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ABSTRACYT

This report presents a practical technique for designing automatic

.and semi-automatic (gulckened) control systems for air cushion ve-

hicies (ACV's). These systems have been designed to minimize a
ma jor problem in ACV control, vehicular sideslip. General equations
of five degrees of freedom of ACV dynamic operation are included from

" which a ﬁathematical model can be derived; this derivation 18 also

included. The design ‘technique is valid for most vehicle configura-
tions and examples of lts application are included for three different

control methods, Thé quickened concept is explained and results of

its usage are included. Analog computer data is presented for turning
ﬁaneuvers*at the operating conditions for which the systems were de-

'signed as well as at off-design points.

AFrbm the study that.preceded this report 1t was concluded that an

autom@tig&op’a quickened,control system for an ACV offers distinct
advantages over conventional ménugl control, particularly in—minimizing‘
sideslip andAestablishing.ahd.maintaining“a<cqmmand heading.
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INTRODUCTION

Maneuvering an air cushion vehicle (ACV) presents difficulties that
are unique to this mode of tr nsportation. Because tb2 vehicle is
designed to minimize surface friction and water drag, it has little
resistance to side and yawlng motion. Therefore, external forces must
be applied simultaneously to control these variables. An analog com-
puter investigation1 has conflrmed that manual coordination of these

forces 1s difflcult.

To give the ACV operator contrcl of these forces the study summarized
in this report, was conducted under contract NObs 92050, Phase II,
The project was to provide a method for desligning automatic and semi-
automatic control systems with the following capablilities: accurate
course-keeping in the presence of disturbances, and accurate course-
changing with a low sideslip angle. Sideslip is defined as the angle
which the relative wind makes with the vehicle's bow (see Appendix I).

Both the automatic and semi-zutomatic approaches were designed for the
three existing ACV configurations shown in figure 1l:

1) propellers located fore and aft of the center of gravity
(C. g. )‘,‘:"- '

2) propellers located behind the c.g.,.and:
3) rudders located behind prepellers behind the c.g.

Three configuratlons were chosen to ensure ﬁhat the design procedure
1s generally applicable.

Since the equaticns developed for the mathematical representation of
the vehicle were too nonlinear and complex (Appendix I) to use for
control deslgn, they were reduced to a manageable form by assuming an
operating condition and linearizing the equations about this condition
(“ppendix I). The response was checked for off-design conditions to
see what effect this variation would produce.

Iﬂ superscripted number in the text refers to a publication listed on
page 37.
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CONFIGURATION. "A" - PROPELLERS. LOCATED FORE AND AFT OF THE C.G.

CONFIGURATION "C" - RUDDERS LOCATED BEHIND C.G.

FIGURE 1 VEHICLE CONFIGURATIONS IN CONTROL SYSTEM DESIGNS
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From these linearized equatlions a transfer function was derived from
yaw moment to vehlcle heading. Thils transfer function combined with
specifications of maximum turring rate, acceleration, and zero over-
shoot was used to design the vehicle controller.

The linearized equatlions were programmed on the analog computer and

the response vas compared to the predicted response after studying the
analog computer simulator shown in figuve 2, Variatiions of the feedback
terms were made where it was nece “ry to minimize the deviation of

the actual response from the predicted response. Then the exact
equations of motion for the vehlicle were programmed and the response
was again studied and the controller modifiled.

For the semi-automatic (quilckened) system,two différent forms of
display signals were used. In the first, the stick position (i.e.,
acceleration input) was used as cne of the feedback terms; in the
second, this term was zero. In this system,while the actual control
is completely manual the use of the manual control is dlctated by an
error display presented to the operator. For the well-behaved turn
there are two quantitles which must be controlled: side force and
vaw moment, '‘Two methods were used to display these two controls
(figures 15 and 16),

If the operator keeps the contrcl signal in the proper position, the
forces which he commands should produce the same vehicle response that
would have been produced by the automatic system. Trerefore, first
the automatlic system was modified to allow the operator to act as an
error detector and an actuator within the control loop. Then the
quickened system was redesigned by verylng the parameters to produce

a good response without too much cperator effort.

This design procedure was- used for three vehicle configurations:
fore- and aft propellers, two propellers behind the ¢.g., ar.®? nudders
‘behind two props behind the c.g. Results were obtained for iach of
these caces and are incliuded in the appendices,
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DEVELOPING A MATHEMATICAL MODEL.

To describe the dynamic operatlon of an ACV, equations of motion must
be available from wiilich a mathematical mod:l can be developed; thesé

'qugﬁiogg vere ontained from reference 1. Together with the data on

Eicetric Boal's test vehicle SKIP-1, they describe all the forces that
act on the vehiclé in any dynamic condition. Their derivation applies
to any ACV with particular emphasis on a vehicle equipped with rudders.

™ve degrees of freedom are inciuded in the equations. - forward
veloelty, side veloeity, piteh, roll and yaw, with only the heave
dynamics omitted, The two dominant equétions used to deésigh a .con-
troller for the vehicle ars the side force and yawing moment equations.
Each of the other equations contributes terms which affect these two
equations, but the comp1exityAis réduced by a simplification technique,
The method of simplification was to select an opérating condition and
linearize the egnations about this poirt.

The linearization of the eguations was accomplished by taking the
partial derivatives of each of thé acceleration terms with respéct

to the fundamental variables. The partial derivative was evaluated
at a particular condition and this value was used as a constant slope
of the acceleration with respect to the variable., For example, ‘the
yaW»acceleratton(Wl is a function of thé left proéopeller pitch angle
(BL), the right propeller pitch angle cﬁR), the propeller speed, the

-rudder angle (GR), the side velocity (V), the forward velocity (U) and

the yaw rate 6%). If external wind isfconsidered,,yaw acceleration is
algo a function of the magnitudé and angle of this wind; however, for
the examplé, wind was heglected,

With a constant propeller speed, the above statement may be written
as an equation:

¥ = f(‘BL: ﬁR’ 5R;! V: U, 'W) "'_A' g.

- If the lineérization technigue 1s used, regardless of the complexity
of this original function, the final form 1s simple,

5




The linearlzed yaw moment equation 1is

o= DB ap 4 OB 3g OBAV « e,y
Ay = % 8By + agRABR aﬁBABR + oAV 3%AU + WM

‘Each of these partial derivatives reduces to a.constahtzﬂhen'evalu@ted~
at the selected operating noiht The symbol A denotes a deviation from
the operating condition, If'B%’ is deflned as k, and~ég— 2 k., €te.,

b aBR < ‘
then in the ri~iniby of t¥- operating point

¥ = leL koﬁR + k35R + k4V + kSU + F6W

This same Sechnique was applied for all of the equations .of the vehi-
cle, and the result wag linearized equations of a gimilar form.

It must be established over what magnitude of perturbation of each of
the variables the =quatlons are accurate., There are two problems
which might arise in such an approximation techriique. The first pos=
sible problen 1s that, although originally the vehlcle 1s cperated at
the design condition, during a specific maneuver the linearlzéd equa-
tions do not c¢ffer an adequate descriptlon of the motion because of B
prominent nonlinear contributions during the maneuver. @he second “
problém is that a controlléer which is designed for 6ne condlition may
perform properiy in that situation, but at .a slightly different,oper4
ating point may react enbirely differentiy.

To check the valildity of the linearization it is necessary to either
examineé the linearized equations which are the result of deviations
from the original operating conditions, or- to study the controller
actlon when 1t 13 used 6n an analog or simflar simulation,. If the
linearized equations offer an inadequate description of the nohlinear
equations, a nonlinear term can be introauced-tpﬂvalidate the equatlons,
In some caseg, mecre than one nonlinear‘%erm may. be ‘necessary to produce
equations which represent the exact equations o6f motion with sufficiént
accuracy over & reasonabie range, If one .or more nonlinear ferms are
introduced tive equations are still much simpier Lhan ohe or¢gina1
expressions; .

L
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o choek the possibility that the convroller is acceptable in one
vepton et not offective In another, there is a mebthod similar to
the rne for checking he validity of the linearization, A nonlinear
conTraller can be desipgned such that the nonlinear term is used to
wipunsa e for the variation wnich produces the error, For SKIP-1,
ayter caleulasions were made to defermine linear sets of equatlons,
w controller war designed for selected operating polnts, and tesis
ware pade on the analog compuber; the test results proved that the
linear systems gave acceptalle confrol respohse.

W the equations of the ACV wece, linearized, it was eaéier’tq take
Lie purtlals of the acceleration terms with respect to some of the
secondary variables,as well as the primary varilables,and %o expand
rhese gecondary vaciabhles In terms of the baslc varlables, The primayy
variables are all of the terms which cannot be expressed by other
“s+tables such as Torward velocity, side velocity, and rudder angle.
secondary variables are those which can be defined in terms of the
primery variables such as sideslip angle and rudder slipstream
*elocity.  The simplification technique, as well as the {inal Iinear-
izza equations for several situations, is shown in Appendix 1, These
aquations were used for the control system qesign.
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ARALOE COMPUTER STUDY

-For discussion purposes the conmputer facility is divided into three

£rouvops::
¢

1) the simulation equipment for the vehicle dynamics, _
b
2) the simulation equipment for the vehicle controls, and

3) the display and recording equipment.

In the first group, the simulation equipment for the vehlcle dynamics,
a 48 amplifier EAI Pace analog computer was combined with 48 additional
Embree amplifiers to provide the analog computer representation of the
equations. The exact equations of motion were used, i.e., those in
fppendix 1 befoére thé linearization process. The complete analog com-
puter program for the vehicle dynamics with manual controls is shown
in Appendix II, page II-2. This i1s the entire program, except for
the display circu&try,fthat was used 1n the study of the“quickened
system with rudders bepind the c¢.g. For each of the other systems that
was studled with this program, modifications in the -¢ontrol force
simulation had to be made. With the other vehicles the rudder contri-
hutlons were disconnecte§>and replaced by the apprcpriate forces, while
the remainder of the dyvnamics of the vehicle were considered unchanged
by this alteration. The analog program for each of the controls is
presented in Appendix II, pages II-3 and II-4,

Of the simulation equipment for vehicle control, the major item is

the control station, shown in figure 2. This station was fabri-

cated specifically for ACV simulated control and was used for both the
manual and tue semi-automatic (quickened) studies. Hand and foot con-
trols are provided for all the foreseeable control forces. Wheel motion is
used to control the turning moment in all of the vehlcle configurations.
The stick on which the wheel is mounted has two degrees of freedom:
fore-and-aft ?nd'side;to-side. The fuot pedals provide two polarities

Ry = ——— b et e .- -
TG - Ce it e vty i o o



of the same control force: depressing the left foot pedal actuates
a force in a preselected direction and depressing the right foot
pedal reverses that force. The two hand i2vers to the right of the
operator are independent and can be used for control of other input
“command signals.

The third group of the computer simulation 1s the display and record-
ing equipment. The display consists of the meters: and the 21-inch
oscllloscope shown in figure 2. There are enough meters available
to display all of the variables necessary for effective control, and
the oscilloscope display 1s used for the quickened system which 1s
-explained later. Another use of the sccpe, which was not applied
during this study, could be to give the operator a more informative
representation of sideslip by displaylng vehicle path and vehicle
orientation during a ‘turnlng maneuver.

Two osclllographic recorders were available for data recording pur-
poses, The eight-channel recorder was used throughout the study to
continuously record. the pertinent variables while the four-channel
recorder was used to check unrecorded variables as desired,.

During the portions of the control studies involving manual control,
an effort was made to minimize the number of errors which would be
caused by simulation inadequacies in the display and controls. The
design of the display and the location of the control forces on the
simulator were determined by actual operation; various designs were
tried until a satisfactory one -was achieved.

However, with this simulation technique one major element was missing -
the feeling of motion by the operator. In the actual vehicle the
operator will have this ‘informaticn; therefore, actual vehicle centrol
will be superior tc simulated control.




AUTOMATIC CONTHOL DESI1GN

In order to design an effective automatlc control system for an ACV,

" the desired response must be postulated and an accurate mathematical

representation of the dynamic equations of motion must be available.
For a vehicle with a pre-specified control configuration, the force
and moment limitations nust be incorporated in the determination of

a desired response, If; for example, a turn 1s desired at a maximum
rate of five degrees per second, 50 knots forward velocity, and zero
sideslip, there must be sufficient side force available to counteract

the resulting centrifugal force.

For the control designs described on the following>pages, 1t was
determined that the response should exhlbit these traits:

1) 1In any turn, sideslip should be minimized;

2) The rate of the turn should be determined by the magnitude
of the course change and the available side force at the

operating velocity;

3) The vehicle should turn to the desired heading and maintain
it (no overshoot).

In order to define a reasonable turning rate, 1t 1s first necessary
to determine which of the controls is the limiting quantity. For
conventional control of an ACV, the yaw moment 1s sufficliently high,
but there 1s a scarcity of side force; therefore, the quantity of
side force determines the maximum allowable yaw rate. This 1is true
for the Electric Boat test vehlcle.

Although study of the quickened system preceded that of the automatic
system design, sinece the qulckened system contains several ideas which
are not commenly used in contrel design, the more familiar automatic
contrel 1s dlscussed first.

10



Automatic Control of Vehicle with Two Rudders,Behind.the40enter of
Gravity

ar————

The vehicle with rudders behind the c.g. was considered prior to the
_other two configurations because a complete mathematical description,
ac well ags the analog compufer program, was available for this method
of control, In this study, an operating condition was selected and
the vehlicle dynamics were described by the linearized equations listed
in Appendix I. The operating condition chosen 'had a forward velocity
of 50 knots and all other factors vere zero, except those necessary

to produce this velocity, such as propeller pitch angle and propeller
spéed. The pertinent linearized equations®for this condition are

V = .562¢ - 149265 - .273V- 1.475%
and :

where all angular tocms are in degrees and all linear terms .are in
feet. The small term. which are negligible have not been included

in these equations: BL? ﬁn and U into the side velocity equation and
U and ¥ into the yaw equaticn.

From these equations a turning method can be selected, According to
the side velocity equation, there are two possible sources of side
force: rudder deflection snd roll angle. Roll angle 1s not too
advantageous since it cannot be depended‘upcn«in=choppy water or on
land with cbstacles. ‘Rudders also have disadvantages as side force
contreilers; since they are located well behind the c¢.g., they exert
a moment which tends to ysw the vehicle, In fact, if the rudders are
used for side force during a turn, they provide a moment against the
desired turn. However, the rudders can be used effectively for side
force control 1f, while they are being turned to the selected angie,
a counter moment is applled that makes the total yaw moment zerc.
The source of this countermoment is the same as the moment which
inttiated the turn - differential propeller pitch (AB).

¥ KIT the syxbols for a vehicle with rudders are defined on pages
I1-2 through I1I-&.

11



During a turning maneuvef the situation requires nuilification of the
yaw rate coupling in the side veloclity equation and at the same time
control of the yaw moment. Two decoupling problems are involved:

1) Decoupling the eguations of mobtion, and
2) Decoupling the inherently ccupled side force and yaw moment

from the controls.,

Both of these decoupling actions are possible with the forces avail-
able. The following paragraphs c¢xplain the decoupling process and
the control system which is designed after decoupling.

The fiow diagram of the linearized equations with rudders behind the
c.g. is shown below:

AB - -

,V

FIGURE 3

With the three apparent coupling terms (two in the vehicle dynamics
and one in the gontroller) there are actually only two praoblems:
decoupling the ¥ into V and decouvpling the ruidder force intc the yaw
moment. If these two decouplings are successfully made, side veloc-
vy will result only rrom disturbances, and a pure side force can

e generated to control this undesirable metion.

In the preceding 2iscussion it was suggested that A8 might be varied
with GR so that &R wouia not cause variation in the yair acceleration.
From the flow dlagram it is obvious that if A8 were commanded to

12



equal 'gci GR this would produce an cffective decoupler, at least for
the iinearized model. To decouple yaw rate from the side velocity,
an input into the rudder angle equal to }T%%g ¥ 1s necessary.

‘The decoupled flow diagram appears below:

1.7 1/3
2 . - -
56 ommand > ’ ?
' LEG2
#1 ot |
- 5
r’«acammar;:i B ‘V
FIGURE &
Figure 4 is equivalent to figure 5, the fiow diagram of ideally d=-
coupled equations zhown below.
;) 1.7 + /3 v 1/5 ¥
*O- > —— ->-
<133 .
-
hoe ° fe
E‘ﬁ 1852 S SR A -
-0 — ——
FIGTRE & ,
—
»7
From the appearance of the above dlagram, it would seem feasible to
irtreduce ancther term, egual to ;%ié'v, to decouple the system com-
rletely and have Liucps.dznt cintrel orer fwo zimple riznic.  Housiew,
TLAD An mot advisuile Tor tro scasons: 1) tith ceperste soatvzl oo

gl * %
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yaw angle and side velocity, the gains can be adjusted to make this
coupling term negligible, and 2) small errors in the decoupling could
produce an unstable system,

Control over the second order (yaw) equation and first order (side

velocity) equation 1s designed in the conventional manner with posi-
tion and rate feedback.

Figure 5, the flow diagram of the linearized equation with autvmatic
2ontrol, is shown below.’

VEHICLE CONTROLLEB

FIGURE 6

i o i e o o o ¢ e o

£

r
|
|
|
|
|
l
l
!
|
l
|
|

In this flow diagram the Cg' term i1s used to produce the differential
thrust term needed to balance the rudder mement and the»Kl' term is .
used to produce a side force which cancels the centrifugal force.

K, and Kl determine the natural frequency and the damping factor of
the yaw dynamlics. The C, feedback determines the rate of d=cay of
an unwanted side veloc1t§. If the decoupling is exact, the response

will te cimpiy that of a seccnd order system. However, from

1k



observation of the nonlinearities in the exact equations, 1t 1s
unreasonable to make this assumptlon, therefore, a study was conducted
to determine the -actual response.

“~-

“With the sidé force available at 50 knots, the maximum turning rate
vith no sideslip 1s about 3.5 degrees per second. This maximum rate
was arbitrarily selected for a 2C-degree turn., Por any turn of
greater than 20 degrees this rate will be reached, and for a turn of
less than 20 degrees the maximum rate attained will be proportionslly
smaller, Figure 7 shows the desired turning rate and angle for a turn
of less tha:s 20 degrees. This maneuver will be the result for z new
angle command if -perfect degggpling is available.

Automati¢ Control Design with Frcpellers Fore and Aft

In order to design a controller for the fore and aft propeller con-
figuration, linear versions of the equations defining this configura-
tion must be derived. A mathematical description of the fore and aft
propeller configuration was developed by.subktracting the rudder terms
from the equations for the vehicle with two rudders behind the c.g.
and adding terms for the propellers on rotatable pylons, For .a pre-
cise study of an actual fore and aft vehicle, the aerodynamic cceffi-
cients should be calculated from wind tunnel tests as in the case of
the vehicle with rudders behind the c.g. However, qu<the study of
the fore and aft vehicle simulation, the coefficients for the vehicle
with rudders behind the ¢.g. were used. The resulting, simplified
fore anag aft equations are

¥ Tpsinvy + Tpsinv,

e

i

.562¢ - 2737 1.475¢ +
and

.o - 57.3b!
¥ = .133V + (TFsinVF«- T,sinv, ) 9—1272.

The variables previously undefined are
Tp - Thrust of the propeller in front of the c.g. (ibs),
TA - Thrust of the propeller behind the c.g. (1bs),

15
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‘vF - fngle éf’the propeller in front of the c¢.p. with the
- centerline (degrees)

Vo - Angle of the propeller in the back of the c.g. with the
centerline (degrees)

b - Longltudinal distance of propsllers from the ¢.g. (£t ).,

&

“After linearizing the above equations and computing the values of

the coefficients based on the dimensions of SKIPai, tﬁe eguatlons
become

v

1§

N 5620 - L2737~ 1.UT5) + .COBAS(Tpvy + T,Y,)

.o

¥ = .133V. +.082(TF“VF - TAV'A).‘
Thé,side force for the vehilcle can be obtathed by turnihg both props
to an equal angle. Rnil angle 1§ nof used {or the reasons cited in
the previous section. The yawlng momenf can bé obteined by une of

two methods: turning one propeiler pylon to a silightly different
angle than thé other or  turning bvoth pylons to the same angle :and
reducing the thrust of one prop. Originally the latter method was
used ahd the angle to which the pylons were turned produced a bene-
ficiel side force., However, a study of this method of control on the
analog compﬁter‘indipated an undesirable tail in the reeponse. The
initial part of ﬁﬁe_turning maneuver was as predicted, but in the last
few degrees of the tusn up to 20 seconds were consumed. Analysis of
the system transfer fuhcblon predicts such a response, even for the
iineariéed~sy§tem.‘ The basic problem is that any error ih yaw neces-
sarlly ‘has 6bfaoﬁuate both a pylon angle and differential thrust.

Tests of the <ixrid method, turning the props to different angles,
proved 1t to b&. & satlsfactory. A yaw error commands the forward
propeller to «h 2 -.e which produces the desired turn while a side
velocity error c:amands both pylons to an equal additional angle with
the centerline, Flgures 8 and 9 show the two methods of control.
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Using the same reasoning as in the two-rudder vehicle, figure 10 shows
the flow graph of the automatic control designed from the linearized

~equations of the fore-aft configuration.

VEHICLE CONTROLLER

e e e — =

o “.'11*33:,
Ryl
g
.273
FTooRE 10

In this control loop, K,' is used to bslance the centrifugal fbréeg

Cl determlnes the rate at which the side velocity decays, and»Kb\and

K, determine the response-of the yaw confrol loop. Wlth this cor:trol
syStem design, all of the Initial deslgn .goals were met. Typlcal
response data -obtairned from the analog compubter 1s given in Appendix IV.

~7kutomatié Qontrol System With Two Propellers Behind the .G,

The equationg whikh describe the vehlcle motlon Weré obtained: in the
same mannér as the vehicle with the fdre and aft propeller configura-
tion; ‘the rhdder terms are eliminated from the equations and replaced
by the ter lue to thé nétatabie prop pylons. The s1mplified: equa-
tlons for tuis vehlcle are

(T

‘ p_f'Ts)sinv

.

Vo= 5620 - 273V - 1.975¢ +
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The variables not previously defined are:

Tp - Thrust of port propeller (1bs),

The completely linearized equations are

¢

and
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T, - Thrust of starboard proveller (1bs),

a! - Lateral distance of center of props from c.g. (ft).

Vo= L5620 - .273V- 1.475y + .00843 (T, + T

¥ o= 123V + .082(52,9 - T$,) = .00143 ».(‘Tp + ‘flfs,)»v

Figure 11 is the flow dlagram of the control system design for the
-Iinearized equations with twe propellers behind the <,g.
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The side force can be obitatned by rotating the propellers to an angle
which-will produce the desirable side force and the unwanted moment
egft hbe canceled by applying a countermoment from differential thrust.




The controller s almost *denticul .o the vehicle with rudders behind
the ¢.g.. Wlth this system the thrust vector is redirected by roctating
the pylons, while with the vehlcle with rudders the side force is
generated by deflecting the air f{low,

Effects of Wind on the Automatic Systenms

The abllity of the automatic control systems to malntain an establlshed
course against wind forces was investigated for all three configurations
by inserting wind disturbance in the computer program and noting the
responses, Both a constant side wind and impulses of side wind were
applied. The responses of the vehlcle with two props behind the c.g.
and the vehicle with two rudders behind the c.g, were similar because
they both exerted counter forces in a similar manner. .

A constant side wind of 50 ft/sec produced a constant side velocity
of 5 ft/sec and a constant yaw error of 3 degrees in each case. The
transient caused by the wind was longer for the vehilcles wilth both
control forces located behind the c.g. because the vehicle with fore
and aft propeilers has a side force completely independent of the
other forces.

For side wind impulses- of 50 ft/sec, a small side velocity (2.5 ft/sec)
was prdduced that qulckly dropped to zero. For the vehicles‘with
rudders or propellers aft of the c¢.g., a small excursion (about 3.5
degrees) from the command heading took place, but the vehicle promptly
returned to the originsl course. With the fore and aft propeller con-
figuration, the departurs from the command heading was negligible (.6
degrees). ‘

Since side acceleration 1s nof fed back to the slde force control
slgnal, the major design variable which affects the response to wind
1s the velccity feedback quantity. This quantity determines the maxi-
mun side velocity which will occur for eilther the constant or the
impulse wind input. For both types of vehici;s the wind .Anduced yaw
error 1s proportional to this side velocity. For the vehicle wlith the
slde force located bvehind the c¢.g., a decoupling error 1s introduced




‘g4 sy T =

in the yaw equation., This error cor »lned with the coupling of side
velocity and yaw causes the yaw angle excursion. The directlonal
stability force is the only yaw-producing term for the vehicle with
pure side force.
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GUICKENED- SYSTE: DISCUSSION

A guickened control system ls one in which an operator must respond

- £2 an erroc signal dieplay to cause the generation of vropeortional
control forces upcn the vehlecle, The displayed signal consists of

a combination of accelarztiong, velociiles and displacements. If the
operator makes the proper control respense o the error display in-
fermation, he is acting.as a simple galin in the control loop; there-
fore, he o2ar be inserted in any control loop with a limited frequency
bandwidth co act as an error detecior and actuator.

The simple case described beliow demonstratus the conecspi of cuickensd
control., For the closed _:>.p equation a criticaliy damped second
order system was chosen with a ratural frequercy of .316 radians per
second., Thils type of syétem was chesen to fzcillitate observaticn of
any variations in the response of different operators.

The equation describing the dynamics of She system in terms of the
controlled variable is

X=.1X, - .1X - .2 V20 X.

Figure 12 1s the analog computer diagram for this second order zysteri,

- IX,

FIGURE 12
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It a step input Xo is copmanded, there will be no overshoot and the
variable will rise to a final value of xo. During its rise to Xo,

the acceleration ils always equal to the sun of three components: -1X5,
-.1¥ and -.2\10 X. If a displayed error signal provortional to this
expression is used and if the operater maintains the error at zero,

the response will be the same. The block diagram of the qulckened
manual control system is shown in fZgure 13. Although this method

of operation is referred To as semi-automatic, iIf the operator chocses
to disregard the quickened display, the control system may he operated
in its simplest mode -~ manually.

2V
I pd
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N

K
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A.,:_ = R O g w
FIGURE 13 1

Since the operator is inzitructed to maintain the display at zero,
vhich he can do since he has direct conirol over X, the folicwiag
dirferential equaticn describes the movlon of the variable (X):

KX - ,1X_ ¢ 1%+ .2y 10 X = O.

If K =1, then the equation can be written as

*e

X= .1, - .IX - .2{10 X,




which 1is the same dirfferential equation that describes the moblion for
the closed loop sys..m. The operator gain can be varied simply by
changzing the acceleration coefficient (X). Reducing the magnitude of

K increases the operator galn and increasing the magnitude of K de-
‘ereases the gain. The damping ratlio and natural frequency can be
varied in the same manner that they are for closed loop control systems,
by changing velocity and position feedback.

In the preliminary analysis, the quickened systems can be studied by
replacing the operater with a simple gain. The analog computer should
then be used to determine how large the variation is petween the pre-
dicted and the achual response, As well as the usual errors which

can arise in the design of automatic sysiems, other errors can ooeur
waen using the quickened control systems:> the display may be siightiy
in error, some system moticns m2y be too fast for the human to respond
to, and the operafor may have moments cf inattention. ’

The Pirst two 6f thesze pessible errors nust be minimized by the sysien
designer; the third will probably cause more problems with a simulabor
than on an actwal vehicie. In acSual £1ight the operator will "feel'
the mofion of his ¢raft znd, thereforve, sense és well as see the need
for cuickened assistance,

The first digpiay testad was a one~dimensional (one control) voltmeter
and the Indicater on thiez meter had tc be positioned at zere. This
display soon fatfigued the operator so that he could not operaté effec-
tively. Because of this difficulty a new, tﬁo—conﬁrol display was
devised: for two-dimensional systems.

This display has fwe formsfbbth.usihg the 23-inch oscilloscope. In
the first form, shown in figure 142, the circle which can move in two
dimensions must be kept at the origin. 1In the second form, shown in
{figure 14b, the operator must keep the horizental line centered on the
circle, which must be kept on the verticzl reference line. With the
controls set up on the simulator, the sezond display method s less
tiring for the operator.
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a) Quickened Scope Display - Number One

b) Quickened Scope Display - Number Two

FIGURE 14 GUICKENED SCOPE DISPLAY NUMBERS ONE AND TWO




In the first display, 2 horizontal d.:placement of the circle symbol
from the origin is proportional to the yaw error signal and a vertical
displacement indicates a slde velocify_error signal. If the symbol

is to the left of the origlin, the control must be turned to the right
tr bring it over the origin. If the symbol 1s abcve the vertical
reference line; the sbick must be pulled back to cancel this error.
Yhen this display is used, the yaw motion is generated by turning the
vheel,and the side force ¢ontrol is generated by movihg the sbick
forvward and back. Wnile this would not be a desirable mobion for an
actual vehicle, the simulator operator has the feeling of having
direct control over the symbol position since the error signal moves
1n the direction of stick motion,

The second display will be more useful to the actual vehiecle than the
first disylay and will 8lso be easier to control on the simulator.

In this display the distance from the center of the line to the center
of the circle represents the side velocity error. Motion of the stick
to the raght moves the line to the right and motion of the stick %o
the ieff mgves the line to the left. The yaw error is represented and
controiled as in the first display. in the contrsl station simulation
for 3KIP-I, the foot pedals- control the rudder side force. Heénce the
foot pedals are used to controi the distance of the line from th-
circle center and the wheel eontrols the position of the circic
Figuresl5 and 15 show The two displays in various conditions of
oreration. ’ -
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Side Velocity Error -

Error - Command Is To Pull
Stick Back While Turning
Wheel Right

a)
Command Is To Pull
Stick Back
¢) Both Yaw And Side Velocity d)

§

b)

Yaw Control Error -

Command Is To¢ Turn
Wheel Right

A
A

‘Contfoisﬂﬁroperly Used

FIGURE 15 QUICKENED SCOPE DISELAY - NUMBER ONE




a) Side Forece Erior - Command
Is To Push In Right Pedal

¢) Botb Yaw and Side Force
‘Error - Command Is To Push
Right Pedal Whiie

Whzel Right

Turning

A

b) Yaw Control Error - Commsnd
Is To Turn Wheel Right

d) Gontrols Properly Used

FIGURE 16 GUICKENED SCOPE DISPLAY - NUMBER TWO

B
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IMPLEMENTAT SON

This secticn deseribes an approach to 1mplémenﬁdtion of the zutomatic

_system and possible displays for the quickened coiitrol signal..

Figure 17 shows the ‘implementation of the automatic contPol sysbem
wiﬁh two rudders behind the c.g. ~ ich of the components represented
is a c¢ommon item. Eléctrical sighals which are proportional to the
variables, and combine to produce the actuating signal, must be

obtained. These variables are yaw angle, yaw command, yaw rate,

rudder angle, and side velocity.

The difference between the actual yaw angle and the command yaw angle
1s geherated by a synchro control transformer after a directional
gyro senses the yaw anglé. ‘The range of the directional gyro must be
zero to 360 degrees. The proper scaling of this term is achievéd by
adjusting the gain on an a-c amplifier.

The yaw rate signal is generated by a rate gyro aligned along the

yaw axis. This sensor must be accurate from zero to 15 degrées per
second and must be able to withstand rates of up to 45 degrees per
second. The signal produced contributes to both the ruddeér angle and
dirferential propeller pitch angle.

The electrical signal which is proporbicnal to the tudder deflection
angle is acquired by using a potentiometer with the wiper driven by
the rudder shaft. This voltage feeds back to the GR_power amplifier
and aidsc into the Af power amplifier as part of the actuator signal.
The typical sensor range would te -U45 to +45 degrses.

Side velocity is the only quantity which 1s not directly measured.

An accelerometer is nmounted to detect side acceleration and this out-
put Is integrated to obtain a siénal proportional to the side velocity..
Tre upéer 1imit of the side velocity is approximately 40 knots. A side-
looking doppler radar could also be used for overland operation as long
as the .operator remembers that when operating over water ﬁe must correct
for the water motion sensed by the doppler,
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The yaw rate linit ls obtalned by u:ing loglc circuitry. When the

" rate reaches the maximum allovable value, the AP command from the yaw

crror sign.l is grounded; and when the yaw angle approacnes the command

heading, the error signal again actuates the A command.

All of the above silgnals are in terms of a-c¢ voltages except rudder
deflection. These a-c¢ signals must be demodulated bto produce the d-c
signals which antuate the controls. To allow manual operation, a
éwitch should be pfevidqd to remove the oubtputs of the deniodulators.

The guickened system .display presents a more novel implementation
problem, Dusing ‘the operation on the analog computer, the operator's
campiete atterdlon was on the quickened control signal with only an
occasional gisnce ib tﬁe meter displays. In the actual ACV, he will
not be able to give complete attention to an oscilloscope display
since he will also be watching the ground track and any potential
flight hazards. Therefore, it is advisable fo use a display that wiil
vroject this information into his line of vision without interfering
with his normal flight vision, The "Head-up" display system developed
for aircraft flight offers such a solution.

The head-up display, shown in figure 18, is 2 group of symbols pro-
Jected from a catinode ray tube on the windshield in the pilot's line
of sight. To eliminate the need for the operator to refocus his eyes
from the ground track to the display, it 1s focused at infinity. In
an alrplane the main use for this system iz to give the pilot
Information for manual conbtrol of the vehicle. The advanbtages of this
system to fthe pilot are lesc eye Patigue and unihferrupted attentic: :
to the {light path. Each of theoe disrlay cymbols usually shows one
of the operating variables. In the guickensd application, the symbol
pasiftions would be governed in the same manrer as the symbols on the
scope dicplay during the computer study, which is a combinatior of
these variables. "

The symbols in [igure 18 represent only two of many possibilities for
2 head-up display. To require the operator to maintain line A on line

32
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POSSIBLE HEAD-UP LISPLAY SYMEOLS FIGURE 18

B would be an effective way to present the quickened yaw display
since the required rotation of line A would be analogous to the wheel
motions.. Another possible representation of the quickened errors
could be derived from these symbols. The yaw error could be repre-
sented by the distance of one circle from the origin, ILateral motion
of either the other circle or the horizontal line C could indicate
side velocity error.

Several possibilities exist for displaying the required symbols,
The selection of the best symbols requires more work in human .factors,
which 1s beyond the scope of thls study.
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CONCLUSIONS

After desipgning automatic and semi-automatic controls for three general
-vehicle configurablions, the following conclusions were made:

1)

%)

5)

St e o e r7Es e rarTise 03 o owedlo0 TN s L L L - - e

The quickened, or semi-automatic, system has advantages over
manval control for all three vehicle configurations. With
quickened aild the cperator can eliminate overshoot, coordin-
ate the two forces that control yaw and sideslip, and perform
these operations with less effort.

The controls, such as rudder angle, propeller pitch, and pylon
angle, can be combined effectively to control sideslip and yaw
in all three vehicle configurations and can be designed bo
make prescribed maneuvers within the limits of' the available
forces, Of the two methods devised for manipulating the fore
and aft propellers to control yaw, the one that uses the dif-
ferential prcp angle is the most effective for the aubtomatic
and quickened operations. Tne cther involves turning both
pylons to the same anglc and reducing the thrust of one
propeller,

Automatic systems that provide effective course~-changing and
course-keeping operation can be designed for all three con-
figurations. The course-changing method can minimize side-
slip during maneuvers.

The automatic systems can be irmplemented with conventional
sensing ang actuating devices.

For the conventional, two-propeller ACV, an automatic system
can be used either entirely with confrol components within
the loop or with zn operator replacing the error sensors and
actuating devices. :




6) For the conventional, Lwo-propeller ACV with or without rud-
ders, the zutomatic and seml-automatic (quickened) systems
are comparable in effectiveness. Either conftrol system can
predeteraniine maneuvers and either system can be desigred to
make optimum use of the avallable forces,

A general conclusion is that fthe same design procedure can be used for
vehicles with more than two propellers as wag used for the three ron-
figurations selected for this sbtudy. This information is based on the
knowledge that all of the forces of at leasf one of the two-propeller
configurations are aveilable for any vehlcle with three propeilers or
mcre,
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RECOMMENDATIONS

As a result of bthese studies of the automatic systems it has been con-

«cluded that they are ready for ismlementation. No major problems were

found that require further study. Therefore, it is recommended that
the next course of action should be to apply the automatic systems to
acbual vehiclies in order to test the confrols under more realistic
conditfions. The automatic designs can be applied directly to any
vehicie for which an adequate mathematlical description of its dynamic
operation is availlable. From the study conducted on the implementa-
tion, the applicatvion of these automatic designs shouid offer no major
difficulties. The automatic system for the vehlele with two rudders
benind the c.g. is ready to be appliied toc the actual vehicle. It
remalns only to select the particular components, which are readily

" available.

The guickened display, however, needs 'some additional development be-
fore 1t is usable. It is recommended that a2 head-up displiay be de-
vised for an actual quickened system and %this study include -developing
the controls using human factors: engineering until they can be used
with a minimum of operator effort. After this study 1s complete the
total quickened system design should be installed and tested on a
vehicle to evaluate its performance under reallistic conditions and
compare tnis to that of the vehicle operated without the benefit of

quickened aid.
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APPENDIX I

1) INOMENCLATURE USED Il EQUATIONS
2) VEHICLE EQUATIONS WITH LINEARIZED MODEL

3) EXAPLES OF LINEARIZED EQUATIONS FOR
YAY AND SIDE FORCE



SIGN CONVENTIONS
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Area of the base encloied by the peripheral Jet

centéerline - £42

Area of the disc generated by each rotating pro-
peller - £t2

Horizontal distance in the y direction betweeir
the CG and the thrust line -of one propeller - ft

Horlzontal distance in the y direction: between
the £G and the Center of Pressure (CP) of one fin - ft

The center of gravity of the vehicle

The drag -coefficient of each fin based on the fin
-area immersed in the propeller slipstream

The 1ift .coefficient based on the area, AB,

The 1ift coefficient in a horizontal plane of cach
fin baged on the fin area immersed in the propeller
slipstream

The yawing moment coefficient of the fuselage baped
on the base area, Ap, and the leagth of the baaé)‘lﬁf

The force coefficient of the fuselage along its
x=-axis based on the area, Ag

.

The: force. coefficient of the fuselage along its
y=-axis based on the,;rqa,;AB

The propeller diameter = ft.

The scceleratfcn due to gravity = 32,2 ft/sec?

‘Height of the lift fan inlet above the CG - ft

Height of each propelier thrust line above the

Co - £t

1-2

g, Sy
5 e oy




Helght of each fin CP above CG - ft

Moments of lnertia about the x, y, and z axes

Distance of each propeller plane behind the
Digtance :-ahead of the CG of the 1lift acting on

Distance of each fin CP behind the CG - ft

Volume flow rate of air through the 1lift

Area. of .each fin which is 1mmersed in tﬁe pro=-

Thrust of the left propeller = 1b

Thrust of the right propeller - lb

TInertiael velocities of the vehicle in the x, y, and z axes

Velocity of the propeller slipstream - ft/sec

Velocity of the relative wind - ft/sec

Velocity of the relative wind over each fin -
Velocity of thé wind which is'iﬁdépendeng of the

Induced velocfity of each propeller - ft/sec

e o e BT R R L Bt TR i ity %u.(-‘

hy,
IX)IyJ Iz
respectively - slug = £t
£y Length of the ~ushion - ft
2
S
CG - ft
41,
the fuselage « ft
bt
m Mass :of the vehicle - slugs
Qr
fan - ft3/gec
S
°R
peller slipstream - f£t2
T Thrust = 1b
I
TR
U,VyW
respectively - ft/sec
Uss
Urw
R
£t /sec
Uy
vehicle motion = ft/sec
vy
W, Gross weight .0 the vehicle: - 1b
‘
j - I=3
)
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s

X,Y,Z

X,¥,2

¢
o

Other notation

B o S S

Earth - fixed axis system

‘Body = fixed axis system

Angle between the fin chord and URWR = rad
Rudder deflection » rad

Mass density of air - slugs/ft’

Angle of yaw; positive nose right « rad

Angle of pitch; positive nose up - rad
Angle of rollj positive right side down - rad

Angle between the Xsaxis and the relative wind
in a horigontal plane, somtimes called the
sideslip angle « rad

Angle betwesn the Xeaxis and the relative wind
in & vertical plane, somstimes aalled the angle
of -attaok) :zittive nose up in relation to the
wind vestor -« rad

&&l ‘
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EQUA TIONS -OF_ MOTION

1) Forward Force -

) LT Ty Qp _
U= -g0 + V¥ + —mm - —— (U + Uyyeosy + Uygsing)
pb 2 : .

* [ ssn ¥ Vaw) Coppeosery, + (Vg + Vay) Cppysinegy

2

RN CLRR‘S“_‘GRR]

+ (113 + V" ) CrnpCOS€ns + (‘U2 + V
"SSR RN’ "DRR™"""RR TS8SR
pcxiﬁAB N |4
-~ URd l "ru

2m
1a) Linearized Forward Force Equation -

. . Qpp
AU = -gA0 + YAV + V&Y = = (AU = UypeSinyay -+ cosyAliy

% Uypeos syay + siml/AUwE + fi@[ (USSL + Vi) Cpr1SiNeRIA%RL
+ (Usgy, + Vhy) Soseqy (SS'E%I"I A€Ry, i(;lsz@ BBR) + Cpppoosepy,
(2Ug510Ussy, + 2VRnaVpy) * (Vggp, + V Riv): CLRZSOs RL Ry,
: . k(‘UgsL + VI2'KN) sinep | Zleiﬁ;L Aepr + _E_’%g_;i& A6R‘)~ CLRLSineBL

. . | 2 28 n ane e
(2UggrAVssr, + VpyaVay) - (Ussg + Vay) CpansinenaAGRR
3¢ 3¢ *

2 z 18R 1R

(2UggpaUs3p + 2VRyAVRy) + (Ussr + VRn) CLrr°9%¢RRO°RR

3C aC
2 2y . “LRR .. LRR
+ (Uggp + VRy) Sin€pp (9€RR Mg + oY Abg) + CmRSmeRR

e e i b e s | PR e N A s s e e

e (2Unantlaqs + 2VendVar) 1 Pp 2 ?[( X8 p0) 4 20, Ueualoy ]
| UssrAUssr + “VritVaw) § = 2w Urwlog 490 + Cxelpy Rw]
+ 2020




2) Side Force -

. Q\
f
V=g - UW - —_ (V + UWEcosw - UWNsinw)
p- PSR ) ‘
< ol [(USbI N) Copp#tn€py + (Uggy + Vay) Opppeosépy
2 , \ « 2 ) 5
- + (Ussp + Vaw) Copr®intar * (Ugsp * Vay) CLRR““RR];
. pA
- frD L! ‘: - B .
o PUri (Cyrop + Opaog) + =g 0 Upy|Uy]

2a) Linearizead Side Fcrce;Equation ~

A 4
¢ o

' oV = gag - UAY - YAV - —m-‘- (V - ygsinyay - Uy Ccosvay
\ o5,
i. ~ sty ) - %’;{ [(USSL ?{N)‘ CpRr,COS€ R ARy, * Ugsx,
I Vi) sinegp ;ESL Apy, * aaggL 80p) + Cpprsin€py (2UgerAlUger
+ 2V aVp) - (Uggp + Viw-) CLRLS 1P R A%Rr, * (U§SL + Vay) cos€py,
( ::;)?L sep + agL:I by} + Crppeosepr (2UgerAUger + 2Vp AVL )
+ VE) CpRRCCSCRRA“RR * Usgg * Vay) SIn€pR (::zgn 8€pp

A“R) + Cpppdintpn (RUggpfUgen + 2VgaVpl) - (Vi

3R

NN

+

——

L.
[02)
(7
o}

Vi) CrLarS 1€ 3r% pR +(U2,, + Vpy) cos€pp (5‘%{3 O%gm
3C:pr '
s MR VO gyt0Rfpg (2UggpflUggn + QVRNA’RN)]
2 e, 1o C.'o 3¢, 1o 'y
B p_*:__[ 2 y 'L y L y *R R .
g‘ e | P (g ATy S By 5 Oy = Ay

p \ . 2 .
& ) ) o .
* 25 C e Cy'wR, Urt¥rw * VR (Cy‘QL + Cy‘¢R) Aw]

—

-




3) Yaw Moment -

o ag [ pS L,
¥- I—; (T, = Tg) + "frB—B UpuCne * [ "gsr, + Vay) Cpppoosen
(U§SL + VZRN) CDRLsine UeSR + V2RN) CLRR"';”‘RR + (UgSR
Spa .
+'V23N)' cDRR“"‘RR-] + P;I‘zt [(*U§SL + szN) Crrp8inep, - ~(u§sL
+ VZRN)' CpRp,co8€gy, + (UgSB + VQRN) CpRRCC®€ R Ugsn V2 LRR““‘RR]_

peral ,
P e (O + Oyep) Upy | Uy

3a) Linearized Yaw Moment Equation -

. Y/
oY = _!l (AT, - aTR) + p,ABzB 02 -—A(p + Cyp2Up 8Up.

PS . : .
Rt E !123R + V,ZRN) CLRL"'"‘R;.A‘RL + («U§3Lv+ V%Nx) coaemb

215
(-Z‘% bepp + a;?:L B6g) + Cppreoser (2Ugg Mger + QVRNA
: + (U5g + Vi) CpRLOO=€ priern. + (Uagy + Vay) Sineg, (El""" RL
+ a;ggl‘ ASR)‘QCA Cppr8inesy '(2USSLAUSSL + 2VputVay) - (Bgq
+ vlzm)“ cmsinemAe U2SR + V%N,) cosepp (g_i’gn_n; A‘BR
+ a:gﬁﬁ 86g) + Cyppeosepy (2USSRAUSSR + 2VhNA ) +f(U§SR

+ \lzm) ’chésemésm + U§SR + Vzm) sinepp (;—— RR

: aC [

i DRR sn t
Lt a6g) + CDRRsineRR (2UssnAUssn +. EVRNA ] [( SsL

+ Cpprsinepy (2Ugg AUge + 2V aVpy) + /("gsx, + mz') Cppr.81ne g e

I-7




] ]

, ' dCppr.
- (U%SL + V%N) cosc (S_—‘RL AGRL -E—GR A6 ) - CDBLCO“RL (2USSLAUSSL
+ 2VpVp) - (U5gq + RN ‘Cnnn““‘m“nn + (W5gq + Vay) cosepp
3Cppn 3Cppn , e
(e mr * '5'_ 86g) + Cppgeosépp (2UsspilUssp + 2VpNAVgy)
. ac .
- (“gsn + Van) CLrRS0®€RRARR - (U3sp + VQRN) sin€pp (gg=—— Oépp
aC
LRR
+ 5 R ABR CLRRsine R (aussn‘mssa + 2vRN RN)]

+ 9 ('Cy,ch + ’Qy.wR) (20 AUp,) + Uay (Cy 10y, + Cyi9g) o0 ]

') Roll Moment -

2 Pghp.

o - .2%‘%& 2 W0 - — [V + Upeosy < Unsiny ]

Ps ht |
U%SL "2 Cpgrr8ineqy,

[( ssp.* Van) Cop.oosepy, +

"gsn v%n) Crarco s + (Uasp * Ve CDRR“‘"‘RR]‘
p1rD2h .
- g @ (Cytoy, + Cyog) Uy |V

4a) Linearized Roll Moment Equation y

PQehg
‘A_q - ,.2%%, - a:imb - :: L

[AV UygSInVAY + cosy AUy

L . . PSgh; ) ,
.Uwgosvw - sinvAt{wN]c«- 22 t [- (U§SL + \{ZRN) QLRL“"‘RLAE-RL
- 3C; 3¢

+ (Vggy, + Vay) cosepy (B‘xix. 8p * <Sop R + CLAp®o*mr (2USSL SSL
‘ L V2 ) DRL
+ 2Vpy&Vpy) + (“§SL VZRN) CpRr.2o% ¢ prA€py, + (U§SL VRy) sin€py ( B€p1,
acDRL

+ DB ABp). + Cpprsinepy (2UgqrMUcer + 2VputVin) = (Bop

abR
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aC 3Cy
| RN IAR g LRR
+ Vay) Coppdinegpdtpp + (Uggn + Vay) costng .(5—‘-,— R Y

+ CLRR°°"RR"62USSRAUSSR + evﬁNAVRN) + Ugsn + V2 QDRR°°8‘BRA‘RR

ac ac
DRR DRR
+ (ugSR + V) sinepp (= Sem SRR * 738y 26g) + CDRR““‘RR (2UgpUgcr
P"Dahp : ‘ ,
+ 2VRNAVRN)] T [«w(cy'qaL + Cy'p) 2Up,MUpy + o3y —Li— oT;

+ P bL AﬂL + —gé-ﬂ— ASR) + (cyle + CV'QR) Uzww ]

: 5) Pitch Moment -
' ‘hp Qpph
2 9 LI §

(U + Uchosv

|c

siny) + ij

+ UWE

5a) Linearized Pitch Moment Equation -

. . 5 . hp Qeph
» 2 a5 P . ; f
Ap/. 24 w8 - wgdb - E; (ATL + AmR) + —

{.AU - Upsinvay

+ COBYAU,y + U pCoBYAY + sinvAUwE] AB L ["%w (-5— o) + 20, RwAURw]
‘ ] 2%

6) Heave Equation -
The heave equation has not yet”been‘deriveq due to.the'
complexity of the base flow.
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Relationshigp Between Indqundent Variables and quendent Variables

Used 1n the Equation of. Motion _

1)

la)

3)

3a)

4).

La)

s 8’1‘

Uggr, U + Uycosy + Uyn8iny)?

8T,
2UgsrfVssy, = puar —= + 2(U + Upcosy + Uypsiny) (AU + cosyaUny

+ sinydU . - UszinvAv + UWEcOevAM)

8T
U§SR -;r—g-a- + (U + Uwhcosv + Uwggipﬁ)e

BATR

2UggrovU SSR ™ +2(U + UWNcosW + Uypsiny) (AU +. CcoBYAUy.

prL
+ sIn¥AU . - Upnsinyay + UWE¢03WA&)

VhN4-~V +:Uchosw‘- UszinV + htg - Lti‘

AVﬁN.- AV . UwEsinvAy + cbsiAUwE -’UchoswAw - sinwAuwN

+ htA‘p “ l.tA"'

U%Q = (U + WNcosv + UwEsinv)a + (V + UWEcosv - UWNsinv)

RUp AUy = 2(U-+‘UHN¢05¢ + Uwgsinv)(AU - Upsin¥av + cosyaly

+ UwﬁcoszV + sinyaU L) + 2(V + Ugeos¥ - U sinv)(AV

- U psinvly + cosyAl,p. - U cosyay ,rsinwAUwN)

1-10
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. g vy g S e S o s

5)

5a)

6)

6a)

Ta)

8).

9)

10)

11)
12)

13)

;1 V+ UWE_COW - Uypnsiny -1 VRN

- = = ta
g =t ST msiny ¥ Uynoosv " U T Uygsiny + Uyycosy

MVpy Ve

~ - - ,AU
o0 (U + Uypsiny + Umcosﬂ (U + Uygsiny + UchosvT? \

+ sin¥aUyp + U, pcosyay + cosvAlUy, - Unsinyay)

\'/ '
‘; - tane’l ,“PlN ~ ,RN .

Y Ussy,  Usst,

av. v
X RN RN

- - L AU

v . Vay
Ussr  Ussr

Mpp - R - Vm 5 AUssR
1 Ussr  (Ussr)

€ = tan

‘RR

= f .
o~ 1

- f(¢

CDRR RrR*°R)

de = (o)
Cy'¢L = f(TL’BL)
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Examples Of Linearized Equations For Yaw And 81lde Force

'
h
[
'
i

1) 50 Knot Forward Velocity
V = 5626 -1.4025, - .2T3V - LAT5Y
¥ = 1.7(;3L - Bﬁ) + .5626p + .13V

2) 25 Knot Forward Velocity

V = .5620 - .0926; - 154V - .T37¥

; = 1.I(aL - eR) + .346QR + .0g3V

3) 50 Knot Forward Velocity - 12 Knot Side Velocity

V = .5620 - .16016, - .262V - 1.475¢

R
"; - 1“7(54]3- - BR) + .6045}.{ + 143V

k) 25 Knot Forward: Velocity - 6 Knot Side Velocity

V = .5620 - (20765 - -137V - .T37¥

¥ = 1.1(B, - By) + 40265 + .101V

All angles are in degrees arnd velccities are in ft./sec.
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ANALOG COMPUTER. DLAGRAMS
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ANALOG COMPUTER- SYMBOLS
SYMROL, COMPONENT

Potentiometer

—*-D— Summing Amplifier

Integrating Amplifier

High-Gain Amplifier

Servo-Multiplier Drive

—O—' Servo=Multiplier Potentiometer
——@— Meter

F.G Nonlinear-Function Geherator

.
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OSCILLOSCOPE DISPLAY
10 K.C
SIGNAL WITH Capgusyt HORIZONTAL \\f‘:\‘»ADJUST ERROR. CIRCLE SIZE ’
MAXIMUM OUTPUT AND VERTICAL AXIS SIZE
r—— —D —— _? H“j
V.Y

T l
.

'

> M

4

—
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’“0 PHASE HI}""ER

;
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|
|
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| 75 ~VERTICAL ERROR (V,)

CIRCUITRY FOR QUICKEWED LISPLAY NUMBER ONE )
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SIGNAL WITH ¥
MAXIMUM OUTPUT
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+ADJUST VERTICAL  ARJUST ERROR
. AXIS SIZE
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z
O}
'
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" OSCILLOSCOPE LISPLAY

- YAW ERROR
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CIRCLE SIZE
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CIRCUITRY FOR QUIGKENED DISPLAY NUMBER TWO
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APPENDIX III

BLOCK DIAGRA , OF AUTOMATIC AND
QUICKENED CONTROLS
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ﬁEH TOLE CONTROLLER
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GbHuHAJ FORM IU? AUTOHATIC CONTRCL WITH
RUGLER BEHIND THE €.6

X 7 [FiErmsriAl ) . YR RN E
0 THRUST 4= 1 MOMENT e lé=
4 N\p/€y |_ACTUATOR || COM PUTATION] -
L 1
.C '\‘ !
.3 ' )
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FORE AilD AFT P‘?OPEI LER CONF: IGURATION AUTOMATTC SYSTL.M WI’I‘H ’I’}*“
LINEARIZED EQUATIONS
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WEHICLE CONTROLLm )

DIFFERENTIAL , o —_— '
THRUST == e L]
"|L_ACTUATOR 4 I

B 41

V!HTLCLE
DYNAHICS

rj‘, ] ;_V

J PYLOY. it

| ANoLz T
ACTUATQ.; ¥

PRI Ity DSy PETRrEEC IRy
i .

W FOF E 37 w tvorv APTC SYSTEM WITH FORE AND AFT PROPELLER
" CONFIGURATION .
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SECOND FORE AND AFT PROPELLER CONFIGURATION AUTOMATIC SYSTEM WITH

—— — _ — THE LINEARIZED EQUATIONS

VEHICLE CONTROLLWR
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AUTOMATIC CONFIGNRATION WITH TUWO
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DIFFERLNTIAL
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QUICKENED

i

fo

K,

1 e

SUMMING|

1

DISPLAY ]
YAW

" ‘ERROR

~ mg.xrxznj—“ .

SUMMING

|AMPLIFIER[:

SIDEFORC

DISPIAY 2| . L—

bA— -ﬂ"

;',

L - OPERATOR]

CONTROLS |-

28 7 | v

VERICLE .
DYMAMICS

1v

T3

SYUTEM WITH TWQ RUDDERS EEHIND THE C.G. DEVELOPED FROM
'"HE LINEARIZED EQUATIONS

i W{i{s)‘ ’

(S o

€1

DISPIAY 1
YAW
-ERROR

o SUMHING

PLIFIER,

£2

forseiay 2] | I
oPIDE POME . L
B R o

= vemICLE |
“DYRANICS:

K -
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GENERAL FORM FOR QUICKENED SYSTEM WITH 9%O0 RUDDERS BEHIND 1na C-
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APPENDIX IV

ANALL0OG 'COMPUTER DATA



EXPLANAYION OF ANALSG COMPUTER ‘DATA

This section containg the oscillographic recordings of ‘the pertinent
‘variables during the vehicle simulation on the analdg computer, The
variables of primary interest apre the yaw angle and sideslip angle
(or' side velocity).

The manual contrel (page IV-3) illustrates the major problems in
the vehicle control. The side veloclity rises as high as 13 ft/sec
and it is difffcult to hold the vehicle exactly on course. The
acceleration (@) changes signs many times &s the operator tries to
guess. ?he~proper yaw rate to reach the desired yaw angle. The yaw
rate (¥) reflects the problems.

Page IV-4 shows the automatic control response which results from
the use of ldealized forces, i.e. pure side force and pure yaw moment.

The 5 term Is Ssignificantly different from that resulting from the
manual control. The low side velocity during the maneuver at one-half
of the design velocity indicated that it is possible to generate geod
control responses without a nonlinear side force term proportional to
YU (the centrifugal acceleration,)

Pages IV-5, IV;Q, and IV-7 show automatic responses with the Pudder
behind the c¢.g. Page IV-5 shows that at the design velocity the
sideslip is negligible - about tﬁo-degnees. A sideslip of the same
magnitude, but in the opposite direetion, is observed while turning
at one-half the desig» velocity. The apparent damping in yaw is also
reduced at this veloc. 7, but the overshoot is still zero. Page IV-7
shows that nullify*ng an initidl side velocity .of 10 feet per second
at 50 knots forward velocity causes a 3.5 degree excursion in yaw
angle. Thils angle returns to the command heading.

Pages IV-8, IV-9 and IV-10 show similar maneuvers for the fore and
aft vehicle configuration. The response in. this case is smoother
than the vehicle with two ruddefs béhind the c¢.g. Even at one-half
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o the orlginal design veloclty the sideslip rises to only about one
degrec, VWhen nullifying a side velocity, since pure side force is
avalliable, no excursion from the vehicle's commanded heading occurs,

" Pages TV-11 and IV-12 demonstrate the feasibility in closing a con-

trol locp with an operator inserted in it. Ppage IV-11 sheows that
the system is repeatabie with the same operator and with different
operators. Comparison of -each of the variables with the manual system

on page IV-3 indicates its ability tc produce a smoother response.

. This chargceteristic is particularly evident in yaw rate (i).

Page IV-12 shows the similarity of the response of the vehicle with
Ttwo propellers behind the c.g. to the rudder - equipped vehicle.
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