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Although It Is not Included In this report, our flist 
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Abstrai 

▲ DLC (Direct Lift Control) systen was designed lor 

the LANS B-52, a test aircraft with a fly-by-wire control 

system. Spoilers, symmetric ailerons, and elevator respond 

to the pilot's normal longitudinal column movements, applying 

lift forces In the desired direction without pitching the 

aircraft. DLC eliminates the long heave crossover time and 

normal acceleration reversal associated with large air¬ 

craft. The controller permits changes in rates of climb 

and descent of up to 500 feet per minute from trim condition 

without a change in aircraft pitch attitude. When larger 

column movements command greater rates of climb, DLC func¬ 

tions as a conventional control system, causing aircraft 

rotation. 

The pilot's ability to make precise changes in altitude 

or rate of climb is enhanced in tasks such as approach and 

landing, in-flight refueling, and terrain following. DLC 

does not excite the phugoid mode, and visual cues are not 

disturbed by continually changing pitch attitude. 

The closed-loop controller consists of fixed-gain 

normal acceleration, pitch angle, and pitch rate feedbacks 

to the three control surface servos. Feedback gains were 

selected by a digital optimization program based on Kalman » a 

Linear State Regulator Theory. 

In addition to virtually eliminating pitch attitude 

changes, DLC reduces normal acceleration an average of $0$ 

xlx 
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during climb and descent maneuvers, both In and out of 

turbulence, and improves the pilot's ability to maintain 

constant airspeed, 

DLG was tested with a piloted roving-base cockpit 

simulator driv«n by a six degree of freedom analog program. 
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Chapter I 

Introduction 

Bao^figgyndj 

During the past decade, the production of larger, 

heavier, higher performance aircraft has required a rapid 

advance in flight control system technology to maintain 

acceptable handling qualities. Sophisticated stability 

augmentation systems are standard in the century series 

fighters and many other current aircraft. The F-lll has 

an even more advanced self-adaptive control system. Row- 

ever, precise control of these aircraft la still difficult 

in certain flight regimes due to excessive pitch rate over¬ 

shoots while controlling normal (vertical) acceleration. 

These regimes include approach and landing, in-flight 

refueling, terrain following, and cargo drop. The pitch 

rate required for rapid maneuvering can obscure important 

visual cues during these flight tasks and attempts to make 

small corrections in flight path angle can result in undes- 

ireable transients. These problems exist because both lift 

and normal acceleration are controlled by pitching the 

aircraft. Thus, it is deslreable to provide the pilot with 

more direct control of both lift and pitching moment than 

Is available with conventional elevator surfaces. 

1 
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In transport aircraft. Increased size, weight, and 

airspeed hare reduced the ratio of aerodynamic to inertial 

momenta, producing a "sluggishness" of response which re¬ 

duces the capability of precise control on the approach 

glide path and in the landing flare. 

To attain satisfactory levels of landing 
performance with these aircraft, it has 
been necessary to place great emphasis 
on optimized operational procedures, and 
on the presentation of approach guidance 
information. The next generation of 
transports will Include designs having 
twice the gross weight of the largest 
now in operation, and their dynamic 
characteristics in pitch may be fur¬ 
ther complicated by several additional 
factors. Particularly in supersonic 
designs, proportionately shorter tall 
lengths together with large pitch in¬ 
ertias will amplify the lift variations 
accompanying pitch control inputs. 
With more conventional oonfiguratlons 
efficient use of high life devices • • • 
will restât in a reduced sensitivity 
of lift to angle-of-attack (Ref 5*1)• 

In-flight refueling, originally restricted to bombers, 

will aleo become a cargo aircraft capability with the advent 

of the C-5A. This task is most demanding for pilots when 

a heavy airplane is being refueled at high altitude. The 

response lag following an elevator input requires utmost 

pilot attention and skill. Figure 1-1, provided by The 

Boeing Company, Illustrates the response due to elevator 

input during B-52 refueling. 

llils condition is present to some degree 
in all refueling operations, but is aggra¬ 
vated by the long heave crossover time of 
aircraft with large pitch Inertia. With 
normal visual position cues, the pilot will 
tend to command elevator deflections about 
90° out of phase with the desired optimum. 

2 
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Similar need for Improved long¬ 
itudinal handling qualities exists 
for other tracking tasks, suoh as 
weapon delivery, formation flying, 
reconnaissance, terrain following, 
and instrument and GCA approaches. 
The longer the heave crossover time 
in relation to the characteristic 
longitudinal short period frequency, 
the more compensatory lead the pilot 
must supply to perform the task sat¬ 
isfactorily, Since there is a pract¬ 
ical upper bound on the lead that a 
pilot can generate effectively, con¬ 
siderable improvement in piloting 
performance is possible if the lag 
in airplane response can be allevi¬ 
ated (Ref 7*7). 

Direct Lift Çgntaftl 

Within this thesis. Direct Lift Control (DLC) means 

airplane flight path control by lift forces applied in 

the direction that the pilot desires to move the airplane. 

The purpose of DLC is to improve handling oharaoteristics 

during landing approach, terrain following, aerial refueling, 

and other precision maneuvering tasks by providing a change 

in altitude or rate of climb without a change in pitch 

attitude and without the delay in lift buildup associated 

with conventional elevator control. The LAU3 B-52 Direct 

Lift Controller will accomplish this by moving the elevator, 

spoilers, and (symmetrically operated) ailerons in response 

to the pilots longitudinal stick commands. Small stick 

movements must produce lift without pitch to provide the 

desired precision maneuvering capability. With larger 

stick commands (for changes in rates of climb or descent 

in excess of 400-500 feet per minute from trim), the design 

4 
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must function as a conventional, control system, providing 

pitching moments and aircraft rotation. The controller will 

be closed~loop with normal acceleration, pitch angle, and 

pitch rate feedbacks. 

Hlstpra £f Direct kilt Cpptiol 

The U.3. Navy, motivated by the requirements of carrier 

landings, requested Douglas Aircraft Company ln I96I to 

study means of generating lift without pitch (Hef 8*2). 

Douglas proved the feasabllity of the Idea, and designed 

the first direct lift control system. Test pilots who flew 

this system (via a cockpit simulator tied to an analog com¬ 

puter) were enthusiastic about the Improved handling qualities 

and precise maneuvering capabilities provided by DLC. 

Following this study, the Navy and Ling-Temoo-Vought 

conducted wind tunnel, simulator, and flight tests of an 

F-8C Crusader with a DLC system. The F-8C was chosen because 

it was particularly difficult to maneuver during carrier 

approach and landing. DLC was accomplished by rapidly 

varying the deflection of the ailerons, which were drooped 

symmetrically as wing trailing edge flaps. The elevator 

was interconnected with the system to approximately cancel 

the small pitching moment produced by the ailerons. The 

pilot commanded DLC by turning a spring-loaded-to-neutral 

control wheel mounted on top of the normal control stick. 

DLC significantly Increases the pilot's 
ability to control glide slope ... and re¬ 
duces average sink speed. It Improves over¬ 
all landing approach characteristics mainly 
by allowing rapid and precise vertical glide 

5 
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path oorreotlona without the necessity 
for pltoh attitude changes • • • A re¬ 
duction In recomnended approach speed 
way be achieved when using DLC . . . 
(Hef 6il). 

¿’he Naval Air Test Center reconunended Incorporation 

o' »ysteii In fleet P-8 airplanes, but this has not 

yet been done. However, a second recommendation has been 

carried out. This Involved a feasablllty study of several 

carrier-based aircraft to determine the suitability of each 

type for Incorporation of OLC. 

Of course, DLC offers benefits to commercial airlines 

as well as military aircraft. Thus, the NASA Ames Research 

Center conducted flight tests of a Convalr 990 jetliner, 

using biased spoilers (speed brakes) to provide DLC during 

the landing approach (Ref 5*2-5). Before entering the 

approach pattern, the spoilers were partially extended 

(biased up) and the airplane was trimmed to fly in this 

condition. Lift could then be Increased by partially re¬ 

tracting the spoilers, or decreased by extending them still 

further. This system Is admittedly crude, since the pilot 

must manipulate a DLC (spoiler) control lever which Is In 

an awkward position simultaneously with the throttle and 

control stick. Nevertheless, the test pilots were again 

Impressed by the Improved maneuvering capability provided 

by DLC. NASA Is continuing this project with a DC-8 sim¬ 

ulation using more advanced DLC systems. 

Th® Air Force Flight Dynamics Laboratory recently 

sponsored a one-year study of the applicability of DLC to 

6 
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cargo planes, fighter-bombers, and strategic bombers. With 

Honeywell Inc. as the contractor, this study was conducted 

to decermine the increased mission effectiveness that can 

be achieved with control systems using direct lift control. 

Three aircraft types were investigated: cargo, fighter, and 

strategic bomber. A pilot-in-the-loop simulator study was 

performed using the C-5A and P-104 as testbeds. Although 

the study is complete, the final report has not yet been 

published. Reference nine is the second of five prelimin¬ 

ary reports. 

This thesis and the AFFDL study are complimentary in 

that Honeywell employed conventional control system design 

theories while the Olreot Lift Controller presented here 

resulted from an application of optimal control theory. In 

addition, Honeywell* s concept of direct lift control is 

slightly different from the definition on page four. 

One of the conclusions in Honeywell’s preliminary re¬ 

port (Ref 9*58) was that a closed loop DLC system is superior 

to an open loop controller, especially in turbulence. In 

addition, a "blended" system (controlled by normal column 

movements) was Judged superior to a "separate" DLC (separate 

actuating mechanism as used in the F-8C and Convair 990) 

(Ref 9*58). Therefore, this study considered blended 

closed-loop designs exclusively. 

Optlnal Sgatrgl Theory 

One of the major objectives of this thesis is to demon¬ 

strate the applicability of optimal control theory to the 

7 



ggc/ee/68-8 

design of a Direct Lift Controller. A "linear plant, 

quadratic cost function" theory developed by R.E. Kalman 

and his associates was used. This theory designs control¬ 

lers through digital computer solution of the matrix HIcoat1 

equation. There Is no theoretical limit on the number of 

aircraft states and control surfaces that can be used. 

Since Iterative solution of the equations Is not required, 

the digital computer programs are fast-running. Complete 

details are found In Chapter II. 

LAMS B-S2 

Many of the assumptions and limitations In this thesis 

are based on the ultimate goal of flight testing the re¬ 

stating design on the LAMS B-52, although flight test Is not 

p*rt of the thesis Itself. LAMS, Load Alleviation and Mode 

Staolllnation. Is a current project of the Air Force Flight 

dynamics Laboratory. Its objective Is to determine methods 

of Increasing the fatigue life of large airplanes by re¬ 

ducing vibrations and flexing of the airframe as a result 

of wind gusts and/or alroraft maneuvers. 

The LAMS B-52 Is a modified and heavily Instrumented 

B-525. The control surfaces themselves (ailerons, spoilers, 

and elevators) are standard. However, they have been fitted 

with new fast-responding broad bandwidth actuators. Two 

transistorized analog computers (Electronics Associates Inc., 

EAI TR-48 * s) are Installed In the alrciaft 41 section to 

simulate a stability augmentation system (which the B-52 

lacks) and Implement the LAMS controller (Ref lt84). 

8 
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The LAMS controller Is only used In three specific 

flight conditions, which can be described as terrain fol¬ 

lowing, approach and landing, and high altitude cruise (in¬ 

flight refueling). The Direct Lift Controller is therefore 

designed for these same three flight conditions, (One of 

the conclusions, however, is that a single fixed-gain con¬ 

troller would probably be adequate for all three flight 

conditions. 

The LAMS system operates fly-by-wire from the command 

(left) seat. (Fly-by-wire simply means that the connection 

between the pilot and the control surface actuators is an 

electrical one as opposed to a conventional mechanical 

linlcage.) The LAMS aircraft could be used to flight test 

this Direct Lift Controller by using the existing TR-48 

computers, normal acceleration, pitch angle, and pitch rate 

sensors, and fly-by-wire control system. This demonstrates 

the flexibility inherent in a fly-by-wire control system. 

Actually, direct lift control is one of the techniques 

used by LAMS to reduce gust loading and dampen structural 

mode oscillations. The ailerons are operated symmetrically 

and the spoilers are biased up 20°. Direct lift control, 

however, is not employed for pilot-induced maneuver com¬ 

mands. 

Djvlslop fil HgsponglbUlÇy 

Although both partners are Intimately familiar with 

all portions of this thesis, there is a definite division 

of responsibilities in accordance with AFIT Department of 

9 
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Electrloal Ehsineerlns policy. 

Captain Lorenzetti was primarily responsible for the 

material in Oapters II and III, the digital optimization 
4 

programs and the two degree of freedom analog program. He 

also wrote Chapter I. 

Captain Nelsen was primarily responsible for the mat¬ 

erial in Chapters IV and V, the six degree of freedom analog 

program, and all details of the cockpit simulation. In 

addition, he wrote Chapter VI and served as primary test 

pilot. 

Of necessity, both writers collaborated on discussion, 

conclusions, and recommendations. Chapters VII and VIII. 

All schematics, drawings, figures, and graphs were done 

jointly by the authors. 

10 
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aim Ggnvegti.9ELa 
Standard NACA sign conventions, used where applicable, 

are summarized belows 

L - Holling Moment 

M - Pitching Moment 

N - Yawing Moment 

0 - Boll Angle 

0 - Pitch Angle 

Y - Yaw Angle 

P - Roll Angular Velocity 

Q - Pitch Angular Velocity 

H - Yaw Angular Velocity 

X, Y, Z - Aerodynamic 
Force Components 

U, V, W - Velocity Components 

Forward stick deflection is positive and causes 

positive elevator deflection. Full stick deflection equals 

11 



computer reference voltage In both slmv^atlons. 

Slevator. Elevator trailing edge deflection down from 

neutral Is positive, producing positive lift and negative 

pitching moment. 

Spoiler. Spoiler trailing edge deflection up from 

the wing surface Is positive, producing negative lift and 

positive pitching moment. Negative ^poller deflection 

does not exist. 

aniMf*rriQ AHSC211* Symmetric aileron trailing edge 

deflection down from neutral Is positive, producing 

positive lift and negative pitching moment. 

Wheel. Wheel torn to the right Is positive, pro¬ 

ducing a positive rolling moment. 

Migraña» Right aileron trailing edge 

deflection up from neutral is positive, producing positive 

rolling moment. Left aileron trailing edge deflection 

down from neutral Is positive, also producing positive 

rolling moment• 

i 

Surface Rated and iflffllfca 

j<vr modification to the LAMS B—52 was the inst¬ 

allation of special fast response actuators on all flight 

control surfaces. The aileron actuators, for example, can 

provide 120 degrees per second surface rate. (Ref 1*83). 

Due to these high rates, the analog programs incorporate 

first order approximations for conventional servos (K/S + K, 

where K ■ 1/Time constant). These time constants were 

varied from 0.1 second to as much as six seconds In some 
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runs. This means that actual control surface movements 

commanded by the direct lift controller are relatively 

slow, and success of this scheme does not depend on the 

LAMS high speed actuators. For flight testing In the LAMS 

aircraft, control surface movements can be assumed Instant¬ 

aneous, and these servos can be regarded as part of the 

controller. 

Elevator. Elevator limiter was set to 17° for all 

flight conditions. 

Spoilers. Spoilers were biased up 20° for all direct 

lift control runs. The controller commands were limited 

to 40° of spoiler In all flight conditions. This provided 

adéquate direct lift while reserving the remaining 20° of 

spoiler movement for turning control and/or speed brakes 

as required In an actual flight. 

Ailerons. Each aileron was limited to ^17° deflection 

In all flight conditions. 

13 
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Chapter II 

Lift g<Hrtroll*r üaüga 

Three digital quadratlo optimal control programs were 

used to generate direct lift controllers in this study* The 

theory advanced by R.B. Kalman and his associates was used 

since it easily handles the dimensionality of the problem* 

This study used three or four states and three controls* 

but the uumbers of both could be increased with little 

difficulty* Kalman's linear system theory defines control¬ 

lers through digital computer solution of the matrix Siocatl 

equation. The plant must be linearized* and the cost func¬ 

tion must be quadratic* 

UnftftTlggfl 2l Motion 

As explained in Chapter IV, the LAMS equations are 

written for perturbations about three specific flight 

conditions* The digital program is based on a short per¬ 

iod approximation of the LAMS B-52 (Ref 3:40-44) with 

spoiler lift and moment coefficients linearized about the 

20° trailing edge up bias position* This reduces the 

aircraft to a linear system, as required, capable of pitch 

anl vertical movement at constant airspeed* 

77HBÎ 
. 

14 
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In addition to the above, the aircraft is assumed 

trimmed for straight and level flight with spoilers biased 

up before the direct lift controller begins operation. 

Thus, the equations of motion reduce to the following: 

^ ~ (2”1> 

where 

f-/2? O.* 

c.' ~ ~ 

Q » 9 (due to absence of lateral motion) 

¿ - W/U0 

JE£ 
Le+ AA = l + *iOo ClX 

«=[ ‘/m] [-CCtj<+C,)A-< -CLfQ- Ci ie Se 

+ Sa:i]} (2-2) 

lz-3' 
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where 

r~ / - c r-M 1 
ZUo [}(#c/zu0J 

Two of the optimization programs use the state NL, 

normal aooeleratlon of the aircraft center of gravity, 

positive in the up direction. An equation for was 

obtained as followst 

nL • uo®~* (Ref 3*15-16) 

Since U0, the airspeed, is considered constant, 

• •••« , ,, •#, 
I*L . U0e - W . 0oQ - u0a - u0«j - a) 

Treating all aerodynamic coefficients as constants, 

o< * £//aaJ{q [-(c^+c,) X - Ct'r ¿?]} 
As explained earlier, the LAMS aircraft has high speed 

actuators on all control surfaces. For practical 

purposes, commanded control surface movements may be 

considered instantaneous, so terms containing control 

surface rates have been dropped. Servo actuator speeds 

are discussed on page 148, 

Lei AB = ?s/[wc/0(AA)] 

ÑL= U, fõO- 'AA) ^ + 

16 
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Qsilaol ganfecfll mssüo. 
Chapter nine of Athens and Falb (Hef 2t750-780) is a 

comprehensive discussion of Kalman's optimal control 

theories for a linear plant with quadratic cost function. 

Portions of the theory actually used in this study are 

summarized below. 

Consider the so-called state regulator problem. Its 

solution is an optimal feedback system which keeps the 

components of the state vector £(t) near zero without 

excessive use of the controls ¡¿(t). The state equation for 

a g9ffiPl?tgiy gflP&gfllláfalft 3UnW time invariant system is 

¿(t) . A£(t) + B]i(t) (2-6) 

where A and B are time Invariant matrices. For n states 

and m controls. A is n x n. and B is n x m. The general 

form of the quadratic cost function is 

(2-7) 

If. with the specified time invariant system, the Q 

and R matrices are constant and the final time. tp. is 

infinity, then the resulting optimal feedback system is 

linear and time invariant. (Ref 2x751). To insure a finite 

control, the R matrix, the cost of control, must be positive 

definite (all eigenvalues positive). The Q matrix, the cost 

of non-zero states, need only be positive semldeflnlte 

(eigenvalues may be zero or positive). The F matrix is the 

cost of non-zero final states. Since the final time is 

17 
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infinite, an optimal controller will produce zero final 

state, and P oan be the zero matrix. 

Under the precise conditions listed above, with U(t) 

not constrained, Kalman has shown (Ref 2:771) that an 

optimal control exists, is unique, is stable and is given by 

li(t) = -R’^CXU) (2-8) 

where C is the constant n x n positive definite matrix 

which is the solution of the nonlinear matrix algebraic 

equation 

-CA-ATC + CBR-Vc - Q * 0 (2-9) 

Algebraic solution is difficult since it involves 

choosing the proper roots of a quadratic to make C positive 

definite. In practice, C is readily obtained by integrating 

the matrix Ricoati equation 

C(t) » -C(t)A - ATC(t) + C(t)BR“1BTC(t) - Q (2-10) 

backwards in time with the > oundary condition 

C(tp) = 0 

As backward integration proceeds, the transient due to the 

"initial condition” C(tp) a 0 dies out, and all elements of 

the C matrix become constant (See Fig. 2-1 belowK C is n x n 

and symmetric and therefore represents (n x n + n)/2 inde¬ 

pendent differential equations. Combining the plant and 

control equations, (2-6) and (2-8), we have 

18 
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Í(t) » Gi(t) (2-11) 

where 

G ss A — BR B^C (2—12) 

Kalman has proved that the eigenvalues of G always have 

negative reed, parts, so the optimal system Is always stable. 

This Is true even If one or more eigenvalues of A have non- 

negative real parts. 

C Tra.io s icrtf’ 

Pig. 2-1. Typical Element of 0 Matrix 

Computer Program 4 

This first of three optimal control programs uses three 

states and three controls. The states aret 

X(l) » a (Angle of attack) 

X(2) * 0 (Pitch angle) 

X(3) » 6 (Pitch rate) 

The controls, which are the same In all three programs, aret 

U(l) » 6e (Elevator) 

U(2) » 0sp (Spoiler) 

U(3) m 0^^ (Symmetric ailerons) 

19 
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The sequence of operations is identical in the three 

programs, the statement numbering is similar, and the sub¬ 

routines are the same except for dimensioning. Thus, the 

following discussion will suffice for all three programs. 

Symbols. The À,B,C,Q, and R matrices and 

the X and U vectors correspond to the nomenclature of the 

theory discussed above, 

CONT * -R“^B^C, establishing the control vector. 

N m Number of states 

M * Number of controls 

TING a Integration time increment, normally .05 seconds 

KTR is a counter used for program control. 

TP » Final time. In this program, the C matrix becomes 

constant after no more than four seconds of real-time 

backward integration. TP was arbitrarily chosen as ten 

seconds. 

KS a Plight condition 

D matrix contains the aerodynamic coefficients for the 

three flight conditions as listed in Figure 2-2, page 21. 

These coefficients were furnished by The Boeing Co. (Wichita, 

Kansas) and are based, in most cases, on B-52 flight test 

data. The spoilers are nonlinear, and the listed coef¬ 

ficients represent a tangent to the spoiler attenuation 

curve at the 20° bias point. See Figure 3-1, page 58 for 

the complete curve. 

Plow. A listing of computer program A appears 

on pages 24-2?. 

20 
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Stfttyients 2, to 22: Zero matrices as reqiiired, read 

data, and write out Q and B matrices for reference. 

Sfrfttfrifflt? 22 Check to Insure B matrix is 

positive definite and Q matrix positive semldefinlte as 

required. 

¿4 to ¿2: Compute A and B matrices and 

write out for reference. Program A uses equation (2-2) 

above for X(l) and equation (2-3) for X(3). Of course, 

¿(2) - X(3). 

Signant? 22 te 12.-- Compute BBIBT (BB’1Bt), pre¬ 

paring for backward integration of the matrix Blooatl equation. 

12 te Integrate C matrix backwards, 

write out Independent elements of C each TING, and check 

for constancy of C matrix each ten TING (usually 0.5 

seconds). 

SWMfnVg 22 te 22’ Compute and write out CONT. 

This matrix establishes the pot settings to be used in 

the analog simulations. 

StlfrgBgntd te 1Z1 Compute and write out the G 

matrix. (G * A — B ^B^C and X m G£)• Find character¬ 

istic equation and eigenvalues of G to demonstrate stability 

of the optimal system. 

1Z £&. 22’ Road an initial X condition 

(normally e » 0.1 radian), integrate the optimal system 

equations forward in time for five seconds, writing out 

states and controls used each TING. 

Although every controller produced by this program 

22 
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is optimal for the oost criteria contained in the Q and R 

matrices, several runs are usually required with different 

Q and R matrices to produce a controller with good flying 

qualities. Suitability of a controller can only be estab¬ 

lished by an analog computer simulation. However, the 

integration of the optimal system equations gives a basis 

for comparison of the various controllers, and helps 

eliminate some unsuitable ones without an analog simulation. 

Manipulation of the Q and R matrices is discussed in a 

later section, and a sample output of computer program A is 

included in Appendix A. 

23 



COMPUTER OPTIMIZA!IOM PROGRAM A 

SIBJOB NOMAP 
MBFTC MAIN XR7 

COMMON A0.3) .B( 3*3) .0(14.3) »Q( 3*3) .RO*3) »C(3*3) »MKA( 3*3) • 
ZWK.B( 3.3 ) .WKC ( 3.3 ) »WK.D ( 3.3) .RIBT(3.3) .M»N*BR1BT(3.3) 
DIMENSION XC 6).COMP (3.3).CHAR(4)«EJGNVi3.2).DUMMY< 4)»CONT(3.3)• 

ZUI3.1)»WKP(3.3)»XX(3.1) 
HAMELIST/INIT/N.KS.M.TF•T INC 

3 FORMAT (SElOrO) 
2 FORMAT(3E10.0) 
3 READ (3.INIT) 

ICTRfcl 
DO 4 I>1»N 
DO 4 J-l.N 
A(I .J) ■ 0« 
COMP( I•J)a0* 
C(I.J)-0* 

4 Q(I.J)-0. 
DO 26 I-l.M 
DO 24 J-l.M 
RU.J)-0. 

24 WKP(I.J)»0. 
DO 6 I-l.N 
DO 4 J-l.M 
U< J.1)*0. 

6 B( I .J)*0• 
READ(5.2) ((0(I.J).J*1.N)»IS1.N) 
READ(3.2) HR(I*J).J-l.M).I-l.M).((0( I.J).J>1.3)*I>1.16) 

46 CONTINUE 
22 FORMAT(lX.BHO MATRIX.//) 

HRI TE (6-.22) 
23 FORMAT(3F12.4) 

WRITE(6.23) ((Q(I.J).J-l.N).I-l.N) 
24 FORMAT«//•IX.«HR MATRIX.//) 

WRITE(6.24) 
23 FORMAT(3F12.4) 

WRITE(6.23) ((R(I.J)•J-l*M)•I-1.M) 
C CHECK ACCEPTABILITY OF 0 AND R MATRICES 
99 FORMAT!/.IX.14H0 MATRIX CHECK) 

WRITE(6.99) 
CALL CHRPOL (Q.CHAR.N) 
CALL ROOTS (N.CHAR•EIGNV) 
DO 31 I-l.N 
TNT-EIGNV«I.l) 
IF (TNT.LT. 0.) GO TO 32 

31 CONTINUE 
100 FORMAri/.l<»14HR MATRIX CHECK) 

WRITE(6•100) 
CALL CHRPOL(R.CHAR.M) 
CALL ROOTS (M.CHAR•EIGNV) 



DO 56 I-1*M 
TNT»EIGNV(I.1 ) 
IF C TNT •LE• O.J GO TO 55 

56 CONTINUE 
31 FORMAT(//•IX »17HFLIGHT CONDITION 
50 WR ITE(6•31) KS 

C COMPUTE A AND B MATRICES 
AA-1. + D(7 »KS)*D(9 *KS)/D(14 * KS) 
AB»D(7*KS)/(D( 14.»CS)#AA) 
A (1•1)»—AB*D(2 *KS) 
AÍ 1*3)«1./AA-AB*D(8*KS) 
B ( 1 * I ) *-AB*D ( 3 *tCS ) 
B ( 1*2) ■ AB*D ( 12 *K.S ) 
B(1*3)■—AB*D(15 »KS) 
A ( 2 * 3 ) ■ 1 • 
AC“D(6 *KS) 
AD-D(11,KS) 
A ( 3 • 1 ) *AC* ( D ( 4 » ICS ) +AD*A (1*1) ) 
A ( 3 *3 ) * AC* ( D ( 10*KS ) 4-AD* A (1*3) ) 
B<3.1)«AC*<D<5.KS>+AD*B(1.1)) 
B ( 3*2 ) *AC* ( D ( 13 *KS ) -♦■AD*B (1*2) ) 
B(3 » 3) *AC*(D(16*KS)>/ 9(1.3)) 

28 FORMAT*✓/*IX*8HA MATRIX*//) 
WR ITE(6,28) 
WRITE(6*25) ( ( A ( I * J)*J«1,N)* I■1»N) 

29 FORMAT*//.IX.8HB MATRIX.//) 
WRITE(6.29) 
WRITE (6.25) ((B*I>J).J>1.M)»I«1.N) 
CALL GMTRA (B.CONT.N.M) 
CALL MTXINV(R.WKP.M) 
CALL GMPRD(WICP.CONT.RIBT.M.M.N) 
CALL GMPRD(B.RIBT.BRIBT.N.M.N) 
TS-TF 
DO 7 1-1.6 

7 X(I)»0. 
30 FORMAT(////.IX.39KE^EMENTS OF SYMMETRIC FEEÜÖACX MATRIX C.//) 

WRITE (6.30) 
13 FORMAT*1X.6HC(1.1).7X.6HC(1,2).6X.6HC(1.3).6X.6HC(2.2).6X.6HC<2. 

Z.6X.6HC< 3.3)»//) 
WRITE *6,13) 

14 FORMAT*/.IX.7HTIME - .F6.2) 
DELT —TINC 

11 IFÎTS.GT.0.) GO TO 12 
STOP 

C INTEGRATE C MATRIX BACKWARDS, 10 STEPS 
12 DO 8 1-1.10 

C CALL (NO. EON. EON SET. VARIABLE. START TIME. DEL TIME) 
CALL RUNGE(6.1.X.TS.DELT) 

9 FORMAT!1P10E12.4) 
WRITE (6,14) TS 

8 WRITE (6.9) *X*J),J-1,6) 
CALL FCN(6,2,X«DUMMY ) 
CALL MXPM (COMP.C.WKA.N.N.-l) 
SUM -0. 
DO 10 I-l.N 
DO 10 J-l.N 

25 
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COMP(I»J)-C(I»J) 
10 SUM - SUM + ASStWKAtI'J)> 

C CHECK FOR COMSTANCY OF C MATRIX 
IF (SUM .GT. 0*3) GO TO 11 

C NOW HAVE CONSTANT FEEDBACK GAIN MATRIX. C. 
32 FORMAT(//.IX.17HFEEDBACK MATRIX C.//) 

WRITE (4.32) 
33 FORMAT <3F12.4> 

WRITE (6.33) f(CI I•J),J«1,N).I-l.N) 
DO 13 I-l.N 
•O 13 J-l.N 

13 WKA(I.J) - 0. 
CALL GM^RO(RIBT.C.CONT.M.N.N) 
DO 16 I-l.M 
DO 16 J-l.N 

16 CONTU.J) - -CONT(I.J) 
♦2 FORMAT 1//.IX.15HLONTROL- -RIBTC> 

WRITE (6.42) 
WRITE (6.33) ((CONT( I.J).J-l.N).I-l.M) 

C CONTROL VECTOR. U ■ (CONTJIX VECTOR) 
Cud) - ELEVATOR. U(2) - SPOILERS. U<3) - AILERONS. 

CALL GMPRD (B.CONT.WKB.N»M.N) 
CALL MXPH (A.WKB.WKA.N.N.^1) 

40 FORMAT (//»IX.eHA—DRIBTC»//) 
WRITE 16.40) 
WRITE (6,33) <IWKA(I,J),J-lfN),I-l.N) 

C X DOT - (WKA)(X) 

C 
C 

C 
C 
C 
c 

CALL CHRPOL(WKA,CHAR,N) 

ZS^OF^ERUSSO1110 E0UATI0N 0F REAL MATRIX BY BOCHER FORMULA. R 

CALL ROOTS(N.CHAR,EIGNV) 

SooifÍeoRcoÍtrollerI10*' AN0 ITS R00ts are founi> for later COMPAS1SO 
READ IN INITIAL X CONDITIONS. 
X(1)-ALPHA X(2)-THETA X(3)-THETA DOT-U 

IN DEGREES AND 
DEGREES.•//) 

17 REAO(3,2) (X(I),1-1,3) 
DELT-TINC 

21 FORMAT (//,IX »48HNOTE » CONTROLS 
2//,IX»30HSPOILERS BIASED UP 20 
WRITE(6.21) 

37 FORMAT!/»1X.36HUSING OUTBOARD SPOILERS ONLY (0.36K)) 
WRITE (6,37) W ^ 

20 FORMAT(4X,4HTIME »8X,5HALPHA,10X,3HTHETA,5X »9HTHETA 
Z8HELEVATOR »4X,8HSPOILERS,4X,8HAILERONS»//) 
WRITE(6,20) 
TS-0. 
UI2.1)-20. 

1» FORMAT(7F12.4) 
WRITE!6,19) TS.!X(1) » I■l.3),!U(J.1),J-1,M) 
TF-.3#TF 

1C CALL RUNGE (3,3,X,TS.DELT) 
DO 41 I-l.N 

ANGLES IN RADIANS. 

DOT.3X. 

41 XX( I » 1)-X!I ) 
CALL GMPRD(CONT »XX.U,M»N » 1) 
U! 1,1)-37.3*U(1,1) 
U!2,1)-57.3*U(2.1)-*>20. 
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UÍ3.1) »57.3*U(3.1i 
WR I TE(6,19) TS*(X(n*I-l.N).(U(J*l)tJ-ltH) 
IF ITS.LT.TF) GO TO 18 
TF«2.*TF 
KTR-XTR ♦ 1 
IF (KTR.LT*4) GO TO 45 
STOP 
KS-KS+1 
GO TO 56 
WR I TE ( 6 • 53 ) 
FORMAT (/#)X» 47HO MATRIX NOT POSITIVE SEMIDEFINITE AS REQUIRED.) 
GO TO 50 
FORMAT Í/ »1X»43HR MATRIX NOT POSITIVE DEFINITE AS REQUIRED.) 
WRITE (6*54) 
GO TO 50 
END 
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çpaputer jroExm ä 

This optimal control program uses four states and the 

usubJ. three controls. The states ares 

X(l) * a (Angle of attack) 

X(2) * e (Pitch angle) 

X(3) ■ e (Pitch rate) 

X(4) * Nl (Normal acceleration, positive In the up 

direction) 

Program B differs from A In dimensioning statements and 

In the addition of equation (2-5) for X(4). Thus, the 

optimal controller has four feedbacks Instead of three. A 

listing of this program appears on pages 30-33. 

Note that the actual state X(4) used in this program 

Is .01 N^ rather than N^ Itself. As shown in the sample 

output (Appendix A), this makes all alements of the A and 

B matrices relatively equal In magnitude. When the program 

was run with NL, the row four elements of the A and B matri¬ 

ces were two orders of magnitude greater than any other 

elements, giving an Ill-conditioned set of differential 

equations that was virtually impossible to integrate. Even 

though this program uses a variable step size Runge-Kutta 

differential equation solver routine, integration was very 

slow with repeated overflows and underflows. The results, 

of course, were useless. However, by simply using .01 NL, 

backward integration of the C matrix proceeds rapidly with¬ 

out overflow or underflow. 

This la an Important point that will eliminate muoh 
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of the difficulty commonly associated with application of 

this theory. Simple conditioning of the equations, analo¬ 

gous to amplitude scaling on an analog Computer, will aare 

computer time by speeding integration while improving 

accuracy of the results. 

Additional difficulty was experienced with this program 

in that elements C(ltl) and C(4,4) of the C matrix did not 

become constant during the backwards integration. This is 

probably due to the fact that X(4), normal acceleration, is 

a combination of X(l), alpha, and X(£), theta. (See Linear- 

Üaà BflMtlgng Hsilm above.) However, a series of 

special runs demonstrated that although the two C matrix 

elements did not become constant, the control (CONT) and 

optimal system (G) matrices computed from C did become essen¬ 

tially constant after approximately ten seconds of backwards 

integration. Therefore, the matrix Blooati equation was 

integrated backwards for 20 seconds in each run, and the 

controllers thus oompute¿l gave excellent results on the 

analog simulation. A sample output of this program is 

Included in Appendix A. 



COMPUTER OPTIMIZATION PROGRAM B 

SIBJOB NOMAP 
S1BFTC MAIN XR7 

COMMON A(4*4) *8(4*3) • D ( 16(3) *Q ( 4 »4 ) » R ( 3 • 3 ) »C ( 4*4 ) »WK.A ( 4 #4 ) , 
ZWK.B (4*4) • WKC (4*4) »WK.0(4»4) t RI BT ( 3 «4 ) »M ,N t BRI BT ( 4 *4 ) 
DIMENSION X(10)*COMP(4*4)*CHAR(5)»EIGNV(4*2)»DUMMY(10)»CONT(3»4}• 

ZUÍ 3*1)»WKP(3*3)»XX(4•1) 
NAMELIST/lNIT/N.XStM.TF.TINC 

3 FORMAT (4E10.0) 
2 FORMATI3E10«0) 
3 READ (5 • IN IT ) 

XTR-1 
DO 4 I-l.N 
DO 4 J-l.N 
A ( I •J) - 0. 
COMP ( I*J)-0. 
C(I*J)«0. 

4 O( I•J)“0• 
DO 26 I“1#M 
DO 26 J-1*M 
R( I*J>-0. 

26 WKP( I *J)*0• 
DO 6 I-l.N 
DO 6 J-l.M 
UlJ*1)-0. 

6 B( I•J)>0• 
READ(3.5) ((0( I.J).J-l.N).I-l.N) 
READ(5.2) ((R(I.J).J-l.M).1-l.M)•((D(I.J).J>1.3).1-1.16) 

46 CONTINUE 
22 FORMAT«1X.8HQ MATRIX.//) 
101 WRITE (6.22) 
23 FORMAT(4F12.4) 

WRITE (6.23) ((Q(I.J).J-l.N)•I-l.N) 
24 FORMAT(//.IX.8HR MATRIX.//) 

WRITEC6.24) 
25 FORMAT (3F12•4) 

WRITE(6.25) ((R(I .J).J-l.M).1-l.M) 
C CHECK ACCEPTABILITY OF Q AND R MATRICES 
99 FORMAT (/•IX»14HQ MATRIX CHECK) 

WR ITE(6.99) 
CALL CHRPOL (O.CHAR.N) 
CALL ROOTS (N » CHAR.EIGNV) 
DO 51 I-l.N 
TNT-EIGNV(I.1) 
IF (TNT.LT. 0.) GO TO 52 

51 CONTINUE 
100 FORMAT!/.IX.14HR MATRIX CHECK) 

WR ITE(6•100) 
CALL CHRPOL(R.CHAR.M) 
CALL ROOTS (M.CHAR»EIGNV) 
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DO 36 I-ltM 
TNT-EIGNVC1*1) 
IF ( TNT .LE. O*) GO TO 55 

56 CONTINUE 
31 FORMAT(/ / * IX•17HFLI6HT CONDITION .11*//) 
50 WRITE(6»31) KS 

C COMPUTE A AND B MATRICES 
AA-1. + D(7 *KS)*D(9*KS)/D(14 » KS) 
AB"D(7 »KS)/(D114.KS)*AA) 
A( 1*1)—AB*D(2.KS) 
A(1*3)s1•/AA-AB*D(8 *KS) 
B(l.l)—AB*D(3*KS) 
B ( 1 •2) *AB*D(12 *KS) 
B(1*3)■—AB*D(15 *KS) 
A(2.3)-1. 
AC-D(6 *KS) 
AD-D <11.KS) 
A (3•1)-AC*(D(4 *KS)♦AD*A(1*1)) 
A (3•3)-AC*(D(10.KS)+AD*A(1*3)) 
B ( 3 • 1 ) - AC* < D ( 5 *KS ) •»■AO*B (1*1) ) 
B(3*2)-AC*(D(13 * KS)+AD*B(1*2)) 
B(3*3)-AC»(D(16*KS)+AD*B(1»3)) 
AU-D(14.KS) 
AE-(AU-D(7 *KS)*D(8.KS))/AA 
AF-(Df 7 »KS)*D(2 *KS))/AA 
A(4*1)-(AU-AE)*A(3.1)+AF*A(1.1) 
A (4*1)01*A(4 *1) 
A<4.3)-(AU-AE)*A(3.3)+AF*A(1.3) 
A(4.3)-.01*A (4.3) 
8(4.1)-(AU-AE)*B(3.1)♦AF*B(1.1) 
B(4.1)■*01*B(4.1) 
8(4.2)-( AU-AE ) *B ( 3.2 ) ■♦•AF*B ( 1.2 ) 
8(4.2)-.01*B(4.2) 
B( 4.3)-( AU-AE) *B( 3.3 )>t-AF*B( 1.3) 
8(4.3)-.01*B(4 » 3) 

28 FORMAT(//* IX »8HA MATRIX.//) 
WRITE(6.28 ) 
WRITE (6.23) ((A(I.J)»J«1»N).I-1.N) 

29. FORMAT!//.IX.8HB MATRIX.//) 
WRITE(6.29) 
WRITE (6.25) ((B(I.J).J-l.M).1-1.N) 
CALL GM7RA (B.CONT.N.M) 
CALL MTXINV(R.WKP.M) 
CALL GMPRD(WKP.CONT.RIBT.M.M.N) 
CALL GMPRD(B.RIBT.BRIBT.N.M.N) 
TS-TF 
DO 7 1-1.10 

7 X(I)-0. 
DELT —TINC 

11 IF(TS.GT.0.) GO TO 12 
STOP 

C INTEGRATE C MATRIX BACKWARDS. 10 STEPS 
12 DO 8 1-1.10 

C CALL (NO. EON. EON SET. VARIABLE. START TIME. DEL TIME) 
CALL RUNGE (10.1»X.TS.DELT) 

9 FORMAT(1P10E12.4) 
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8 CONTINUE 
CALL FCN(10•2 »X »DUMMY ) 
CALL MX PN ( COMP »C tWK.A *N *N »-1 ) 
SUN -0. 
DO 10 ¡«ItN 
DO 10 J-1«N 
COMP (I»J)-C(I *J) 

10 SUM - SUM + ABS ( WK.A ( I * J ) ) 
C CHECK FOR CONSTANCY OF C MATRIX 
14 FORMATI/#1X»7HTIME - .F6.2) 

WRITE (6*14) TS 
32 FORMAT (//•IX 117HFEEDBACK MATRIX C,//) 
91 WRITE (6132) 
33 FORMAT (4F12.4) 

WRITE ( 6 »33 ) ( (C(I *J) .1*1.N) 
IFITS.LT.0.5) GO TO 92 
IF(SUM.GT.2.0) GO TO 11 

C NOW HAVE CONSTANT FEEDBACK GAIN MATRIX» C. 
92 CONTINUE 

DO 15 I-1*N 
DO 15 J*1*N 

15 WKA( I•J) - 0. 
CALL GMPRDtRlBT *C*CONT*M*N*N) 
DO 16 I-l.M 
DO 16 J*1*N 

16 CONT( I•J) - -CONT(I.J) 
42 FORMAT«//.IX.15HCONTROL- -RIBTC) 
57 FORMAT«/.IX.42HNOTE ••• ACTUAL STATE X(4) IS .Ol*N SUB L.) 

WRITE « 6 » 57) 
WRITE «6.42) 
WRITE (6.33) ((CONT( I.J)♦J»1*N). I«1»M) 

C CONTROL VECTOR. U » (CONTMX VECTOR) 
C Ull) - ELEVATOR. U<2) - SPOILERS. U<3) « AILERONS. 

CALL GMPRD (B.CONT•WKB.N»M.N) 
CALL MXPM ( A.WKB.WKA »N »N » + 1) 

40 FORMAT«//.IX.8HA-BRIBTC.//) 
WRITE (6.40) 
WRITE (6.33) ((WKA(I.J).J-l.N).I-l.N) 

C X DOT - (WKA)(X) 
CALL CHRPOL(WKA.CHAR.N) 

C FIND CHARACTERI TIC EQUATION OF REAL MATRIX (A) BY BOCHER FORMULA. REÍ 
C 234 OF DERUSSO. 

CALL ROOTS(N.CHAR.EIGNV) 
C CHARACTERISTIC EQUATION AND ITS ROOTS ARE FOUND FOR LATER COMPARISON 
C MODIFIED CONTROLLER. 
C READ IN INITIAL X CONDITIONS. 
C X ( 1 ) «ALPHA X ( 2 ) "THETA X(3)-THETA DOT-Q X(4)- .Ol*N SUb L (POSUIN 
17 READ(5.5) (X(I).I-l.N) 

DELT-TINC 
21 FORMAT«//.IX.48HNOTE. CONTROLS IN DEGREES AND ANGLES IN RADIANS.. 

2//.1X.30HSPOILERS BIASED UP 20 DEGREES..//) 
WRITEI6.21) 

20 FORMAT(4X.4HTIME.8X.5HALPHA.10X.5HTHETA.5X.9HTHETA DOT.5X.5HN ACCt 
Z2HEL.7X.8HELEVATOR•4X•8HSPOILERS.4X.QHAiLERONS.//) 
WRITE(6.20) 
TS-0. 

32 



U<2*n-20. 
WR I TE (6 » 19) TS * (X( I ) « I » 1»N > t( J( J * 1> 
TF-.25*TF 

18 CALL RUNGE(4,3.X.TS.DELT) 
DO 41 I-1#N 

41 XX(I»l)«X(n 
CALL GMPRD( CONT »XX*U»M»N*1) 
U( 1.1)-57.3*U(1.1) 
U<2.1)»57.3*U<2.1>*20. 
U(3.1)-57.3*U(3.1) 
XX(4*1)-100.*XX(4.1) 

19 FORMAT (8F12•4) 
WRITE(6.19) TS. IXX( I .1) .I-l.N)» < U(J * 1)»J-1.M) 
IF (TS.LT.TF) GO TO 18 
TF-4.*TF 
KTR-KTR+1 
KS-KS-fl 
IF(XTR.EQ.4) GO TO 93 
GO TO 50 

93 CONTINUE 
STOP 

45 READ(5.5) ((Q(I•J)•J-1»N)•I-1«N) 
READ(5.2) ((R(I.J).J-l.M).I-l.M) 
GO TO 46 

52 WRI TE(6•53 ) 
53 FORMAT!/.IX.47HQ MATRIX NOT POSITIVE SEMIDEFINITE AS REQUIRED.) 

GO TO 50 
54 FORMAT!/.IX.43HR MATRIX NOT POSITIVE DEFINITE AS REQUIRED.) 
55 WRITE (6.54) 

GO TO 50 
END 
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COMPUtar Preurrmm £ 

The controllers designed by computer progrès B gave 

good results when tested on the two degree of freedos ana¬ 

log simulation, and are suitable for use on the LAMS B-52. 

However, angle of attack Is difficult to measure accurately 

In flight, and most aircraft are not equipped with a sen¬ 

sors, Therefore, a feedback was reduced as much as possible 

through manipulation of the Q matrix. However, analog sim¬ 

ulation still showed noticeable performance degradation 

when the remaining a feedback was removed. Computer pro¬ 

gram C was then written to oheok the roots of the system 

characteristic equation with a feedback eliminated (flight 

condition three only). For example, consider the controller 

The roots of the optimal system characteristic equation are 

3(1) . 0 

S(2) - -0.05^ 

3(3) - -2.0 

3(4) . -23.65 

Eliminating a feedback, the roots become 

3(1) - -0.122 

3(2) * -1.49 ♦ J 0.84 
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3(3) = -1.49 - J 0.34 

3(4) = -22.95 

A listing of this program follows. 

2 

3 

4 

7 

C 
c 

c 

c 

DIMENSION A(4*4) » B(4 » 3)*C0NT(3*4)*WKA<4*4)*WKB(4»4)*CHAR(5)• 
7EIGNV(4 * 2) 
N = 4 
M=3 
FORMAT (4E10«0) 
DO 3 I"1 » N 
DO 3 J«1*N 
A ( I »J)=0. 
DO 4 J * 1 * M 
B(2 * J)=0• 
A( 1, 1)=-.6939 
A(3*l)=-2.4739 
A (4.1)=-3.8279 
A ( 1.3) = .9904 
A(2.3)-1. 
A (3.3)=-.6518 
A(3.4)=5.1590 
B ( 1.1)=-.0211 
B ( 1 .2) = .0274 
B ( 1.3)=-.0153 
8(3.1)=-1.6332 
8(3.2)=.4536 
8(3.3)=-.1366 
8(4.1)=-.2298 
B(4.2)-.1773 
R(4.3)=-.0906 
READ(5.2) ((CONKI.J).J=1»N).I=1.M) 
CALL GMPRD(B »CONT.WKA.N.M.N) 
CALL MXPM ( A .WKA.WKB.N.N. + l) 
FORMAT (4F12.4) 
FORMAT ( / /.IX . 2*+HMOD I FI ED CONTROL. -R I BTC ) 

WRITF(fc,6) 
WRITE(6.5) ((CONT(I.J).J=1.N).I = 1.M) 
FORMAT (//.IX*17HMODI F I ED A-BRI BTC ) 

WRITE(6.7) 
WRITE(6.5) ((WKB(I.J).J=1.N).I = 1.N) 

CALL CHRPOL(WKB.CHAR.N) 
CALL ROOTS(N.CHAR»EIGNV) 

STOP 
PND 

THIS PROGRAM USES THE FOLLOWING SUBROUTINES TAKEN FROM THE 
OPTIMIZATION PROGRAM. 

SUBROUTINE 
subroutine 
S’ IRROUT I NE 
SUBROUTINE 

MXPM(A.B.C.M.N.NSGN) 
GMPRD(A.B.C.NA.NB.NC) 

CHRPOL(A.B.N) 
ROOTS ( IDIOT.A.D) 
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Computer Program D 

For reasons stated above, angle of attack Is not a 

desireable feedback In most aircraft control systems. How¬ 

ever, program C and the analog simulation both show that 

eliminating oi feedoack from program B's output results In 

sub-optimal controllers. Optimization program D was written 

to overcome these difficulties. 

Program D Is similar to program A In that It uses 

three states and three controls. The states are 

X(l) » .01 Nl (Normal acceleration, positive in the 

up direction) 

X(2) = 0 (Pitch angle) 

X(3) = 9 (Pitch rate) 

Note that .01 NL is again used for the same reason stated 

in the program B discussion. The controls are the same as 

In the previous programs: 

U(l) a 6e (Elevator) 

U(2) = 6gp (Spoiler) 

U(3) » 6all 

No difficulties were encountered with this program, 

and the two degree of freedom analog results were good. 

Since absence of a feedback makes program D controllers 

moro practical than the others, they were used exclusi¬ 

vely in the six degree of freedom piloted simulation at 

the AFFDL computer facility. A program listing follows, 

and a sample output is included in Appendix A. 
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COMPUTES OPTIMIZATION PROGRAM D 

5 
2 
3 

$ IBJOB NOMAP 
SIBFTC MAIN XR7 

7 A<3*3) *öi3»3) *D( 16 « 3 ) » Û ( 3*3) .R(3,3) ,C (3,3) ,WkA( 3,3) . 
*WKC(3*3,»WKD(3»3>»rIBT(3,3),M,N,BRIöT(3,3) 

ZU( IwKpîsts ) »XXof if ^ ,c^AR < 4 ) *E 1 GNV( 3 »2 ) »DUMMY( 6 ) »CONT( 3«3 ) ■ 

NAMELIST/INIT/N,KS,M,TF,TINC 
FORMAT (5E10.0) 
FORMAT (3E10,0) 
READ (StINIT) 
KTR*1 
DO 4 I«1,N 
DO 4 J*1 ,N 
A ( I , J ) = 0 • 
COMP ( I ,J)*0. 
C(I ,J)»0« 
0( I *J)*0. 
DO 26 I-1,M 
DO 26 J*1»M 
R < I , J)*0• 
WKP<I,J)»0. 
DO 6 I * 1,N 
DO 6 J=1,M 
U(J,1)»0• 
B( I•J)=0• 
READ(5,2) 
READ(5,2 ) 
CONTINUE 
FORMAT (1X*8HQ 
WR I TE ( 6,22 ) 
FORMAT!5F12.4) 
WRITE(6,25) ((0( I,J),I*1,N) 
FORMAT (//, lx ,8HR MATRIX,//) 
WR I TE ( 6,24 ) 
FORMA T(3F12•4) 

rucr?II5^«25) ( <R( 1 *-»“1»«» »I“ltM) 
CHECK ACCEPTABILITY OF 0 AND R MATRICES 

26 

46 
22 

23 

24 

25 

((Q( I , J),J*1,N),I«1,N) 
(R( I,J)» J * 1,M), I®1,M),((D(I ,J),J*113)*I“1»16) 

MATRIX,//) 

99 

51 
100 

FORMAT (/,IX,14HQ MATRIX CHECK) 
WR ITE(6,99 ) 
CALL CHRPOL (Q,CHAR,N) 
CALL ROOTS (N.CHAR ,EIGNV) 
DO 51 I«1,N 
TNT-EIGNVÍ1*1) 
IF (TNT,LT, 0,) GO TO 52 
CONTINUE 
FORMAT!/,IX,14HR MATRIX CHECK) 
WR ITE(6,100) 
CALL CHRPOL(R,CHAR,M) 
CALL ROOTS (M »CHAR ,EIGNV) 
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DO 56 I * 1*M 
TNT*EIGNV(I . 1 ) 
IF< TNT .LE. 0.> GO TO 55 

56 CONTINUE 
31 FORMATl//*lXfl7HFLIGHT CONDITION .11*//) 
50 WR I TE ( 6 * 31 ) ICS 

C COMPUTE A AND 8 MATRICES 
AA-1. + D(7.KS)*D(9.KS)/D( 14.K.S) 
AB“D ( 7 * ICS ) / ( D( 1A * ICS ) * AA ) 
A ( 1.1) =-A8*D ( 2 .ICS ) 
A ( 1 * 3 ) * 1 • / AA-AB*D ( 8 . K.S ) 
B(1.1)»-AB*D(3.KS) 
B(1.2)-AB*D(12.KS) 
B(1.3)'-AB*Dl15.KS) 
A ( 2 • 3 ) a 1 • 
AC*D ( 6 . ICS ) 
AD*D ( 11 » ICS ) 
A ( 3.1 ) * AC* ( D ( 4 .ICS ) +AD*A (1.1 ) ) 
A ( 3 » 3 ) c AC* ( D ( 10 *ICS ) +AD*A ( 1.3)) 
B(3.1)*AC*(D(5.ICS)-*-AD*B(l.l ) ) 
Bi3.2)=AC*(D( 13.ICS)+AD*B( 1.2) ) 
6(3*3) * AC* ( D ( 16 . ICS > +AD*B ( 1.3) ) 
AU-D( 14,ICS) 
AE* ( AU-D ( 7 ,ICS ) *D ( 8 , ICS ) )/AA 
AF-(D(7,ICS)*D(2.ICS) )/AA 
A(l,l)«.01*<(AU-AE)*A(3.1)+AF*A(1.1)) 
A ( 1,3)».01*< ( AU-AE ) *A ( 3.3 ) ■♦•AF *A ( 1.3 ) ) 
B(l.l)».01*((AU-AE)*B(3.1)+AF*B(1.1)) 
B(l,2)«.01*( ( AU-AE )*B( 3.2) ■»■AF*B< 1.2) ) 
B(l,3)».01*<(AU-AE)*B(3.3)+AF*B(1,3)) 

28 FORMAT!//.IX.BHA MATRIX.//) 
WR ITE(6•28) 
WRITE(6.25) ((A(I.J).J-l.N).I>1,N) 

29 FORMAT (//,IX *8HB MATRIX.//) 
WR ITE(6.29 ) 
WRITE (6.25) < (B( I .J),J*1.M)•I-l.N) 
CALL GMTRA (BtCONT.N.M) 
CALL MTXINV(R.WICP.M) 
CALL GHPRD(WKP »CONT.RIBT.M.M.N) 
CALL GMPRD(B.RIBT.BRIBT.N.M.N) 
TS-TF 
DO 7 I«1.6 

7 XU)-0. 
DELT —T1NC 

11 IFITS.GT.O.) GO TO 12 
STOP 

C INTEGRATE C MATRIX BACKWARDS. 10 STEPS 
12 DO 8 1-1,10 

C CALL (NO. EON, EON SET, VARIABLE, START TIME, DEL TIME) 
CALL RUNGE(6,1,X»TS,DELT) 

9 FORMAT!1P10E12.4) 
8 CONTINUE 

CALL FCN(6»2,X »DUMMY ) 
CALL MXPM ( COMP,C » WKA»N »N « — 1) 
SUM -0. 
DO 10 I-l.N 
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DO 10 J=1♦N 
COMPÍ ï » J)*C( I » J ) 

10 SUM » SUM + *BSÎWKA AiJM 
C CHECK FOR CONSTANCY OF C MATRIX 
14 FORMAT«/*1X*7HTIME « »FS.2) 

WRITE ( t' * 14 ) TS 
32 F0RMAT(//*1X»i7HFEEDBACK MATRIX C»//) 
91 WR ITE(6♦32) 
33 FORMAT (3F12.4) 

WRITE (6*33) « (C(I *J)*J=1.N)»I«1*N) 
IF(TS.LT.0.5) GO TO 92 
IF (SUM .GT. 0.3) GO TO 11 

C NOW HAVE CONSTANT FEEDBACK GAIN MATRIX. C. 
92 CONTINUE 

DO 15 1*1.N 
DO 15 J * 1 * N 

15 WKA( I.J) “ 0. 
CALL GMPRD(RIBT.C.CONT.M.N.N) 
DO 16 1*1.M 
DO 16 J * 1.N 

16 CONT( I.J) * -CONT( I .J) 
57 FORMAT«/.IX.42HNOTE ... ACTUAL STATE X(l) IS .0l*N SUB L. > 

WR ITE(6,57) 
42 FORMAT«//.IX.15HLONTROL* -R I BTC ) 

WRITE (6,42) 
WRITE (6.33) ((CONT«I.J).J*1.N)*I»1.M) 

C CONTROL VECTOR, U * (CONTMX VECTOR) 
C U(l> * ELEVATOR. U<2) * SPOILERS, U<3) * AILERONS. 

CALL GMPRD (B.CONT.WKB,N,M,N) 
CALL MXPM (A,WKB»WKA»N.N.+1> 

40 FORMAT«//.IX.8HA-BRIBTC,//) 
WRITE (6.40) 
WRITE (6,33) ( (WKA( I,J) » J = 1 , N) , I = 1,N) 

C X DOT = (WKA)(X) 
CALL CHRPOL(WKA.CHAR »N) 

C FIND CHARACTER 1TIC EQUATION OF REAL MATRIX (A) BY BOCHER FORMULA. R 
C 234 OF DERUSSO. 

CALL ROOTS ( N »CHAR,EIGNV) 
C CHARACTERISTIC EQUATION AND ITS ROOTS ARE FOUND FOR LATcR COMPARISO 
C MODIFIED CONTROLLER. 
C READ IN INITIAL X CONDITIONS. 
C X(1) *•01*N SUB L (POSITIVE UP) X(2)*THETA X(3)-TMETA DOT-Q 
17 READ(5.2) (X(I),I=1,3) 

DELT*TINC 
21 FORMAT«//,IX.48HNOTE, CONTROLS IN DEGREES AND ANGLES IN RADIANS. 

Z//.1X.30HSPOILERS BIASED UP 20 DEGREES.*//) 
WR ITE(6,21) 

20 FORMAT(4X»4HTIME»8X*7HN ACCEL,9X.5HTHETA,5X.9HTHETA DOT*5X. 
Z 8HELEVATOR,4X,8HSPOILERS *4X *8HAILERONS *//) 
WR ITE(6 » 20 ) 
TS*0 • 
U(2.1)-20. 

19 FORMAT (7F12•4) 
WRITE(6,19) TS.(X(I ),1-1,3).(U(J.l)»J-1.M) 
TF*.5*TF 

18 CALL RUNGE ( 3,3*'<,TS,DELT ) 
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DO 41 I*1.N 
41 XX< I »IJsXi I ) 

CALL GMPRD(CONT*XX*U*M*N»1) 
XX( 1»1)*100.*XX(1.1) 
U(1.1)«57.3*U(1.1) 
U<2»1)=57.3*U(?*l)+20. 
U(3.1)=57.3*U(3.1) 
WRITE(6.19) TS.(XX(I.1).T«1,N).(U{J.1).J*1.M) 
IF (TS.LT.TF) GL TO 18 
TF=2.*TF 
<TR=XTR + 1 
IF (KTR.EQ.ll) GO TO 93 
GO TO 45 

93 CONTINUE 
STOP 

45 READ(5.2) <<Q< I.J>*J*1.N ).I■1.N).(<R(1.J).J»1.M).I * 1.M) 
GO TO 46 

52 WR I TE(6.53 ) 
53 FORMAT(/» IX.47HQ MATRIX NOT POSITIVE SEMI DEF I Ni TE AS REQUIRED.) 

GO TO 50 
54 FORMAT(/.1X.43HR MATRIX NOT POSITIVE DEFINITE AS REQUIRED.) 
55 WRITE (6.54) 

GO TO 50 
END 
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Standard Subroutines 

Except for required dimensioning changes. Identical 

subroutines were used for all the optimization programs. 

They are: 

Sub 1 FCN (KP.J2.X.F). If J2 = 1, derlvitlves of 

the matrix Rlccatl equation are computed for use In Runge- 

Kutta Integration (sub 2). Note the simplification due 

to C matrix symmetry. If J2 * 2, the C matrix Is filled 

for the "C matrix constancy check” in the main program. 

If J2 » 3, derlvitlves of the optimal system equations 

aie computed for use in sub 2. 

Sub g RUNGE (N.J2.Y.X.DX). This is a variable step 

size Runge-Kutta digital equation solver provided by the 

Digital Computation Center (Bldg. 57). 

Sub 2 MXPM (A.B.C-M-N.NSGN). Used for addition and 

subtraction of matrices. 

Sub i GMTRA (A.B.M.N). Matrix transposition. 

Sub 1 GMPRD (A.B.C.NA.NB.NC). Matrix multiplication. 

Sub & MTXINV (A.B.N). This matrix inversion routine 

was also supplied by the Digital Computation Center. 

Sub 2 CHRPOL (A.B.N). The characteristic polynomial 

of a real matrix is computed by the Bocher foruula (Ref 

4:23*0. 
Sub 8 BOOTS (IDIOT.A.D). This subroutine was adapted 

from an existing AFIT-AID program. It is used after CHRPOL 

to find the roots of the characteristic polynomials. These 

roots are the eigenvalues of the input matrix. 

All subroutines preserve their input data. Appendix B 

4± 
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Appendix A show Q and H matrices which produced control¬ 

lers with good flight characteristics. 

If the Q's are increased and/or the R's are de¬ 

creased. the controllers become "stronger." That is, 

pitch angle, pitch rate, and normal acceleration are kept 

closer to zero. Note in Figure 2-4 below that 0 feedback 

tc the ailerons is positive. That is, if 0 is positive, 

aileron deflection is positive (T.E. down), producing 

negative pitching moment which tends to drive 0 toward 

zero. However, in eaarlier runs with Q22 = = 10, 

0 feedback to the allerem, was actually negative, and 0 

and 0 feedbacks to the other controls were much smaller. 

Note also the sign reversal of feedback to spoilers 

between the 4X (weaker) and 6X (stronger) controllers. 

Compared to their 4X counterparts, the 6X controllers 

reduce NL about five percent when responding to the 0.1 

radian 0 initial conditions. Performance in driving 0 to 

zero was not measurably affected. 

Another interesting point is that as the controllers 

become stronger they become more similar for the three LAMS 

flight conditions. Figure 2-5 below shows the 4X aeries 

controllers (X indicates flight condition) which were used 

for most of the testing with the six degree of freedom sim¬ 

ulation at the Flight Dynamics Laboratory. These control¬ 

lers are relatively weak in normal acceleration control 

(note magnitude of VS Q22 and Q33). and NL feedback 

varies appreciably in the three flight conditions. However, 

\ 
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Pig. 2-4,. 6x Series Controllers 

* Last digit Indicates flight condition 

• 
they are strong e and 0 controllers, and these feedbacks 

are essentially the same for all three flight conditions. 

Since the three LAMS flight conditions vary appreciably 

in speed, altitude, gross weight (see page ?4), there Is 

a possibility that a single fixed gain direct lift con¬ 

troller could be used in the entire B-52 flight envelope. 

Somewhat surprising Is the fact that zero cost for 

a state, NL for Instance, does not mean that NL feedback 

will be zero. Although the actual figures axe not shown, 

the feedback in this enre helps to control 0. 

AlX9r9n/ü3,yator Controllers, by increasing R22 

from .04 to ten, the spoiler feedbacks were reduced essen- 
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^ MATRIX CONTROLLER 71 EEfeaJÖACKS 

2 0 0 \of 
toN, 

9 9 

0 40 0 ôe -.3684 30.44 21.21 

4Sp -.4971 -8.107 -6.165 

6all *4145 1*398 1.348 

0 0 20 

R MATRIX 

04 0 0 

0 .04 0 

0 0 .04 

Fig. 2-7. Controller 71 Feedbacks 

A. All comparisons are to controller 6l. They are labeled 

Y6l for Identification, as all Incorporate flight condition 

one data. Computer optimization program D was used exclu- 

case, all off-dlagonal elements except 

those mentioned are zero. 

Controller 161 was designed with 3 -0.04. From 

Fig. 2-3, page 43, this element represents spoilers and 

ailerons working together. The negative sign of R23 means 

that use of spoilers and ailerons in the positive (or 

negative) direction simultaneously is encouraged by a 

negative cost. Compared to controller 6l, the elevator and 

aileron feedbacks (opposite In sign to the aileron feedbacks) 

are reduced by 20$, and the feedback to the spoilers is 

reversed In sign, making It the same sign as aileron N 
X# 

feedback. In the response to 0.1 radian Initial e, normal 

acceleration of controller 161 is slightly larger than that 
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of 6l. This is logical since the spoiler NL feedb&uK is 

more affected by cost than by the NL cost. 

Controller 26l was designed with = .02. This 

element also represents spoilers and ailerons working 

together; the positive value encourages deflections of 

opposite sign. Due to the sign conventions used (page 12), 

positive spoiler movement (TE up) and negative aileron 

movement (TE up) have similar aerodynamic effects. Com¬ 

pared to controller 6l, 261’s elevator and spoiler feed¬ 

backs are unchanged, but the aileron 9 and e feedbacks 

are tripled, and aileron NL feedback is Increased 22^S. 

Controller 36l was designed, with R^2 = 0.04, which 

encourages elevator and spoiler movements of opposite sign. 

(Normal movements are opposite in sign to cancel pitching 

moments.) Controllers 61 and 361 are compared below. The 

response to 0.1 radian of e is essentially unchanged. 

Controller 461 was designed with H2i » -0.02, dis¬ 

couraging the normal elevator and spc 1er movements of 
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opposite sign. Controllers 6l and 46l are compared below. 

The response of 461 to the 0.1 radian Initial e is slightly 

degraded, and flying qualities would also be poorer. 

The effect of and (elevator and ailerons used 

together) would be similar to the effects of H12 and a21 

on elevator and spoiler feedbacks. This concludes th*' 

discussion of the R matrix. 

The first Q matrix demonstration controller, 561, was 

designed with 4^3 - This element weights the cost of 
• • 

0 multiplied by 0. If 0 is positive and a negative 0 Is 

commanded (the normal situation), the cost Is negative. 

This controller is Identical to controller 6l. If 

322 » ^32 * controller is still unchanged. However, 

only one second of real time backward integration Is re¬ 

quired before the C matrix becomes constant. All other 

runs of program D required 2.5 seconds of backward inte¬ 

gration. Thus, a small saving of computer time is possible. 

This interesting effect is also Illustrated in the program A 
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requirement of Integrating the C matrix backwards for 

20 seconds (see page 29). Program A averaged three seconds 

of real time C natrlx Integration, while program D required 

only 2.5 seconds. 

Normal Acceleration Wqçtlgn 

Although It was not one of the original objectives 

of this study. Chapter VI shows that normal acceleration 

of the direct lift controlled aircraft was significantly 

less than that of the basic aircraft. This is true for 

the climb and descent maneuvers both with and without tur¬ 

bulence, and raises the oosslblllty of increasing aircraft 

structural life through DLC. When this effect was noted 

In the 4X controllers, the 6X oontioilers were designed 

with Q^, cost of NL. Increased from 0.5 to 1.0. This 

reduced N_ mean absolute values another percentage point 
L 

or two, and made it easier for the pilots to maintain a 

specified rate of ollmb or ¿lesoent. Clearly, the possi¬ 

bilities of DLC In this regard have not been exhausted. 

• Additional controllers should be designed with much larger 

values of Q11. This Is easily done, but unfortunately 

neither analog computer facility was available for testing 

these controllers 
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Potentiometer Settings 

The output jf the optimization programs (GONTHOL a 

-HIBTCJ translates directly into potentiometer settings 

for ; he analog simulations. This Is Illustrated below 

for controller 41 and the six degree of freedom simulation. 

NOTE . . . ACTUAL STATE X(l) IS .01 * N SUB L 

fô. "I 

i Ô sp 

L6all 

'-.9859 

.1192 

.0586 

30.2938 

-8.6476 

1.8110 

21.2357 

-6.2125 

1.3787 
J L 

aL] 

I 
I 

ê : 
-i 

0 

Variable Pot Settings 

Pot 
No. 

Q4? 

Q83 

<355 

<352 

<349 

063 

054 

053 

085 

Q80 

084 

Q86 

Page 
No. 

11 

11 

11 

11 

11 

11 

11 

11 

12 

12 

12 

12 

Parameter 

5 Ao. to 6e 

»01 Nj^ to 

0 to Ä 

20 to 

5 Aa to 5 
sp 

Gain 

sp 

.01 Nt to 6 __ 

e to 5 

29 to ôon 
sp 

5Ao to 

.01 Nl to ôall 

e to ô 
20 to A 

all 

all 

1 

1 

10 * 

10 * 

1 

10. 

10 

10 

1 

1 

10 

10 

Setting 

0 

.9859 

.3029 

.1062 

0 

.0119 ¿ 

.8648 

.3106 

0 

.0586 

.1811 

.0689 

* An additional 10 gain Is provided In the program. 

# To A 45. For 6X controllers where FB is negative, 

connect to A 64. 
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Other Deolm Çgnffl^rft^iong 

The controller schematics are shown on pages 64 and 

65 for the short period approximation and on pagss 90 and 

91 for the six degree of freedom simulation. These con¬ 

trollers consist basically of first order servo approxi¬ 

mations, K/(S + K) where K » l/Time constant, fed by jtick 

output and the feedbacks specified by the digital optimi¬ 

zation program. The time constants were varied from 0,1 

second to as much as six seconds with good results. The 

only requirement is that the three control surface actuators 

have reasonably equal time constants. Direct lift control 

definitely does not depend on the LÂMS high speed actuators. 

Crossfeeds. The original controller design used cross- 

feeds between elevators and spoilers, etc., based on a study 

of the literature concerning conventionally designed direct 

lift control systems. Experimentation with the two degree 

of freedom simulation soon showed that these feedbacks 

degraded system performance. This is lógica?., since the 

N. , e and e feedbacks provide an optimal vatio of control 

surface movements. Any additional 5!oms such as orossfeeds 

oa.ly destroy the optimality of the controllers. 

Elevator Washout Circuit. The elevator controller 

shown on pages 64 and 90 incorporates a washout circuit 

for the e and è feedbacks. This circuit was used during 

the piloted simulation at AFFDL and results were good, as 

shown in Chapter VI. The purpose of this washout was to 

assist the pilot in rotating the aircraft if a long climb 

54 

(||]¡ I, I il |;|ji 'J . 

#, Ill'l.. ^»«4«I-....«WH#! 



GGC/EE/68-8 

became necessary. Later tests on the two degree of free¬ 

dom simulation showed that DLC performance could be Improved 

by eliminating the washout Integrator. In other words, the 

low values of e shown in the results can be reduced to 

practically zero. Again, the washout modified the optimal 

feedback ratios, and degraded performance. Although use 

of this washout circuit during nearly all of the data runs 

was unfortunate, it did demonstrate the true optimality of 

the digitally designed controllers. 

Interestingly, the aircraft Is also easier to handle 

on long climbs without the washout circuit. For a climb, 

the pilot pulls back on the stick, the ailerons go down, 

the spoilers go down, and the elevator goes up. At a rate 

of climb of 400-600 feet per minute (depending on flight 

condition«), the ailerons and spoilers are full down. If 

the pilot pulls the stick further, only the elevator is able 

to respond, and the aircraft rotates for a normal olimb. 

When the desired altitude Is reached, the pilot releases the 

stick and the controller feedbacks return the plane to a 

horizontal attitude. The controller then automatically 

returns the ailerons and alevator to neutral and the spoilers 

to their 20° bias position. 

Stick-to-Elevator Gain. Pages 90 and 91 of the six 

degree of freedom simulation show that electrical stick out¬ 

put is fed directly to the spoiler and aileron servos. How¬ 

ever, stick output to the elevator servo is fed through s 

potentiometer set at .3700. This gain can be established 
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by adding th« aileron and spoiler pitching moment ooef- 

flolents and dividing by the elevator pitching moment 

ooefflolent (see page 21). Analog experimentation showed 

this gain was aooeptable In all flight conditions. Thus. 

Initial stick movement causes little aircraft pitching. 

Maximum stick output was adjusted to allow full elevator 

deflection. 

Altitude Hold Mode. An altitude hold circuit was 

designed which maintains altitude within a few feet, with¬ 

out pitching the aircraft. In the face of relatively severe 

turbulenoe. This circuit is only shown on the two degree 

of freedom schematics since It was designed after completion 

of the piloted simulation at AFFDL. The complete circuit 

la reproduced below, showing the ease of adding altitude 

hold to a QLC system? Results are shown In Pig. 6-19, 

page 134. 
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SHORT PERIOD APPROXIMATION PROGRAM

iiiliii SPOILBR ATTENUATION CONSTANT. K 

DIODE FUNCTION GENERATOR OUTPUT

liiiiiiBi iiiiliSai
iiiiiiiiyiiii !ngi':iiii

Iiiliii
iiiililllEiiili II

M-: :-Hf i|r

Ifflii Igjfggipiilin

III
11 iiiliii 111

iiii [III ; iii!

iiiiiiiiimiii!

ilili liLNji i||j Pjl liiininiii!!!!
Ill liiii ill
liiiiiiiiiPiiniiHiiHiiiyi

SPOILER DEFLECTION IN DEGREES

Fig. 3**1* Roller Attenuation Gonatant
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cal turbulence. Switches were used for rapid conversion 

from basic to direct lift controlled aircraft and back again. 

Mg.mffptiong 
The short period approximation equations Ignore lateral 

motion and eliminate the phugold mode by assuming constant 

airspeed. Since direct lift control is a longitudinal phen¬ 

omenon, the first assumption is well-Justified. In the six 

degree of freedom simulation (See Chapters IV and V), the 

pilots had no difficulty maintaining airspeed within t ten 

knots, so the second assumption is also well-justified. 

Chapter VI, pages 113-121, compares basic aircraft responses 

(flight condition 1) from the two and six degree of freedom 

simulations. 

ènelS. °L Atfefrcjc 

As explained in Chapter IV, the equations of motion 

are for perturbations about the three LAMS flight conditions 

listed on page 7*K However, when the spoilers are biased 

up 20°, an additional angle of attack term must be added to 

trim the aircraft. The additional angle of attack required 

in the various flight conditions ist 

Plight condition 1 . . . 0.30° 

Plight condition 2 . . . 0.36° 

Plight condition 3 . . . 0.38° 

as verified in the six degree of freedom simulation. 

ïaiHfi 2l th£ 

This simulation proved Invaluable, especially in view 
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of the United availability of the Flight Dynamics Labor¬ 

atory facilities. Digitally designed controllers were tested 

rapidly, and the results provided a basis for manipulating 

the Q and R matrices in the quadratic cost function. The 

controllers eventually chosen (identified as 4X, where X is 

flight condition) were used without modification for data 

runs at PDL, and gave good results. Later, the 6X control¬ 

lers were added to Improve gust alleviation. However, the 

third TR-48 computer, needed for the noise filter and MAV 

circuits, was not available at AFIT-SE until after completion 

of the FDL simulation. If the additional machine had been 

available earlier, this controller Improvement would also 

have been indicated by the two degree of freedom simulation. 

In summary, a two degree of freedom simulation can 

provide a wealth of reliable data on direct lift controllers 

with a modest amount of equipment. The short period approx¬ 

imation is recommended without hesitation for time and 

equipment savings in preliminary direct lift controller 

design and/or in DLC feasablllty studies for various 

aircraft types. 
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Direct Lift Control for LAMS B-52 

Simulation of Short Period 
Approximation for Preliminary Controller Checkout 

at APIT-SE-MATH DEPT. Building 640 

3-EAI-TR-48 Analog Computers (10 V Hef) 

Machine 1 - 200 Series Numbers 

" 2 - 100 Series Numbers 

" 3 - Regular Numbers 

U » Constant in each flight condition 

V«P«R»0„y»O Q si 6 

l2£- B&slç Aircraft 

SW101-R SW102-C SW103-L SW104-C SW105-L 

Disconnect A120 from Alll (Prevent overloads). 

Change stieg input, A123 to gain 5. 

Turn off aileron and spoiler recording. 

Aircraft 

SW101-L SW102-L SW103-R SW^04-L SW105-C 

Reconnect A120 to Alll. 

Change stick input, A123 to gain 10. 

Turn on aileron and spoiler recording. 

Symbol Code 

Prom/to amplifier 10 
Sheet number 3 

Sheet number 

Trunk number 
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Chapter IV 

Sl2 o£ Analog Program 

The equations of motion (as shown below) and the 

aerodynamic ooeffiolents for the LAMS B-52E were obtained 

from The Boeing Company, Wichita Division, Wichita, Kansas. 

It was from these equations and aerodynamic coefficients 

that the analog program representing a six degree of freedom 

simulation was derived and the schematics were drawn, 

Airplan? ttmatlgaa st Motion 

The following equations of motion were used to simulate 

airplane dynamics. 

X-Eqnations. 

Û = RV —QW - 0.0 (4-1) 

where Includes aerodynamic and propulsive forces and 

can be expressed as 

(4-2) 

where 

ZÇ* 
(4-3) 
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X-figwtl9ng» 

V — PW —RU +ÿS/A/(p —IF Tn ^ry (4-4) 

where Inoludea aerodynamic and propulsive forces and 

can be expressed as 

Ifv y 

where 

IC 

fSiCy (4-5) 

r = Cy, ((>+fitosr) +-%tCy,P (4-6) 

+ Q ^ SP 
SP 

w QU — PV ÿCos 4- -j^-IF^ (4-7) 

where includes aerodynamic and propulsive forces and 

can be expressed as 

IF* z 

where 

? 
5 IQ: (4-8) 

2C 
C¿clea# )(A ^ ^Gusrr ) 

(4-9) 

+ C^ALL Ssp - st 
Se 
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P = -Q tf1** 

The cross product of Inertia terms and the effect of 

spinning rotors were assumed to be negligible. includes 

aerodynamic and propulsive effects and can be expressed as 

where 

(4-11) 

ZO = C/? + hasr) + (4 /?+ Ctf p) 
(4-12) 

4 ^*,L 4C Sail S%r 

Q-Eauations. 

Q = pp + ^Â-ZTïï 
^ Jlyy -Lyy 

(4*13) 

t-yy -^yy 

The cross product of inertia terms and the effects of 

spinning rotors were assumed to be negligible. 2777 includes 

aerodynamic and propulsive effects and can be expressed as 

2T7) = ftSclC, IA (4-14) 

where 

<4-15) 

4 2¾ (C, 4 CJav+^t) 
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» .... ......... 

R~Banations. 

O — OH C^kü-ZL^iaJ) -U r< --rQ T -+- j I?7 (4-16) 

The cross product of Inertia terns and the effect of 

spinning rotors were assumed to be negligible. Z?7 includes 

aerodynamic and propulsive effects and can be expressed as 

(4-17) 

zCv = +wX-sgf,/«-is) 
Spoiler aamU2Pfl 

The spoilers are actuated by wheel position in the 

basic aircraft and by wheel position and/or stick position 

in the direct lift controlled aircraft. The effect of 

spoiler deflection was included in all six equations of 

motion a« follows: 

K-Bam&lgn« 

coStrS" = f ¿A,cos 0*-^M (4_19) 

Y-Bq nation. 

¿7y#w<Ss»> - i 00^32%* faoL Cos [32.^+^+^ 

^ [ 32V- 

(4-20) 
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Quaal-Klagt lo Perturbation 

It should be noted that this Is not a rigid body 

simulation, but rather a "quasi-elastic" simulation. This 

means that the aerodyr^lc coefficients have been modified 

to account for body bending and fin torsion. This was 

possible because of the hundreds of hours of recorded B-52B 

flight data available to Boeing for analysis, and their 

simulation with five degrees of freedom and 65 structural 

modes. This simulation was used to verify the "corrected" 

aerodynamic coefficients. A sample derivation of an elastic 

coefficient was obtained from The Boeing Co. and Is found 

In Appendix C. 

The equations of motion with the corresponding constant 

coefficients are for small perturbations about the same 

flight conditions used In flight testing the LAMS B-52E. 

These three conditions provide a variety of airspeeds and 

altitudes as summarized below. 

Flight Condition 1 
(Terrain Following) 

Flight Condition 2 
(Approaoh/Landlng) 

Flight Condition 3 
(Refueling) 

ALTITUDE WEIGHT 

4,000 ft 350,000 lbs 

4,000 ft 350,000 lbs 

32,700 ft 270,000 lbs 

SPEED 

370 KEAS/.57 Mach 
626 ft/seo 

254 KEAS/.39 Mach 
429 ft/seo 

448 KEAS/.78 Mach 
758 ft/sec 

Because of the constant coefficients, the equations of 

motion are perturbation equations, and it is necessary to 

remain close to the flight conditions listed above. Changes 

of plus or minus 2000 feet in altitude and plus or minus 20 





_
 

with the longitudinal equations while the rudder forças th© 

lateral equations. 

2. Sllalnate ÜML fit Speed Bjafega. The LAMS B-52B is 

oapable of setting the speed brakes (spoilers) In six 

separate and distinct positions. Spoilers were biased up 

20° with all seven panels on each side moving together, 

rather than Inboard and outboard separatelj. 

3. Eliminate the 3AS (Stability AwarcaUtlgn gratan)- 

The operational B-52,s do not have a SAS installed. 

4. SJis Autopilot. Autopilot Is not roqulred 

for I&C. 

It Is with these deletions that the schematics found 

on pages 80-96 were drawn. With these change«« in the 

analog program completed, a paper static check was made in 

all three flight conditions. This involved comparing the 

results obtained from the equations of motion with tho 

der1vitIves of certain Integrators found in the program. 

The static check values can be found In the appropriate 

columns of the potentiometer, amplifier, and multiplier 

assignment sheets in Appendix F, pages P-1 through P-14. 

Completion of the static check in all three flight conditions 

proved Invaluable later when time In the oookplt simulator 

was so preoious. It also added great confidence to the 

programmers when changing from one flight condition to 

another to be able to quickly static oheok all major 

amplifier outputs. 
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At AFFDL, the aircraft responses to step Inputs of 

elevator, ailerons, and spoilers were made in all flight 

conditions. The results are found on pages 113-121 and in 

Appendix D. It was during the plotting of these responses 

with spoilers biased up 20° that a problem of trimming the 

aircraft developed. After researching the problem, it was 

determined that with the spoilers biased up 20° the aircraft 

required an Increased angle of attack (A a) and therefore the 

equations of motion must be supplied with the incremental 

change in a in order to trim the aircraft properly. The 

actual values of ^ a were determined for each flight condition 

and are listed below. 

Flight Condition 1 . . . 0.30° 

Flight Condition 2 . . . 0.36° 

Flight Condition 3 . . . 0.38° 

It is important to note that the aircraft responses received 

from The Boeing Co. and those obtained from this progrès are 

nearly identical as seen by comparing pages 113 and 114 for 

flight condition one, pages D-l <u.d D-2 for flight condition 

two, and pages D-7 and D-8 for flight condition three. 

Although the change in velocity, A U, is not found on the 

Boeing responses, it is included for general Information. 

These responses were Instrumental in determining the ratios 

oí elevator to spoiler and elevator to aileron needed to 

produce zero pitch angle. They will also be used late?.* in 

comparing the two degrees of freedom simulation and the six 

degrees of freedom simulation. 

77 



GGC/ES/68-8 

Selection of the particular analog console to be used 

was based solely on the number of amplifiers available and 

resulted In one basic problem. The console chosen did not 

have function generators with which to simulate the spoiler 

attenuation curve as shown on page 58. An alternate function 

generator (pot padder) was suggested, and although It lacked 

a little In accuracy, was used. Basically, the pot padder Is 

a servo multiplier cup which has potentiometers set at spe¬ 

cific Intervals. The vali’*: set on each potentiometer Is the 

functional value at that point of the cup. The problems 

evolved from the fact that It was nearly Impossible to 

create Identical functions for the left and right spoilers. 

In addition, tie functions are simply straight lines between 

potentiometers. The actual curves used cure shown on page 79. 

When a comparison is made with the curve on page 58, the 

Inaccuracies are clearly visible. The small irregularity 

between the curves >rused a slight rolling tendency, but this 

helped keep the pllcts busy and not so preoccupied with 

only monitoring a constant rate of climb and descent. 
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SIX DEGREE OP PREEDOM SIMULATION 

S W I T .9 fl ? g 3,1 Î..J o s 

PARAMETER 

sp 

SWITCH 
NUMBER 

-1.666? A 6 

6 Wheel 

X-Y Plotter 

Time Base 

100 e MAV 

Nl MAV 

A U MAV 

H MAV 

Symmetric Aileron 

Static Test Special 

a Gust 

0 PB, 

Elevator Command 

♦ Stick 

Stabilizer Trim 

-100 T/qS 

Noise Generator 

-100 KJ3L 

Noise Generator 

-100 Kqh 

00 

01 

02 

03 

10 

11 

12 

13 

20 

21 

22 

23 

30 

31 

32 

33 

40 

41 

42 

43 

STATIC 
TEST* SIM 

L 

C 

RaRun 

RaRun 

RaBun 

RaRun 

RaRun 

RaRun 

C 

L 

C 

C 

L 

C 

L 

L 

C 

L 

C 

L 

C 

L 

R 

C 

R 

C 

R 

R 

C 

C 

ACFT. 
COMP 

C 

R 

R 

R 

R 

C 

Gust 

C 

R 

C 

L 

L 

G 

R 

G 

R 

HQU XBpLLKD— 
SIM 

R 

L 

COMP. 

R 

R 

L 

C 

L 

C 

R a GUSt 

As Reqd. 

C 

L 

C 

C 

C 

C 

L 

L 

L I L 

L » W, 

Table IV-1 
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Chapter V 

âlattlfttlfltt 

The pllot-ln-the-loop simulation study was conducted 

at the APFDL, Building 192 and 195. W-P AFB, Ohio, during 

February, 1968. Figure 5-1 shows the AFFDL moving base 

simulator used in this experiment. The moving base has 

limited motion capabilities in three axes (pitch, roll, 

and heave) and was used to provide realism to the pilots 

flying the simulation. Figure 5—2 shows the instruments 

available to the pilot and used to display appropriate 

parameters from the analog computer simulations of the air¬ 

craft dynamics. The instruments included were attitude 

director indicator, rate of climb indicator, altimeter, air¬ 

speed indicator, HPM gage, g meter, angle of attack meter, 

pitch angle Indicators, and a sideslip meter. The throttle 

was connected, but a time delay between throttle movement 

and thrust output was not incorporated as the movements 

were small and the engines were operating at high HPM settings 

A total of eight pilots, seven military and one civi¬ 

lian, participated in this simulation with a combined total 

of 75 years rated experience and over 22,000 flying hours. 

Their experience ranged from Jets (B-47's, B-52's, KC-135's, 



asri-siw 1

GGC/E5/68-8

f— #
; ■-

■K' V

p
rm

■»-' V,.'

t
>4on
a

01

a

§>

I
s
•?
'A

to
s:



i

GGC/EE/68-8

ie
■■'^ /■ * ' .*‘.r- . I
A VPIKHM

g
§

5
4»
«H

is
0 
1«
1
si
CM
I

»A

to
£

100





TASK 

Terrain Following 

Approach A Landing 

Refueling 

PILOTS 

1-2-3-5-6 

1-2-3-4-5-6-7 

1-3-4-5-6-7-8 

The taeks to be perforned by the pilots in eaoh flight con¬ 

dition included a variety of maneuvers such as those expected 

in aotual flight. These maneuvers included rates of climb 

and desoent at constant airspeed while either maintaining 

heading or making small changes in heading to correct for 

errors in glide path or alignment to the refueling tanker. 

Flight Cc tlon One 

In flight oonaj.v-.~~ one. terrain following, rates of 

climb and desoent of 250 fpm and 500 fpm were used without 

using the maximum deflection of DLC surfaces. It should be 

noted that rates of climb and desoent in excess of those 

provided by DLC are attained in the conventional manner, 

l.e.t applying more stick or column force will move the ele¬ 

vator more, providing a greater rate of ollmb or desoent. 

It is important to note that even though the additional 

elevator resulted in an increase in pitch angle, the angle 

is less than that experienced in the basic aircraft while 

both pitoll rate overshoot and the initial acceleration 

reversal were eliminated (See Pig. 1-1, page 3)* The 

terrain following task as described in Pig. 5-3, page 107, 

gives the maneuver to be evaluated as well as a list of 
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Run Number Code 

Example 1 B 

1_B - Basic Aircraft 
C - Direct Lift Control 

R - Refueling 
—L - Approach A Lauding 

T - Terrain Following 

Thesis Designator 

■Pilot Number 

The number was then used to Identify pilot comment 

sheets, the strip recordings, and the list of MAY (mean 

absolute values), numbers which were read after each run wtíS 

completed. Due to a shortage of Integrators on the main con¬ 

sole, It was necessary to use the extra Integrators located 

on the simulator console to obtain the MAY, This presented 

a problem because the simulator console was operating the 

moving base simulator and therefore had to be kept In the 

"operate" mode. Thus, prior to each run, the MAY circuits 

were reset to zero by use of a switch which connected the 

outputs of the Integrators being used to their respective 

grids. An Interphone system, with a "hot mike" on the sim¬ 

ulator side, was used to maintain communications between the 

n^aln console and the moving base simulator. 

A total of 109 runs were completed for record 

averaged approximately five minutes per run. A short period 

of practice was given to each pilot to familiarize himself 

with the simulator and the "feel" of the stick. Although most 

pilots felt that more practice would be advantageous, It did 
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not greatly affect their performance. A complete series of 

runs In a particular flight condition took approximately 

one hour, and a sample list Is given below. 

15 min. - 30 min. 

4 min. - 6 min. 

4 min. - 6 min. 

2 min. - 4 min. 

4 min. - 6 min. 

4 min. - 6 min. 

2 min. - 4 min. 

Practice 

Climbs & Descents (Basic Aircraft) 

Climbs & Descents (Basic Aircraft 
with turbulence) 

Tracking Task (Basic Aircraft with 
turbulence, F.C. one and two) 

Climbs & Descents (DLC Aircraft) 

Climbs & Descents (DLC Aircraft 
with turbulence) 

Tracking Task (DLC Aircraft with 
turbulence, P.C. one and two) 

The order In which the pilots flew the simulation was 

varied, that is, some pilots flew the basic aircraft first 

and some flew the DLC aircraft first. But all pilots flew 

the task without turbulence prior to flying with turbulence. 

The turbulence was adjusted to give peak gusts of ten feet 

per seoond and a MAV of three to four feet per second. 

Although the turbulence was well behaved, a record was kept 

to Insure that If problems developed during a run, a check 

could be made to verify whether or not the turbulence was 

realistic. 

Two strip recorders were used to record 15 channels of 

data necessary to evaluate Direct Lift Control. These 15 

channels and the particular parameters are listed on page 

P-18 of Appendix P. 
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SZ£ã,£&\QP MftagMvers 

1. Trim aircraft for straight and level flight, 

4000 feet and 370 knots. 

2. Climb 300 feet at 250 feet/minute. 

3. Descend 600 feet at 250 feet/minute. 

4. Climb 600 feet at 500 feet/minute. 

5. When simulated terrain is introduced, track 

it by driving the horizontal director needle to 

zero. 

6. Maintain constant heading and airspeed. 

Ill9.% Cfifflmt Checklist 

1. Were you able to perform the task easily? 

2. Was airspeed difficult to maintain? 

3* Was heading difficult to maintain? 

4. Was there any tendency towards PIO (Pilot 

Induced Oscillations)? 

5. What effect did turbulence have on performing 

the task? 

6. Was the information presented on the display 

adequate? 

7. How would you rate the Direct Lift Controlled 

aircraft compared to the basic aircraft? 

8. How well does the moving base simulate motion? 

Plff. 5-3. Terrain Following Task 

(Flight Condition 1) 
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SvftAHatlQfl Maneuvers 

1. Trim aircraft for straight and level flight, 

4000 feet and 254 knots, 

2. Climb 200 feet at 200 feet/minute, 

3. Descer.d 400 feet at 200 feet/minute. 

4. Climb 400 feet at 400 feet/minute, 

5. When glide slope Is Introduced, track It by 

driving the horizontal director needle to zeio 

while making plus or minus ten degree heading 

changes to simulate azimu h correction, 

6. When flare is announced, hold the horizontal 

director needle to zero while maintaining level 

flight for approximately 30 seconds. 

?• Maintain constant airspeed. 

ills! SflniflBS Checklist 
1. Were you able to perform the task easily? 

2. Was airspeed difficult to maintain? 

3. Was there any tendency towards PIO? 

4. What effect did turbulence have on perfcrmlng 

the task? 

5. Was the glldeslope displayed adequately? 

6. How would you rate the Direct Lift Controlled 

aircraft compared to the basic aircraft? 

Pig* 5-6. Approach and Landing Task 

(Flight Condition 2) 
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Evaluation V.mWSZä. 

1. Trim aircraft for straight and level flight, 

32,700 feet and 448 knots. 

2. Climb 300 feet at 300 feet/minute. 

3. Descend 6OO feet at 300 feet.minute. 

4. Climb 600 feet at 600 feet/minute. 

5. Make small heading changes, plus or minus ten 

degrees, to simulate alignment to the refueling 

tanker. 

6. Maintain constant airspeed. 

tULat Sgaaggfc checklist 

1. Were you able to perform the task easily? 

2. Was airspeed difficult to maintain? 

3. Was there any tendency toward PIO? 

4. What effect d. d turbulence have on performing 

the task? 

5. How would you rate the Direct Lift Controlled 

aircraft compared to the basic aircraft? 

6. Would It have been good to simulate the 

refueling tanker's position by use of the 

horizontal needle? 

7. How well does the moving base simulate 

adroraft motion? 

?!«• 5-7. In-Flight Refueling Task 

(Plight Condition 3) 
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Chapter VI 

Results 

o£ Six gûâ 220. DgfiEee of Freedom Simulations 

Figures 6-1 through 6-8 are basic aircraft responses to 

various step control surface deflections in flight condition 

one. They are paired to show a comparison between tha six 

and two degree of freedom simulations. The pairs are: 

Fig. 6-1 and 6-2 . . . Elevator 1° TE up. 

Pig. 6-3 and 6-4 . . . Spoilers 20° TE up. 

Fig. 6-5 and 6-6 «. . . Ailerons 5° TE up. 

Fig. 6-7 and 6-8 ... Aircraft trimmed with all spoilers 

biased at 20°, then elevator 

deflected Io TE up. 

Figure 6-1A (Boeing) also shows the aircraft response 

to one degree of elevator deflection. The data for this 

figure was provided by The Boeing Company, Wichita Division. 

Comparison of Figures 6-1 and 6-1A (Boeing), and similar 

pairs in Appendix D for flight conditions two and three, 

demonstrates the validity of the simulation used In this 

thesis. 

The parameters recorded from the SDF (six degree of 

freedom) simulation are a U (change In airspeed), e (pitch 

angle), e (pitch rate), and a a (change in angle of attack). 
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The parameters recorded from the TDP (two degree of freedom) 

simulation are the same except that A H (change In altitude) 

replaces AU. Similar responses in'flight conditions two 

and three, from the six degree of freedom simulation only, 

are found In Appendix D. 

The TDP simulation Is based on the aircraft’s short 

period approximation (Ref 3:42-43) which means that airspeed 

Is assumed constant, eliminating the phugold mode, and lateral 

motion Is completely ignored. A study of the paired figures 

shows that the principle Inaccuracy of the TDP simulation Is 

a too-large pitch angle. However, the Direct Lift Controller 

uses the elevator to cancel the pitching moment generated by 

the spoilers and ailerons, so this problem is largely over¬ 

come . 

In reality, constant airspeed Is deslreable in the flight 

conditions tested: terrain following, landing approach, and 

refueling* Figures 6-32 through 6-34 show that the pilots were 

able to control sdrspeed very closely (plus or minus five 

knots average), and that ths DLC aircraft's speed was 

controlled significantly better than that of the basic 

model in flight conditions two and three. Thus, the TDP 

simulation's assumptions are well Justified, and its accuracy 

is acceptable in the preliminary phases of DLC design. 

In this thesis, the digital optimization programs were 

based on the short period approximation and the TDP analog 

simulation was used to test the resulting controllers and 

provide a basis for manipulating the Q and R matrices (See 

pages 42-50). The controllers so selected were used without 
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change during the SDF simulation, and gave good results. 

The paired figures 6-9/6-10 and 6-12/6-13 show a 

"flight” comparison of the SDF and PDF simulations of the 

_aslc aircraft. Note that the TDF simulation is much easier 

to "fly" than the SDF, Pitch angle fluctuations in the SDF 

were partially due to an over-sensitive stick. This problem 

was corrected later. 

Figures 6-14 and 6-15 are not directly comparable since 

the controllers and servo time constants used were slightly 

different. (See Chapter II for listings of controller 

feedbacks.) However, these DLC results show a much closer 

correlation between the TDF and SDF simulations th«n the 

basic aircraft. In the important e (pitch angle) channel, 

the results of the DLC simulations a^e identical, demonstrating 

the value of the TDF simulation In preliminary design work. 

Saaultg of Direct Lift Control 

A comparison between the DLC and basic alt oralt shows 

many interesting restâts. The most significant of these are 

shorn In Flo- es 6-32 through 6-34, pages 155 to 15?. Althougn 

these figures are for all three flight conditions, the 

results from any one flight condition carry over to the other 

flight conditions. The Important parameters, such as 6 

(pitch angle), (normal acceleration), and A U (change In 

airspeed), and oq (turbulence) are recorded In the bar graph 

form. Each figure represents how well each pilot did 

compared to all others as well as how the "average" pilot 

did. In all or«es, e was reduced In the DLC aircraft, with 
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Plight Condition One, Basic Aircraft With 
Pig. 6-17. 

Turbulence, Hands Off Controls, TOP Simulation 
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ecadt witJhout turtoalenoe. ‘I'ha p-it r«ÄTiot:l.oa In ¿tinam ir 

‘.Tab],.fi VI-1,, pa?;© I58. 

Thöta could hacie been reducid evm fxwthev hi.d ftb.<s m,sm« 

out olrouit in the <ilevator oonti^Uisr b&m ©li;idnat:od {See 

paß« .149)* It shoultd siso be aoted that the la.st olimb in 

¡all, of the flight ctmâltloLis mus devts-ad te use the "secriaiwn 

“direefc lift" avail«ble, .ftny addl-tioaal rate of citato would 

of neeossifey oauee «ase pitchiisg of the slroraft, lût cither 

words, the rate of climb o:r deseen:? -wi^hont chang:lx^s pitch 

attitude in limited b;¡r the aerotlyru:tiDic eharactecri Btio of the 

IJ.LC ßur; a«3tis, 

Alii of the flight tasks »ere deiriiaecl to hold: <;■» ¡¡is close 

as poned tole to aero. With, slight I3?; differ eat medhmnizntion,, 

¡1) oould be hele!, to öta.y ccc-ruitiuit va],.ue^ For instance,, l;f one 

Wi'itntod to :í'l;¡r a ßlld.o path,, it would be advent adeems to 
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Pig. 6-24. 7-GGC-68-LB (Glideslope With Turbulence) 
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is shown In Tabla VI-1, page 158. As discussed in Chapter II, 

Nl can be reduced further by properly weighting the Q matrix. 

The next parameter to be considered In evaluating DLC 

is A U (change In airspeed) caused while performing the 

prescribed tasks. The pilots were Instructed to maintain 

constant airspeed. Figure 6-32 shows that while A U Is rel¬ 

atively small for both the DLC aircraft and the basic B-52, 

airspeed In the basic aircraft was usually controlled better. 

This Is due to a phenomena peculiar to this airplane with 

spoilers biased up 20°. When a climb was commanded, the In¬ 

crease in airspeed caused by the decreased drag as the spoil¬ 

ers came down was greater then the decrease In airspeed usually 

caused by the aircraft's rate of climb. The net result was 

that the plane would actually gain airspeed in a constant 

throttle climb and In a like manner lose airspeed in a con¬ 

stant throttle descent. Although this is contrary to popular 

opinion, the pilots soon accepted It as fact, and were able 

to control the airspeed better in the DLC aircraft than In the 

basic aircraft. This Is shown in Table VI-1, page 158, as 

well as in Figs. 6-33 and 6-34. 

It was originally planned to have the pilots fly a 

simulated terrain displayed on the horizontal needle, but due 

to a lack of time and Information about the equipment being 

used. It was not possible to obtain enough data to evaluate 

this maneuver. As found in the pilot's comments in Appendix 

I, the distance that the needle moved vertically as well 

as the rate at which It moved proved unsatisfactory for 
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pilot evaluation. 

These difficulties were soon corrected and a glide 

slope was presented In flight condition two for evaluation. 

Although the results shown In Figure 6-33 ar© not conclusive. 

It was felt that nore time and practice on the part of the 

pilots would have decreased the glide slope error, due to 

the pilots» positive control of pitch angle and pitch rate. 

Also the reversal of airspeed changes Invariably had some 

effect on the results. 

Sample runs of all flight conditions and all pilots 

are found In Figures 6-9 to 6-34. They are Included here 

as general information, providing to the reader some Insight 

Into the types of data taken as well as what the actual re¬ 

sults looked like. It also points out the necessity of re¬ 

cording mean absolute values of Important parameters In 

order to evaluate such a system. The actual MAV numbers 

used to draw the bar graphs (Figures 6-32 to 6-34) are 

found in Appendix H. 
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added to controller 61, and the system was again flown In 

vertical turbulence. Fig. 6-19 shows that the airplane 

then flew Indefinitely with altitude variations not exoeed- 

Ing ten feet. Again, pitch attitude was unchanged. 

SfIg.Çts of Wftg^p^s and Control Surface Crossfeeds 

The elevator controller shown on pages 64 and 90 In¬ 

corporates a washout circuit for the 0 and i feedbacks. 
This circuit was used for all the SOF simulation runs at 

the AFFDL. The results were good, as summarized In Figures 

6-32 through 6-34. The purpose of this washout was to 

assist the pilot in rotating the aircraft If a rapid con¬ 

ventional climb or descent were required. The TDF simu¬ 

lation runs shown In Figures 6-13, 6-15, 6-16, 6-18, and 

6-19 were made later without this washout circuit. Com¬ 

parison tests on the TDF simulation showed that DLC per¬ 

formance was Improved by eliminating the washout Integrator. 

The already small changes In pitch attitude were reduced 

still further. 

Interestingly, the DLC alrcraft*s performance In con¬ 

ventional climbs (with rotation) was also Improved by re¬ 

moving the washout circuit. When a conventional climb Is 

completed and the pilot releases stick pressure, the con¬ 

troller feedbacks return the plane, quickly and with little 

overshoot, to Its original attitude. The controller then 

automatically returns the ailerons and elevator to neutral, 

and the spoilers to their 20° bias poslcicn. Unfortunately, 

the equipment for the SDF simulation was not available for 
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further use after this was discovered. 

Early controller designs (not shown) used crossfeeds 

between elevators and spoilers, etc., based on a literature 

study of conventionally designed direct lift control systems. 

Experimentation with the TDF simulation soon showed that 

these feedbacks degraded system performance. This is logical 

since the digital design program establishes an optimal 
e 

ratio of Nj^, 0, and 0 feedbacks to the three control sur¬ 

faces. on^l Itgfls such as control surface crossfeeds 

fiaâ gftShgMt alrgvutp? sail destroy £h£ optimality of the 

controllers. Although use of the washout circuit, des¬ 

cribed above, during all the SDF data runs was unfortunate, 

the Improved performance with washout eliminated did serve 

to demonstrate the true optimality of the digitally de¬ 

signed controller. 

ÇgUFirlffgn SL aesponses to Initial a 

Pig. 6-30 shows the response of the basic B-52 to an 

initial 0 of one degree (SDF simulation, flight condition 

three). As expected, this initial condition excites the 

phugoid mode. Fig. 6-31 shows the DiLC aircraft (controller 

43) response to an initial untrlmmed pitch angle. Note that 

the controller essentially uses only the el* 'tor to remove 

the pitch angle. This response was Inadvertan. y made with 

extremely slow servo actuators . . . the three time constants 

were all six seconds. Faster responding servos would un¬ 

doubtedly have reduced the oscillations in 0 and 0. During 

the system equation integration at the end of the digit.il 
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optimization program (Appendix A, pages A-21 through A-23)* 

this maneuver is accomplished without pitch overshoot« 

Figure 6-31 also shows controller 43 responses to 

ten second stick Inputs. Note the slight difference in 

performance of forward and back stick« caused by non¬ 

linearity of the spoilers« 

Pilots' aaftlttftUyg grftlufttlqa 

The simulation would not have been complete without 

the pilots* evaluation of Direct Lift Control. Pilot com¬ 

ments and evaluations were obtained as explained in Chapter 

V and the results are presented in tabular form. Table 

VI-2 lists Cooper ratings for both the DLC and basic air¬ 

craft. The DLC aircraft received consistently higher 

Cooper ratings than the standard B-52 in all three flight 

conditions. Table VI-3 shows how well the pilots thought 

they performed the assigned tasks. Every pilot thought he 

did as well or better with the DLC aircraft« While studying 

the strip chart recordings and pilot rating forms, the 

authors noted strong correlation between how well a pilot 

did and how well he thought he did. If anything, the pilots 

tended to be modest in their evaluation of how well the 

tasks were accomplished. 

Another Important fact is that the majority of the 

pilots thought the workload in performing a given task was 

markedly reduced by the addition of the Direct Lift Control¬ 

ler. Workload data is found in Table VI-4, page l6l. 

In summary, the pilots felt that Direct Lift Control 
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increased their ability to perforai the assigned maneuvers 

and improved aircraft qualities while reducing pilot work¬ 

load. 
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Chapter VII 

filg.g»?3lop âOá Conclusions 

kAMS S£2lAgr Changes 

When this study was begun, the LAMS controller oper¬ 

ated with all seven spoiler panels on both sides of the 

airplane biased up 20°. The DLC controller was designed 

using the same spoiler configuration for oompatabllity with 

LAMS, due to the possibility of a flight test. The LAMS 

design was subsequentlj modified to use only the two out¬ 

board spoiler panels on each wing. The designers found 

that the control power of the entire spoiler bank was not 

required for LAMS, and the change simplified some actuator 

problems. However, the LAMS aircraft retains the capability 

of using the complete spoiler bank with a 20° bias, so a 

flight test is still possible without major aircraft modi¬ 

fications. 

The digital optimization program could be changed to 

use less than the full bank cf spoilers by simply reducing 

the spoiler lift and pitching moment coefficients appro¬ 

priately. Of course, the maximum rates of climb and descent 

without pitch would be reduced if fewer spoiler panels were 

used. The controller could be designed for a different 

spoiler bias setting by recomputing the linearized lift 
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and pitching moment coefficients, based on the slope of the 

spoiler attenuation curve at the selected bias point. 

This study, together with the work reported in refer¬ 

ences five, six, eight, and nine, establishes beyond rea¬ 

sonable doubt the feasabillty of direct lift control. Con¬ 

trol surfaces such as spoilers, symmetric ailerons, flaps, 

or canards, can be used in conjunction with the elevator to 

apply lift forces in the direction the pilot desires to 

move the airplane, without changing the pitch attitude. 

Direct Lift Control can eliminate the long heave crossover 

time and normal acceleration reversal associated with large 

aircraft (Ref 7:7» as quoted on pages 2 md 4). 

IMS. b-51 íM. ÇftBftfcUlty 
The Direct Lift Controllers described in this thesis 

employ the full B-52 spoiler bank with Î20° authority from 

the 20° bias position, full Î17° aileron authority, and full 

Î17° elevator authority. The controllers can provide changes 

in rate of climb and descent of up to 500 feet per minute 

from trim condition without a change in the aircraft pitch 

attitude. This Improves precision maneuvering capability 

in tasks such as terrain following, approach and landing, 

and in-flight refueling. The pilot's ability to make pre¬ 

cise corrections in rate of climb or altitude is increased 

because DLC does not excite the phugold modo, and visual 

cues are not disturbed by continually changing pitch attitude. 
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With large stick movements, DLC functions as a conven¬ 

tional control system, providing pitching moments and air¬ 

craft rotation. 

In addition, DLC reduced normal acceleration of the 

airplane center of gravity by an average of 50%, both in 

and out of turbulence. This suggests an Improvement In 

riding qualities and reduction In aircraft structural dam¬ 

age If DLC Is used during periods of turbulence. As an 

added bonus, the pilots (after a short training period) 

were able to control airspeed more closely with DLC than 

with the basic aircraft. 

Jheory 

Kalman's optimal control theory for a linear plant 

with quadratic cost function (Hef 2:750-780) proved well- 

suited to DLC design. The B-52 "plant" was linearized by 

using the aircraft short period approximation and computing 

spoiler lift and pitching moment coefficients based on the 

slope of the spoiler attenuation constant curve (page 58) 

at the spoiler bias position. Simple magnitude scaling 

of the equations (page 28) completely eliminated the In¬ 

tegration problems sometimes encountered with this theory. 

Optimization theories are often criticized for pro¬ 

ducing complex controllers with an excessive number of feed¬ 

backs, some of which may not be readily available. This 

thesis demonstrates the opposite. The controllers consist 

simply of fixed-gain feedbacks of normal acceleration, pitch 

angle, and pitch rate to each of the control surface sertos. 
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The system is operated by the pilot's normal longitudinal 

stick or column movements. The control surface crossfeeds, 

washout circuits, etc., normally associated with a conven¬ 

tionally designed ÜLC system are non-existent. They only 

serve to degrade DLC performance. 

Once written, the digital optimization program is 

extremely flexible. The goal of the controller described in 

this thesis is to use spoilers, ailerons, and elevators to 

prevent change in aircraft pitch attitude. In practice, 

these controllers would be limited to short-period usage 

(refueling, landing approach, etc.), by the drag penalties 

inherent in the 20° spoiler bias. However, by increasing 

the cost of Nl and spoiler usage, and decreasing the cost 

of e and e (changing four data cards), the program can be 

used to design a continuous duty controller which uses 

ailerons and elevators to improve ride and provide gust 

alleviation during cruise. 

Some choice in the number and nature of the feedbacks 

has also been demonstrated. The NL, e, and 0 feedback 

controllers described above were designed by optimization 

program D (page 36). However, optimization program A. 

(page 19) uses <x (angle of attack), 0, and 0 feedbacks, 

and program B (page 28) provides a. 0, 0, and NL feedbacks. 

Program D was used for all data runs due to the difficulty 

of measuring angle of attack in an actual aircraft, desire 

to reduce N^, and the obvious preference for three feedbacks 

rather than four. Nevertheless, the three types of con- 
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trollers are capable of comparable performance If the 

specified feedbacks are readily available. A study of the 

three digital programs will show that little work was re¬ 

quired to change from one program to the next. All three 

programs are fast-running (see page 51), 

FUot auflnntfttlve Evaluation 

As described In Chapter VI, pages 153 to 154, the 

pilots of the six degree of freedom simulation at the Air 

Force Flight Dynamics Laboratory were uniformly enthus¬ 

iastic about the benefits of DLC. Cooper Ratings of the 

DLC aircraft averaged 1.24 better than those of the basic 

airplane. "How Did ïou Do?" ratings averaged 0.83 better 

with DLC, and average workload was reduced 0.72. 

Aà&LLLgnal Comments 

Tusl Qî. EcaaâflBL Analog Simulation. The two degree 

of freedom analog simulation described in Chapter II proved 

Invaluable for testing digitally designed controlle'— 1 

provided a basis for manipulating the Q and R matrices. 

Its merits and deficiencies are discussed in detail on pages 

112 to 122. The small amount of equipment required and its 

simplicity make this simulation especially deslreable in 

the early DLC design stages. 

¿lOSid. Fixed-Gain Controller. Although separate con¬ 

trollers were designed and used for each of tha three LAMS 

flight conditions, controllers designed to t‘ e same criteria 

(identical Q and R matrices) ara very similar. This ralees 
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the possibility of select ng a single fixed gain controller 

that would perform adequc ely throughout the entire d-52 

flight envelope. See pa s 44 to 45 for details. 

AEgllyftfrllHy to Other Aircraft. Kalman's optimi¬ 

zation theory is vmllmlted in the number of state variables 

and controls that can be considered. Thus, the design 

method and digital optimization programs used should be 

applicable to other aircraft and other types of control 

surfaces with only minor modifications. 

The authors hope to demonstrate this fact in a follow- 

on study. The Boeing Company has agreed to provide equations 

of motion and aerodynamic coefficients for the Boeing 367- 

80 (707 prototype). This research aircraft has a fly-by- 

wire control system similar to that of the LAMS B-52, is 

equipped with high speed trailing edge flaps, and has flap¬ 

blowing capability. A dash 80 Direct Lift Controller will 

be demonstrated with a two degree of freedom simulator. 
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Chapter VIII 

Recommendations for Further Study 

As mentioned in Chapter I, the feasability of Direct 

Lift Control was first demonstrated in I96I. Serious con¬ 

sideration of this principle is Just beginning; the first 

fleetwide application is yet to be made; the opportunities 

for further study are practically unlimited. The following 

are Just a few of the areas that might be Investigated in 

follow-on AFIT theses. 

Mai&lanftl ¡¿Mä ä-lä Projects 

Much additional study could be done with the LAMS 

3-52 testbed. For instance, the effect of increasing nor¬ 

mal acceleration cost (value of in Optimization Pro¬ 

gram D) could be investigated, using controller servos that 

more closely simulate fleet 3-52 equipment. Another optimal 

control theory could be applied to determine the best single 

controller for use in all three flight conditions. A new 

computer program could be written using only normal accel¬ 

eration and pitch angle feedback, or the relatively new 

C* (Hef 10 and 11) criteria could be applied. 

0thg£ AUrqrftft 

Direct Lift Control designs for other aircraft would 

169 
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be of interest to the aviation community. Notable among 

these are the SSI (Supersonic Transport) and the C-5A 

Galaxy. In a recently announced design refinement. The 

Boeing Co. has added DLC using wing spoilers and canard 

surfaces aft of the crew compartment to the SST (Hef 12:16). 

OLC was added primarily as a landing aid. Since the SST 

rollout will be delayed by war-dictated funding cutbacks, 

there should be time for meaningful thesis work with this 

aircraft. 

As mentioned on page 7, Honeywell has designed a 

direct lift controller for the C-5A using convention¿J. de¬ 

sign techniques and slightly different criteria. Interesting 

comparison studies could be made with a new design based on 

optimal control theory. Retrofit DLC capability for the 

C-5A is a distinct possibility due to the longitudinal 

sluggishness caused by its great size and weight, so a DLC 

design for this ship could also be of practical as well as 

theoretical value. 

Another comparison between conventional and optimal 

theory design techniques could be made using the results of 

NASA*s Oonvalr 990/DC-8 studies as the conventional design. 

A thesis could also be aimed at specific problem air¬ 

craft to better demonstrate the value of DLC. This might 

Include one of the Jetliners which is considered difficult 

to handle in landing approach and a fighter design which 

has difficulty during in-flight refueling. 



GGC/BE/68-8 

QShsi. cgntrçjr 

In addition to the canard surfaces mentioned for an 

SST study, several other direct lift mechanisms could be 

used. Among these are boundary layer control, blown flaps, 

and thrust augmented lift. 

The Boelng-80 (707 prototype) has been modified for 

a blown flap test program. This aircraft would be suitable 

for a DLC study because the results, without blown flaps, 

would be directly applicable to a large number of current 

aircraft, and the results with blown flaps would help 

establish the usefulness of this device. Again, a flight 

test program would be feasable due to the availability of 

a test aircraft. 
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Appendix A 

SMnpl» CocputT Program Outputs 
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jamóle Output , Computer Program A 

The following Is a sample output of computer program A, 

with states alpha, theta, and theta dot. The off-diagonal 

elements of the Q matrix reduce backward Integration time of 

the C matrix from three seconds to one second, but have no 

effect on the final controller. 

^ <T MATRIX 

--0-- -0. -0. 
-0. 20.0000 20.0000 _ 

-4;- 20.0000-JffTWÏÏ 

R MATRIX .-- 

0.0400 -0. -0.___ 
-z-JT...—õ;í3ãí)5 

-o. -0. .-.0-0400 _ 

Coefficients of characteristic equation 

XTTT*—JTCÜOÒOOF^ÔTT 
A ( ri«_ -4.000000 E 01 
Af '31* Õ.' 
A ( 4)=-0. _ 

ROOTS ÒF CHAR ACTfR Í ST IC E"ÖUA-fl0N-’ 

S» 
S« 

0. 
0. 

♦J 
♦J 

s» ^ 470000000E 01 

COEFFICIENTS OF jCHAR ACTERI STIC EQUATION 

Ai n* 
A( 2 Ï- 
A! 31- 
TTT^T- 

1.00000CE 00 
^1.20000^-^ 1 
4.800000E-03 

ROOTS OF CHARACTERISTIC EQUATION^ 

S* 4.0048010E-O2 
—4.0048015^ 0Î 

S» 3.991209 IE-02 

♦J 8.2612640E-05 

♦J 

A-l 
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PLIGHT CONDITION 3 

A MATRIX 

•0.6939 _0!_Q> 99C4 
0. 0. Í.000Õ 

■ 2.4739_0 ,_-0.4 51_8 

8 MATPIX 

-¿•0211 070145 -0.0153 
0.__o._c. 

-1.6332 0.2938 -0,1366 

ELEMENTS OF SYMMETRIC FEEDBACK matrix Ç_ 

C< 1 tJLJ_Cl 1 * 2_t_C 11.31_Ç ( 2 , ? )_ C ( 2,3 I 

TIME - 9.95 
2. 1120E-03 -2. 4586E-C2 -2.4841E-02 5. 1033E-01_5?J134iJ^C 1 

T IME_• 9.90 
6.1484E-03 -3.3156E-02 -3.3768E-02 5.3380E-Ò1 5.3769E-01 

TIME » 9.85 
1.C033E-02 -3.4 342E-02 •3.5113F-C2 5, 34 2_7F- 01_5.3 8 2 3E - 01 

TIME » 9.90 
1.3675E-Õ2 -3.4536E-Õ2 -3.5279E-02 5.3428E-01 5.3824E-01 

TIME • 9.75 
1.7084E-02 - 3.4723E-02 -3. 5273E-02 5. 3429E-01 5.3824E-01 

TIME « 9.70 
2.0277E-02 -3.5030E-Ó2 -3.5246É-02 5.343I1-0Ï 5.38231-01 

_____ 9-65 

2.3265E-02 -3.5459E-C2 -3.5221E-02 5.3438E-01 5.3823E-01 

TIME » 9.60 
2.6064E-02 -3.5992E-Õ2 

TTmT « 9 . 55 
2.8683E-02 -3.6615E-02 

TIME - 9.50 <' 
3. Ï136E-C2 -3.7 310E-02 

-3.5201E-C2 5.3449E-01 5.3823E-01 

-3.518 5E-02 5. 3464E-01 5.38 2J E-01 

- 3« 5 173E- C2 5. 3483Ë-0Ï 5.T822F -Ö1 

A-2 



GGC/EE/68-8 

TIME » 9.4 5 
3.3432F-C2 -3.8066F-C2 - 3.5165F-02 5. 35C8F-91 5.3822E-01 

TIME = 9.40 
3. 5581E-Õ2 -3. 8868E-02 -3.516ÖF- 02 5. 3538F- ÕI "5.“T^?1E-Cl 

TIME * “9.35 
3.7594E-02 -3.9708F-02 -3.5157E-C2 5. 3573F-01 5-.3821F-01 

TIME * 9.30 
3.9478E-02 -4.C 574F-02 - 3.5Í57E-02 5. 36Ï3É-ÔI 5V382fE-01 

TIME « 9.25 __ 
4.Í242E-02 -4.1460E-02 -3.5159E-C2 5.3658E-0Í 5.382ÍE-01 

Y tM'r «-97T5- 
4.28 94F-C2 -4.2 359E-02 -3.5162E-02 5.3706E-01 5.3822E-01 

TIME = 9.15 
4.4440E-02 -4.3263E-C2 >3.5168E-02 5.3759E-01 5.3822E-01 

THP --971?- 
4,5887E-02 -4.4167E-02 ‘3.5174E-02 5.3816E-01 5.3822E-01 

TIME * 9.05 
4^7243Ë-C2 -4. 5067E-02“- 3. 518ÏE-C2 S.TÔTòf-Or 5. '38^ÎE-ÜT 

TIME --97??- 
4.8512E-02 -4.5959E-02 -3.5189E-02 5.3938E-01 5.3823E-01 

FEEDBACK MATRIX C 

-ü;?4ô5--0.0466--0,0*52 
—0.0460 0.5394 Q.5382 
-^70352 0.5382 075423 

CONTROL« -PI BTC 
-”I74n2-2179^24-2 ~T226 

C.2320 -3.8023 -^,8348 
-0.1016 1.8209 ' 1.8388 

A—BP I BTC 

-0.6592 -0.5464 0.4396 
0. Ö7 1.0006 

-0.0892 -37.1814 -38.1229 

A-3 
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TnfTTTCITNTT^fír'"ChAP ÄCTC G iTT!rTGUÏTTTW 

* A ( H « i.COa'ÔOTE O'Ô 
A( 2 )- 3.878213E 01 
A( 3»* 6.235126E 01 
A( 41* 2.446138E 01 

ROOTS OE CHARACTERISTIC EÔOATION 

S«-1.008606OE CO ♦J Ö.- 
S* - 6. 5335560E-01 0, 
T*'-TVT1 lOrèAFTI-- 

NOTE, CONTROLS IN DEGREES AND ANGLES IN RADIANS 

SPOILERS PI ASED UP 20 DEGREES, 

USING OUTBOARD SPOILERS ONLY (0.56K) 

A-U 
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Samóle Output. Computer Program B 

The following Is a sample output of computer program B. 

The states used are X(l) = a (Angle of attack), X(2) = 0 

(Pitch angle), X(3) = 0 (Pitch rate), and X(4) = NL (Normal 

acceleration, positive In the up direction). 

Q MATRIX 

UOOOO 
-C. 
-0. 
-0. 

-0. 
20*0000 
-0. 
-0. 

-0. 
1C.OOOO 
-0. 

-0. 
-0. 
-0. 
0*5000 

R MATRIX 

0*0300 
-0. 
-0. 

Q MATRIX 

-0* -0* 

0* C 300 -0. 
-0* C* 0300 

C0CPFICIENTS OF CHARACTERISTIC EQUATION 

A< 1)* I* 000000E 00 
A| 2)m -3*1500006 01 
AC 3)« 2*4550006 02 
A( 4)» —3*150000E 02 
At 5)« 9*999997E 01 

ROOTS OF CHARACTERISTIC EQUATION 

S- 1*00000036 00 
S« 4*99999706-01 
S» 2*00000006 01 
$» 9*99999966 00 

PLIGHT CONDITION 1 

A MATRIX 

—0*0850 
0* 

-2*8067 
-5*1924 

B MATRIX 

-0*0255 
0* 

-1*8858 
-0*3324 

♦ J 0* 
♦ J 0* 
♦ J 0* 
♦ J 0* 

0*9838 
1*0000 

-1*0414 
5.3502 

-0.0165 
0* 

-0*1282 
-0*1043 

0* 
0* 
0* 
0* 

0.0279 
0* 
0*5596 
0*2114 

0* 
0* 
0* 
0* 

A-3 
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FEEDBACK MATRIX C TIME = 19.50 

0.6708 
0.1236 
•0.0009 
•0.2328 

0.1238 
8.9139 
0.2396 

-Or 1418 

-C.0009 
0.2396 
0.2770 

-0.0149 

FEEDBACK MATRIX C TIME = 19.00 

2.1957 
1.0698 
0.0620 
-0.7303 

1.0698 
14.0808 
0.4122 

-0.6048 

C.0620 
0.4122 
0.2835 

-0.0406 

FEEDBACK MATRIX C TIME = 18.50 

4.6869 
2.6049 
0.1583 

-1.3843 

2.6049 
16.7346 
0.5228 

-1.1025 

0.1583 
0.5228 
0.2887 

-0.0688 

FEEDBACK MATRIX C TIME =. 18.00 

8.0129 
4.1652 
0.2692 

-2.1558 

FEEDBACK MATRIX 

4.1652 
18.1009 
0.5943 

-1.5101 

C TIME 

0.2692 
0.5943 
0.2930 

-0.0959 

17.50 

11.9757 
5.4909 
0.3839 

-3.0059 

5.4909 
18.7998 
0.6406 

-1.8157 

0.3839 
0.6406 
C , 2966 

-0.1211 

FEEDBACK MATRIX C TIME = 17.00 

16.3916 
6.52?9 
0.4975 

-3.9050 

FEEDBACK MATRIX 

6.5279 
19.1541 
0.6707 

-2.0367 
C TIME 

0.4975 
0.6707 
0.2996 

-0.1446 
16.50 

21.1210 
7»3055 
0.6085 

-4.8338 

7.3055 
19.3324 
0.6906 

-2.1941 

0.6085 
0.6906 
0.3023 

-0.1665 

FEEDBACK MATRIX C TIME = 16.00 

26.0657 
7.8752 
0.7169 
•5.7808 

7.8752 
19.4219 
0.7038 

-2*3055 

0.7169 
0.7038 
0.3047 

-0.1874 

A-9 

-0.2328 
-0.1418 
-0.0149 
0.2268 

-0.7303 
-0.6048 
-0.0406 
0.4110 

•1.3843 
•1.1025 
•0.0688 
0.5902 

2.1558 
1.5101 
0.0959 
0.7727 

3.0059 
•1.8157 
•0.1211 
0.9569 

•3.9050 
•2.0367 
•0.1446 
1.1408 

•4.8338 
•2.1941 
•0.1665 
1.3237 

-5.7808 
-2.3055 
-0.1874 
1.5053 
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FEEDBACK MATRIX C TIME = 15.50 

31.1585 
8.2870 
0.8230 

-6.7391 

8.2870 
19.4667 
0.7128 

-2.3840 

0.8230 
0.7128 
0.3069 

-0.2074 

FEEDBACK MATRIX C TIME =. 15,00 

36.3534 
8.5824 
0.9273 

-7.7044 

8.5824 
19.4890 
0.7189 

-2.4395 

C.92 73 
0.7189 
0.3090 

-0.2268 

FEEDBACK MATRIX C TIME = 14.50 

41.6194 
8.7931 
1.0302 

-8.6744 

8.7931 
19.5002 
0.7231 

-2.4785 

1.0302 
0.7231 
0.3110 
0.2457 

FEEDBACK MATRIX C TIME = 14.00 

46.9348 
8.9431 
1.1321 

-9.6474 

8.9431 
19.5058 
0.7260 

-2.5061 

1.1321 
0.7260 
0.3130 

-0.2644 

FEEDBACK MATRIX C TIME = 13.50 

52.2848 
9.0495 
1.2332 

-10.6224 

9.0495 
19.5086 
0.7280 

-2.5256 

1.2332 
0.7280 
0.3149 

-0.2828 

FEEDBACK MATRIX C TIME = 13.00 

57.6591 
9.1249 
1.3336 

-11.5988 

9.1249 
19.5100 
0.72V4 

-2.5393 

1.3338 
0.7294 
0.3168 
0.3011 

FEEDBACK MATRIX C TIME = 12.50 

63.0505 
9.178 4 
1.4341 

-12.57012 

9. 1784 
19.5107 
0.7304 

-2.5490 

1.4341 
0.7304 
0.3186 

-0.3193 

FEEDBACK MATRIX C TIME =12.00 

68.4539 
9.2162 
1.5340 

-13.5543 

9.2162 
19.5111 
0.7311 

-2.5559 

1*5340 
0.7311 
0.3205 

-0.3374 

-6.7391 
-2.3840 
-0.2074 

1.6857 

-7.,7044 
-2.4395 
-0.2268 

1.8651 

-8.6744 
-2.4785 
-0.2457 

2.0438 

-9.6474 
-2.5061 
-0.2644 

2.2219 

-10.6224 
-2.5256 
-0.2828 

2.3996 

-11.5988 
-2.5393 
-0.3011 

2.5770 

-12.5762 
-2.5490 
-0.3193 

2.7542 

-13.5543 
-2.5559 
-0.3374 

2.9313 

A-10 
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FEEDBACK MATRIX C TIME 11.50 

71.8658 
9.2429 
1.6338 

14.5328 

9.2429 
19.5112 
0.7316 

-2.5607 

FEEDBACK MATRIX C TIME 

1.6338 
0.7316 
C.32 23 

-0.3554 

= 11.00 

79.2837 
9.2619 
1.7334 

15.5116 

9.2619 
19.5113 
0.7320 

-2.5641 

FEEDBACK MATRIX C TIME 

1.7334 
0.7320 
0.3242 

-0.3734 

= 10.50 

84.7058 
9.2752 
1.8329 

-16.4907 

FEEDBACK MATR 

9.2752 
19.5114 
0.7322 

-2.5666 

X C TIME 

1.8329 
0.7322 
0.3260 

-0.3914 

=s 10 • 00 

90.1308 
9.2847 
1.9323 

-17.4699 

9.2847 
19.5114 
0.7324 

-2c 5683 

1.9323 
0.7324 
0.3278 

-0.4093 

FEEDBACK MATRIX C TIME = 9.50 

95.5580 
9.2914 
2.0317 

-18.4492 

9.2914 
19.5114 
0.7325 

-2.5695 

2.0317 
0.7325 
0.3296 

-0.4273 

FEEDBACK MATHIX C TIME = 9.00 

-14.5328 
-2.5607 
-0.3554 

3.1082 

15.5116 
-2.5641 
-0.3734 

3.2850 

-16.4907 
-2.5666 
-0.3914 

3.4618 

-17.4699 
-2.5683 
-0.4093 

3.63 86 

-18.4492 
-2.5695 
-0.4273 

3.8153 

100.9866 
9.2961 
2.1311 

-19.4286 

9.2961 
19.5114 
0.7326 

-2.5703 

2.1311 
0.7326 
0.3314 

-0.4452 

FEEDBACK MATRIX C TIME * 8.50 

106.4163 9.2995 2.2305 
9.2995 19.5114 0.7327 
2.2305 0.7327 0.3333 

-20.4081 -2.57C9 -0.4631 

FEEDBACK MATRIX C TIME =1 8.00 

111.8467 
9.3018 
2.3298 

-21.3875 

9.3018 
19.5114 
0.7327 

-2.5714 

2.3298 
0.7327 
0.3351 
0.4810 

-19.4286 
-2.5703 
-0.4452 

3.9920 

-20.4081 
-2.5709 
-0.4631 

4.1687 

-21.3875 
-2.5714 
-0.4810 

4.3453 

A-ll 
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FEEÜEACK HATR I X 

117.2777 
9.3075 
2.4291 

-22.3671 

FEEDBACK MATRIX 

122.7090 
9.3047 
2.52B4 

-23.3466 

FEEDBACK MATRIX 

128.1406 
9.3055 
2.6277 

-24.3262 

FEEDBACK MATRIX 

133.5724 

9.3061 
2.7270 

-25.3057 

FEEDBACK MATRIX 

139.0042 
9.3065 
2.6263 

-26.2853 

FEEDBACK MATRIX 

144.4362 
9.3068 
2.9256 

-27.2649 

FEEDBACK MATRIX 

149.8683 
9.3070 
3.0248 

-28.2445 

FEEDBACK MATRIX 

155.3004 
9.3072 
3.1241 

-29.2241 

C TIME 

9.3035 
19.5114 
0.7327 

-2.5717 

C TIME 

9.3047 
19.5114 
0.7328 

-2.5719 

C TIME 

9.3055 
19.5114 
0.7328 

-2.572C 

C TIME 

9.3061 

19.5114 
0.7328 

-2.5721 

C TIME 

9.3065 
19.5114 
0.7328 

-2.5722 

C TIME 

9.3068 
19.5114 
0.7328 

-2.5722 

C TIME 

9.30 70 
19.5114 
0.7328 

-2.5723 

C TIME 

9.3072 
19.5114 
0.7328 

-2.5723 

= 7.50 

2.4291 
C.7327 
0. 3369 

-0.4989 

= 7.00 

2.5284 
0.7328 
0.3387 

-0.5168 

= 6.50 

2.6277 
C.7328 
0.3405 

-0.5347 

= 6.00 

2.727C 

C.7328 
0.3423 

-0.5527 

= 5.5O 

2.8263 
C.7328 
0.3442 

-0.5706 

= 5.00 

2.9256 
C.7328 
C.3460 

-0.5885 

= 4.50 

3.0248 
0.7328 
0.34 78 

-0.6064 

= 4.00 

3.1241 
0.7328 
0.34 96 

-0.6243 

-22.3671 
-2.5717 
-0.4989 

4.5220 

— 2 3.3466 
-2.5719 
-0.5168 

4.6987 

-24.3262 
-2.5720 
-0.5347 

4.8753 

25.3057 

-2.5721 
-0.5527 

5.0520 

-26.2853 
-2.5722 
-0.5706 

5.2286 

-27.2649 
-2.5722 
-0.5885 

5.4053 

-28.2445 
-2.5723 
-0.6064 

5.5819 

-29.2241 
-2.5723 
-0.6243 

5.7586 

A-12 
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FEEDBACK MATRIX 

160,7325 
9.3073 
3,2234 

-30.2036 

FEEDBACK MATRIX 

166.1647 

9.3073 

3.3227 
-31.1832 

FEEDBACK MATRIX 

171.5968 
9.3074 

3.4220 
-32.162B 

FEEDBACK MATRIX 

177.0290 
9.3074 
3.52L2 

-33.1424 

FEEDBACK MATRIX 

182.4612 
9.3074 

3.6205 
-34.1220 

FEEDBACK MATRIX 

187.8934 
9.3075 
3.7198 

-35.1016 

FEEDBACK MATRIX 

193.3255 
9.3075 
3.8191 

-36.0811 

C TIKE 

9.3073 
19.5114 
0.7328 

-2.5723 

= 3.50 

3. 22 34 
0.7328 
0.3514 

-0.6422 

-30.2036 
-2.5723 
-0.6422 
5.9352 

TIME = 3.CO 

9.3073 
19.5114 

0.7328 
-2.5723 

3. 3227 
0.7328 

0.3532 
0.6601 

31.1832 
-2.5723 

— Or 6601 
6.1119 

C TIME = 2.50 

9.3074 3.4220 
19.5114 0.7328 
0.7328 0.3550 

-2.5724 —C.6780 

C TIME = 2.00 

-32.1628 
-2.5724 
-0.6780 
6.2885 

9.3074 
19.5114 
0.7328 

-2.5724 

3.5212 
0.7328 
0.3569 
0.6959 

33.1424 
-2.5724 
-0.6959 
6.4652 

C TIME = 1.50 

9.3074 3.6205 -34.1220 
19.5114 0.7328 -2.5724 
0.7328 0.3587 -0.7138 

-2.5724 -0.7138 6.6418 

C TIME = 1,00 

9.3075 
19.5114 

C.73 28 
-2.5724 

3.7198 
0.7328 
0.3605 

-0.7317 

-35.1016 
-2.5724 
-0.7317 
6.8185 

C TIME * 0.50 

9.3075 
19.5114 
0.7328 

-2.5724 

3.8191 
0.7328 
0.3623 

-0.7496 

-36.0811 
-2.5724 
-0.7496 
6.9951 

A-13 
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NOTE ••• ACTUAL STATE XlA) IS .OI*N SUB L# 

CONTROL* -R I BTC 
4«*6L8 25« A666 L7.71I2 
3*2558 -4.1983 -5.0272 

-3.0162 -C.7036 1.0381 

-0.2540 
-1.7607 
1.3135 

A—BR I BTC 

-0.8582 -0.7542 
0. 0. 

-9.0118 -50.2825 
-5.6726 -9.2786 

0.3754 
1.0000 

-37.3863 
-1.7076 

-0.0643 
0. 

-0.6748 
-0.4248 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

AI II- 1.OOOOOOE 00 
A( 21- 3.866978E 01 
A( 31* 1.004800E 02 
A( 41« 5.145437E 01 
A( 51- —2. 36-8927E—03 

ROOTS OF CHARACTERISTIC EQUATION 

S- -3.5911700E Ol +J 
S- —2.0638085E 00 ♦J 0. 
S- -6.94313966-01 +J 0. 
S- 4.60352406-05 

NOTE, CONTROLS IN DEGREES AND ANGLES IN RADIANS 
1 

SPOILERS BIASED UP 20 DEGREES. 
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SflffiPle Output, Compter Pyofirftffi Ü 

The following is a sample output of computer program D, 

with states X(l) s* NL (Normal acceleration), X(2) = 0 

(Pitch angle), and X(3) = 0 (Pitch rate). The feedbacks 

specified by this run (CONTROL = RIBTC, referred to as 

controller 61) are similar to those used for flight con¬ 

dition one testing with the six degree of freedom simulation 

at the Plight Dynamics Laboratory. 

Q MATRIX 

1.0000 
-0. 
-0. 

R MATRIX 

0.0400 
-0. 
-0. 

Q MATRIX CHECK 

COEFFICIENTS CF CHARACTERISTIC EQUATION 

Á( n* i.ooooooE oo 
AC 2)* -6.100000E 01 
AC 31* B.600000E 02 
AC 41* -8.OOOOOOE 02 

ROOTS OF CHARACTERISTIC EQUATION 

S* 9.9999998E-01 ♦J 
S* 3.9999999E 01 +J 0. 
S* 2.OOOOOOOE 01 «-J 0. 

R MATRIX CHECK 

COEFFICIENTS CF CHARACTERISTIC EQUATION 

AC II* 1.OOOOOOE 00 
AC 21* -l•200000E-01 
AC 3)- 4.800000E-03 
AC 4)* —6.399999E-05 

-0. 
40.0000 
-0. 

-0. 
0.0400 

-0. 

-0. 
-0. 
20.0000 

-0. 
-0. 
0.0400 
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ROOTS OF CHARACTERISTIC EQUATION 

S* 4«0048018E-02 8.26I2640E-05 
S» 4.00480186-02 -8.2612640E-05 
S* 3.9912091E-02 ♦J 

FLIGHT CONDITION 1 

A MATRIX 

-5.1924 0. 
0. 0. 

-2.8067 0. 

5.3076 
1.0000 

-1.4612 

B MATRIX 

-0.3324 0.2114 
0. 0. 

-1.8858 0.5596 

TIME - 7.50 

-0.1043 
0. 

-0.1282 

FEEDBACK MATRIX C 

0.1117 
-0.0825 
-0.0339 

'O, 0825 
17.6124 
0.3873 

-0.0339 
0.3873 
0.4499 

TIME » 7.00 

FEEDBACK MATRIX C 

0.1132 
-0.1582 
-0.0357 

-0.1582 
26.2411 
0.5899 

-0.0357 
0.5899 
0.4546 

TIME » 6.50 

FEEDBACK MATRIX C 

0.1135 -0.1834 
-0.1834 29.0097 
-0.0363 0.6550 

TIME - 6.00 

0.0363 
0.6550 
0.4562 
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F£EDBACK MATRIX C 

0.1135 
-0.1904 
-0.0365 

-0.1904 
29.7697 
0.6729 

-0.0365 
0.6729 
0.4566 

TIME 5.50 

FEEDBACK MATRIX C 

0.1135 
-0.1922 
-0.0365 

-0.1922 
29.9691 
0.6776 

-0.0365 
0.6776 
0.4567 

NOTE ACTUAL STATE XU» IS .01*N SUB L 

CONTROL* -RIBTC 
-0.7777 30.3457 21.2263 
-0.0892 -8.4637 -6.1963 
0.1791 1.6701 1.3683 

A-BRIBTC 

-4.9714 
0. 

-1.4130 

-12.0495 
0. 

-62.1751 

-3.2001 
1.0000 

-45.1317 

COEFFICIENTS CF CHARACTERISTIC EQUATION 

Al 11* l.OOOOOOE 00 
A( 21« 5.010310E 01 
Af 31* 2.82021IE 02 
AI 41* 2.920704E 02 

ROOTS OF CHARACTERISTIC EQUATION 

S- —4.9326298E 00 
S- -1.35127788 00 
S- -4.3819191E 01 

♦ J 0. 
♦ J 0. 
♦ J 
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Digital Computer Subroutines 
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COMPUTER OPT ÍM1 ZAHON PROGRAM SUBROUTINES 

SIBFTC SUBI DECK *XR7 
SUBROUTINE FCN<KP .J2,XtF ) 

C FCN( NO* EON.EON SET *VAR# VALUE. VAR. DERI V) 
COMMON Ai3.3).8(3.3).0(16.3).0(3.3).RÍ3.3).0(3.3).WKA(3.3)• 

ZWKB(3.3)»WKC(3*3).WKD(3.3). RIBT(3.3).M.N.BRIBT(3.3) 
DIMENSION F(6) .X(6) . CD (3 » 3) » XX(3.1 ) .DUM(3.1) 
GO TO (1.2.3) *J2 

C MATRIX C IS SYMMETRIC PER ATHENS AND FALB 
1 CONTINUE 
2 C(1.1)»X(1) 

C(1.2)*X(2) 
C(1.3)*X(3) 
C(2.1)SX(2) 
C(2.2)*X(4) 

C(2.3)*X(5 ) 

C(3.1)«X(3) 
C(3.2)"X(5) 

0(3.3)*X(6) 
IF(J2.EQ.2) GO TO 10 
OALL GMPRD(BRIBT.C.WKB.N.N.N) 
OALL GMPRD(C.WKB.WKC.N.N.N) 
OALL MXPM(WKC.0.WKB»N.N.~1) 
CALL GMTRA(A.WKO.N.N) 
CALL GMPRD(WKC»C•WKA.N.N.N) 
CALL MXPM(WKB.WKA.WKD.N.N.-l) 
CALL GMPRD(C.A.WKB.N.N.N) 
CALL MXPM(WKD»WKB »CD *N *N.-1) 
F (1)“CD(1.1 ) 
F(2)-CD(1.2) 
F(3)-CD(1.3) 
F (4)*CD(2 »2 ) 
F (3)"CD(2.3) 
F (6)*CD(3 *3) 

10 CONTINUE 
RETURN 
DO 4 I-l.N 
XX( I » 1)aX(I ) 
CALL GMPRD(WKA»XX.DUM.N*N•1) 
DO 5 I-l.N 

b Fm-DUM(I.l) 
RFTURN 
END 
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SIBFTC SUB3 DECK.XR7 
SUBROUTINE HXPM( A»B»C*H,N*NSGN) 

C A ♦ OR - B « C. M IS NO. ROWS. N IS NO. COLS. NSGN INCIOATES + OR 
DIMENSION A(MtN)*B(M*N)*C(M»N) 
IF(NSGN.LT.0) GO TO 3 
DOl 1=1.M 
DO 1 J=1*N 

1 C( I t J)«AC I *J>-t-B( I .J) 
RETURN 

3 DO 2 I-l.M 
DO 2 J=1»N 

2 C(I*J)*A(I»J)-B(I.J) 
RETURN 
END 

SIBFTC SUBA DECK»XR7 
SUBROUTINE GMTRA(A.B.M.N) 

C B“A TRANSPOSE. M - NO. ROWS IN A - NO. COLS IN B. 
C N = NO. COLS IN A - NO. ROWS IN B. 

DIMENSION A(M.N)*B(N.M) 
DO 3 1=1.M 
DO 3 J*1.N 

3 B(J.n«A(I»J) 
RETURN 
END 

SIBFTC SUB5 DECK*XR7 
SUBROUTINE GMPRD( A.B»C»NA.NB.NC) 

C A*B=C NA-NO. ROWS IN A-NO. ROWS IN C. NB-NO. COLS »N A*NO. ROWS IN 
C NC- NO. COLS IN B=NO. COLS IN C. 

DIMENSION A(NA.NB).B(NB.NC)»C(NA.NC) 
DO 7 1=1.NA 
DO 7 J=1 ,NC 
SUM =0. 
DO 5 L=1»NB 

5 SUM*SUM+A( I .L)*B(L.J) 
7 C( I * J)“SUM 

RETURtl 
END 
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SIBFTC SUB6 DECIC*XR7 
SUBROUTINE MTX INV<A . B.N) 

C MATRIX INVERSION SUBROUTINE 
C B»A INVERSE« N IS ORDER OF MATRICES. 

DIMENSION A(N.N).B(N.N)*K(100).P<100) 
NN«N 

20 DO 30 I-l.NN 
x( n«i 
DO 30 J-l.NN 

30 B(I ,J)=A(I.J) 
DO 330 1 = 1.NN 
I2*NN—1+1 
PE-0. 
DO 120 11=1.12 
TPE-B(11.1) 
IF (ABS( PE )-ABSITPE )) 100.100.120 

100 PE-TPE 
IP-I 1 

120 CONTINUE 
IF (PE) 160.510.160 

160 DO 170 J-2.NN 
170 PCJ-1)=B(IP.J)/PE 

P(NN)-1.O/PE 
IP-K( IP) 
12-0 
DO 310 J-l.NN 
I1-J-I2 
X( I 1)-K(J) 
IF (IC(J)-IP) 260.250.260 

250 12-1 
GO TO 310 

260 TPE--B(J.1) 
DO 300 J1=2.MN 

300 B( I1*J1-1)«B<J,J1) + TPE*P(Jl-1) 
B( Il.NN)-TPE*P(NN) 

310 CONTINUE 
DO 320 J-l.NN 

320 B(NN.J)-P(J) 
330 X(NN)-IP 

DO 410 I-l.NN 
DO 400 J-l.NN 
I 1-X(J) 

400 P(I1)-B(I,J) 
DO 410 J-l.NN 

410 B(I.J)»P(J) 
RETURN 

510 WRITE (6,1001) 
CALL FXEM(510) 
RETURN 

1001 FORMAT (40H0SUBROUTINE MINV FINDS MATRIX A SINGULAR) 



m-w 

SIBFTC SUB7 DECK *XR7 
SUBROUTINE CHRPOL (A.B.N) 

C FIND CHARACTER I TIC EQUATION OF REAL MATRIX (A) BY BOCHER FORMULA, RE 
C 234 OF DERUSSO. 
C A IS GIVEN MATRIX. B HAS COEFFICIENTS OF CHARACTERISTIC EQUATION. 
C N IS ORDER OF A. 
C T(1) » SUM OF MAIN DIAGONAL ELEMENTS OF (A). T(2) - MAIN DIAGONA 
C (A) SQUARE ••• P(E)-E(N+B(1)*E(N-1 + B(2)*E(N-2 +...+ B(N-1)*E + 

DIMENSION A(3.3),B(4).T(3).C(3.3).D(3.3) 
C COMPUTE T MATRIX 

DO 2 I-l.N 
D02 J-I.N 

2 C( I.J) - A<I.J> 
SUM * 0. 
DO 3 I-I.N 

3 SUM - SUM + A < I . I) 
T(1) - SUM 
DO 4 K-2.N 
CALL GMPRD (A»C»D.N»N»N) 
SUM - 0. 
DO 5 L- 1»N 

5 SUM - SUM + D(L.L) 
T(K) - SUM 
DO 6 I-l.N 
DO 6 J - l.N 

6 C( I.J)- D<I.J) 
4 CONTINUE 

C COMPUTE B COEFFICIENTS 
B(1) - 1. 
B(2) - -T(1 ) 
DO 7 K-2.N 
SUM - T(K) 
NP-K-1 
DO 8 L-l.MP 
NS-K-L 

8 SUM-SUM+B(L+l)*T( NS ) 
7 B(K+l) - ( —1./FLOAT (K)> *SUM 

RETURN 
END 

SIBFTC SUBS DECK *XR7 
SUBROUTINE ROOTSUDIOT•A.D» 

C IDIOT IS DEGREE OF POLYNOMIAL. (A) HAS COEFF OF A(1)»XIN + A(2)*X(N 
C (D) HAS COMPLEX ROOTS OF POLYNOMIAL. 

DIMENSION A(4) .B(4) .CO).D(3.2) 
M-IDIOT 
NO-1 
KX - 0 
M-M+l 
WRITE (6.ai) 

111 FORMAT(//.IX.39HCOEFFICIENTS OF CHARACTERISTIC EQUATION.//) 

B-5 



DO 109 I-l.M 
109 WR I TE ( 6 ♦ 11 0 ) I * A ( I ) 
110 FORMAT (1X»2HA( . I 2,2H) ,1PE1A.6) 

WRITE (6,112) 
112 FORMA T(//•IX * 32HROOTS OF CHARACTERISTIC EQUATION,//) 
6 IF(A(M))76,0,76 
8 R I»0• 

KK « KK + 1 
D(KK.l) « 0. 
D ( K.K., 2 ) -0. 
WR ITE(6,93 ) R I 
M«M-1 
GO TO 6 

7 SUM-0. 
DO 12 I -1 ,M 
X-A( I ) 
IF(X)9,12*10 

9 X-O.-X 
10 SUM*SUM+ALOG(X ) 
12 DOG-M 

DOG-1./DOG 
SUM®DOG*SUM 
CAT-EXP (SUM) 
DO 14 I -1 ,M 

14 A(I)-A(I I/CAT 
X-ABS ( A (2)/A (1 ) ) 
Y-ABS (A(M-1)/A(M>) 

18 IF(X-Y)19,22,22 
19 DO 20 I-1,M 
20 B( I )-A( I ) 

J-M 
DO 21 I -1 , M 
A ( I )*B(J) , 

21 J-J-l 
MO-O-MO 
GO TO 23 

22 MO-NO 
23 TOL-1.0E-07 
58 P-0. 

Q-Q» 
R-0. 
10-2 
9(1)-A(1) 

C(1)-A(1) 
DO 100 K-1,20 
B(2)-A(2)-(P*B(in 
DO 25 1-3,M 

25 8( 1 )-A(I )-((P*B(1-1)) + (0*B(1-2))) 
C(2)-8(2)-(P*C(1)) 
J-M-2 
IF (J—3)26,27,27 

27 DO 28 1-3,J 
28 C( I )»B( I )-( (P*C( 1-1) )-MQ*C( 1-2) ) ) 
26 C(M-l) —f <P*C(M-2) )-MQ*C(M-3) > ) 

DENOM-(C(M—2)*C(M—2))-(C(M-l)*C(M-3)) 
IF(DEMON )29,30*29 
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30 B (M)■ABS(B(H )) 
40 POW»M-l 

POW=2./PCW 
Q*B(M)**POW 
GO TO 44 

29 PI*P + < t (B(M-1 ) *(. ( M-2 ) ) - ( B ( M ) *C ( M-3 ) ) ) /DENOM ) 
OI-Q+(((B(M)*C(M-2))-(B(M-l)*C(M-1)))/DENOM) 
IF (A(M-l))32,31.32 

31 X-ABS (B(M-l)) 
34 I F (X-TOL)37,37,38 
32 RAT 1«ABS (B<M-1)/A(M-l)) 
41 IF(RATl-TOL)37,37,38 

37 RAT2-ABS (B(M)/A<M)) 
43 IF(RAT2~TOL)60,60,38 
38 P»PI 

0 = 01 
44 GO TO (100.50)»10 
50 DO 51 1-2,M 
51 B( I)«A(1)+R*B(1-1) 

N» M-l 
DO 52 1-2,N 

52 C<I)« B(I)+R*C(1-1) 
IF(C(N ))54,53,54 

53 10-1 
GO TO 100 

54 10-2 

RI«R-<B(M)/C<N)) 
RAT3-ABS (B(M)/A(H)) 

56 IF (RAT3-T0L)80,80,100 
100 R*RI 

TOL-TOL*10. 
IF (TOL-1.0E-0 3)58,5 9,59 

59 WR I TE(6,95 ) KK 
GO TO 81 

60 IF:N0)61,61,62 
61 PI-PI/QI 

QI« 1*0/01 
62 RR1—PI/2. 

RR2-RR1 
RAD*((PI*PI)/4•)—01 
IF(RAD)63,64 *65 

63 CRI-SORT C-RAD) 
CR2--CR1 
GO TO 69 

65 1F(PI)66,66,67 
66 RR1-RR1+SQRT (RAD) 

GO TO 68 
67 RR1-RR1-SQRT (RAD) 
68 RR2*0I/RR1 
64 CR1-0. 

CR2-0* 
69 KK-KX+l 

D(KK • 1) - RR 1 
D(KK,2) - CRI 
KK - KK + 1 
D(KK,1) - RR2 
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O ( (CIC * 2 ) = CR2 
WRITE (6,93) RRI, CRI 
WRITE (6,93) RR2 »CR2 
M-M-2 
IF (M—1)81,81,82 

82 DO 70 I«2.M 
70 A ( I )»B( I ) 
76 IF(M-3)78,71,7 
71 PI“A (2)/A (1 ) 

01“A (3)/A(1 ) 
GO TO 60 

80 IF ( MO)73,73,74 
73 RI-l./RI 
74 KK « KK + 1 

0 ( KIC • 1 ) - R I 
0(KK•2) - 0. 
WR ITE(6,93 ) R I 
M-M—1 
IF(M—1)81,81,83 

83 DO 79 I«2»M 
79 A(I)»B(I> 
78 IF (W—2)81,75,76 
75 RI«-A(2)/A(1) 

GO TO 80 
91 FORMAT(£28,8) 
93 FORMAT (1X,2HSS,1PE15*7,3X,2H+J »1PE15.7) 
95 FORMAT(36HR00TS SUBROUTINE FAILED AFTER ROOT ,12) 
81 CONTINUE 

RETURN 
END 
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Appendix C 

Sample Derivation 

1-Ela311c Aerodynamic Goefflclenta 
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The following sample derivation of a quasl-elastlc 

aerodynamic coefficient was provided by The Boeing Company. 

In the basic system, the only elastic degree of freedom Is 

fin torsion. When accounting for spanwlse variations of 

lift distribution and surface rigidity, the method becomes 

more complex. However, the form of the equations is very 

similar to that shown below. 

Let l/K » Elastic Deflection in Deg/Ft-Lb 

Then. 2 AIea = K * AoCëU 

Or « Aocél — Z Msa 
K 
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Taking moments: 

= {pLot )Rt6 (^*'6 + A y AC 

Prom the baslo definition: 

2 We.A. = Kaocbl 

Thus: 

Kaoc*l = (£«L( CX-RIG +A<Xe¿ ̂ pSyAC 

Solving for 

— 

(c.X, <XRtG XaC 

K :&X/6 *SXac 

Working with lift equations: 

By definition: 

2¿. = (C, ) ’Xneft-S 

Prom lift suijmatlon: 

2L - (XotLefa*+Aec“)rs 
Thus: 

*** *5= (£-*)*,6 (°‘*'**AC<“-)fS 

Or: 

/¡0 ) = (C ) C^I^JLA^æA 
<*RIG 

C-2 





Appendix D 

Basic Aircraft Responses 

Plight Conditions Two and Three 

Six Degree of Freedom Simulation 
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Appendix E 

Amplifier and Potentiometer Assignment Sheets 

Two Degree of Freedom Analog Program 

(Short Period Approximation) 
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Direct Lift Control 
PoTENTJOneTER ASSIGNMENT SHEET 

Fbr\ 
No. M>. Parameter 

\FU<MT CONDITION 1 FLIGHT condition 2 Plight Condition $ \ 
tain 

OO 2 2 Ci s«.; i 1 . /3É0 -OS44 .2000 — .20/2 — 

Of 3 1 .3533 — .3333 — .3333 -. 

oi 2 ¿CCl^+cO ! .7310 -.4444 . 77fO — . 4510 — 

03 2 0-1 ,S2to -.0420 .7190 — .7210 — 

04 2 Cb Trim i / A s f 1 c <r c tro. 1 _ — 

OS 2 Ifc FT II 
o±L .24.10 -.Ofto ,43fo — .2X70 11 

ot 2 
_rp- ^ c*. *i 

0 1 .045© ..0020 . /o5o — .0450 

07 2 o.l .4440 -.444o .4440 — .4440 — 

or 2 .OOI « 1 .4244 -. Iffo .4212 — ,7S74 — 

09 2 ooa. fi/m 1 .3044 .2342 . /492 — ,2/f5 — 

IO (A ê FB *•?€ IO — V a. r \ a. W i & — 

h 2 10 ,0500 — .2500 — .2500 — 

/* 2 .Ol thi/XmJ / .S730 .— .5730 — .£730 — 

13 G Tu*i« SUf*. / . oSOo — .oSoo -— .OSOO — 

/♦ 3 McW BUa 1 .50«« -.5000 .5000 — .S040 — 

IS 2 /OO /U. /0 .|5?4 — .2530 — . 1320 — 

/£ 2 /ot> /(l. / .iSfi — .2330 -- . /520 — 

~rT 3 Co n iÍ~+r> 'f J .Shoo — .SO»o -— .sooo -- 

it 3 /¡»OO J .4244 .— .4212 — .7570 — 

19 3 Q Trim A/ - A s R «4 U. i r «. c — 

20 3 Of . ff4o ..oolo .311 0 . lito >tó«/w4Íl . 

XI 3 -^4» Ç«J a 1 .4*00 -.1120 .7200 — . 1200 — 

2* 3 / .5000 -- .Sooo -— .Sooo — 

23 3 10 ,2000 — .2000 -— .2000 — 

24 3 M*hir B<«» / .5000 -— . 5oo0 — .SOOO — 

25 3 
Jg 

. 1150 -.0345 . 11/5 — .IUS 

24 JA OF» Se. IO - V <x r Í a. t 1 e - 

"¿7 3 i s»
 

?
 

F
 i .I72S -.0/3? .2515 — .2 420 — 

zf 3 -0.2 Cm •< J .1090 -.0445 ./524 — . /5/5 — 

29 3 *ilfsz/rn] 10 .Sftl — .2575 — .33Î0 — 

loo |6 / .25oo — .2500 — .2500 — 
rnUm il in 

101 IA 8i«s / .3333 — .3333 — .3333 — 

M G ACxmÁ IT .0122 .0235 . /230 — ./5 IS — 

E-l 
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Appendix P 

Six Degree of Freedom Analog Program 

* Potentiometer Sheets 

Amplifier Sheets 

Multiplier Sheet 

Computer Interconnect Trunking 

MAY Circuits 

Recorder Assignment Sheet 

Limiter List 
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D/rect Lift Control 
Potentiometer Assignment Sheet 

Pbr 
No 

Pík&ã 
No. PARAMETER 

\flight Condition 1 Plight Condition 2 Plight Condition ¿ I 
bAIN 

POQ 1 10*11* / .€266 -.6166 .1292 -1292 .7570 -.7570 

POÍ J J.C. — .1000 +.ÍOOO .NOOO +.¥000 .1000 4.1000 

P02 1 Constant / . Sooo -./266 .6000 -./950 .5000 -.I960 

P03 1 Constant / .1000 -.0190 ./000 -.0100 .1000 -.0*36 

PON 1 Constant 10 .2000 -.0/20 .2000 -.0/20 .2000 -.0120 

POS 10 Z.C. .7000 ■*.7000 .7000 +.7000 .7000 +.700Ò 

P06 5 ■AlAV 1 ./000 — ./000 — ./000 — 

POT 2 J.C. (ta) / .0000 .0000 .OOOO OOOO /.0000 ■*/.0006 

F>08 IT TA.A.V. .1000 — JOOO — JOOO — 

P09 17 /0 .6000 .6000 5000 

PlO V Constant to .2600 TOMO .2500 -.0006 .2500 4.0/71 

PJJ V 2 Cms / .2206 +.0073 .2651 + .0/21 2099 +.0077 

P12 1 .o/r / .3210 -.27// .3220 -.27// .3220 -.27// 

P13 H 2x/0'Xizt /0 .3000 -.0003 ./729 +.0066 .2/10 -.0002 

PIN 9 /0 .9197 T.00I1 .7692 *.0022 .7692 +.0013 

Pis 13 Kvo / AW« AoausmOi 

P16 3 J.C. — .5000 +.6000 .5000 *.6000 .5000 *5000 

P17 3 10 .271! *.0009 /200 +.032¥ ./690 *.0293 

Riß 3 Constant 10 .¥000 -./SOi .¥900 -./226 .1000 -. //02 

Pß 10 10 ./700 -./009 ./700 -./028 ./9¥0 -.//73 

P20 1 ¡0 .2000 -.OHOO .2000 -.0100 .2000 -.dOO 

P21 1 -0.2 Cyb /0 ./¥70 -.0017 ./¥97 -.0070 ./766 -.0016 

P22 1 to .2000 +.0¥2¥ .2000 +.0306 .2000 +.0502 

P23 1 Constant 10 .2000 - 0390 .2000 -.0360 ■2000 -.0360 

P2N 3 oiW- Imx /0 .0090 ¥.0616 ./¥60 *.0501 ./730 +.036/ 

P2S H Constant !0 .0000 -.0351 5000 -. 0255 .5000 -.01/9 

P2E ^ ^nr»....r .1W|-J 

f*Z7 

P28 

5 Constant ! .6000 +.0616 .5000 +.0015 SHOO +0616 

10 Constant /0 .2000 -.MOO ■ 2000 -.MOO .2000 -./900 

P29 10 Constant 10 g .9760 -./095 .3750 -./905 .3750 -.0053 

E5 8 ¿MM / .0791 -.00/0 .0731 -.0027 .0731 -0016 

3 TX. ^ 
— .6000 ■*.6000 .6000 + 6000 .6000 +.6000 

1 2*10*11. ¡0 ns3 +.0010 .0959 +.0010 ./5/5 +.0000 



Oac/EE/68-8 

Direct Lift Control 
PoTENTIOHETER ASSIGNMENT SHEET 

fbr 
No 

PMU 
No Rkrahetep 

- \Fusht Condition l Plight Condition 2 \Fl ight Condition 3 \ 
IMIN 

mnmxmnnMmssEmznzBm Setting Output 

P33 9 ¿03 S2-H 1 8HN3 -SVV3 .8HH3 -.8HH3 .8885 -.8883 

P3H H — .3000 *.3000 .3000 *.3000 .3000 * 3000 

P35 Z -200Cg-u ’"i .mo -.OS VO H/90 -1676 .1588 -.0620 

P36 13 .MU ¿0 ./es3 — .0860 — .1518 — 

P3T * 
.."JM 

/0J*Í ¿0 7TH0 — .99H0 — .7029 — 

P39 10 Cotvmor 10 2000 ■*.0210 .2000 +■0210 .2000 +.0197 

P39 u 
tiZI/i/T-jl 
Z/i U IQ .6900 _ .5710 .7580 — 

PNC 6 Constant 19 J3H8 — . I3H8 — .1388 —. 

PHI 1 —I. C.- 2000 *2000 .2000 *2000 .2000 +2000 

PHZ 9 i .BHH3 -8HH3 .8HH3 -.8883 .8883 -.8883 

PH* 8 i OH 37 -03HI .0598 -.0866 .058/ -.0822 

pw 13 10 .6900 — .57/0 .7580 —- 

PH5 B Ï.C. 08 VS *.00*/5 .09HS *.0885 0885 *.0886 

PH6 10 I. C Tmt*\ 1 23H9 *.23H9 23H9 *.2389 . 2389 *.2389 

PN8 11 Stick To £* l .3700 .3700 — .3700 — 

PH9 11 '/ft* 1 .2600 — .2500 .2500 — 

P50 H 
• 

_PTH/P*_ 1 .0000 oooo OOOO .OOOO OOOO .OOOO 

psi 

P52 3 -2.5 1 .0600 -.OlHI .0900 -.0211 .1050 -.0287 

PS3 3 -•2 Cn*, 1 .2880 -.0288 ■ 3/6H -.031* .3880 -.0388 

FAl 3 -s X .rns -.0301 ■ 2585 -.085/ .2820 -.0822 

£K 

PS6 -. 

f*7 3 i 0*73 *0067 .0673 *.00*7 0726 +.0073 

£58 3 -*l¿ i OtSi. -.OOH3 .03/1 -.0088 .0/88 -.0028 

P59 3 , -•ZQtoc 1 /090 -Of 21 ./52H -.10*8 . /5/* -.0*00 

£60 2 J, 032H ■ OOOÙ .027/ oooo .0505 OOOO 

IPHL. ; J_ 2I&Æ! 1 Oil! + 00*9 0580 + .0178 02*2 *.0079 

/¼ - 3 ~S 1 /003 t.O/OS .1003 +. 0105 .1003 + 0/06 

rv 2 Clcaææ* 1 .2//0 —.2110 ■ Í600 - 8500 .2930 -.2930 

P65 7 SrMHJtMA Tmn 1 SSOO *JOOO .5500 +.1000 .5500 *./ooo 

P66 7 ñAnmu. Tmamt ï JOOO —. IOOO .IOOO -JOOO JOOO -JOOO 



CX1C/E3/68-8 

Direct Lift Control 
Potentiometer Assign men t Sheet 

l*br 
NO 

Pase 
No Parweter Gain 

\FU6KT Condition 1 \Fught Cond/t/oaCT Plight CoNomoNj i 
Setting Output Setting Output Setting ÒUTPUT1 

m L 1 .2000 -.0800 .2000 -.0800 2000 -.0800 
QOl 1 2xioi -J_ .0920 -.0366 .2000 -.0800 .0850 -.03*0 
QOi 1 .005 

1 .76/0 -.631* .3580 -3*63 .5*92 -.*307 
Û0- 1 CUM J0_ .OtHS -.01*3 .02/6 -.02/5 .0/62 - .0/62 
QOh G Constant 1 .3333 -.3333 3333 -.3333 .3333 -.3333 
QOS V Constant 1 .3333 -.00/0 .3333 -.0567 .3333 ■*.0357 
Q06 13 ai.a.v: 1 .0500 — .0500 .0500 _ 

Q07 2 I.C. — .3000 *.3000 .3000 * 3000 .3000 *.3000 
008 IO sàfr*W 1 .8000 -.8000 .8000 -.8000 .8000 -.9000 
008 6 Constant- — JOOo -./ooo ./OOO -./OOO ./OOO -JOOO 
010 1 . 1 .2920 *./398 .5690 ■*397* .2910 *.1152 

OJL V J .0260 *0/56 .5030 -.3018 .0260 *.o/~6 
012 y .1 .28/0 -.0813 .*750 -./*26 .29/0 -.0873 
013 i .oos? 10 ./A/0 ■*. 0/36 ./6/0 *. 0/36 ./6/0 •+‘Õ/3Á 
QiV y 

-Xw) 

•T» 1 ./7 73 -.0532 ./773 -.0532 2257 -.0677 
QlS 13 Constant 1 .OK>0 — .0/00 mmmm .0/00 i-- 

016 3 1 .//60 -.0575 ./8/5 -.0958 .//65 -0563 

Ql7 13 -ICfYsMi/Num 1 .3333 — .3333 — .3333 
Q18 3 .UiuM-Iul 

Try 1 .0974/ -.0/75 .097* -.0/75 .097* -.0/75 
on 2 1 .1596 *.2261 .2330 *. /558 ./320 *./782 

Qzo 1 Constant 1 .5000 *.0995 .5000 *./635 .5000 *06/9 
Q21 1 -Constant_ 1 ./ooo -.0003 ./ooo -.0005 ./ooo -.0003 
Q22 1 .oo/lJE. 

---tÜL _ 1 ./522 *.0062 .07/6 -.oom . /096 +. 0053 
023 1 1 .0105 -.0063 ./595 *.0957 .0025 -.00/5 
Q2H 3 --2Gf J ■ 2/6N -.0069 .2933 -.0/37 .2870 -.0076 
Q25 13 Kw* 1 A/ojas Adjust a SATT 
Q2£> JL3_ Constant __ 1 ■ 0/00 .0/00 .0/00 
027 5 Constant 1 .•/OOO *./0/0 . •/ooo *./0/0 ■*ooo *./0/0 

ES 13 No 1 .626* — _.1300 .7590 
029 13 10 .6900 — .57/0 .- .7580 
Q30 8 1 ./2/0 ■ oooo /653 ■OOOO ./770 . oooo 
031 3 *mÆ 1 .2960 -./768 .60*0 -.362* .3680 -.2208 
¿¡32 3 ■Ida*. -Jyy) 

1 .098* * .0/H7 .098* *.0/*7 .098* 7-.0/87 

P-3 
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Direct Lift Control 
Potentiometer Assignment Sheet 

fbr. 
No. 

fyae 
No. PARAMETER Gain 

Flight Condition i 1 Flight Condition 21 Flight Con um on 31 
Setting Output Setting Output Setting Output 

m 
Qij 

9 (SIN 32.% / .1072 •*.003// .1072 7.0050 ./072 *0028 

6 Spoiler B/ms / .3333 * 3333 .3333 * 3333 .3333 *.3M1 

035 13 Wo / .¿2*v — .H300 — .7590 — 

Q36 /3 U6 / G26H — .¥300 — .7590 — 

Q37 2 2.SCt.£AU. / . 1700 -.0399 .2500 -.0587 .2650 -.0633. 

Q38 /0 COMTMOLIMH / 2000 -.2000 .2000 -.2000 .2000 
.. 1-^- 
-.2000 

039 7 CoMSTAUT /0 .0175 T.0//S .0175 7.0175 .ons 7.0175 

QW 3 Constant / .5000 *■.5000 .6000 *.5000 .5000 +.5000 

Ov/ /3 .2 U4 /¿7 ./253 — 0860 — ./6/8 — 

QN2 9 (sw ».y^. / ./072 -.003// .107 Z 0060 ./072 -.0029 

QR3 8 / .0*60 -.0359 .0615 -0¥79 .0759 -.0592 

QW /3 W6. / .626N — .¥300 ,7590 _ 

QNS / XC (+T/Ù / .3598 t.3598 .3599 7.3598 .3597 +.3597 

QM 10 + TR (rm.M) / .9700 *.9700 .9700 7.9700 .9926 7.9826 

Qm // 5/loc 7b St / CON T H 0 * L E R V A RIA] i L E. 

Qns // Stich T» £*m / /.0000 _ /.0000 -- ¡0000 —. 

tfV9 // 5/*r r* Ssa ¡0 CON TRO j L E R V A R I A j 3 L E 

QSO * 7/m» Bas» Slot* „ / 
TõõWC^ 
^<1000 — ^1000 — ^</000 — 

05! 

Q52 // 2Ò To Sm. /¿7 CON T R 0 j j L E R V A RIA] 3 L E 

053 // ZQto St» /0 CON T R 0 j j L E R V A RIAJ 3 L E 

QSV // 0 To 5&P /0 CON TRO j L E R V A R I A j 3 L E 

QS5 // 8 To Sm to CON TRO j L E R V A RIA] 3 L E 

056 // msieur / .1000 — .1000 — ./000 — 

Q57 

058 // VT WASJ40UT / ./000 — J000 — ./000 — 

059 V PI.A.V / ¡0000 — 1.0000 — /.0000 — 

Q60 / Constant /0 .5000 *.0750 .5000 *.0750 .5000 *.0750 

08! 5 T.C — ./000 -./000 J 000 -.¡000 .1000 -./000 

062 5 to .2500 -.1052 .2500 -./052 .2500 -./052 

063 // ■0! TtL t9 St» 10 CON T R 0 J , L E R V A RIA] 3 L E 

Q6H 2 Constant !0 .2000 -.O'oOO .2000 -.0600 .2000 -.0600 

5 Constant_ 
SM 
cc s .2565 +.2865 .2865 7.2865 .2865 7.2865 

P-4 



CKX3/EE/68-8 

Di pect Lift Control 
Potentiöheter Assignment Sue et 

Ph-r 
Parkmeter 

\fugrtCondition i l flight Condition 2 Plight Con ornes 31 

No No. SAW y WO W'ÆPI’à tefàÆiniJi (»TUZFSlà WimiCEk Z'ÆJJfkà I 

066 5 Constant / .2000 -.0539 .2000 -.0539 .2000 -.0539 

067 5 Constant / .2000 4.00H5 .2000 -+.0095 .2000 +.0096 

Q68 5 I.C. (-ta) / .9H72 -.9H72 9H72 -.9972 .9972 -.9972 

Q69 H Constant !0 .2000 ->.0600 .2000 +.0600 .2000 +.0600 

Q70 2 Constant / .2500 + .3532 .2500 + ./672 .2500 +.3375 

071 Z / .T3I0 -.3500 .7780 -.5939 .9590 -.3798 

Q72 2 •2 / .0678 -.0066 .096(/ -.0096 ./038 -.0109 

Q73 2 002 V- /0 . 30VV + . 198 H .1932 + 1796 .2196 +.1703 

Q7H 2 10 .H000 -+. OH 60 .9000 +.0980 .9000 +■.0980 

075 2 + 5 Cue- 0.1 

0.1 

.5260 -.0918 .7890 -.1377 .7290 -./27t 

Q76 2 5 [Äjptej .0650 -. OIH7 J060 -.0166 .0650 -.0120 

Q77 2 5j 0.1 .2690 -./3H5 .9380 -.2!9C .2670 -.1335 

Q7S 2 .02 y 1 .6RH0 -.3977 .6990 -.3977 .6990 -3977 

QTS 2 2.X ! o'Hu* ¡0 J 253 +.0800 .0859 +.0600 ./6/5 +.0600 

Q&O 12 .01 /1/ Tm Cmil 10 CON T H 0 L L 2 i V A RIA BLE 

Q8! /2 )^4/a 1 .2500 — .2500 — ■2500 — 

¢82 2 Constant ¡0 .HH6 -.OS99 .1196 -0600 .1196 

083 // .OWl 7k & 10 CON TRO L L £ E V A RIA BLE 

08H /2 Q To cSîa/L / CON TRO L L E I V A RIA BLE 

Q85 /2 5 A or /¾ <£a/¿ / CON TRO L L- E ï V A RIA BLE 

086 /2 r« Ä/i. \ CON TRO L L E I V A RIA BLE 

Q87 

088 // 'Áí 1 .2000 — .2000 — .2000 

089 
Q90 / CLAV. 1 .0/00 — .0100 — .0100 — 

¢9/ 2 Cl.flV 1 J000 '000 — .1000 — 

¢93 7 /0 .260! -.0659 .2939 —.0659 .2939 -.0659 

Q9H 7 y r/s/-) 1 .0572 — .1236 — .0980 — 

Q95 

Q96 

097 7 1 .619; -.0026 .7692 -.0039 .7692 -.0022 

9 Constant 1 .5600 +.2169 .5600 JOHL. +.2/89 

Constant 1 . .5600 +.2189 ■ fW +.2(39 _&QQ_ îâm 

P-5 
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S. fi S Q §.-P S U 
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"2 6e 
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Pilot Experience 
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EUgfc oas. 

Pilot one le a senior pilot In the USA? with seven years 

of rated experience. He has flown 1800 hours In C-124'8, 

1000 hours In the HU-16 (Albatross), 200 In C-47's, 200 

In light aircraft, and has spent approximately 100 hours 

flying In simulators. 

ZUte. 1*2 
Pilot two has eight years rated experience in the USAi* 

and Is a senior pilot. He has flown 22C0 hours in KC-135 

tankers, 250 hours In C-47's in addition to pilot training, 

and some Mght aircraft time. 

Pilot Three 

Pilot three Is also a senior pilot In the USAF with 

eight years of rated experience. He has flown 2475 hours in 

B-47's and B-52's In the capacity of aircraft commander. He 

also flew 350 hours ln T-29»s/C-131's as well as his pilot 

training and some light aircraft time. 

flirt Peut 
Pilot four has 15 years of rated experience and is a 

command pilot In the USAF. He Is an aircraft commander with 

2900 hours In T-291s/C-131's *nd 0-119*». and 70 hours in 

0-118’s and C-97's, plus light aircraft time. 

Pilot £122 

Pilot five Is a senior pilot with seven years of rated 

experience in the USAF. His time includes 3300 hours In 

C-124’s, 200 hours In T-29's, and 240 hours in pilot training. 
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In addition, he was an instructor pilot in the C-124 simulator 

at Hickam AF3, Hawaii, for a year prior to attending AÍIT. 

£il2t Six 

Although pilot six is not an Air Force pilot, he has 

over 100 hours in light aircraft and a wealth of information 

concerning aircraft simulations and simulator flight tests. 

He has flown approximately 850 hours in thls and other cock¬ 

pit simulators used in the past four years at AFFDL. 

Pii2t 3gygn 

Pilot seven is a member of the Royal Canadian Air 

Force with 18 years oí rated experience. He has flown 2000 

hours in F-86’s and T-33's, and 1000 hours in Dakota's, 

C-45's, and other light aircraft. 

EllSt Sight 

Pilot eight has been rated for eight years and is a 

senior pilot in the USAF. Since pilot training, he has 

flown 2100 hours in four different helicopters, 130 hours 

in C-^'s, and has other light aircraft and simulator 

flight time. 
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Pilot Tapo Recorded Cpaagata 

Most pilots tap¿-recorded their comments and answers 

to the questions on the task sheets. A-few preferred 

written comments, and some made no comments at all due to 

laok of time. These comments have been reproduced with a 

minimum of editing. 

äya 3-GGC-68-Terraln Following 

The most annoying thing was lateral control ... every 

once in a while the aircraft vould run away in a right bank 

and one must hold almost full left aileron. This is partic¬ 

ularly notloable in high rates of climb. The controlled 

aircraft handles very satisfactorily ... much better than 

the basic aircraft. I believe the basic aircraft is way 

too sensitive and most of the time it is caused by slop 

in the deadspace around the stick neutral. I personally 

know the actual aircraft is not that sensitive. If I tried 

to hold 200-300 fpm rate of climb. Just touching the stick 

might make it vary from 0-600 fpiu, and it would Jump Just 

by touching he stick. Some tendency to roll aleo in basic 

aircraft. 

(Author1s çQMumfca» Vllot three is an ex-B-52 pilot, so 

stick sensitivity of the basic aircraft was reduced based 

on his comments above. He then flew the simulation again, 

and his comments are shown below. The right bank problem 

was eventually traced to a bad amplifier. The deadspace 

slop was corrected the following day by Lear-Slegler 

maintenance personnel.) 
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Sua l-GvC-68-Tqrraln r9ll9Wlnfi 

Performing the task: Difficult to control In gust. 

Onoe the gust was turned off, It was easier to maintain 

desired task. Airspeed easily maintained? Not bad ... 

within t5 knots. I think It was harder to maintain In the 

basic aircraft. Aircraft Is still sensitive In this mode. 

Heading fairly difficult to maintain ... still wanted to 

roll. The roll Is rather slow, even with 10° bank it Is 

very slow. PIO? In basic aircraft very much so. No PIO 

In the controlled aircraft. Effect of turbulence? Task 

practically Impossible with turbulence In basic aircraft. 

Displayed information adequately? Not too bawl, but should 

Inorease deviation (£&. On the horizontal needle which 

displayed simulated terrain.) because in actual aircraft 

with terrain avoidance radar, if you need a 200-300 fpm 

you will get about è Inch displacement on the indicator 

and you need only to pull back the stick to put airplane 

on the indicator to get the rate of climb necessary to 

take care of it. I would personally like to see a greater 

amplitude depleted on the horizontal needle indicator. 

gomments t Basic airplane stick sensitivity 

was reduced further until pilot three said it felt about 

right. The roll problem was corrected by adding the 

lateral trim button. Horizontal needle amplitude was 

inoreaseu. However, this method of presenting terrain was 

never entirely satisfactory.) 
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aun Ç-g-cc-68-Terrain i9ll9^Xü& 

Basic aircraft: I found it was difficult to make 

small corrections in my rate of climb or descent and there 

was a tendency to oscillate about the desired rate. How¬ 

ever, with concentration I could stop the oscillations, 

but not necessarily at the rate desired. 

Controlled aircraft: I found it very easy, light 

work load, to achieve rate of climb and descent I wanted. 

However I found the control movements different than I had 

expected, particularly at climbs and descents of 300 fpir. 

Once established, T. could let go of the stick and maintain 

that rate of climb. This was not true at 500 fpm. I had to 

keep in pressure, but to level off I expected to release the 

stick and it would return to neutral and the aire aft would 

level off, but I had to push forward on the stick and then 

return it to the neutral position. 

(Author1s comments : Later analysis on the two degree 

of freedom simulation showed this problem was due to the 

0/0 washout circuit in the elevator controller. Eliminating 

the washout Integrator eliminated the problem.) 

Hub. 1-GGC-68-Terrain mi9yln& 

In the basic aircraft I found there was a great 

tendency toward PIO. I think most of it is due to the 

dead^one in the stick. The sensitivity of the stick might 

be high yet. The airspeed and heading required extra 

concentration and due to PIO it was probably ignored a 

little too much. The task is difficult due to PIO and 
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Süß 5G-68-Landing 

First the basic aircraft. In the basic aircraft. I 

was able to perform the task, however, I felt my accuracy 

was poor due to PIO around my desired rate of climb or 

descent rather than holding a constant rate. As for air¬ 

speed: I wasn't paying too much attention to airspeed and 

wasn't trying to maintain heading, but rather wide turns 

with 10° of bank. PIO was very prevalent. 

Turbulence: I felt In the basic aircraft that this 

made the task a real challenge although not impossible. 

I concentrated on the attitude indicator and crosschecked 

txie rate of climb. I felt the vertical velocity Instrument 

varied too rapidly to use as primary aircraft control, so 

tried to use the attitude indicator as the primary inst¬ 

rument and cross checked with vertical velocity. 

Controlled Aircraft: Task was easy. Airspeed was not 

watched very closely, so can't say too much. As far as 

heading was concerned, I was shooting for small turns, 

keeping In mind the t90<> limitation on the simulation. I 

found no tendency to PIO. I enioyed flying with turbulence 

more than without in the controlled aircraft because once I 

had established a turn or climb, I almost became bored 

without turbulence. Without PIO being present. It was 

very easy to use the rate of climb meter as the primary 

Instrument and I could set any rate of climb or descent 

I wanted. 

1-5 
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Bun 2-GGC-68-Leindlng 

Aircraft was easy to control In both basic and control 

node. Basic aircraft was extremely sensitive in pitch and 

roll but not difficult to perform tÀsk, 

Controlled aircraft extremely stable and easy to hold 

rates of climb. There was some tendency to roll • • • a 

little bit more than in the basic airplane. Overall, no 

trouble in holding airspeed, heading, or rate t*f climb. 

Turbulence in basic aircraft: X really dld^t think 

it had much effect because simulator is so sensitive anyway 

in that mode. Can't tell if it is the simulator or turbu¬ 

lence. With the controller in, the aircraft is just like 

a "rock". • • very stable and easy to fly. 

fiUA 7-ggg-6g-Unfllnft 
Basic aircraft: X didn't do much trimming as it 

appeared to stay in trim rather well for the changes 

neoessary. The taak was rather difficult, especially to 

settle down on a desired rate of climb or descent. The 

airspeed was not difficult to maintain as It stayed pretty 

close to the desired value. The heading was not particu¬ 

larly easy to maintain, but was not too difficult either. 

X found some tendency to PIO in trying to settle it 

on desired rates of descent or climb. The turbulence mc.de 

the task appreciably more difficult. 

The presentation of Information was adequate • • • X 

was trying to set the desired rate of descent by pitch atti¬ 

tude and X found the attitude indicator was such that a very 

1-6 
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The glide slope presentation Is pretty good although 

I think a greater rate of descent would simulate more 

effectively the actual glideslope presented on an ILS. 

The turbulence was not very noticeable In the controlled 

aircraft. 

ßüD. 

(Written comments from pilot evaluation sheet.) 

The basic aircraft Is much more sensitive than I 

am used to. This Is possibly due to the high airspeed 

that Is carried. I don't feel I did very well and the 

workload Is rather heavy. 

In the controlled aircraft, the complete task was very 

eaay to complete even In turbulence. The workload Is very 

light and I was able to do much better. 

1-8 
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With the controller on, performing the task was very 

easy while with it off it was difficult to hold pitch at 

high speeds because of the sensitivity of the aircraft. 

Airspeed was not hard to maintain ... my personal cross¬ 

check was a little slow here and this caused it to get off 

some. I don't think the airspeed is difficult to maintain. 

Heading was not difficult to maintain either with or with¬ 

out the controller, but I did notice that the lateral mode 

seemed a little more sensitive with the controller on. 

With turbulence, the controlled aircraft was no problem 

at all but without the controller it made the task more 

difficult. 

As for the information presented ... it was good. 

The attitude indicator was a little stickj, otherwise it 

was good. 

Ge.ieral comments: With the controller on, the aircraft 

♦ras very easy to fly and turbulence was no problem at all. 

All in all, I would rate the controller very high as a 

needed item for future aircraft. 

Hug. 3rGGC-68-Refuelin* 

I thought the aircraft improved immensely over the 

previous flights that I made, especially in the controlled 

aircraft. I thought it was very easy to fly today, and I 

could hold any rate of climb or descent with no sweat at all. 

In the basic aircraft it is st 11 rather sensitive, it 

lags the control input. Just about like in the B-52. It 
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has Improved also as you have gotten rid of all the slop 

In the neutral position of the stick. It was quite a 

pleasure to fly today. 

« 

5-OGC-68_'uefuellng 

With the controlled aircraft It was very easy to 

perform the maneuver with no tendency toward PIO ... 

very enjoyable to fly In this mode. The addition of 

turbulence had no derogatory effects on performing the 

task. It Increased the workload slightly as would be 

expected, however. In the basic aircraft It was much more 

notioeable with turbulence. 

In order to avoid merely holding a position when I 

was staballzed In bank angle and rate of climb, I would 

Initiate a turn In the opposite direction to give me a 

little more to do to possibly simulate an actual situation 

more adequately. 

In the basic aircraft, the performance of this maneuver 

at 33,000 feet was sort of wild because of the reduced 

lateral control at this altitude and the extreme sensi¬ 

tivity that I found In controlling the rate of climb. I 

was oscillating anywhere from 100-200fpm. This oscillation 

was primarily due to getting out of phase with the 

aircraft's own oscillation and the Indication on the 

vertical velocity Indicator. 

I found I could bracket the desired rate of climb a 

little easier by going over to the pitch angle Indicator 

(0 meter) rather than the attitude Indicator Itself. I 
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think some sort of pitch angle indicator is essential 

here because the change in attitude indication was so 

small that it didn't really enable one to control the 

aircraft adequately using Just the attitude indicator as 

a reference. The motion base made it very realistic for 

turna especially. 

Rua 1 “GGS.-6.8-Refue¿lBg 

The controlled aircraft is so stable that I almost 

forgot what I was supposed to be doing. The turbulence 

has little effect on the performance of the task and it 

is very easy to keep airspeed and heading at the desired 

values. 

The basic aircraft is much better now that the stick 

sensitivity is reduced. With only a little practice, it 

is possible to establish desired rates of climb or descent. 

The turbulence adds quite a bit to the workload. There 

is still a slight tendency towards PIO and I found that 
/ 

there is a little sticking in the vertical velocity indicator. 

I think the moving base simulator added a lot to the 

simulation in roll and pitch. It would be interesting to 

apply the turbulence to the moving base as well as the 

equations of motion. 

1-11 



QOC/íZE/68-8 

Bibliography 



GGC/EE/68-8 

1. Johannes, H.P. and P.M. Btirris. "Plight Controls 
Damp Big Aircraft Bending." GontroJ, Engineering, 
14:81-85 (September 196?). 

2. Äthans, M. and P.L. Falb. Optimal Control. New York: 
McGraw-Hill, Inc., 1966. 

3. Blakelock, J.H. 4utgfflfttlç SflBtgflji âOd 
Missiles. New York: John Wiley & Sons, Inc., 1965. 

4. DeRusso, P.M., R.J. 
lã. i°r Engineers. 

Roy, and C.M. Close. Stfttg Vftrl- 
New York: John Wiley & Sons, Inc., 

5. Bray, Richard S., C.T. Snyder, and F.J. Drlnkwater III. 
Working Paper. NASA Amea Research Center, Moffett 
Field, California: National Aeronautics and Space 
Administration, 196?. 

6, Gralow, Lt. R.T., Lt. J.D. Peace, and J.L. Shipley 

Report. Paiuxent River, Maryland: Naval Air Test Center, 
13 August 1965. AD 468464. 

7. Tçohiu.çal Proposal I2£ Jãxasí hill cPntroi 
Boeing Company, Wichita Division, D3-7248. Boeing Company, Wichita Division, D3 
Kansas: The Boeing Company, 14 November 1966. 

Study. The 
Wichita 

8. Drake, D. "Direct Lift Control During Landing Approaches." 
AIM Paper 65-3^6, Presented at AIAA Meeting, San 
Francisco, California, 26-29 July 1965. 

9. Chase, T.W., and V.L. Falkner. Pilot in the Loop 
Sip uto oí jPirgpt, hill Control. Honeywell 

Inc. Technical Report 20755-TR2. Minneapolis, Minn¬ 
esota: Honeywell Inc. Aerospace Division, 26 October 
1967. A.F. Contract No. F-33615-67-C-1502. 

10. Toble, H.N., E.M. Elliot, and L.G. Malcom. "A New 
Longitudinal Handling Qualities Criterion." 1966 
Er999ff<Uafts of £h£ FftUonftl AgrSPEage 5l9S.ta9nl9g 
Conference. Dayton, Ohio: Institute of Electrical 
and Electronics öigineers, 17 May I966. 

11. Makers, D.T. A Sjeadefl Feedback Ys^lâPlS lor ÇmtJQl 
Augmentation Systems. Air Force Flight Dynamics Lab¬ 
oratory Technical Report AFFDL-TR-67-87. Wrlght- 
Patterson AFB, Ohio: Air Force Systems Command, August 
1967. 

J-l 



......... 

GGC/EE/68-8 

f 

12 *’33T Design Refined by Boeing." 4?r9sPftSÂ Î9Çbno~ 
logy. 21:16 (December 4, 1967). 



i.».mi.. " 

0(KJ/EE/68-8 

Vita 

K 



GGC/EE/68-8 

VITA 

Robert Clement Lorenzetti was bom on  

In  . He was graduated from 

Klttannlng High School in 1955 and attended The Pennsylvania 

State University from which he received the degree of 

Bachelor of Science in Electrical Engineering and a Regular 

commission In the USAF in 1959. He served as a construction 

engineer In the 328th Civil Engineering Squadron, Richards- 

Gebaur AFB, Missouri; as QIC of Titan II Guidance and 

Checkout Maintenance, 390th Missile Maintenance Squadron, 

Davis-Monthan APB, Arizona; and as a maintenance trouble¬ 

shooter (Technical Engineering Analysis Branch) with the 

351st Strategic Missile Wing, Whiteman AFB, Missouri. He 

Is a Registered Professional Engineer in the State of Ohio, 

and a member of Tau Beta Pi. 

Permanent address:  

  

Gary LeRoy Nelsen was born on  in 

 . He was graduated from Westbrook High 

School in 1955 and attended South Dakota State University, 

Brookings, South Dakota, from which he received the degree 

of Bachelor of Science in Electrical Engineering and a 

Regular commission in the USAF in 1959. After attending 
*■ 

flying school, he received his wings in May I96I. He served 

as a transport pilot in the 85th Air Transport Squadron, 

Travis Air Force Base, California; as a HÜ-I6B Rescue Crew 

Commander in the 58th Aerospace Rescue and Recovery Squadron, 

K-l 



GJC/ES/68-8 

aiheelus Air Force Base, Libya; and as a rescue pilot ln 

South East Asia. He Is a member of Eta Kappa Nu and Sigma 

Tau Honorary Societies. 

Permanent address:   

 

This thesis was typed by Mrs Jean Lorenzettl 



Unclassified_ 

DOCUMENT CONTROL DATA - R & D 
(Security ctmzêilicmtion of titl9. body of mbatrmct mnd indexing annotation must be emered when the overall 

I OFICINA TING activity (Corporate author) 

Air Force Institute of Technology 
Department of Electrical Engineering 
Vfrlght-Patterson AF3, Ohio 45433 

» mcromr title 

DIRECT LIFT CONTROL FOR THE LAMS 3-52 

2a. RE 30R T »CCURITV CLASSIFICATION 

Unclassified 
26. GROUP 

*■ OE6CRIPTIVE NOTES (Typ* ol report and tncfuatve dale*; 

Masters Thesis, Guidance and Control 
"•~”ÃÜTMÕmsT7Fíriii»"r»ãã»ã7"middÍã""ínJt3ãírT»ãTnãmã3 

Gary L. Nelsen 
Captain, U3AF 

Robert C. Lorenzettl 
Captain, USAF 

REPORT PATE 

April 1968 
•A. CONTRACT OR GRANT NO 

6. RRODZC T NO 

7a. TOTAL NO. OF PAGES 

260 
76. NO. OF REFS 

12 
. ORIGINATOR'S REPORT NUMBER!»» 

Thesis GGC/EE/68-B 

9b. OTHER REPORT NOO» (Any ott.er numbern that may be aealaned 
thla report) 

10 DISTRIBUTION STATEMENT 

”hls document Is subject to special 
nlttal to foreign governments or fo 
with prior approval of the Dean of 

export controls and each trans- 
reign nationals may be made only 
Engineering, Air Force Institute of 

i 1 niiftiViT-nrif i Wa CX 

1* ABSTRACT. « rsf ^ /TV._Am T A -RA. T ZTl 

‘Jí^^cAAcM^igwI.WUv ífcíWLM* 
Air Force Flight Dynamics 
Laborat ory (FDCS) 
Wright-Patterson A7B, Ohio 

B-52 test aircraft using optimization theory. Spoilers, symmetric 
ailerons, an*, elevator respond to normal longitudinal column movements, 
achieving Incremental rates of climb up to 500 fpm from trim without 
pitching the aircraft. DLC reduces normal acceleration 50*, both In 
and out of turbulence, and Improves airspeed control In precision 
maneuvering taskst Approach and landing, In-flight refueling, and 
terrain following. The closed-loop DLC controller, consisting of 
fixed-gain normal acceleration, pitch angle, and pitch rate feedbacks 
to the three control surface servos, was demonstrated by a piloted six 
degree of freedom analog simulation.( 

i\ 

DD "o“ .1473 Unclassified_ 
Security Classification 



Unolafifllflad_ 
Security Classification 

1 4 
KEY WO « DS 

LINK A LINK » LINK C 

ROLE WT ROLE W T ROLE W*r 

Aircraft Flight Control System 

Direct Lift Control 

Optimization Theory Application 

LAMS B-52 (Direct Lift Control) 

Unclassified 
Security Cl««mific»tion 

— .-.. Manna —_ 




