also the nondimensional yawing parameter r‘b/zv can be applied where ‘
C'{ﬁdégl_)giving !
(rbj2v b
e Cledy ()
. d#— W
i
4 and if C l ga Sa. be multiplied and divided by T, then
;? ;:I LJ,“. C‘l éaga = C ‘M gad Sa.
1! Equation (20) becomes: {
- . -~ (X ] “”
C[Blb’-i— %d% + C__Lpdqﬁ + CISa‘\"’” Cldsgga‘ -_g_)f_gb (24) L |
AN 2 4k 99b |
”mM The airplane's inertia Ix, is piven by ™M sz where k X is the radius of
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gyration about the X axis. Making use of j, airplane density parameter and T ,

the time parameter, the right-hand side of Equation (24) is treated as follows:

Lo - 2(5) &

Finally the equation of motion in roll becomes:

«Cif + q,.dm[c_:%gd 2 (5]

(2¢)
+M(C7_S + Czdsq )Sa_.

61. A method bf approach similar to that applied to the derivation
of the last two equations may be applied to find the nondimensional equation of

motion in yaw. This equation iss
wCog+ [Con - 2(9)ic]dr + G g

(27)
+ L (Ch§r+ C”ds»d)gr = 0

62. In summary, thres equations have been derived that represent

the lateral mode of an aircraft in level flight. These equations ares

(Cyp~ 2d)g-2dp+ CLdb - 0 (28-a.)
m (LB + C__zi_.-dw ‘ EQ_}_Ed-— 2 (%)1df]¢

taa (Cpo + Clasa d)Sa=0 (28-b)
/“—Ch,s/g [G)r-.?(h "d_]d]/’+ C_n_pc/¢

T (C“Sr + C'\dspd) §p=0 (28-(;)

These are the three differential equations of flight. It is the intent of this

study to solve these equations simultaneously by means of the analog computer, and

SONFIDENTIAL -19-
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to obtain responses that will be indicative of the flight=path responses of a

HEM
H

simulated aireraft.

63. The use of the analog computer is justified to solve these

equations as they are linear differential equations to which a computer of the

type employed is particularly adaptable.

64. For solution, the equations must be set up using the computing

|

i structures of the computer. The complete lateral computer configuration for the

—— e

lateral mode equations is shown in Figurs No. 5.

65. The configuration of the aircraft, as set up on the Philbrick

Analog Computer, has just been demonstrated. While this is a complete configura-
%l tion, it is rather unwieldy and uses many computing components, While this struc-
ture is an exact representation of the aircraft, a reduction in the configuration
wwm is desirable from several standpoints. A smaller structure is much easier to han-
h dle physically, and the components not used would be free for other computing ap-
plications that are necessary further along in the study.
66. This simplified configuration is feasible and valid if certain
restrictions are enforced in making the reductions. First of all, there must be

no appreciable change seen in the time=constant of the response. JSecondly, there

must be no appreciable change seen in the transients of the response, With these

restrictions in mind, a reduction of the lateral mode configuration was made.

. 67. Several methods of simplifying are feasible in the reduction

of the circuit. These are outlined below.
| 68. (a) The Philbrick Computer contains coefficient units
! which have values of amplification ranging from 0 to 100. For values greater than

r unity, these units are used in the aircraft analogue. However, when the values

Mﬂﬁ of amplification required for a setup are less than unity, the Philbrick Coeffi~
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clent units are replaced by potentiometers. This reduces the size and power re=
quirements of the over=all circuit.

69, (b) Coupling units which introduce the output of any unit
into the mixing unit of any other loop circuit may be omitted if the values of
coupling are "negligible." Whether or not these values are "negligible" may be
determined by turning the value of each coupling unit separately to zero and ob-
serving the change in the output of each of the loop cirecuits in Figure No., 5. In
those cases where the coupling value could be reduced to zero without appreciably
altering the outputs as viewed on an oscilloscope, the coupling units were omitted
in order to simplify the circuits.

70. (c) When two amplifying units are in cascade, they may
be replaced by an amplifier whose value is equal to the product of the two ampli~
fiers which were in cascade.

71. (d) A single-degres-of-freedom feedback loop circuit com=
prising mixing unit, amplifying unit, integrating unit, and feedback-amplifying
unit, may often be replaced by a mixer and amplifying unit whose gain is equal to
the gain of the original loop circuit, if the time constant of the original loop
circuit is very short compared to the delays in elements in tandem with the orig-
inal loop.

72. The time constant of a feedback loop is equal to the recipro=
cal of the product of the forward amplifier and the feedback amplifier,

73. The validity of such a simplification must be verified by com=
paring the oscilloscope response of the original entire loop and the modified loop,
and finding them negligibly different,

74. The above outlined reductions were made in the lateral mode

configuration. The resulting modified loop is demonstrated in Figure No. 6.
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d. Autopilot Simulation

75. In fighter type aircraft, she autopilot becomes an integral part
of the airplane rather than an accessory item. The extreme manesuverability, the
rapidly widening range of flight speed and altitude, and the general high-perform=-
ance characteristics of fighter=type aircraft have imposed increasingly difficult
control problems = the solution of which requires consideration of system designs
and compatibility between the characteristics of the airplane and the automatic
pilot.

76. Fighter=plane automatic pilot performance standards demand immediate
and accurate response, rapid maneuvering, proper anticipation, and "tight" positive
control of the airplane; i.e., quick sensing and quick reaction, the prerequisites
of the fighter pilot himself. With these more stringent dynamic control require-
ments, the aerodynamics of the airplane and its performance limitations become the
automatic pilot design criteria.

(1) Automatic Pilot Configuration for This Stud

77. The autopilot used in this system is a heading=sensitive auto-
pilot. This autopilot controls the aircraft in its lateral mode creating a change
of heading, through bank, by means of an aileron deflection. The input to the
sutopilot includes bank angle, the heading, and the ordered input. These last two
items combine to give a heading error signal., The response sensitivity is con-
trolled by means of the ratio of the bank angle to the heading gains. This ratio
regulates the "snappiness" of response as indicated by the unit change of bank
angle per unit of heading error. In this particular case of this study, the sen=
sitivity unit selected is two degrees (2°) of bank angle (d) per degree (1°) of
heading error.

78, The above arrangement is deemed suitable for satisfactory con
trol of the aircraft. Any delays that might be inherent in an extremely exact
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duplication of an autopilot are not incorporated in this configuration, as the
time-constant of these delays is considered to be negligible in respect to the
aircraft response times. For all practical purposes, the aileron deflection is
instantaneous in its response to a given order through the autopilot and the
governing time-constant of response is the inherent delay in the responses of the
aircraft itself.

6. Iransmission Simulation

(1) Concepts

79. The simulation of an aircraft, which was performed using the
Philbrick Computer, was for the purpose of computing the flight responses of an
aircraft, considering only those delays due to the aircraft's flight characteris-
ties. In the subject contract, the final results must be based upon the delays of
the entire loop, which includes not only the aireraft but the communication chan-
nel from air to ground and from ground to air,

80. 1In order to compute the airecraft's flight path with all delays
being taken into consideration, a device was developed for simulating delays in
the circuit between the air and ground as well as the circuit in the reverse di-
rection. This device is the "data=-transmission simulator."

8l. The actual data links under development are capable of handling
transmissions at any frequency lower than a limiting value, and it is the purpose
of the subject contract to determine how low a repetition frequency of this con-
trol information may be used before the transmitted intelligence becomes toc sparse
to properly control the aircraft's flight,

82. The simulation of the entire communications loop wes performsd
by the data=transmission-simulator circuit, which stores amplitudes of a continu-
ously varying correction signal, sampled at time intervals which can be varied by
the experimenter. These intervals which separated the instants of amplitude
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measurement are equivalent to data rates varying from ten per second to one each

E

forty seconds in the physical data link. Since the Philbrick Computer with which

‘L the data-transmission=simulator circuit was used converts equivalent time by a
factor of 2500, and a complete command signal employs one-half a cycle in the

simulated system, the sampling (or quantizing) time intervals vary from 1/50 mil-

lisecond to 8 milliseconds.

83. At discrete intervals, the transmission simulator measures a
correction signal which is a function of the difference between the simulated

command signal and the instantaneous value of the aireraft parameter under control

as received via the data 1link.

84, A graphic representation of the operating principal of the

‘f
; data-transmission simulator is demonstrated in Figure No. 7. This shows the de=
1

tailed relationship between data received at discrets intervals from the aircraft
| wv ~~~~~~ and the ground ordered correction.

i 85. Consider part (a) as the composite error signal, or proper

j combination of the deviation of an aircraft from an ordered track and its depar-
ture from the proper heading. This error may have developed during an ordered

track change.

86. The discrete intervals at which information is transmitted to

;i the aircraft are indicated as divisions slong a line (AB) which represents the

equilibrium flight path desired. In accordance with the philosophy of the data

- link, gyery message from ground to air initiates a roturn message from air to
i
W Zround. There is no delay in the return message and the total elapsed time for

the two operations is so small in respect to the data rate that they can be con~
. * I
sidered to happen at the same instant. The response from the aireraft would con-

tein position information of the aircraft.

(!

|
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87. Since the position information report of the plane is available

only when messages are sent, and no further correction signal can be sent for the

discrete interval until the next message transmission, the correction must be com=

puted from the last available data which was received (i.e., at the instant of the

last message). This means there is a time delay between the time that position

information is received and the time that a correction based on this information
can be transmitted to the plane. If the transmission rate is rapid, then the
ground is receiving peosition information and computing and sending correction sig-
nals at very short intervals, creating the effect of nearly continuous corrections
Yo the aircraft. On the other hand if the transmission rate is slow, there will
be a delay between the time that the positioen information is received and a cor-
rection signal computed, and the time that this correction signal is transmitted
to the aircraft. By this time, the aircraft will undoubtably be in some other
position, but the ground must compute its correction on available information which
had been gtored from the previous (and perhaps prior) message receptions,

88. Part (b) of Figure No. 7 shows the position error signal being
measured at discrete intervals. The repetition date of this interval is the mes-
sage rate but for purpose of discussion, each interval will be indicated numeri-

cally: i.e., 0, 1, 2, 3, etc. Part (¢) shows the correction signal that is sent

to the aireraft. It is desirable from the standpoint of understanding, to follow
the procedure for a few intervals.

89. At t = 0, the aircraft is given a command to follow a track.
The airecraft starts to respond. At interval 1, the ground order is based on the
position information received at the previous interval. No position error was
recorded here sc no correction signal is sent with this message. At interval 1,
however, when the message is sent, a position error of the magnitude as shown at
interval 1 is measured and sent back to the ground. Now at message 2 & correction

CONF IDE: "3o=
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signal can be sent, but this is of a magnitude based on error as measured at the
previous transmissiop. (The correction signal is opposite in direction as the
measured position error signal.) Similarly, the correction signal sent at mes-
sage 3 is computed from position error received at 2 and Stored until message 3
is sent. The correction signal sent at interval 4 is computed from position error

received at 3 and stored until message 4 is sent.

90. From this, it is obvious that the ground order (the computer

91. It is also readily understandable what an effect the rate of
transmission has on the position control of the aircraft. By increasing the rate
at which the continuously recomputed data signals are transmitted between the
ground and the aircraft, the response of the aircraft will show the effects of
"tighter" control up to a point beyond which no further improvement may be accomp=
lished, due to the fact that the aircraft's inherent responses are not to be im-
proved despite faster data rates, At slower data rates, the aireraft will show
increasing departure from desired flight path due to "looseness" of control to a
point where the rate is toc slow to give any correction effects whatsoever.

92. It is therefore the objective of the data=transmission simu-
lator to perform operations that will duplicate the concepts of the transmission

system as outlined in the preceding paragraphs.

93. There are two goals outlined in the previous section that must
be attained to create a data-transmission simulator. They aré, first, to have the
ability to store certain diserete information in the system and to pass this on
at certain discrete intervals; and second, to be able to control the repetition
rate of these discrete intervals at will over the prescribed range of transmission
rates of the data link. A cireuit has been developed to accomplish these goals

Be
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94, Figure No. 8 is a schematic diagram of the data transmission
simulator. The principle of its operation lies on its ability to store certain
discrete information on condensers and to pass this information on at discrete
time intervals. To obtain this goal, there are two separate condensers which are
charged to the amplitude of the continuously varying correction signal and dis-
charged at specifisd intervals. (In this case this signal is ZCZ?§7-95) + ﬁ:g‘f//ﬂ
déﬂ'n +~?q27;> (This will be discussed in detail later in the report.) In Fig-
ure No. 8, these condensers are designated as Cy and Cy.

95. A typical cycle of operation may be described as follows, As-
sume for purﬁoses of this consideration that old information is on C2 and new in-
formation on C1+ In the first step of the cycle, Cy is gated to ground and the
condenser is completely discharged, ready to store new information. In the second
step of the cycle, a gate is actuated which allows the voltage on C] to control
charging of Cz. In the third step of the eycle, condenser Cy is discharged to
ground and prepared for the new signal. In the fourth and final step of the cyels,
a gate is actuated and a new voltage is stored on Cye

96. The timing of each step in the cycle, as well as the frequency,
is carefully controlled, This is accomplished by the use of a free=running multi-
vibrator and & series of four one-shot multivibrators. The pulses obtained from
the consecutive one-shot multivibrators are used to trigger the four operations
in each cycle.

97. The free=running multivibrator establishes the frequency of
the cycles. This unit is capable of furnishing a square wave with frequencies
from 125 eps to 50 ke. It is accomplished in two ranges: the first, from 125 cps
to 2.5 ke which will be called the "low range"; end the second, from 2.5 ke to 50
ke which will be called the "high range." These ranges are obtained by switching

condensers. Within the ranges, the frequencies are regulated by a ganged one=-
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megohm potentiometer. This changes a governing time constant, and consequently
the frequeney of operation.

98. The square wave generated by the free-running multivibrator
is differentiated, inverted, and used to trigger a one-shot multivibrator. The
one=shot multivibrator operates through one cycle furnishing a pulse. The positive
pulse is used to activate a gate. This output is also differentiated and the samc
procedure follows for each of the three remainihg one~shot multivibrators.

99. Each of the one shots in sequence furnishes a pulse which ac-
tuates one step in the operation of one cycle. It can be noted that the one-shots
also have capacitor switching, A two-microsecond pulse is formed for use in the
high range, and, by switching, a forty-microsecond pulse is formed which is used
in the low rangs.

100.  In this manner, a frequency of operation is established and
during each cycle four steps are accomplished. This assures that the condensers
Cy and Cp are not only charged and discharged in an accurate manner, but also that
the frequency of these operations can be accurately governed. This allows the
circuit to simulate operations from 125 cps to 50 k¢ in real time, which in the
time scale of the Philbrick Computer will be operations from about 10 times a sec=
ond to about one every 40 seconds.

101. The data=-transmission simulator is packaged for optimum use
by the experimenter. A front panel is provided, upon which all control instruments
are mounted. The experimenter may contrcl the range over which the unit is to be
operated by a "high-" and "low-range" switch, control the frequency of the free-
running multivibrator by a potentiometer control, and control the output by mesns
of a potentiometer. The panel also incorporates convenient input and output jacks,

plus several test points where important points in the circuit may be reviewed.

DB
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102. By means of this circuit the operation of the data transmige
sion system is reproduced in the form of a simulator for use in the study.

f.

103. The objective of this contract is to determine the effect of
discrete data transmission rate upon the flight response of an aircraft under
¢losed=loop ground control. As has been previously discussed, the closed loop
is made up of analogs of the aireraft, the autopilot, the discrete data link, and
the ground controller. The "ground=controller simulator™ is the only concept not
yet covered. This section outlines in brief the theory of its operation.

104, The ground controller is that element of the closed=loop sys=
tem that is assumed to be capable of governing the flight path of the aircraft.
This is accomplished through orders given to the airplane in form of track changes
and correction signals given to the aircraft based on error data. By usse of the
ground controller, the positioning of the aircraft can be controlled.

105. It is assumed for purposes of this study that the ground con-
troller has available a high-speed flight=path computer, which computes flight=path
correction signals based on aircraft position errors. For instance, reservation
must be made to provide a place to insert an ordered track change, and also to
compute new correction orders to be transmitted to the aireraft that will bring
the aircraft finally to the desired track.

(2) Flight-Path Control

106. Ordered heading changes are transmitted to the aircraft system
by means of an aileron deflection, If the concept that all turns are coordinated
is accepted, which is in fast an extremely valid assumption for these applications,
then the rate of change in heading is proportional to the bank angle. On these

premises then, the magnitude of the bank angle governs the lateral mode maneuvering
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of the aircraft. The magnitude of the bank angle is determined by two factors,
(1), heading error, and (2), track error. It is necessary to evaluate these two
magnitudes separately to get accurate flight-path response, Ordering a plane to
a new flight path by heading error alone is not sufficient. It is obvious that
under certain conditions (external disturbances, large flight path orders, etc.,)
that in an aircraft being controlled by heading alone, the heading error would go
to zero before the aircraft had actually attained the actual flight path as or=
dered. For this reason, another component of the bank-angle magnitude is the track
error or deflection error from the ordered flight path. With this megnitude pres-

ent, even if the heading error goes to zero, the deflection error remains and pro-

vides the signal necessary to bring the aircraft back to its ordered flight path.
By use of the combination of these two errors, the aircraft can be effectively

controlled.

(3) Heading=Error D ation

1C7. The heading error is simply the difference between the head-
ing of the aircraft ((/) and the ordered heading of the flight path (7?). The
aircraft heading is one of the responses of the aircraft and may be extracted di-
rectly. The heading orderad is injected by the ground controller and will be dis=-

cussed later in the report. To write the heading error in equation form

fo = (n-¥) (23)

!

where / = ordered heading and 97 = heading of the aircraft.

(4) Deflection-Error Derivation

108, The derivation of the deflection error is demonstrated graph-

ically in Figure No. 9 entitled "Determination of Rate of Deflection.” By consid-
ering the forces acting on an aircraft at any instant along its flight path, it

is possible to determine by trigonometric analysis the value of the rate of
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deflection (S). The rate of deflection in ft/sec is:

S=v-u(n-v) (30)

where v is the sideslip velocity and u is the forward velocity., Letting v = Su
where /3 is the angle of sideslip, obtained directly from aircraft simulation, and

integrating the rate of deflection ( &) to find the deflection & in feet, the

equation becomess

5= [(g-nev)dt (31)

109. The bank angle command is the sum of these two signals, the

heading error and the deflection error, with their respective gain factors., In

equation forms

C¢ = kA [(r(— v) + KS &J’k’/ﬂ?' ne¥)at (

-

where F(S- position deflection gain
KA = autopilot gain.
110, Making use of the concepts outlined about the Ground=Control
Simulator, exercises distinct control of the aircraft from the ground. This analog
is added to the others to complete the closed-loop system for flight-path analysis.
2. Flight-Path Analysis
a. Theory of Flight Paths

111. The purpose of this study is to investigate the effects of transe-

mission rates, azimuth errors and external disturbances on the aircraft response
characteristics. To do this, a closed=loop system for flight=-path analysis has
been set up., Bach of the components of the closed=loop system has been evaluated

previcusly in this report. The incorporation of these analogs into a composite,
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closed=loop system is shown in Figure No. 10, PFurther discussions of flight=path 4
analysis will be based on this schematic diagram. !
112. For the purposes of flight-path analysis, a step input of discrete :
ordered track direction is used as a forcing function, There are several reasons {
why this type of forcing function was useds (1), sources are readily available
that allow some degree of control to be exercised over the step, such as magnitude
control and in application of a square wave, control of the frequency; (2), such
a forcing function is completely descriptive; and (3), discrete track-direction
step orders are most likely found in procedure m&neuveriné in actual practice. The

magnitude of the input function is calibrated as a function of the magnitude of the

ordered track change.

113. For the purposes of this study, a square wave of 10 cyclea/sec is

used as a step-function input. This function is one=half-cycle positive and one-

M’ half-cycle negative. One half of a cycle is studied at a time. Converted to

machine time at the ratio of 2500 to 1, and applying T , the rondimensionalizing
time factor of the aircraft (3), this half cycle appears as six minutes in real ki
time as displayed on the CRO. It is this time interval that is used as a base in b

the study of the responses.

114. The cyclical square wave is sspecially suited to application in

f‘ this study. In effect, the aireraft is being given orders of equal magnitude al- w

ternately in each dirsction. This path gives the investigator ample opportunity

to study the responses as the aireraft is given a discrete flight path to follow

115. Perhaps a more graphic demonstration of this principal can be ob=
I tained by referring to Figure No. 11. Here the ordered track and flight=path |
i response are sketched for a typical command used in the flight=path evaluation, )
’MW By investigeting the response of the aireraft to such an ordered track, together
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with certain other conditions (such as wind disturbances, transmission rates,

ete.,) analytical results can be obtained.

b. T 88 R
116. The study of transmission rates can be accomplished by use of the

data=transmission simulator, with varying transmission rates. There are practical
limits to the repetition rates that need be explored. The upper limit of the
trensmission rate is where an increase in repetition rate can not improve the
quality of response of the aireraft. The lower limit is where the rate is slower
than & practical data 1link would employ. Generally speaking, the transmission
rates were kept within this region. More specifically, rates of 1~TE messages
per second, to one message every ten seconds were used for a definite region in
which to conduct quantative measurements.

117. To demonstrate the effect of transmission rate, see Figure No, 12,

M’ Ihis shows the effects of transmission rate only on the responses, as in this
series no limits were imposed on the system and no external disturbances such as
errors or wind were injected into the system. Oscilloscope pictures of bank angle,
heading, and deflection responses are displayed. Note that no appreciable change

in bank=-angle response is apparent, In the heading and deflection responses, how=

ever, there are noticeable changes in amplitude and time constant at the lower data

rates,

” | ¢. Limits on the System

i 118. In order to simulate the finite bounds of aircraft maneuverability

from both a physieal and practical viewpoint, certain limits are proposed for the

M system, .
\N.w (1) Bank Angdo Liit

119, One of these is & 1imit of bank angle, (indicated as By on

| 'MM‘ schematic diagram). It allows restricting of bank angle called for by error signal
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so that the plane never assumes an excessive roll attitude. Factors which, in
certain circumstances, could indicate a tighter setting of this 1limit are pilot
discomfort due to the effects of noise (see para. d., below) G loading, and land-
ing altitude control. This limit is in effect creating a nonlinear restriction
on the system.

120. For the effect of a 1imit in bank angle on the systems refer
to Figure No. 13. In this case the bank angle was limited to a small value of
$2 degrees. No errors or other disturbing factors were injected. The effects of
this limit are prominent in all three of the dic splayed responses. The display of
the 1limit on the bank-angle response may be observed. It also restricts the rate
of turn so a rather well-definsd slope of heading response is present. An even
more pronounced effect is seen in the deflection response. Note that the response
time is much more sluggish due to the 1limit in bank angle. (Compare Figure Nos.
12 and 13.)

121. Digressing momentarily from the main subject of the report,
it is interesting to investigate the effects of the magnitude of bank angle on the
rate of turn. Figure No. 14 of this report 1s a plot of rate of turn verses bank
angle for coordinated turns, It is also interesting to observe these results for
varying rates of forward velocity. As expressed in graphic form for a given bank
angle as the forward velocity of the aircraft increases, the rate of turn in de-
grees per second becomes progressively slower. It can be seen that for a high=
speed aircraft with a small allowable bank angle, the time of response would be
prohibitively long for quantative observation within the capabilities of the pres-
ent system.

(2) Heag imit

122. In Interim Engineering Report No. 4, reference was made to

the need of having a limit in the heading called for by deviation. At that time,
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considerations were made to insure that for large magnitudes of ordered track !

change, say 90 to 180 degrees, the aircraft would not return to this track at some

impractical heading, If a large track change order were given to the aireraft, it

is conceivable that it would fly at a rate of turn limited only by bank angle until %

there was no longer a heading error, but at this point a large track deviation ﬁ

might still exist. The deviation error would call for a large heading change and T

the aircraft might well fly back to the ordered track at some unreasonable angle.

For such magnitude of orders, the 1imit in heading called for by deviation is war- |

ranted. |
123. However, after further study of the criteria for assumptions

made in the development of certain components for this study, large magnitude track
orders are not feasible. For instance, the aircraft simulation validity depends
on the assumption that only small disturbances from an equilibrium flight path are

M’ injected. Therefore, for analytical study, only small track orders will be given,

on the order of 15 degrees or less. For this magnitude of order, no heading called

for by deviation error limit it deemed necessary. No large deviation errors will
¥ 24

’j.:é be developed under these conditions.
)

do

(1) Philosophy of Accuracies in Position Information

124, The limiting factor in the tightness of control of the air~

craft is the accuracy of position information. If the position information were

perfect, the limit would be aircraft maneuverability. However, with present navi-

‘I

gation systems, position errors largely overshadow the other limits. In the case |
1

‘ | of R - @ navigation systems, the uncertainty in © makes this factor assume partic= ”W,
ular importance at or near the sxtreme range of the system. A reasonable figure |
i
| for the rms error in azimuth information is tl/L degrees. This amounts to about ‘“
| | |
| ‘ \
| 'Mk 31.7 miles &t a two hundred mile range. It has been assumed that the distribution {
. M
i 3 -35m |
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of these errors will take the form of a random variation centered very close to the

correct position. In addition, the frequency spectrum is considered to be flat

(random in time as well as space). The high-frequency cutoff of the spectrum, due

to the time constant of the navigatlion system, may be ignored. |
(2) as Used in This St i

125. In the present system, the mamner in which these inaccuracies

are introduced is by Wt lmeRing m surs whi%e se svdon o tos soures W Yo Jevidtion i

loop. The noise injected must be truly random and certain assumptions must be made

about it,

126. (&) First the error must be assumed to be random from
transmission to transmission. If the noise is sampled at a discrete rate, then ”
sach sample must be as random and of the same rms value as any other sample. This
also assumes that any other error than that duplicated by the purely random noise,

MR even of the same rms value, creates e less violent perturbance on the aircraft,
The manner in which noise creates the disturbance will be dis scussed later in this
section, wherein the above assumption will be held valid.

127, (b) Secondly, in accord with previous criteria deterw
mination for this study, it is assumed that the aircraft is flying so that azimuth

error will have the most effect, Therefore, the random noise will be used to in-

\
i
dieate this error. W

i
128. For purposes of this study, noise was obtained from the phone j
i

| output of a Hallicrafter SX-28, with the ref gein turned up. By allowing control

{ E of the magnitude of the noise, and injecting it into the deviation loop through a

coefficient unit of the computer, it is possible to simulate the megnitude of devi=

4 ation error due to noise (azimuth error) present at any range.
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129. In order to have the aircraft return to its ordered flight
path quickly, the position gain f(g must be large. However, in using this high
value of gain for fast response, the effect of the random noise signal 1s also
large and causes the aircraft to maneuver violently. This is most noticeable in
bank angle since the plane rolls violently first to one side then to the other.
This, of course, is an undesirable situation and some scheme which would effec-
tively 1limit the effect of the noise signal and still provide some deviation con-
trol is desired. There are several methods of attacking this problem. In a sense,
these methods are integrating devices to obtain more feasible roll=-rate charac=
teristics,

130. The objective is to reduce the violent effect of errors to
an acceptable tolerance. For purposes of this study, an acceptable "flutter" of
bank angles is taken arbitrarily as #2-degree maximum for ordinary service. One
method of obtaining this goal is to reduce the deviation gain until the effect of
the random error is within the accepted criteria (#2-degree ﬂ)o The effect of this
small position gain (ﬁﬁs ) with the random srror injected on the bank angle (4),
the heading (sé) and the deflection (&) is demonstrated graphically in Figure No.
15. The random error of a magnitude which represents this position error at a
range of 50 miles was injected for these responses,

131. Compare these results shown in Figure No. 15 with those shown
in Figure No. 16. The later gives response of bank angle, heading, and deflection
with a deviation gain equal in magnitude to the previous configurations; but with
ne random error injected.

132. Another method of integrating out the effect of the error
signal is to limit the bank angle called for to the acceptable criteria of #2=-

degres ﬂ} This method has the advantage that ths deviation gain does not have %o

-37-
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be reduced, and it filters through the limited bank angle by calling for a bank
angle more often in one direction than in the other. The deviation gaein in this
instance is on the order of 10 times its magnitude in the reduced k(g case,

133. A display of the effects of an error signal so limited on
the bank angle @, heading (90), and deflection () responses is shown in Figure
No. 17. The random error of & magnitude which represents this error at a range
of 50 miles was injected for these responses.

134, Comparison can be made with a similar setup using a limited
bank angle of 12 degrees, but with no error signal injected, by referring to Fig-
ure No, 13,

135. As was indicated, both the previous error signals used for
the demonstrations of these two methods were of a magnitude that represented errors
at a 50-mile range. For further demonstration of the effects of this random error,
refer to Figure Nos. 18 and 19. For these runs, s random error signal equivalent
to a range of 200 miles was used. Figure No. 18 is a display of bank angle,ﬂ,
heading (yb). and deflection Q; ) for responses with the reduced position gain
(ﬁ(é\) end the error at 200 miles injected. Figure No. 19 is a display of these
same responses with the bank angle limited (2 degrees) and the error at 200 miles
injected.

e« Consideration of External Dist

136. As described earlier in the report, there are other factors which
seriously effect the positioning of the aircraft. Heretofore, these factors have
been called external disturbances. Probably the most prevelant of these external
disturbances is wind and for purposes of further discussion, will be referred to
as such. Wind must be investigated as it is a continuocus problem in flight.

137. It is possible to duplicate the effect of a crosswind on flight
paths by injecting a step, properly celibrated into the deviation loop of this

«38=
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system. (Refer to Figure No. 10 for the point of injection.) This step of wind

is injected simultaneously with the ordered track command so as to take effect at

the instant the order is given.

138. To evaluate the effect of crosswind on the flight paths, a

signal wnose magnitude represents a 10=knot crosswind was Injected into the system.

S AT orenting Yo etmerve the «ffects of $ds d1sturbance on the various alF-

craft responses.

139. Figure No. 20 displays the effects of & 10-knot crosswind on

the rosponsec dn bank angle {(fY, heading {99}, and Jdeflectivn (5 ) with the bank |
anf:.ﬁ ...iﬂ'i‘- 1 j‘) .'1-!;- By Wta I:k!lvl If“ }ah...iaﬂal‘hufh-u b!fJut 1s LI TAL& klUIiUcLiUll
response. A small constant deviation exists when it reaches the steady-state por-

tion of the response.

*M' 140. Figure No. 21 displays the effect of a 10=knot crosswind on
- roeponzes with emall position contiul (Fi;;}. Here the eftect on the detlection ¥
response is more notiscwmdles. The mefisszir 4e Ter *he gout par; divergalt wnd I
when it finally reaches an equilibrium flight path, a large deflection error %
i
exists., m

SECTION D - CONCLUSICNS

i
141, If the system as seot up for this study could be considered ideally, l
i.8., with no transmission inaccuracies or external disturbances considered, ac- j{
curate measurements of rate data for optimum performance could be obtained. Under ﬁ'
i
these conditions, the "snappiness" or "sluggishness" of an aircraft could be de- ﬂw_
i
termined as a function of rate data for most any maneuver. M
|
ins
L 3
I
‘%i
| |
1| |! } ‘w -‘
Ayl V00000 000 000 O M i r
yil il !V!”'!\:!H“!W"W"""'“"!;."J!:;N" 0 00 O O 00000

I il



- MWWMWWWWWWWWWWMWWWWWWWWWﬁwﬁmﬂmwwwmwwwy‘m o Mw‘WWMWWWMWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWM

142. Practically, however, with azimuth errors and other external dis-

turbances being brought into account, the sharp response with short time constants

et o orger be hored Tor; s the meams oF rostricting the stfect of These 4is-
turbances also makes the response more sluggish.

143, There are two means of limiting the effect of azimuth errors

(nofsej. Bach Iu effect is a aeviee that smoothes out the violent mansuvers called
for by the azimuth errafss tmu of those metm.oe 1o 1., momwes 115 Gowl 4w, gult

to a point where the random error signal does not have more than an allowable ef-

fect (+2-degrees g). The second method is to restrict the bank angle of the air=-
craft so that no response called for can be greater than allowed by the 2 degrees
[ Bnk mgles Tn 1hle pebhoe, tho cefTootion Slgual Tilters Uhrough the 1lulted
bank angle, calling for a bank angle more often in the direction of the desired
flight path than in the other. It is feasible to evaluate these two methods, ‘

m’ 144. In evaluating these two systems in the presence of azimuth errors

only, refer to Figure Nos. 15 and 17. The following deductions are made from these

displays.

145. (a) The case of the bank angle being limited (42 degrees) ,

there is a greater path deflection than in the case of small deviation gain (k(s_).

146. (b) The case of limited bank angle, however, shows a better 1

demping characteristic to the ordered flight path than does the case of small de-
viation gain.

147. If this system were evaluated on this basis alone, it would be "9

difficult to decide which of the methods was more effective, A more academic evalw {

uation could be made if oply this type of disturbance were present. In a practical x'!

system, as has been represented in thig study, however, other external disturb-

ances becoms evident which tend to make the evaluation of the two systems less
| ﬂmn“ difficult and on more finite grounds than in the previous case. :

(O f
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ﬂ 148. In addition to inaceuracies in azimuth information, the effect of

WM' wind must be considered. To once again evaluate the two methods of limiting the
effect of the disturbances, refer to Figure Nos. 20 and 21. The following results
are obtained from this ecomparison.

149. (a) In the case of limited bank angle *2 degrees, a 10-knot
crosswind creates a small steady-state deviation in studying the deflection ()
response of the aircraft.

150. (b) In the case of small deviation gain, the deflection

error has a large steady-state value. In this case, a 10-knot erosswind is con-

sidered, the steady-state error for small position gain being on the order of ten
times the steady error created with the bank angle limited.

151. On the basis of these evaluations it is obvious that in the face
of both azimuth inaccuracies (random noise) and winds, better position control is

m' available by use of the limited bank-angle method of reducing effects of the random

error signals.

PART II - RECOMMENDAT IONS
1. ndings g St

152, In an idesl data link with no navigation system errors or unknown

winds, transmission rates could be accurately determined for optimum responses.

| In the presence of these disturbances, however, the positioning does not depend
Rllj so erucially on the rate data, the effsct of some of the random errors overshadow=
' ing their value.

i

{‘\ 153. In view of the effects of these disturbances, a statement may be

;L made regarding the upper boundary of the transmission rates. In the case where

'mp only the azimuth inaccuraciss (random noise) is considered, a message rate of one
.
i

‘ ‘HI EN “4:1‘. ‘“.

whWWmmmmWWmmmmWWmwwwWWwwmmmmmwwmmwwmwmwmwmwmwmwwwwwwmmw WWWWWMMWWWWWWWWWWWMWWWWWMWMWWWWWWMWWWMWMWWWMWWMWWWW
Wi )i & R I fI 1 L LN R e | i L L

(e



V‘}mwwWMWMWWWWWMWWWWWMMWWMwwww“WW“WWWW B T e e e e

CONFIDENT AL

message per three seconds is about as effecpive as continuous informtion. (In-
finite rate data.) That is, rate data with higher repetition rate than one mes=
sage per three seconds, produce no appreciable improvement in asircraft positioning
control.,

154. Where external disturbances such as wind are considered, message

rates of one message per ten seconds are about as effective as continuous informa-

tion,

b. Positioning in the Presence of

189, Tarityg all e provious evaluatious of The system 1nto account,

it is possible to arrive at a suggested means of positioning an aircraft. This

means of positioning is derived in the presence of navigation errors and external

disturbances, such as wind,

156. For large changes in position, i.e., large ordered tracks, the air-
craft is controlled by heading alone. This eliminates the presence of errors that
are injected through the deviation loop. The plane is given flight path commands
that are & function of the heading error signal, (M - %) where 1] = ordered track,
and sb = aireraft's heading.) There is good reason why this method should be used.
Primarily, no limit is needed in bank angle which"wom&&mﬁ%ﬁ%mﬁo make response ex= |
tremely sluggish. In discussing methods of integrating out errors, it Wae SyRpEes . ‘ﬁ
that the bank angle was limited to #2°., This limit would place a serious restric=

tion on the aircraft's ability to make turns. When flying by heading alone, no

artificially small limit is placed on bank angle, and only inherent maximum bank=

angle characteristic of the aircraft limits the cptimum responses allowed.

157. When the aircraft heading is within 15 degrees of the ordered track
direction, position control is added. In this region, the combination of position
control and heading control is more accurate than heading control alone. Also,

the means applied to reduce the effect of error signals do not hamper the aireraft

i
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performance and maneuverability as seriously. For instance, the limited bank-angle

method of reducing effeect of errors, if applied to large commands, would make air-
eraft response prohibitively sluggish. This restriection is not as prohibitive in
the 15~degree region.

158, In the region where position control is applied, the aforedsscribed
method of limiting bank angle (12 degrees) is found to be the most effective. The
reasons are as follows:

159. This method is least sensitive to errors (random noise) and
external disturbances (winds). Responses of the limited bank angle (f) are as
good as small position control in the presence of noise only. In the presence of
winds, using small values of position contrcl is practically useless as divergence
and large steady-state errors exist. With the limited bank engle, large values of
position control may be used which filter through the limited bank angle to posi=-

l’ tion the plane more effectively.

| 16C. In summary, the results of this study show that the most effective
way to position an aircraft in the presence of navigation errors and external dis-
turbances are as follows:

161. (a) For large commands of ordered track, heading alone most f

effectivaly positionﬁmgircr&ft.

162. (2) For reglons of 15 degrees around order track, the combi-

nation of heading and positiun control with a limited bank angle (#2 degrees) most

effectively positions aireraft.
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