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ABSTRACT 

The extren11~ spee'l nnd .:11t:ftude ranges of ~·lhich modern, high perfor­

mance , supersonic aiq lanes <1re capnble have become m:mifested in '"ide 

vnriations in airframe transfer function p~rameters as flight conditions 

chnnge. Airframe control systems nnd etability augmentation devices 

utilized in these aircraft require some form of gain changing to pro-

vide snt isfnctory stability and control charRcteristi~c over the complete 

flight envelope. In present day operntionnl aircraft, system gains are 

scheduled as functions of airspeed nnd altitude, however chese mechaniza­

tions have some sho rtcomings Hhich are pointed out in this rarer, and c.lso, 

the desirability of self-s1artive aircrnft control systems is discussed. 

A survey of adaptive techniques which have been applied to the airplane 

control problem is presented, and a self-adaptive pitch-stability aug­

mentor tJhich utilizes a dieitnl computer in the adaptation loop is pro­

posed. The proposed self-adaptive system is tested in conjunction with 

a digitnl three degree of freedom flight s~nulction of the pitch dynamics 

of a representative supersoni~ fighter-nttack aircraft, and is found to he 

capnhle of performing the ndartation process in two cycles of airplane 

short-per iod oscillation. Requirements for practical mechanization in 

a flight vehicle and recommendations for future research are discussed. 
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t - r:n'HOJUCTIOil 

As the Sfe<ed at-'l t titude cApabilities of modern high performance 

supersonic aircraft have increRsed in recent years, the range of varia­

tion of thP. dynamic ch3racteristics of these aircraft have increased pro­

portionately. A ten to one variation in damping ratio and natural fre­

quency of some of the domin.1nt modes of aircraft motion is not uncommon 

for modern airplanes l-Jith M:1ch 2 and 70,000 ft. altitude capabilities. 

As an example~ for the airplane considered in this study, the damping 

ratio of the dominant longitudinal mode varies from ¢ = 0.445 at M = 0.9 

@ 10,000 ft. to~= 0.064 at H = 1.2 @ 45,000 ft. 

Various stability augment3tion devices have been used to decrease the 

range of variation of airplane rarameters and to hold them as near as 

possible to optimum values. These devices, in their historical order of 

application, include fixed gain dampers, pilot-adjusted-gain dampers, 

speed-and-altitude-programmed-gain dampers, and self-adaptive-gain-adjust­

ing dampers. A number of methods have been investigated for mechan izing 

self-adaptive stability augmentation systems for aircraft, utilizing vari­

ous techniques which will be discussed later. And, the purpose of this 

study is to investigate the use of an airborne stored program digital 

computer for generation of the adaptation commands in a self-adaptive 

pitch damping system to be used in a high performance fighter-interceptor 

type aircraft. The dynamics of the airplane, including control system 

components, and the adap t a tion computer were simulated on n Control Data 

Corporation 1604 general purpose digltal computer. 

Before beginning the discussion of adaptive control systems as applied 

to aircraft, it is felt that a bettar understanding of the system require­

ments may be gained by a short review of the characteristic dynamic modes 

of a supersonic aircraft and the theory underlying the analysis and syn­

thesis of these motions. 
1 



The 1 i ~~I~ l~w_.. ·vh <lxi s t;ys tem ''h iclt is g~nera lly used in a il"I- lane 

stabi lit;; .:~nd Ct'ntrc~ studies is sho~TTI in figure 1, as three mutually 

per1 endicular axes intt!rsecting at the airplane center of gravity. The 

longitudinal, or X, nxis lies in the airpJane's vertical plane of sym-

metry gnd is at b itra::ily oriented by the c.i.rplane designer so as to de-

fine a horizontal plane of symmetry of the fuselage. In almost all air-

craft the X body axis does not coincide with the longitudinal principal 

axis (longitudinal axis about which the moment of inertia is least) due 

to the high location of the mnss of the tnil surfaces and due to the 

assymetric top-to~hottom configuration of the fuselage. Consequently, the 

longitudin~l principal axis norm~lly slopes downward from tail to nose and 

coincides with the X body axis only at the center of gravity. The dynamic 

unbalance of mass about the X axis thus causes the airplane to have an 

I Z product of inertia which ·wi 11 be imt:ort:'lnt when cross coupling of air­
X 

plane motions is discussed. 

The Z body axis, or normal axis, is perpendicular to the X axis and to 

the wing plane anti has rositive direction downwarJ. And, the Y, or l.o:tterAl 

axis, is simply defined as being normal to the X and Z axes. Fortunately, 

due to the lateral symmetry, an nirpl<'ne has no dynamic unbalnnce about the 

Y axis and thus only one product of inertia, IXZ' exists. 

A second set of references, the earth reference system, must also be 

considered due to action of components of gravity along the three axes. 

To determine the gravity components, the a.irplane' s attitudes in pitch and 

roll m11St be determined and the acceleration of gravity resolved along the 

three axes by utilizing the Euler equations. The pitch and roll angles arc 

illustrated in figure 2, where pitch angle is sho\nl with wings level nnd 
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AXIS X y z u it n s 

1. Forces acting on the airplane 
along the axes: X y z lb. 

2. Moments 
l acting on the airplane 

about the axes: L 1-1 N ft-lb. ., 
3. lwloments of inertia of.the • I 

I 

airplane about the Ix ~y '-IZ elug-ft2 axes: .. .. 
4. Linear velocities of the 

airplane's CG in space: u v w ft/sec 

5. Angular displacements of the . - <j/ airplane about the axes: rp e rad. 

6. Angular velocities of the 
airplane about the axes: p q r rad/sec .. .. 

Figure 1. Body axis system and parameters used in the 
digi~al simulation 

.. 
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In ~heq~ two ronJitions the earth 

ocities ;Jhout their r; spcctive hoJy nxes. nut, if the craft is in an 

attitude with non-zero v~l~~s of both pitch and roll, these angles must be 

obtained from the projection of the X and Y axes onto two vertical planes 

containing these axes. 

A third earth reference angle which has not been i ll11strated and which 

plays no part in the dynamics of motion is the yaw, or heading, angle which 

is the projection of the long i tlJdinal body axis onto the horizontAl plane. 

Characteristic Airplane Dynamics 

The six degrees of freedom of ffiotion of an aircraft can now be defined 

as three nngular freedoms in roll pitch Rnd yaw about the X9 Y, and Z axes 

respectively; and longitudinal, lateral~ and normal translations along the 

X, Y, and Z axes respectively. Thus, the dynamics can be represented in 

terms of six si.mult~neous differential equAtions of motion. Before dis­

cussing the makeup of the six equations of motion, it is felt t hat a hetter 

understanding of the following materi~l may be obtained by a review of the 

various modes of aircraft motion. The motions can generally he divided in­

to two classes, lon3itudinal modes and lateral-directional moder. The first 

class involves pitch rotati on combined with translations along the X and Z 

axes, whereas the lateral-directionnl modes involve rolling, yawing~ and 

translation along the Y axis. This division of modes occurs because of the 

low level of aerodynamic and inertial cross coup 1 ing between longitudiu~l 

and lateral motions. For small amplitude oscillations (e~cursions in pitch, 

roll, and yaw less than 15-20 d~grees) the two classes can be assumed dynami­

cally independent. 
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)/o,.i 1-on 

Figure 2. Earth reference system used 1n the digital simulation 
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of thr,! ~ pl.:-n'.! is shmm for each cv.s.:. It ls seen that the longitudlnal 

motions occur in two oscill3tory modes, one l-lith n n~lattvely long period) 

the ph•.tgoid morle, and one with .~ n1'1Ch shorter period, the short-period 

mode. The damping of the ~hu~ote is usually low and in some cases it is 

a neutral or even divergent oscillation. Howeverj due to its long period) 

the motion is easily kept under 1 ilot control with little or no conscious 

attempt at correction, and no nrtificlal stability augmentation is re-

quired for this mode. The phugotd occurs at constant angle of attack and 

manifests itself as a continuous trade· of f between airsreed and alt tude. 

Figures 4. and 5 . show that the period and damping ratio of the short 

period mode of a supersonic aircraft can vary over wide limits~ and the in-

elusion of the ti..we lag of the human pilot in the control lc.or can some~ 

times cause the 3hort-period poles to move into the right hand side of the 

S plane. This necessltntes the use of pitch stability augmentation not 

(Hily for improvement of handline qu9.litics but for re~sons of safety • 
. 

This r::ode occurs >tt constant a irs peed and appe.'lrs [tS a pitching osc i.ll~-

tion acccmpnlied by mr.n.ll l?lmplitude translations up and dmNn the. Z axiso 

It is extremely important in maneuvering flight and is of prime interest to 

~1esigners of airborne fit·e control and stability augmet'ltation systerr.s. 

The later:ll~ciirectional role-zero plot .tor a supe.tsonic :tir<raft 

norrnally exhibits only one p.t> t r (If ccmr l('.x poles an~ tt..·c rea 1 po le:s 8S 

shown in fig. 3. The frequency llnd danaping ratio of th.e l11tera 1-d:i.recti.on-

al short period, or Dutch roll, mode vary os ~light conditions chan~e in A 

manner similar to the variation of longitudinal short-perio~ characteristics. 

This mode is a coT.bined ro 11 ing-yn'.ling osc- i llnt iun Pith sn\:::tll ilml H tude 

lateral trt.tnslati.or.s, ~nd its nc;Hr·e i.s derived from the !H•1s1yin~ mt:>tions ,Of 
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Figure 3 Pole-Zero Plot of the Characteristic Modes of 
~otion of a Supe r sonic Aircraft . 

Short Pe riod 
wn~3 r/s )(. 

Phugoid 
wn~O.l l(. 

Flight path time canst. 

-(;" 

Longitudinal modes arising from translation along the 
X and Z axes,~and pitching motion about theY axis. 

Short Period 
or X 

Dutch Roll 
wn~2 r/s 

+j w 
•., ...... 

'· \ 

(Spiral !viode 
Roll Damping '"} 

----------:-:---:l~~----'-X . e e 
-rY .:i 

Lateral-directional modes'arising from lateral t~ansl~tion 
along the Y axis and rolling & yawing motions about the 
X and Z axes r~spectively. 

i 
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<.1 Dutc;, ~kntcr. The )u~ch run oscilJntions of D. surerscr:ic nircraft 

usua11y require artiEiciul damping in the s:1rnc mnnner ns rec1ufred by the 

longitudinal short-reriod mude. Therefore, even thougl1 this study is con­

cerned \o!Lth :Jn ad.Hpt i ve lcngi tudinn 1 stability ~.ugmentat ion sys tern, the 

results and conclusions nre applicable to the lateral-directional cnse 

as ,.,e 11. 

The roll damping, or roll subsidence) rr.ode is shown as a negnt tve 

real pole [lnd it represents the viscous roll damping of the a:trcrnft. 

And , the spiral wode is usunlly a steady dj_veq~ence which manifests itself 

as a grndunlly steepen ing tur~ with accompanying sideslip. The divergence 

is fortunntely slew nnd, as in the case of the longitudinal phugoid mode, 

is easily controlled by the pilot. The roll subsidence and spiral mode 

poles can occasionally form a complex pole pair in the case of some sub­

sonic airplanes with large dihedral effect. This laternl-directionnl 

"phugoid'' mode wi.ll exhibit smn.ll nmplitud·~, long period r.olling oscillations 

with considerable lateral translation and very little yawing oscillation. 

This concludes the survey of normal modes of airplane motion. How­

ever, there are other "pnthalogicn 1" modes "tihlch can be experienced when 

the rates and amplitudes of motion become large. Some of these are the 

phenomena of inertial cross coupling in roll, autorotation (Ref. 125.), 

nnd longitudinal pitch-up (Ref. 86); all of which can be eliminated oral­

leviated by the use of well designed airplane stability augmentation systems. 
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Aerodynn~ic Stability Derivatives 

One final topic, the concept of aerodynamic stability derivatives~ 

should be mentioned before proceeding to the equations of motion. The 

force s and moments which act on an aircraft are generally expre~sed in 

terms of non-dimensional coefficients multiplied by appropriate aircraft 

and flight condition parameters. As an examplej the equation for airplane 

l ift is shown below. 

tJhere: 

p 
2 

Lift is in pounds 

c
1 

is the airplane lift coefficient 

P = atomspheric density in slugs/ft
3 

V ~ airplane forwaru velocity in ft/sec. 

S i 1 . . f 2 = a rp ane w1ng area 1n t 

The express ion ~ v2 
is a measure of the kinetic energy of the air­

stream and is termed the dynamic pressure because it also represents the 

force which would theoretically be exerted against a uni.t square surface 

he 1 d norma 1 to the stream. Thus, the product of dynamic pressure and 't'ling 

area represents a hypot hetical aerodynamic force from which the actual air-

plane lift can be obtained through multiplication by the lift coefficient. 

Homents acting nbout the aircraft can be obtained in the same manner with 

the inclusion of a moment arm, for cli.mension considerations, as is done in 

the following I itching moment equation. 

Pitching Moment = C f v2 s~ m 2 

Where the moment arm c is the wing mean aerodynamic chord. Corres-

pending expressions for drag force, side force, rolling moment, and y~w-

ing ~oment coefficients are included in the table of symbols. It is seen 

that there exists an aerodynamic coefficient for each of the six degrees 

11 



of fre~dom of 1"otion. 'J.'hes(~ r:or~ffi.cients and their deriv:1ti.ves are 

usually determined enrpi.ricn1ly in wind tunnel and flight studies be-

cause of tha inaccuracy of analytical determinations. 

Each coefficient crm be expressed in a Taylor's series such as: 

The effects of tlte second order and higher terms are insignificant in aero-

dynamics and are dropped. So, for practical purposes the coefficient can 

be exp ressed: 

The partial derivative tet~s s uch as (~~) are called aerodynamic stability 

derivatives and are us ually written for brevity in the forto CLc:r.. 

:. CL = CLcr..a + CLa, a + CLt;t <1-
Figure 6. a curve of lift coefficient vs. angle of attack, can be used to 

illustrnte the physical meaning of stability derivatives. Here, (~~) 

is the slope, or derivative , of the airplane lift curve. It is seen that 

the curve is 1 i.near up to a:;~ 12". This indicates that 6 CI = CI a is 
~ ·a. 

physically v"lid for small vartations in a . The fact that almost all 

aerodynamic stability derivatives remain nenrly linear over a similar range 

of their corresponding variables enables the small amplitude motions of the 

aircraft to be expressed as a set of simultAneous linear differentiAl equa-

tions . 

How many stability derivatives must be considered in the equations of 

motion? * Given the six force and moment coefficients CX , 

*The lift coefficient CI and the drag coefficient C act perpendi­
cular and parallel, respectively, to the relative wind, But it can be 
assumed 'l.'>'ith 1 itt le error that they are also norma 1 and para lle 1 to the 
X body axis. Then Cz = CL and CX = C0 ~ 

12 



Angle of Attack, deg. 
Figure 6. Plot of Airplane Lift Coefficient vs_. _Angle of Attack. 

and C and the fact that each coefficient can be"influenced by: n 

1. angular displacement about each axis, 
2. angular rate about each axis, 
3. velocity along each axis, and -
4. acceleration along each axis 

there are 12 possible derivatives for each coefficient or 72 in all. Also, 

control surface deflections can add 36 more terms •. }Fortunately, airplane 

symmetry, which causes a lack of cross coupling between longitudinal and 

lateral - directiopal modes, greatly reduces the number. The magnitudes of 
' 
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some of the rem.:lining derh•t!ti~res ~7lre so smnll as to :. .ake them insigni-

ficant. As a result there are approximately 25 derivatives considere~ 

importnnt enough to be included in a simulation program. These are sum-

marized in Appendix III. A list of stability derivatives for a representa-

tive supersonic aircraft is tabulat ed in Appendix I. The aircraft is the 

same one fer which the longitudinal short period mode characteristics are 

illustrated in figures 4. and 5. 

The Ai r plane Equations of Hotion and the Longitudinal Short Period Transfer 
Function. 

The six equations of motion corresponding to the six degrees of free-

dom of an aircraft are derived in appendix IV and the final re sults are 

presented in table I. It should be no ted that the equations represent the 

balance of inertial and aerodynamic forces and moments along and about the 

airplane body axes, and that tbe terms are composed of airplane physical 

constants, aerodynamic stability derivatives, and aerodynamic variables. 

Assumptions used in the derivation of the equations are: 

1. The change in aerodynamic forces and moments due to devia tions 

from an equilibrium condltion ore assumed directly proportion-

al to the deviation. 

2. The deviations of the airplane from equilibrium are nssumed 

small. 

3. The airplane is a rigid body. 

4. Constant thrust i s assumed during an airplane distruhance, 

and seconda ry pm.ver effects are neglected. 

The equations are us ed directly in the digital computer simulation of the 

airplane dynamics, t-Thich is out 1 i.ned in appendix VIh ~.tnd the airplane 

longitudinal short- period transfer function is derived from the pitching 

and norma l translation equations of motion in appendix V. This transfer 

14 



function is of prime importnnce in the study of the airplane pitch damper 

because the short- period mode is the dominaut longitudinal mode. The 

short-period transfer function is written below both in its genera l form and 

also in terms of the airplane physical characteristics, airplane stability 

derivatives, ar.d aerodynamic parameters . The second fonn of the transfer 

function is shovm to illustrate the dependence of the dynamics of the short 

period mode on changes in st~bility derivatives and aerodynamic parameters, 

and it i s possible from inspection of the function to determine which de-

rivatives and parameters exert influences on a given characteristic, such 

a s damping ratio, of the short-period mode. 

Longitudinal Short Period Transfer 
Function 

A. General Form 

8 _ ke (5 +-Te) 
It- 5(s z. + 2.§WnS+- UJ,/-) 

B. Detai led Forra 
~ ( A e r. Cmi 5 +- r;;v-C La:. 

-i.- = rcsz. 5( A C AC2. C ) t I.) + ;;:;v La:.- 2. VIy mt!J-+0:. -

v-
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TABLE I[ 

Short Pe~iod Pitch -RtXte~er -8 ta.i:JI/irer-Derleciton 
Tran.s/'e,. Ful?ctions U.sed in thls Study 

Flight Condition 8/tt: 

/. /l1 = 0-.9 Alt=!~ooo' 2..0. 875( s + /. 2..77) 
( sz. +a.s9os+ 17.6o) 

2.. /_ 2.. · 10;ooo' 2.4:/28 (5+-/. 687) 
(52. + 2... 1705 f- 37-4-1) 

J. /.4- 14000' ZS: 17/ (S -J- /.363) 
( s2. -r 1. ssas -r a s.a3) 

4:- 0.9 ~000' 13. 7 ·91 ( 8 -;- Q 777} 
( sz. +- 1. ~oos -r 10. 7<30) 

·s. /. 2. 25;000' /6.72.8 ( 8+ Q 8771) 
(52. -r /. 042.5 -r 26-70/) 

6. /.4- 2.6;000' /6.786 ($ +- o. 83342 
(52. + /./005 -1- 27-4GB) 

7. I. a 2..6;000' /7. 8S7 ( S -1- 0. 792.8 2 
(S' t- /.OIIS+2.7.656) .. 

8. o.e 45;000' G.1-G5 (S-1-0.337)· 
(S2.. t-0.6165-t- 4.8._08} 

1.2... 45;000' 8.64-1 (St- 0387) 
cs2. _.+-. _o. 484- -s -r 13-511) . 

/0. 1.4 15;000' a. 777(5 + 0373) 
(Sz.. -1- O. 5/S S +- /LJ-; 618) 

I/. /.8 4-5;000' $.577 ( 6 f- Q_ 352-) 
(sa -;- o. ~4-0Si-15.774) 
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The pu:q,ose of a itp l.:Hle st:tbi. U ty augm•::nb't. ion is to rot:! lu<Ce th~ 

range of varie1tion c)f a Jyltamic charttcteristic~ or charac:tertst ics~ and 

to ho lcl the variables of interest as close as pos sib 1~ to predeter•ni.ned 

optiwum values. tn the case of an aircr~ft these optimum values are de­

fin~d in terms of "airplane handllng qualities" which describe an air­

plane's response to manual control by a pilot. Even thoagh the determina­

tion of desirnble handling qualities is subjective, and is dependent on 

pilot opinion, a number of studies have been conducteci to specify these 

qua 1 it ies in quantitative engineeri.ng terms~ One of the bet te't known 

studies, conducted nt the Corne 11 Aeronaut ica 1 Laboratory~ (Ref. 34) ~ con­

cludes that the desirable natural frequency and damping ratio of the short­

period mode of a fighter airplane li.e in the range UJn = • t"t to • 5 eye le.s per 

second and damping ratio= .65 to .70. The same study also ~oncludes that 

even though the longitudinal natural frequency is of importance tn maneuver­

ing flight, it can vary over wide limits and the handling qunlities will 

still be considered tolerable, as long as the short period damping ratio is 

held in the .65 to .70 range~ Thus lt is considered more desirable to equfp 

a high performance airplane with artificial dAmping than to p~ovtde static 

stability augmentation. It should be noted that for the craft ronsidered 

in this study, as well as for almost all other airplanes of similar type 

and mission, the longitudinal damping ratio of the un-augmented airplane 

is ah-1ays belm1 the desired ( = .7, as is shm.vn in fi.gure 4. This means 

that the p itch damping system will work to supplement the basic aerodynamic 

dnmping in nll cases. 
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HechnnLz<?!.tion of the :·itch ue:1rper 

In the discuss ion of the airplane longitwUnal short-period transfer 

function it t·:as sholm that the short-period motion can be represented as a 

s econd order system with charncteristtc damping ratio and nstural frequency. 

I t was al s o shown that the natural frequency and damping ratio can be ex-

pre ssed a s functions of the aerodynamic stability derivatives. The ex-

pres s ion for short period damping r~tlo being: 

A C AC 2. 
mv Lex.- 2..VIy Cmq ~& 

2. dA£!:.c A [ AC C V ~VIy m~t-ix., mv Lex. Iy rYla:. 

From the a bove r elationship it can be seen that the most effective means 

o f vary i ng the damping ratio is to artificially vary the pitch damping de-

, tJhich represt~nts the nirp lane's aerodynarnJ c vis:ous 

re s i s tance to pitching velocity . 

The pitch d&mfer must then provide an eerodynanlc pitching moment which 

i s propo r tional to airpl&ne pitch rate, nnd ~hich has a direction in opposi -

tion t o the angular rate. Thus , the moment produced ls in phase with the 

visc(lu s aerodynamic dtmtping in pitch and th·~ t-vJo moments combine to form 

t he total pitch dampin~ moment. '!'he ttrtificial dam~ing mo111ent is usually 

generated by deflecting the airplane 6 s horizontal stftbllizer in direct 

proportion to measured pitch rate. 

Figure 7 . is a block diagram of the ritch dampe:.:. u'::;.d in thi.s StlJdy. 

t udina 1 short -period mode only been use, as "t-li 11 be demonst ntfteri later y the 

f hUJOi,t mode and the lateral-directionBl dynan~ics Rr,; of negligible impor-

tance in longituJinal stability aug~entatior con~iJerations. 

Th~ s tabi 1 izat· actuator in the di::1gram is nn ir-;:evcrs ib le hydruu 1 ic posit ion 

s ervo, anti the parau1eters in th'~ trnnr;f,~r f11nction ro:q nzsent the state-or-

19 



Irre.ver..sihl e Hyclro:ulic 
6ta biliz.efl Actuator 
( Po.sition 8ervo ) 

~----------------j 

Da.mper Ga.. ;n 

Airplane Pit en 
Ancde Tr'a.n.sPe r 

... Function 

Ke(S+-Te) 

Rate Gyro 

5 

Pttoh 

dynamics of the rate gyro hnve negligible effect on system cper~tion be-

cause the ratio of the characteristic frequency of state-of-the-art rete 

gyros to the short-period mode frequency is of thL ord~r of 10 LO JO 

(Re f. 43) J aucl thus the gyro trans fer function is assumed to he unity. 

Table I I l is t s the 11 airplane transfer ~unction~ usE1 in the st~Ay Plont 

with corre~ronding flight conditions. And, figures 8 thru 18 are toot 

locus plot s showing t h.<: behavior of th~:l syste i \>1ith v~rying .-1 11:;_"tr g, tn at 

each condition. Tht;" s~1uan: sy-nbols on the plots indice:1te tl1e galr vfllues 

at which the air?lane short-period dernping ratio has b~en inc~eas~~ to 0.7. 

It is seen that the use of th~ ct~r.-·1 er hc:s '\.~"c!r:y l ittle influe.n~e on the 

bring ~ up to 0.7 et each flight c~n15tion. And» it is ~l~u se~n thAt 



that the actu~tor :r.1t.i.o rer~ins close to 0.7 over the d~nper opera-

ting range. The actuator rv;ode Hill become unstable at extremely high gai:~.s) 

but operation £1t such gain~ is of no interest in this study. 

It is known that the closing of A feedback loop around a plant having 

varying characteris tics will cause the plant output to vary over a smaller 

r ange, RS plant characteristics vary, than the range of variation of out-

put tdth no fc~dback. From thts it would be expected that the pitch damper 

should not only lncrease the average value of damping ratio over all flight 

conditions, but also that the range of variation of damring ratio, as condi-

t ions vary, should decrease. This is horne out in Figure 19. llhic:h is a 

plot of shorL-period dar11pi.ng ratio vs. speed nnd altitude with constant 

damper ga ln = 0 . 3. ihe chosen w~ lue of damper gain is a!'proximate ly the 

median of the gains required for 0.7 damping ratio over all 11 flight 

conditions. In the case of the baoic airplane, ? varies from 0.445 at M 

= 0.9@ 10,000 ft. to ~ = 0.064 at H = 1.2·~ 45,000 f te whereas the varia-

tion of { tJith damper gain = 0. 3 is from l. l to 0 . 436 for the same two 

flight conditions. Thus the range of variation about t he mean has been 

reduced from approximately 190% to approximately 95%. 

Even though the use of the constant gain damper has caused a consider-

able improvement in the dynamics of th12 airplane, a further restriction in 

the range of variation of damping ratio is usually desired for fighter-inter-
, . . 

ceptor type ai rc raft. One method of solving this p'roblem~ which is in 

general use today~ is the programning of stability augmentation system 

gains, as functions of measur~J flight parameters$ in such a mAnner that 

the programmed gains 'li7ill cause near optimum system response over nll 

flight conditions. The techniques of gain scheduling methods range from 

21 
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\lhich rrogran as fur,ctions of ait·speed, altitude, fuel load~ center of 

gravity position, wing flap position, landing gear position. and vari­

ous combinations thereof. One .fact D•:!COm•'!S obvious from the preceeding 

discussion; the dynamic char;1cteristics of the aircraft must be accur­

ately kno"m in advance at all flight conditions and for all airplane 

configurations if the programming system is to operate succes~fully. 

Such a detailed determination of airplane characteristics requires a 

large amount of 'idnu tunnel and flight testing ·Hhich is both time consuming 

and cost ly. And) even after the dasired information has been determined 

it i s usually necessary to concluet lengthy flight tests t-lith the program­

ming and stability augmentation systems installed in the airrlane for final 

"tailoring" of the aircl."aft-system combination. In addition., accurate in­

flight air data and airplane configuration information must be continusouly 

fed into the system during flight to provide the basis for gain scheduling. 

The instrtJmentation and transducers required are generally costly, and are 

usua lly complex enough that they create reliability and fail-safety problems. 

A possible solution to these control problems is to design a system 

which is intelligent enough to detemine when the airplane 0 s dynamic per­

formance has changed, and in what manner it has changed, and to use this 

information to adjust the stability augmentation system gains to obtain 

optimum performance over all flight conditions. This is the concept of 

the sel f-adaptive control system. 
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IV - SELF'"ADAPTIVE CONTROL SYSTENS 

The concept of a~aptive control has been arplied to a wide range of 

control system tyfeS with the result that a number of definitions of adap­

tive control exist. However, the most often used definition, and also the 

one \vhich appears to hest fit the aircraft control problem is as follows: 

An adaptive system is a control system configuration in Hhich 

the measurement of process dynamics or signal characteristics 

is utilized to automatically adjust the controller in an attempt 

to achieve optimum operation at all times. 

From this definition it can be seen that the adartive process must rer-

form two functions, the first of l>lhich is the 11 identification'' function, 

or the measurement of process dynamics or signal characteristics to deter­

mine present system state and compar~ it with the desi.red .state. And, the 

second is the ''colnm.:"\ndu function Hhich is a:.1tomatic changing of the systerr 

so that it will approach a de sired state. In most adaptive control studies 

i t is assumed that the variation of system characteristics takes place slow­

ly with respect to the frequency of the system mode of interest, and thus 

the identification process can be allowed a relatively long measurement in­

terval during which to determine system state. However, in the ai1craft 

problem, it is desirable to perform the adaptation process relatively rapid­

ly in comparison to the quantity being controlled» in this case the short 

period mode dynamics. This is because virtually instantaneous changes can 

take place in the airframe transfer function due to release of payload or 

certain Hach number effects on stability derivatives. For this reason 9 

one of the objectives of this study is the investigation of an adaptive 

technique cnpable of rapid identification and command. Another considera­

tion in mechanization of the adaptive process is the generally accepted 
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v;~ri~b1e whtch is exte·tT!~l to the S~/~ten•. To illustr~te the COllCCJ.tS 

nnd requi rer.,ent s dis(;usse.1 nhovc, <~ block diag1.-1m o ::- Gibson's irleal 

generallzecl adaptive system (Ref. 76) is sho\n1 in Figure 20. 

ldentrf'ication and ConJo~nci 
Comp uter 

!VIENIORY 
1- -------

- COA-1F:JUTATION 
f--- ------

COMMAND 
GENERATION 

Coman d 8iana l .Por J t Cont:rol fer AI t erat ion 

B.i. 
CQ,VTROLLE R PLANT 

eo a - ~ 

.. 

Fig~re 20 . ~ihson's Tdeal Generalized \JAptive 
Sys tem 

Clttssific21tion of Adaptive Systems 

Tn o-rder to C0ft1ptre the arproaches whiclr have been t~ken to the 

design of adoptive control s ystems, Aseltine, in reference ~. has seperat-

ed them i.nto 5 classes T..;hich, in some cases, have <2 certain amount of 

ove rl:1pping, but even so, they form a convenient fr:Jmcwork for comparison. 

Aseltine's ~lasses arc: 
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1 ' -) 

mt:nt . 

for 1mi forn! orerat ion ovec \vl'~e wn~iatlons in e.nviron-

2) Input 3 igna 1 Adapt ~t ion: Systems \·7htch ttutom:lt ica lly ad-

just their parnmeters in accordance with input signal 

characteristicr;. 

3) ~xt!'o?Il:ttT'l kdnptation: ~ys tems vlhich adjust to obtain n maxi-

mur.1 or uinimuH' of some systero variable. 

4) ~y s tem Variable Adaptation: Systems in which the comm~nJ 

p1·or.e ss ts actuated directly by mt:~asuremcnt of P. system 

variable or varlables. 

5) System Characteristic AdaptAtion: Sys tems in which the 

identification process n~as ures system vnrtables in order 

to determine system charac te ri s tics, The system charncter-

ist i c s t~\IJS determined are compnred Hith desired character-

istics and the differences used to generate coPanan& signals. 

It has been noted from a Sttrvey of adnptive systems which have been investi-

gated for poss ible use in aircrAft control that. to dste, Rll such systems 

fit into classes 1, 4, or 5. And, it has al so been noted that an alter~ 

nate classification system might be apJ1lied to aircraft adaptive control 

systems. The suggested classe s are: 

1) High t;~ i.n .·\d<lptat ion: Systems in '"h ich the character.ist ics 

of the ai.rcra ft are submerg,!d hy the u ~ e of high feedback 

l'lnd/ or fon1ord loop gains. Some f.orm of idet:~.l i.zed mode 1 is 

normally used to provide either system input signals or out-

rut corr.r=n t·ison signals, and the techniq11es usually involve 

either non 1 i near processes, with attendant 1 i.n1it eye le 3 or 
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0peration of a tnino'·' systt~m mode ne[!r inst<l~Jnlityo 

2) Trnpu I se Response 1\dnptnt ion: Systems in \-~Thich the ident i~ 

Ucatf.on process cot!"tputes a t in.e history of the plant irn-

pulse reslonse . The impulse response l.s then utilized by 

the command proces s to gene r ate pl:tnt alteration signals. 

3) rtl ramete r Adaptation: Systems in tllhich plant pA.t·Arneters 

are. determined by •Hrect computat ton. The error bet\leen 

the desired value of the pa r ameter and its actual value is 

v s ed as the com'11and signa 1 for plAnt a lterat ion o 

Survey o f Adaptive Techniques which have Been Arplied to the Airplane 
Stnbi 1 ity A'.tgm(mta t iou Frob l ern 

1) High Gain Ada ptation Systems 

The ear l iest s tudies of aircraft a~aptive control involved sys tems 

\..rhich operated et high gain s in order· to force the variation of airframe 

parameters into a sma l l range. One of the fir s t of these studies was 

conducted by Fath of WADC ( Re f. 134) on a methocl t-1hich was not truly arl-

aptive, in that parameters we r e not automat ic~ l ly var ied~ however~ it 

may be classed as passive adapta tion. Ra t hns , system used a parallel com-

p lementary opt i.num res ponse mode 1 a s s hot-1n in Figure 2 L The goa 1 of 

this study was to des ign a system which would produce optimum airfr(1me 

dynamic characteristic s , as airframe parameters variedj with constant 

system gain. A fo urth order trans fer function was selected as the opti-

mum model f or. t he p itch dynam i cs and the. same input signal was applied to 

the air frame and t o the model . The difference between model and plant 

output wa s obtained and V<.lrious f,mct i ons of the difference signal were 

util i zed to improve the airfrnme response. Both the fo~e"rd loop gain 

and t he shaping loop gain were n•adc high in order to ''force'' the system 
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Figure 2 1. Rath ~s Syst~m for Pa ssive Adaptation Us ing .:J~ Complemto>ntttry 
Optimum Respons•; ~-iodt: 1 

overa 11 c~ httrficterist ics to resemble the modtd. Feedback fund:: ions studied 

included p i tch t'ingle ) or rosition :. er«:'or fe~dback~ inte:grr:!ted. position 

error feedback~ rate err or faedb~ck , and rat~-error-plus=position-etror 

f eedback. It should be noted that e rror , ~ s referred to her~~ means the 

differenc e betwaen p lat1t output anti mode 1 output rath~r t hB:n p l·;.,nt :f.npqt= 

output e r ror . The first tvm feedbt1Ck fu.nct ions pruduced o·vere.ll inst ~bi 1-

i ty ttt high ga i n s , wherea s rate error f~edba.ck resulteJ in 1! st:atbl~ system 

feedbB ck Allowe d very high gains to be used b~fore the syst~m ~ecane ~n-

stable , and lolhi le the sys te.rn ~ms stablej the a1rf:rame output rr;e,tche.-1 the 

mode 1 output ace ept d:·ly at roost f 1 ight condit tons "lh i le us inc, & •c.or-.st 'l>lt 

value of fe e dback ga.i.n~ It Nas a lso found that:; what~'V:-;;;r feedh~~"k sh<:~ping 

wa s used, the basic airframe and hydriiul i.e P.ctw1.tor must forn a st3ble 



comhinati~n. The optimum ~ra t~fer fun~tiou feedfor~~rd iP comhinatio~ 

put , assuming the ;·il.ErtHr•e he'- tt~.:! des.i.re:! cGntrc1 t'<!tes rind high gain 

Jandois of Con>rai~ \llho ut iJ i:~ed tite invers•.~ of the opt imurn response mode 1 

in the feedback loop .t¥1 combination with a high forHard loop gain sytten 

~ s shmvn in Fieure 22. (Re E. ~•3). 
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Figure 22 . Dt\ndois 1 Systetr. Us5.nJ tt.e Inverse of the: Optimum _1P:Spons,.::: :•1odel 
in the Feedbad: Loor 

He denonstrated that, ~ith such ~ feedback arrangement. the overall system 



perfornm1ce. However, gaLn 1 i.·nits, dependent upon ""li0ht conditions~ 

shown to be riue to sensor rtonlint,;clri.ties ro.ther tlvm n. brtsic» theoreti_cel) 

system instability . 

One of the first "high g<"in'' adaptl•Je systems to ,"'ctunlly use an 

identification an~ command process was the system-varl~ble-adartation 

syctem of F'Juegc-Lotz And T~ylor (ref. 64), lolhich i.~ illustrated in Fig-

ure 23 . As is shown iu the hlock diagram, one of a numbe r of alternnte 

8; + I 

.SWITCHING 
L OGIC 

e:: 8o- 8; 

Figure 23 . Nonlinear Adaptive System of Flug3e- Lotz and Taylor 

feedback paths wns used according to a switching logic rrocess based on 

simultaneous measurements of system output, error signals and derivatives 

of these . The identification p1·oeess tl~us ccnsist~cl of the •IIE?tt.Sut'er 2nts 



l ·t 1, i 

i:-8pt h:f.gh in o1.·der to "force'' a sma 11 instantaneous en~·or bet~·een input 

parable to the natural period of the plant because of the switching be-

t ween feedback loops during one cycle of operation~ The arrang~ment was 

sh(H#fl to be ins~nsittvr~ to vari.ations in plant pa.t£H,etel:s over wide 1imits, 

however a 1 imi t eye~ le persisted during ope rat ion due to the feedb1ck non~ 

linearity. 

The Hinneapolis-Honep.-;ell relay actuat1::!d <-ldaptive system (Ref. 165L 

which is presently undergoing flight t~sts, is similar to the Flugge-Lotz 

mechanizat i on but uses only one feedbBck path ~ith switching logic in the 

forward loo p . The S¥.Titching logtc det·ives tts input ftom the error signal 

between opt imum r es ponse model output and the proc~ss f~edback signal as 

sho~n i n Figure 24. The switching logic actuates g relay~ or ~n-off con-

troller, t o ope ra t e the process at a high gain with the objective of 

maintaining a small e rror s ignal between model output and p l ant output . 

As in the F lugge-Lotz system, the airfrnme OlJtput approximately dup li~ 

cates the model output when the forward gain is h-Igh~ and the. ch£liracter~ 

istic l imit cyc l e is also present. A second a0artive feature of this 

system, a s ide from the switching lo3ic ~ is the us!:! of limit cycle' ampli-

tude meas urerr.ent tc vat·y forw~rd loop gain. Th;~t i.s ~ forwtl.-cd g~.in is ad= 

justed in s uch a manner tht~-t the limit cycle .amplitu.jo~: is h.e:ln co"istant 

over t.! ll flight conditions. The prototype of this system was S11ccessfully 

tested i n an F-94C fighter aircraft and an imp roved v~:r-ston is presently 

being fl i ght te s ted in the X-15 high Altitude research airplane. 

Another ~pplicdtion of th~ utilizntion of the invers~ optimum re~ 

spons e tr,q,ns fer function in th~ feerlhilr.k loop~ f n conjmt.c!t lon with 

In 
t f. L. 
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Figure 2~ . Minneapoli s-qoneywe!l PelAy Actu~ted A~aptive Syste~ 

high forward loop gain~ is the Genernl Electric system (Ref. 32), ·phich 

\vas recently tested in an F-102 inten~eptor aircrEt ft . The rnechaniz.n.t ion 

i s s imilar to that of Dandois sho~~ in Figure 22 , e~ce~t that an active 

system-vari~ble-adaptation feAlu~e hPs been added. ~his fpature tnv~lves 

v~riHtion of the fon'l.ard loor ,~ain, as flight com:litions ch!u!gr~ to 

maintain the system just helot.; the boundary of i..nstabtlity. As "'as prt..= 

vh)usly mentioned~ "'hen cvnsider--t.og syst~c.1s l)f i.his type!> tht; high-at the 

spons~ char<\f.":tet' i st lcs and thus if th? system :13 oper:1ted nee:-· r the in~ 

act uator be~ouse the actuator mode is the 0nP which heLo~es JPSta~le as 

eo 



that nol'I•W J c ont ro l Lnput s l\ t'C' uti U.zed to provide the "i'Cqui. re.:i pe.rtur-

bat ions. 'fhe f:r~f~uenC'y r.:;eas •11·ement is accomp 1 i shed \vi th a na rro"-.~ hancl 

pass filter ~ncl 7ero ct0ssing counter arrangement. 

2) Impulse ~e3ponRe Ad~~t3tion System~ 

The function of the ldent if loH.: ion proce!Js i.n the irnpu lse response 

adaptation clAss of systems is first~ the determination of a time history 

of the pl;.Jnt i.mpulse response throu:;h measuret~ent of system input and out­

put Rignals over r:t period of time) ~nd second, the dete.rmjnation of pi<'mt 

cha r acteristics through examination of the impulr.e resronse. P.n early 

met h od of impu 1 se response se 1 f ort imizat ion v1hich . ..,<:! s invest ig<1 ted by 

As eltine (Ref. 4) serve:; to ilh.!str~te the process, even though thi::; 

pa r ticular mechanization would not he suitable for ae:ronautica~ use. 

The impulst! rcs1)onse t•l<lS obt.al x:e<.i by perio11ic input fnlscs which '"'are 

lvi de ly sraced with respect to the period of the p] ant tnoJe of interest. 

After ell.ch perturb~t ion) the ~ys tem dawr. inJ ratio H.'1s c01,1puted l:y sepa r­

ate int~gration of the positive an~ negative rortlons of the inpulse re­

s pon se and obtaining the ~atio of rositive to negative areao Danping 

rntio l.r.:ls ccn;puL~d fJ.·oM t hie rAt to and the syGtem darnr·ing coefficient v;as 

varied in a closed loop marmt.:!r to cause a(·tunl damping ratio to approach 

a <les i r~d v:d11e. This JN~th( l <..·mr. cons i ie re1l undesir.rtb le for aircraft use 

prlrr~'lri.ly because norn··a1 crerP.ting signals murt be .:xcluded frorn the in­

[ttt during the cornparattv~ly l~ngthy identificatior periocl. 

A tncthot1 of irnpul se resronse determinat lon in t:.;hidl norna 1 i.nput 

signals co•Jld be inc.lu.h~d in the 1.dentifi.c;ition p•:o<.~·~ss was investig,;L:d 
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':n:.nht'!t· rr:cthc.: of Li.·. lse res:0ur.~ Jei> rm ir!.lunn t1lL: .. fng the Cv!ivolu­

t ion theore1:1 in conjunct ion 'h'i.th s i.r,.u lt&neous h,r ut r,n,} ou.t I- •lt mt:tt~urenent;, 

is currently tmdel' invest igntion -.H: :-!ug~1eS Airct•aft e In thls method, rlis-

c rete samr 1 ee ,__Jf the inp,,t :md outi-nt t inte h i.sto'Lie s 2 re use -1 as coe f Eici­

ents in h1o polynomials. The output polynomia 1 is periodically divided hy 

the i npu t polynomial through the use of a high r>peed digital cour·uter. The 

coeff i c ients of the resultant pol•,rnomi;:d_ can he shO\•"Tl to be amplitude sam­

r les o f t h·~ sys tem intpu lse response & One r e qui.l-enent for this method i s 

that the amp 1 i t udes of the syster, output samples n·ust be col:"rected for 

initial condition s e x isting at the beginning of t he i n terval over which 

samples Are t a. ken. The c:or-rect ion process re(:ui res a krtowledge of the 

impulse re ~ponse :md thus the im!Jul s c rcnponse must he d~termined in a con­

verge nt suc ces~ ion of rolynooi::~l divi.s'i.ons. At pre s ent, the requirement s 

for convergence to the t r ue inpulse response ~re under investigation. 

3) Parameter Ada r tation Sy ~ tems 

'fhe func tion of the iclentific:itf.on pr0ces s in a parnlileter adaptation 

system is the dire c t de te rmination of plan t pa r ameters through rne.1 s urement s 

of, and ope rations upon, s elected signals and their derivatives~ 

One of th:.! first stu<l:i.e s of r·arameter a~l<lptatiorl vms conducted by Kal-

man, of Co lumbia University ~ who used a digital computer to rl.etennine plant 

parameters ( Ref. 91). In Kalman's system, coe.ffic:i.r:mts of the plc:mes r--ulse 

trans f er fnncti on \.Jere computed by continuously measuring knd storinz 

sampled val ues of plant input and output. After a series of samples h~d 

been s t o r e d , val ue ~ of the tr<lnsfer function coefficients were assumed an.:! 

a se ries o f snmp le outf;ut points \ve t•e digitally cillculated using the known 

rast input samp 1 es. The mean sq•.1are error between C':.l leu late~J <I.nd knowr1 out­

put point s wa s determined and the assumed values of the coefficients were 



,ms reduced belc~ a 

ficient a~cutacy, an optimal conttollet ~as synthesized in a second digital 

computer routine and the t't~su lt 3 were used to adju!:t the syste111 <·ont ro 11 e;·. 

A di ff£~rent apt'roach to plllrt\meter ..;dar tat ion 'HlS tak•;n by i-.Thitaker, of 

HIT, who used a model ·n~f.;;:r..:::nce as shown in FigurE: 26~ (Ref. 171). 
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L--------------------~ 
Figure 26. NIT Hodel Re fe:tence Pa ta1.1eter A~l.'lpt~t f.on System 

Bo 

The input signal w~s fed to both the plant qnJ to the ideal model~ and a 

difference function bett~een plant outrut and model output wt:~s used to form 

en integra 1 s quared ert'or. The ISE thus formed ·w1s required to bt! r-elated 

to a single plant rrn:·ameter. which was then vRried in a closed looiJ manner 

to cause the tSE to attain tts minimum value. The prima~y ohjecriv~ of the 
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stu<..ly HaG the determi.nntion of ""'Jh.1t functions of the plant-output-to-model-

output error were indicative of what parameter variations, ~fter the de-

s ired relationships were determine~, the system was rncchnni~ed and fli~ht 

tested in nn F-94~ iighter aircrn[t anrl it wRs found that a~pntation could 

occur wi.th in an int~:.~r,.'a l corr(~spond tn~ to tHo or three time constants of the 

dominant s ystem response modes. Bowever, recent developments h~ve made 

possib l e a. significant reduct ion in convergence time nnd the e 1 itninat .ton 

o f much of the complexity of the previous mechanization (Ref. 127). These 

cleve l opment s were <ieri ved from a recent doc tor A l resenrch r rogram at ~fiT 

-r,.;h i ch evolved an ar,a lyt ict1l des i.gn method for parnrneter adaptation mode 1 

refe rence systems. 

A t~e thod of ada~ t:~t 1.on et••l: loy ~-n-5 o:m <.1na log COI••P'.lter :~ \vhich calculated 

valu;;;s o f tn.~tentaneous fot"".r·rd 1onp gain, tvas studied by Cor1,in of Broo~:-

lyn 7olytechnic In~tLtute (R~f. 

pared with n desireJ l~vel and the difference us ed as a signal to the gain 

cont r olle r . The ·lifferential equat:ons of motion of the plant were set up 

i n t he analo& comruter ns integral equat~~ons anQ t·Jere ~olved for the gain 

value) given continuous mea~urernentG of the ~lant input and output signal~, 

a s shmm in Fi.gure 27. 

ANALOG 
FWD -LOOP-G,A!N 

COMPUTER 

rCTU~L GAIN 
De. SIRED GAiN 

GAiN SERVO 

t 

ej + .. 8 o 
,FvVD CA/!V PLANT 

-

F:tgure 27 . Corbin' r Gc.i.n /J1o0lt t{!tion ~·1ctho2 iTtilizin~ an Analog Comr"'utcr 
in the Iclentificatlon Irocess 

I(' 
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A tnethod sim:llar to Corbln's npr·roach, but which en1ployeu a digital 

computer to dire(::tly so1ve for the plant parnm;tersJ v'US investigated by 

Azgaret inn of Servomechanisms Incorrorated (ReL 7.). In this study, the 

equat ions of mot io11 of the second or•ler system under invest i.gat ion \vere 

converted to sample data notation, and relationships for damping rAtio, 

natul'.:ll fre(1uency, an~1 fm~ward loop gain l>lere derivei in terms of past 

sample points of plnnt input and output . The equations were then mechaniz­

ed in a dig ita 1 computer routine ,.,h1.ch periodically sampled the input nnti 

output signals and colllputed plant pnrameters at a high rate. Parameters 

thus calculated were used in a closed loop manner to vary a controller ~1ich 

caused overall syste~ dynamics to remain constnnt as plant characteristics 

were varied, 

The adapt:tticn method investigated in this study is similar to that 

di scussed in the preceeding pat-.'lgraph in that a digital computer is util­

ized to solve second orde~ equations of motion for system damping ratio 

and natural frequency given system output samples. The primary differences 

are the method of solution ) and the fact that the system under investigation 

is actually R sixth order system '~·irh includes a second orrler hydraulic 

servo and a fourth order airframe transfer function. 
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V - i~OFOS~D SYSTEM 

As mentioned in the preceding section, it is proposed thAt Rn air-

craft pitch Jamring system could be mnde to produce invariant short perio~ 

dAmping rntio over all flight conditions by digital computation of the 

short-pe r iod dnrnpit1g ratio and closed loop o.djustment of the pitch darnper 

gain to ca use the damping ratio to equal a desired value. A block diagram 

of t he r-rops..lS0tt system i s shown in Figure 28 belowo The proposed identifi-

cati.on pr ocess t hus consi s ts of solving t h e ~.irframe equations of motion 

8; + 
CONTROL Bo 
.SUl~FACE AIRFRAME .. 

- ACTUATOR 

DA!it1PER RATE Ks 5 DA~!l-1/J~-; RATIO 
GAIN) XJ t---

SERVO 82. -~ COMPUTER 
J~+ 

eo ( D£5/RED eo 

RATEGY!TO } 

Figure 23 . Fr oposed Se l f-Adapt i ve Fitch Damper 

for va l ues of damping r atio given snmples of pitch angl~ and its deriva-

tives, ancl t he command process consists of varyin;; damper gain at a rate 

prorort i onal to the error between desired and computed f and in the 

direct ion i ndicatej hy the sign of the error. Basic assumptions and condi-

t i ons for this stuJy nre: 
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l. The :1.i.rfr"1"e and control systerr1 are linear. This hns 

heen shm·'n to b1.~ true for S11la ll per.turbnt ions. 

2 . Then~ i.s no control sur face rnte 1 imit ing or deflect ion 

li111iting. 

3. Airframe parameters are time variant but are as sumed con-

stnnt over the length of time required for one identifica­

tion cycle. 

4. System <listurbances due to external noise (atmospheric 

turbulence) will not be considered. 

It is n lso assumed th3t the short-I'erio~ mode is dominant in the longitu0in-

al dynnmics nnd thus the airframe longitudinal response cnn be closely des-

c ribed by the short-period frequency :md clamping ratio. This assumption 

vms verifi.ed by conJqctinc; two lonziturJtnnl flight simulation rrograms nt 

each of the 11 cond i.t ions li.sted in Tnb J e II. The first program \vas run 

in two degrees of freedom, pitch and normal translation» and thus simulated 

the short- period mode dynamics , nnd the nt!cond program simulated the short­

period nnd phugoid modes by inclt1sion of the longitudlnal translation degree 

of freedom. Dan;ping r.:1t ic nn-J re riod >;,vere de tern tned from pitch <1ng le t ir;;c . 

histor ies obtained h:,· rulsing the nircraft about the pitch axis nnd ~llmd'.ng 

it to return to eq11i 1 ibriUto. Characteristics obtained frora the s imu lat ion 

programs are listed in Table III. It is seen that the two degree and three 

degree of f reedom chnracteristico are in close agreement, and thus the deci­

sion 'l.vns made to inveot igate n cornrutat iona 1 l'lethod of determining the 

l!pseudo 1
' second order dnmping r.at to o{ a s txth order, three degree of free­

dom , ah·frnme-control systew combination from snmplell data. 
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T.1ble I II ~ Sh.1~:t-I C!l: .L0-1 ~-io ~e Charar:tertstj.cr: Com1 are·-1 Hith D<1rr.r ing i!,atj_o 

ar:'. 1'£rf_od Obtn lne(; fror.-. a r.oneitudi.nal Three Degree of Ftee­
do~:• Ptighr- :?i111uJntion. 

Fli.oht Cord~- t ·tOll Jn ·.1r. irl-=-..,. Rn: io Period Sec 
•• ~It 
Pl · .i.'.1 t itu·:·~ 2 l:•F Ji".::F 2DF 1DF 

0~~ 10 , 000
1 0. '~1~/'r 0.1··~10 1.650 1.700 

1 
l. 2 Io,ooo· " .. n. t:" v. l<.J_) O.J77 1. ('50 1

. ~ 005 
, 

1. !t lO,OOOL ~~ < 155 0. 156 1. 025 1.020 . 
0,9 25,000 0. 2/~~5 0.'24~ 1 • 97 1

t 2~0:5 

1 

L2 ?.5,C'OG" 0. J. 00 C.l028 l. 225 1.?.75 

1 

1 • . ~ ... 25 , ()00~. o. 104 1. 105 1. 199 1.175 
, 

1. 8 zs, ooc'" O.G')S 0.096 1.200 1.2~5 

'1.~ ~;c:. rro1 
. J, ,t n. 1~0 c. 1.41 2.900 2.0i5 

~ 
, II': rf'nl ,..... ", ! 0.066 1.7?.5 1. 725 .. . ~ 4J ) \ 1''- v.·. 1.>4 

1. t, I 1!: ·"'!!"' J. 
··~-' ) \.H .... · ' ·' Oi)06t"J o. c:~7 16 ssr; l. 075 

l.3 I 5 (';f'l" 1 
~- ' .J>.JI.I 0Jl~7 n.css 1..600 l. 599 
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The generalized differential equation of mot ion for a second order 

system is: .. . 
8+2.{UJn8 +W/8= f(~e 

f rom which an expression for danping rat io can be derived as: 

? = ll[e 
Zwne 

e 
zu.;,e 

I t is seen that , in this form, t~e damping ratio is A function of the in-

s tantaneotts vnl~es of B and its first and second derivatives, t~e input 

forcing function, and the n<1tural frequency. Azgapetian itas shown in Ref . 

7. that a n expression for, ( v.~h_1-ch is independent of CJ, ' can be de-

rived as an integra l equation. But it was decided, for this study, to 

avoid long term integrations and t.;eit attendant Jrifts, and ratller to make 

use of the high speed iterating cnpabilities of digital computers by de-

riving a companion expression for natu~al frequency to he used in an itern-

tive process for arriv ing at { and U)l} simultaneously. The expression 

for natura 1 frequency being: 

UJ,::: {_e + J(tJl- e + Kae 
e e e 

wh ich is in terms of instantaneous v.~ lues of 8 and its fir st two derivfl-

tives, cont rol input, and damping ratio. It is noted that t~e term, k, 

by wh ic h the control deflection is multip lied, corresponds to t~e airplane 

elevator effec tiveness, or steady state nirframe gain, which is also a func -

tion of fli ght conditions and which therefore mus t be determined in a 

Sfearate comp uta tion routine. Corbin, in Ref. 38. ha~ devised a method 

of computing the instantaneous value of forward loop ga in of a second order 

s ys tem by utiliz ing integral equations. Corbin°s system utilized an ana-

log computer ,.,hich was supp 1 ied continuous va 1 ues of p 1.'1nt input and out-

put, but, t~e method could be converted to digitnl form with snmpled in-

puts and used in this study if desired. It was decided not to introduce 
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this addition~ll coTrn1e)(ii-, ir-t-o t 11e rro;~rnn h11t rather to concen1:race 

solely on t'1e plnnt p<tri1tlleter computntion met'1od :tnd its appli.cnti.on 

t o an adnrtl\'e system heca•Jse the comput<1tion rnetl,od w~s, as yet'", untried. 

Thi s deci s ion necessitated the exclusion of pilot control inputs to t~e 

s ystem becau se, if pilot inputs were to be incL.~ded, the value of the air-

fr ame gain wo·tld h~ve to be knm.,;n. It should be made clear that cont ro 1 

def lect ions called for by the pitch damper are not included in the preceeding 

express i ons f or natural f r e quency nnd damping ratio because the airplane 

p i tch ing moment created by t~1e damping system is considered to be added to 

the natu ra l a e rodynamic damping moment to make up total damping. If pilot 

inputs were to be included, t~e control deflection created by the pitch 

damper wo •J l d be s ubtracted from total deflection anrl the remaining control 

deflection \.Jou 1d be used a s the input term, &e , in the ( and Wn equa-

tions. With pilot control input excluded, the equations are reduced to: 

CJn= te + Jlft e 
e - e 

[= e Wn9 
Z UJne c.e 

The propo s ed iterative computational routine is as follows: 

1) Mea s ure and s tore sampled value s of 9, 8, and 9 at two 

seF a rate instants in time. 

2) Ass ume a value of damping ratio and compute Wn using the 

first sample set of 8, e, & '9 and assumed ( The U1n 

equation is used in the initial calculation because the 

value of cJn is dependent upon variations in ~ to a lesser 

extent than is the value of ~ dependent upon variations in 

3) Use the value of Wn computed in 2) and the second sample set 

of 9, 8, & 9 to computE ~ • 



4) Use the ne~· val.ue of t; and t 'le first sample set to com­

rute a ~1e~o\l· va 1 ue of Wn • 

5) Repent steps 3) and 4) in s equence until the successive values 

of damping ratio and natural frequency eit~er converge or 

diverge. 

Although it might seem t~at only one sample set of 9 and its fir st two 

derivatives is required to define t ~ e parameters of a second order system, 

it is seen that the method de sc ribed above requires two sets for convergence . 

If only one set were used in both equations, the Wn obtrlined in the first 

calcu lation, when s ubstituted into the second equation would produce t he 

orig inally as s umed ? , And convergence would be i~po ssible. This is 

because the relationships f or UJn and 

the same equation. 

( are actually just two forms of 

An appropriate question to ask at this time is, will the computations 

converge, and if so, under what conditions will they converge? The answer 

is given in the following section . 
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VI AFPLICATIO~J OF PPOPOSED ITEPATIV8 DIGITAL DAMPING fiATTO COMPUTER TO 

A SECOND ORDER SYSTEM 

It was felt that it would be better to test the proposed plant identi­

fication metl1od first with a simple 2nd order system before adding the com­

plexity of the phugoid and actuator modes of the three degree of freedom 

flight simu l~t ion. Hhen done in this rnannert the validity of the basic 

idea could either be proved or disproved with certainty because the method 

is based on the assumption that the airframe closely resembles a second 

order sy s tem. Objectives of the program were to determine: 

1) Will the iterative computing method converge to correct 

v.-1lues of { and Wn ? 

2) Conditions for convergence. 

3) Should both forms of the cJn equation be used, and if so 

when is a particular form applicable? 

4) Effect of system damping ratio on convergence. 

5) Effect of sample spacing on convergence, 

The second order system used in the follmving programs was of the form: 

e + (DAMPiNG FACTOR ) (12.) e +3G8 = 0 

'tvhere the nntural frequency = 6 rndians per second was approximately the 

median of the airframe short period Wn of this study, and the damping 

factor could be varied to produce damping ratios over the range from Ool 

to 1.0 thus approximating the vnrintion of the short-period mode damping 

ratio. Outputs were obtained by releasing the system from an initial dis­

placement, ~ at time = 0 and allowing it to oscillate freely. Samples of 

8, ~~ & ~ were periodically taken and stored for use in the ( calculations. 

The dynamic simulation wa~ used in four programs which "t.rere performed to 

test the damping ratio calculator and the influence of certain variables 

on its operation. The progrnms ~nd results are discussed in the following 
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page s and sample ltsting~ of each are included in appendix VI. 

Program 1. Calculation of Wn Using Known Values of ( , 

and Calculation of { Using Known Value of Wn . 

As a check on the accuracy of the dynamic simulation, the samples of 

output were used in a series of non-iterative calculations in \~Thich Wn 

lvas detennined us ing the known value off, and { was determined using the 

known value of Wn . 

It is recalled that the relationship for natural frequency, 

wn~- tae ± V(-lj-l-- g 
has two forms 'tvhich "'ill be referred to for identification, as the posi-

tive and negative forms. Both fo1~s were used in the calculations in order 

to determine under what cond it iops each \-las app 1 icab le. A third purpose 

of the program was to obtain a basis for comparing the accuracy of ( and 

W n computed by the iterative method. Nine runs were made in '-1hich damp-

ing ratio was varied from 0.1 to 0.9 in 0. 1 steps, and partial listings 

o f the r uns made at? = 0.2 and 0 .7 are presented in tab le IV. 

I t is seen from table IV that the calculated values of ( and CJn 

have approximately 0.5% accuracy except in regions where the ratios ~ and 

e e- become large. The errors in ( and Wn obtained with this series of 

runs are due to errors in the generated output values; 9, 9, & 9; and thus 

are indicative of the solution accuracy of the simulated second order system, 

and they also represent the highest nccuracy which can be expected from the 

iterative wethod. It is also observed that the calculated values of ~ have 

very little variation ,;.:hereas the Wn error increase s in the regions \'.7here 

9 is sma 11, causing the ratios of ~ and : to be large» and it is in 

these regions, before 9 changes sign , that the negative form of the Wn 

equation is applicable. Increasing damping ratio had the effect of widen-

ing the r egions in which (,)n errors eppear and in which the negative Wn 
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Table IV Calculation of Natural Frequency Given Correct 
Damping Ratio, and Calcula~ion of Damping Ratio Given Correct 
Natural Frequency for a Second Order System \1i th Wn = 6. 0 ?(ad/ 
Sec and 5 = 0. 2 and 0. 7 

Sample Spacing 0.0125 Cycle. 

PLANT IDENTIFICATION ROUTINE - SECOND ORDER 

CONDITIO N= 2 0 A r~ P I N G RAT I 0;:; .2000 

~CCELERATION VELOCITY DISPLACEMENT 
-3!J.909819 -.J;-34135 .997322 
-33.595382 -.863053 .~89194 
-32.133230 -1.274004 .975818 
-30.535811 -1.665819 .957424 
-2 8. 8 15 ~56 -2. 036888 time. • 934 259 
-26.q86 8 02 -2.385762 .906594 
-25.061 {01 -2.711158 .87471.3 
-23.054149 -3.011961 .838918 
-?.0.977702 -3.287225 .199521 
-18.845898 -3.536173 .756847 
-16.672187 -3.758197 .711229 
-14.469854 -3.952u58 .663006 
-12.251956 -4.119879 .612522 
-10.031248~ -4.259145 .560125 
-7.320131 -4.370700 .506159 
-5.630584 -4.454739 .~50972 
-3.474119 -4.511603 .394904 
-1.361722 -4.541775 .338293 

.696184 -4.545873 .281469 
2.689788 -4.524639 .224752 
4.609921 -4.478935 .168455 
6.448 092 -4.40 97~3 • 112d/7 

___ 8. 196':J 1.3 __ -4. 3 18107 ~-- __ • 05i:L~05 
11.19661 0 - 4.072334 -.046742 
12.836410 -3. 0 20762 -.096718 
14.162{31 -3.751d9/ -.144689 
15.371~51 -3.5 67184 -~190449 
16.459617 -3.j68112 -.233809 
17.424440 -3. 156207 -. 274598 
18.264289 -/..933022 -.312667 
18.978178 -2.700125 -.347dU4 
19.565846 -2.459094 -.3ROI36 
20.027(42 -2.211504 -.409334 
20.364Y98 -1.958920 -.435403 
20.5791~04 -1.702891 -.458292 
20.673379 -1.444938 -.477967 
20.649939 -1.186546 -.494414 
20.512663 -.929164 -.507635 
20.265655 -.6 74188 -.517653 
19.913508 -. 422961 -.524S06 
19.461264 -.176767 -.528248 
18.914369 .063176 -.528951 
18./.78638 .295721 -.526699 
17.560206 .519797 -.521593 
16.765485 .734408 -.513744 
15.901123 .9~86~~ --~Q~~?9 
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OMEGAN1 
6.004203 
6.004834 
6.005478 
6.006144 
6.006840 
6.007577 
6.008.:S67 
6.00922'} 
6.0101{2 
6. 0 1 1 2 34 
6.012447 
6.013U6:) 
6.01~~~7 
6.017644 
6.020.513 
6.023889 
6.02H996 
6.036992 
6.051495 
6.086341 
6.?.72':>09 
9.{94177 

OMEGAN/ 
-5.82<Jii42 
-5.655~41 
-5.483/.48 
-5.3101B5 
-5.1347'J_) 
-4.954950 
-4.7685 71~ 
-4.~73107 
-4. 365 1

) 74 
-4.142336 
-3.898d10 
-3.6?905:~ 
-3.325122 
-?__.9 760/5 
-2.5 66302 
-2.072655 
-1.459177 
-.6667 68 

.408725 
1. 966338 
4.362838 
5.B.)2562. 
5.93410.3 

-40.B21967 
-22.19499/ 
-16. -~5661!-0 
-1.).479(8/ 4 

23.690226 
5.972{16 
5.9/9(35 
5. 981~.:)4 7 
5.987638 
5.9901/.8 
5.99?.097 
5.993(08 
5.995064 
5. 99623-~ -
5.997261 
5.998 H32 
S.9Q9021 
5.999195 
6.000520 
6.001207 
6 •. 001866 
6.002506 
6.003Jj4, 
6.003758,/ 
6.0043H3 
6.005016 
6.005666 

.. ::::11.752290 
~10.589657 
-9. 745970·-
-9.099695 
-8.5H3d25 
-8.158339 
-7.797821 
-7.485311~ 
-7./09030 
-6.960482 
-6.733358 
-6.522824 
-6.325066 
-6.136986 
-5.955983 
-5.779798 
-5.606394 
- 5 • lt 3 3 t! 5 7 

<>·99Q~~o -?-?t?Q-~1~ 

Of\MP1~AT 
• 11.01• 94 
• 191!- 6 19 
.1959cl5 
.196672 
• 197089 
.19737?. 
.197~78 
.1977.)6 
• 19 7B63 
.19l96H 
.198057 
.198134 
.198203 
• 19 82 6lJ. 
.198121 
• 198373 
.198422 
• 19 81~ 69 
.198514 
.198558 
.198602 
.198645 
.198688 
.19dlfH 
.198d25 
.1v8dt5 
.198929 
.198986 
.199049 
.199120 
.199200 
.19.:f292 
.199402 
.199535 
.199/04 
.199·125 
• 2002 31~ 
.200{00 
.201496 
.203192 
.2091-l74 
• 168654 
• 192.538 
.19'1131 
• 19<12.?) 
.J9Qd10 



Table IV - Continued 

ACCELERATION VcLQQlTY DISP~~CE~ENT OM~GI\N1 o~~~ GI\~2 OAM p,-z AT 

14.973Y61 1.1.:S16f~ -.4YO.:S~'::> 6.00(046 -j.OH.:SH4~ .1Yf1HO 
13.99U'}tJ4 1. 312760 -.475034 6.007797 -4.402394 .19{437 
12 . 959284 1.481246 -.457558 6.008604 -4.713691 .19f62f 
1 1 • 8860 12 1. 636569 -.438058 6. 009!~ 86 -4.515100 .197175 
10 . 778~41~ 1. 7{8253 -.416701 6. 0 1 Otl6 3 -4.303480 .19789S 

9 .643431 1.905914 -.393660 6.011564 -1~. 0749S5 .19lY95 
8.4 8H 369 2 . 019255 -.369113 6.012829 -3.824603 .198080 
7. 32015 5 2 . 118068 -.34.3239 6.014315 -3.545987 .198155 
6. 145 654 2 . 202232 -.316222 6.016101 -3.?30430 .198221 
4. 9 7 1'::>65 2 . ?.71711 -.288245 6.01R.5::S8 -2.865862 .1982t.l1 
3. 80438 7 2 . 326'::>50 -.259490 6.021224 - 2 • .1~ .5 4 8 8 6 • 19 ~3 3.56 
2. 650 :) 9 1 2. 366876 -.230141 6.025154 - 1 • 9 1 1 3 79 .198387 
1.515589 2 .. 392890 -.200378 6.030897 -1.2 ')41 49 .198436 
.1~ 05 711 2.4 04869 -. 170.578 6.040203 - • .194233 .1984cl2 

-.673819 2. 403160 -.140314 6.058135 .792692 .19~')27 
-1.717905 2 . 388172 -.1103S4 6.107544 2.548848 . 198571 
-2.721 799 2. 360380 -.08066.3 6.565521 5. 1391~24 .19B6Jl~ 
-3.68 1 11 3 2 . 320313 -.051396 12.176150 5.882218 .19865( 
-4. 591836 2. 26R554 -.022704 34.023796 5.944415 .198{01 
-5 .1~ 50 .344 2. 205735 .005272 5. 964 8 -~~~ -173.~23327 .198/45 
-6.253409 2 . 13 2527 .032396 5.975077 -~)2. 305450 • 198(91 
-6. 99820 7 2 . 049643 +,:me .058545 5.981231 -19.9B5186 • 198839 
-7.bH231 7 1. 957825 I .083600 5.9H5395 -15.352948 .198d90 
-8. 303129 1. 857846 • 1 0 /I~ 56 5.988418 -12.904145 • 19d9l~5 
-8. H60837 1. 750500 .130016 5. 9'l07 36 -11.376240 .199004 
-9.352 43 9 1.63 6 598 .151191 5.9925B9 -10.322459 .199069 
-9.(77 1.55 1. 51 6 <166 • 17 0 ') 0 7 5.994118 -9.544S12 .19914? 

-10.136 ..:512 1. 392433 .189095 5.995415 -8.940881 .199225 
-10.42 81 4 1 1.263d36 .205701 5.996'::>40 - 8.454162 .199.:S22 
-10.653 ') 65 1. 132007 .2206{8 5.997S34 - 8 • 0 I~ 91{ 0 ' I • 19 ·14 3 7 
-10. 8 132 8 3 • 99 7 771 .233991 5.998430 - 7.704088 .199579 
-10.9083 3 9 • 86 191~4 .245615 5.999248 - 7.402979 .199761 
-10.940 106 • {25327 .255536 6.000007 - l.1353 8 7 .200003 
-10.910265 \ • 588699 • 263748 6.000720 - 6.893S39· .200.347 
- 1 0. 82 0 7 '13 .452819 .270257 6.001.:S98 -6.6 7160 .. 3 .200881 
-10. 67 3937 .318418 .2l5075 6.002051 -6.465079 .201841 
-1 0 .472 19 5 • 186 199 .278226 6.002687 -6. 270:38?. .204106 
-10.2 18.:S 01 .·056831 .279742 6.00.3313 -6.084S75 .216423 
-9. 91519 2 - .069053 .279662 6.003936 -5.90516?

4 

.184186 
-9.565996 -. 190857 .278033 6.004563 ·· ""- 5 • 1 2 9 9 e 1 • 19.35 0 3 
-9. 17 4 00 3 -. 308025 .274909 6.0052.00 - 5.557017 . .19'>530 
- 8 . l4 2 64 4 -. 420043 .270.:S53 6.005e56 -5. 384384'• .196424 
-8.2 7546 7 - . 5?.6441 .2644.:S2 6.006538- -5.210202 .196932 
-7. 77 6 1 16 -. 626795 .257218 6.007256 -5.032525 .19726? 
-7.248304 - . -(?.0726 .24fJf89 6.008021 -4.849246 .197497 
-6. 6957 96 - . 807900 .239228 6.008848 -4.6':>8001 .197673 
-6.122 .:S80 -. 888033 .228621 6.009755 -4.!~56031 .197d12 
-5.S 3 1H50 -. 960888 .217057 6.010l63 -4.240008 .197925 
-4. 92 7986 -1 . 026274 .204630 6.011907 -4.005(96 .198020 
-4.31 4526 -1.084048 .191432 6.0 l.:S228 -3.748096 .19Hl02 
-3.695155 -1 . 134112 .177561 6.014/92 -3.45991/ .198174 
- 3 . 073483 - 1.176417 • 163 1 1 2 6.016693 -3.1:51756 .198239 
-2. 4 5 3023 - 1.210955 .1481H2 6. 0 19084·. -2.750264 .19'3297 
-1. 8 3 71H3 - 1. 237762 .132870 6. 0222 18.i' -2.295984 .198351 
- 1. 22 9240 -1 . 256'/1'{ • 117270 6.026563 -1.7 39 3 18 .198402 

.... 63 2 336 - 1. 268539 .101478 6.033073 -1.032846 .198449 
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Table IV - Continued 

CONDITION;: 7 DAMP I \l G RAT I 0:: .7000 

ACCELERATION VELOCITY DISPLACI:MENT OMEGAN1 Ot'-1 E Gf\N 2 Dt\MP K AT -32.:>18d30 -. 420171 .9971f9 6.012666 -5.1~22600 .671)91~ -29.005197 - .<304694 .9B96l7 6.012680 -4.Rf4~SR • 6B5r~6R - 2 5 • 6 8 7 ~~ 0 7 -1 . 1463?1 .977440 6.012.694 -4.3(0803 .69061+6 - 22 . 563121 - 1. 447687 .961187 6.012fOR -1. 901+ 1 o 4 .69~036 -1 9 . 62994.3 - 1. 7 1 1 1 96 • 94 ll+O 5 6.012(2? -3.1•67937 .69!'1' 78 -1 6 . 884~00 -1.9.39218 .918555 6.01~(37 -3.0':>(109 • 69 51+ 1.~6 -14. 322759 -?. 134075 .H93063 6.012(53 -2.667295 .696145 -1 1. ?40102 - 2. 298034 .U65S.32 6.012(69 -2.294H32 • 696{) 7 6 - 9 .(31413 -2. 433 .103 .8.~5712 6.012786 -1.9.36570 .697U96 -7. 6 91 15 5 - 2 . ~42022 .804610 6.012t\04 - 1. l)B 9 f~ 2 .69lq37 -5. 8 1344 0 - 2 . 626260 .7722H4 6.012823 -1.2'.> 1924 .697!21 -4.092 098 - 2 . 688010 • -, 3904 7 6.0 12dltS -.920~6\ .697963 -2.520{ 38 - ? . 729188 .705169 6.012865 - .~94501 .6981T"J -1.09 2 t10 1 - 2 . 7516"2{ .670895 6.012cl90 -.270H96 .69855H . ·198384 - 2 . l570l8 • 6361~4 9 6.012917 .0~1B39 .698')22 1.35 9S~ 4 - 2 . 74 7209 time .602032 6.01?947 • . 375569 . 698670 2 • .1 97 47 1 - 2 . 723603 .567d26 6.012'181 .702179 .698805 3.3 1888 2 -2. 687f5B .5.33993 6.013020 1.03.~6?6 • 69R 'J ?9 1! . 13 0l• 84 -2. 641089 .50067{ 6.01.)065 1.371978 .6<)<)045 4.83 8895 -2. 584926 .468006 6.011120 1 .7}9973 .6991'>3 5. 450 621l - 2 . 5?0520 .4360H9 6.0 1) 1 B6 2 . 07 0580 • 69 9 2 51~ 5.972048 - 2. 449037 .405022 6.013269 2.4520 76 .699)'.>1 6. 1~091 9 2 -2 • .1 711)69 • 374888 6.013.177 2. gl~ 3 1 31! .699444 6.76 81 0 9 - 2 . 2.89 128 • 31+5154 6.01.3524 3. 2 :,541~ 2 .699:131 7.05 586 5 - ? . 202652 .317676 6.013737 3.693355 .699619 7.276 5 29 - 2. 11 3008 .290701 6.014078 4. 1620(0 .699103 7.436 159 -2.0 20'19:1 .264861 6.014(11 1•.6678 40 .699(86 7. 53 9 ·) 9 5 -1. 927337 .240183 6.016115 5.217939 .6<)9867 7.593 0 52 -1. 8.32705 .216682 6.028037 5.81324/ .699948 7.6001 17 -1.7 3 7 703 .194166 6.S10j41 6.0061.37 .(00029 7.565747 -1.6 4 2 8 75 • 1-(32.58 7.266/45 6.009910 .700110 "(.4<)4 262 -1. 548(14 .153292 8.1S1S35 6.010925 .·roo192 7. 38 9 ( 5.~ -1. 455656 .134':>16 9.138b .30 6.011'i97 .700275 _ 7 ')t;;,t. o\70 __ .:_ _,...1 ~~loi\Ol - - l l ~ ~ l) ,, lll 7l')C:C:I-P ~ ()111..7')." 7(1().0:1..1 I e ~-.--' V V I T I e ..,J \..J ""1' V I I e I I \.I V I...,.. I V e -1 ~ J _J V \ I '-..1 e U I I \. 1 I ~ •• VV LIV I 7. 096t)6f3 - 1. 274361 • 1 001• 06 11.757073 6. 0 1 1 H 5·2 • 7001•48 6 . <)15')23 - 1. 186(62 .0 8 5026 13.528653 6.011~(9 .700~38 6 . 715??.8_ - 1.10155? .070727 15.79?5.13 6.012075 .70063~ 6. 49 8949 - 1 . 01£19l~R • os n~ r 1 18.807121 6.012150· ."f00f31 6.269>~40 -. 939133 ~045242 23.049256 6.012211 .l00d36 6 . 0 2 92~3 -. 862256 .033986 29.507034 
.. ....... 

6.012261 .700947 5 . 78 0(41 -. 7881+36 .023 6 72 40.6162'90 6.012.'i04 .. .701066 5 . 5 2 606 9 -. (17763 .014262 64.44 56 Ol~ 6.012341 .l01194 5 . 2672 15 -. 650302 .005715 153.293tH32 - 6.012173 .l01315 5 . 005985 - . 586093 -.002009 6.0121101 -414.409029 ."fQ1Ll89 4 . 741~ 0 16 - . 525155 -.008951 6.012427 -88.1500411 .701662 !• . 48 2 787 - . 467489 -.015152 6.0J2450 -I~ 9 • 2 0 8 0 0 1 .l01H56 4 .22 362? - . ~~ 13 077 -.020652 6.0124(2 -14.015191 .10/0(9 _-:t, . 967 (04 -. 361885 -.025492 6.012492 -25.886909 .70?S3A 3 . 7 16082 - . 313u67 -.029712 6.012510 -20.80 l!-JH6 .102645 3.469674 -. 268962 -.03.3152 6.012~27 -17.302693 .70:S017 -~ - 229280 -. 2.?7100 -.036449 6.012544 -14.7.15417 • 70 .14 79 2 . 995LJn<f - . 1 88202 -.039042 6.012:,60. -12.761324 • "f040'74 2 . 7691H2 - . 152180 -.041166 6.012575 :.· -11.187999 .(0437/ 2 . 550S46 - . 1 1 R!Jt~O -.042858 6.012~90 ... -9.897905 .706010 2.340076 -.OR8.5R2 -.044151 6.012604 -8.815159 • (()77 '-~ 2.138085 -.060402 -.045078 6.012618 -7.888553 • ·r 1 OU99 1 .. 944809 -.0~4893 -.045671 6.0126:52 -7.082?55 . -lHW/4 
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Table IV - Continued 

CC EL~RATION VELOCITY DISPLAC EME NT ' OME GAN1 OM EG AN ~ 

I . 7 6 01• 1 2 
1.584997 
1.41!:3607 
1. 261231 
1. 11 2 n 14 
.973255 
. ~42418 
.7201 33 
.606202 
.500 400 
.4024 83 
.312H3 8 
.22CJ?.38 
.153_)43 
.084206 
.021~?3 

-.03:>015 
.-.085(19 
-.130900 
-. 1l0H67 
-.205..,?7 
-.236:SH2 
-~262~29 
-.2H4657 
-.303050 
-.317'Jd1 
-.329718 
- • .:)38~15 
-.344620 
- •. :S48268 
-.349685 
- • .1490tl6 
-.346677 
-.342650 
- • .:S371 8 9 
-.330467 
-.322644 
-. 3 13'8 74 
-.304298 
-. 29401~ I 
-. 2832411 
-.272002 
-.260425 
-.248609 
-.236 64 0 
-.224599 
-.212556 
-. 200 '-'> (7 
-.1 88/19 
-.177035 
-.165 568 
-. 154359 
-.14 3443 
-.1328 48 
-.122 59(} 
-.112717 

-. 0 1 1/4:> -.0459 60 
. 009154 -.045974 
. 027917 -.045/40 
. 044657 -.045285 
.0594 86 -.044632 
.0 72514 -.043 HOS 
.083ti53 -.0428 26 
• 0 9 3 6 1 1 - • 0 t~ 1 l I 5 
.101 d92 -.0404CJ2 
• 108 799 -.039114 
.11 4434 -.037717 
• 1 HH:393 -. 0.36318 
• 122270 -. 034809 
• 1 2 I~ 6 54 -. 0 3 3 2 6 5 

: ~ ~~ i~~ ~ime :: 8~6 ~j~ 
• 126695 -. 028530 
• 125\>35 -. 02695 1 
.124 5 75 -.025 384 
• 122684 -. 023tL:38 
• 120324 -.02231(} 
• 1 17555 -. 020H32 
.114432 -.019.3R2 
• 111009 -. 017972 
.107332 -. 016608 
.103447 -.0 15290 
.09CJ3 95 -. 014022 
.095216 -. 012806 
.090Y44 -.0 11642 
.086611 -. 01053? 
.082246 -. 009477 
.077877 -.008476 

: .013527 -.0 07530 
.069217 -. 006638 
.064966 -. 005799 
.060792 -. 005013 
.056(09 -.004279 
.052/30 -.~03~95 
.048H66 -.0 02960 
.045126 -. 0023/~ 
.041 517 -. 001 d32 
.0 .38046 -.0 01335 
. 034718 -.OOO BHO 
. 031537 -.000466 
.028504 ~.000091 
• 025621 • 00024 7 
.022889 .000550 
.0?0307 .000cl20 
.017e74 .001059 
.015 5 88 .001268 
.013447 .001449 
.011448 .001604 
.009587 .0017.36 
.007860 .001845 
.006264 .001933 
.004194 .002002 
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6. 0126 45 -6.370415 
6.0126~9 -5.7.:S.1 U91 
6.012673 -5.158183 
6.01?6B7 -4.632083 
6. 01 2(01 -4.146765 
6.012715 -3.695161 
6.012/29 -3.271520 
6.P12/45 -2.871087 
6.01?./60 -2.4R9R69 
6.012//7 -2.124461 
6.012794 -1.7(1913 
6.012d12 -1.429621 
6.012832 -1.095246 
6.012853 -./6664( 
6 • 0 1 2 8 /7 - • 4 I~ 1 H 2 3 
6.012902 -. 118U60 
6 .0 12930 . 204111 
6.01296? . 528959 
6.0129 98 . 857S99 
6.013040 1. 192(132 
6.013090 1. 534400 
6.01.3149 1. 887 0 41 
6.01.3222 ?..252559 
6.013316 2.633904 
6.013440 3.034477 
6.013614 3.4582~9 
6.013076 3.909?/S 
6.014320 4.3CJ5298 
6.015248 4 .92 1011 
6 • 0 1 u l. 0 6 5 • 4 9 4 2 1 9 
6.158836 5.991120 
6.854105 6.008693 
7.659RS4 6.010503 
8.587S96 6.011 18~ 
9.6/1900 6.011S43 

10.964613 6.0117'65 
12.541l22 6.0119ll. 
14.521378 6 . 012028 
17.097171 ··.'-6.012113 
20.6098~5 6.012180 
2S.l20114 6.012236'· 
33.899489 - 6.012?82 
49.225428 6.01?32? 
88.733917 6.0123:>6 

4 3 2 • CJ 9. 6 ':) 7. 9 6 • 0 1 2 .) B l 
6 • o· r 2 4 1 4 - 1 5 1 • 1 o o 6 4 6 
6.012438 -6 4.247~32 
6.012461 -40. 679637 
6.012481 -29.651905 
6.012~00 -23.229714 
6.012:>18 -19.006207 
6.012535 '. , -16.002548 
6.012552.; -13.745592 
6.012~67 -1 1.97863j 
6.012582 -10.550309 
6.012596 -9.365561 

OA MPt{ AT 

• {C., 1 0 I 1 
.63( ~3~ 
• 680 r) 9 3 
.688o 0? 
.691 ~ 4::S 
.693fY4 
.t)94 'rr r 
.695002 
. 696412 
.696B85 
.6972.65 
.697~77 
.697 tF~O 
. 698066 
. 698263 
.698!J37 
.698594 
.69Rf35 
• 6 ') 8d 6~> 
.698Yd5 
.699096 
.699201 
.699301 
.699195 
• 699 l• H6 
.699:)74 
. 699659 
. 699(42 
.699H?.4 
.699906 
.6991B6 
• -rooo6-r 
• -roo 149 
.700231 
.700.515 
.700401 
• 7001• 90 
• 700'JH2 
.700679 
.7007HO 
.{008 87 
.7 01002 
.701125 
.701259 
.101406 
.701~68 
.701750 
.701957 
./02196 
.702476 
.702d11 
.103221 
.(05(39 
.704418 
.705354 
.706f 3 5 



equation is appl icahle. It 10ull be exre~ted from the results of this 

serien of runs that the iterative method of determining { and Wn might 

expe rience difficulty in convcrgi.ng when 9 is small and that the region of 

non convergence will become wider as system damping ratio is increased. 

Program 2. Iterative Calculation of ( and Wn Using 

Bo t h Forms of the Wn Equation. 

The purpo se of this run was to test the iterative damping ratio com-

puter describe d in section V. Tlte previous ly described second order s ys tem, 

with UJn: 6' & ~ =0. 2. , was used to s upply output s amples of 9, 9, and e 

which were s t o r e d , two sets at a time, and used a s inputs to the comput-

e r . Samp l e s pacing in thi s run "'as 0 .05 cycle anci each {-Wn calculation 

\Jas i t erated 20 time s using each of the two forms of the CUn equation. At 

the terminatlon of each iterating process, the results of each of the 20 

iterations was pri nted out for s tudy, the oldest set of s amples of e, 9, & 

.. 
9, discarded , a new set gene r at e d and s tored, and the 5-(J), ca leu lat ion eye le 

repeate d usins th e two new s amp le sets. A sample se ries o f the printouts 

from the ( -Wn computer is listed in Table V where the results of one con-

vergent a nd one divergent solution are sh0"-'11. 

The primary result of this program was the demonstration that the itera-

tive method would converge, ancl it did so for 51% of the sample se t s ( ; = 

0 . 2). Accuracy obtained was of the same order as that obtained in Progr am #1 , 

approximately 0 .05%, and in regions of small values of 6 the accura cy of the 

iterative met hod was much greater . As an example, 41n from the iterative 

method wos 6. 00359 as compared to WfJ :: 6. 086341 obtained from Program ~n 

when t he identical sample set was used with each method in a region of 

small value s of 6. It was found that a necessary but not sufficient condi-

t ion for convergence of the iterative method Has that 9 and 9 be of opposite 

s ign . 
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As iR shown in Teble v. another interesting property of the iterative 

rr:ethod is thnt when convergenct: occurs, it occurs simultaneously with both 

forms of the W 17 equation, and the iterative series using the negative form 

of the GJ~ equation converges to the negative values of ; and aJ17 arrived 

at using the positive Wn equation. Also, it was found that the use of 

the negative Wn equation would not he required in future progr::tms because 

the iterations performed 't>~hen using the positive form conv~rged in areas 

where the results of Program t~l indicated that the negative wn equation ¥7aS 
0 

applicable. It had thus far been established that, at ~ ~ 0.2~ the itera-

tive computations would converge for a length of time corresponding to approxi-

mately one qua rter of the system period at a rate of two times per system 

cycle. It was felt that this would suffice for the prorosed adaptive 

system, however, it was considered desirable to determine the effect of 

different values of damping ratio on convergence. 

Program 3. Iterative Ca. lculat ion of ( & Wn at 9 

Values of System Damping Ratio. 

Nine runs were made in this program, with system damping ratio varyine 

from 0.1 to 0.9 in 0.1 steps, and a sampling interval: 0.05 period. Only 

the positive form of the Cl)n equation Has used in the iterative process and 

the solution wa s tested for divergence after each iteration to prevent un-

necessary calculat ions. Table VI is a partial lis'ting of the runs made with 

f = 0.2 and 0.7. It is seen that the region of divergence is appreciably 

wider with { = 0.7 than with 0.2. The percentage of conversent iterations 

to total iterations is tabulated below as a function of damring ratio for 

each of the nine conditions: 
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Table V Iterative Ca l cul atron of Natural Frequency and Damping Ratio, Using Both Forms of the W~ Equation, of a Second Order System with w,= 6 . 0 R.ad/Sec and J= 0.2 . Sample Spacing= 0.05 Cycle 

TltJE 
0.200CG1 

-Form 

ACCELERATION 
- 50 6 3 :~; 57 7 

OM EGAN 
7o629993 

·- ---6 0 8 ! 8 3 -l 5 
6o413184 

_ 6o21 ui1 91 
6. H l789 0 
6. 0 56324 
6 o ~1 3 '! 2 o -r 

___ 6o 1 i7 L! 89 
6. ~)1 0 423 
6o J0 7() 49 
Oo ~;'· 5342 
6o GC 4477 
6o ')C 4 C 4 ~J 
6o Jr 38 1 9 
6o o~~i 37 \-, 7 
6o J( 365 f4 
6o }"' ·) 362 i 
6o •':-(" 36 ~0 7 
6o ~;": 3599 
6 0 f) I' 3 59 5 
Oi~ EGAN 

-2o 86 ~·373 
-4o2396.39 
-So ,..1 787 1 ~ 
-5o528898 
-5o761842 
-5. ae t'~8 74 · 
-5.9~1390 
-So 972a".· 8 6 
-5o9F.7639 
-5o995516 
-So 9995 :) 4 
-6o ··~.) 152 2 
- 6 o 0~"; 2544 

-6o !JJ 3 .J 62 
-6o '!C 3323 
- 6 0 \'} ·~! 3 4 5 6 
-6o 0C 3523 
-6 0 f}~ 3557 
- 6 0 () ;·: 3 5 7 4 

·, -6. on 3583 

VELOCITY 
-4o~5473Q 

II 
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DISPLACE MENT 

OAMPR 
') 0 3 ~; 3 3 8 1J 
;) 0 25'- 4 39 
·J o 22.6 C 73 
;~J o? 12 57{ 

0 o 2 ~J 5695 
no 2 • .'1 22 :·:· 4 
Oo 2 '}"-} 434 
Oo199537 
:1 o 1 9 9 1:· e 3 
Do198854 
r. o l 98737 
'J o 198678 
~) o :v8648 
:·, o 19 8o33 
n o198626 
Ool98622 
:J o 19862 l) 
:l ol986~9 
~~ o198618 
:J o 1986":8 

DAtv1 P R 
'!J o (' 76i 58 

- ~) . 0 65534 
- ) oi32633 
- \: o165~52 
- ;J Q 1819 6 5 
- ) .19J21 .) 
- J o· ·r~ 4 3 6 7 

":.. ~) 0 1 9 6 4 6 8 
- ·) cr ~ 9753 ~. 

- Oo i 98 C' 67 
:- l) o i 98339 
- ~J o 198477 
- 0 o198547 
- Do198582 
- d o 1986 Gi:: 
- Ool986G9 
- ;·.~ 198613 

-· --- 0 .198616 
- Oo198 6 17 
- 0 o1986 17 



Table V - Continued 

... 
TI~E ACCELERATION 

. 0.399.999 __ 18. 9780 94_ 
OtJEGAN 

VELOCITY DISPLACEMENT 
-_.~. 100 1_1_s _ _ -o. 34 7882 ' _ _, 

DAMPR f· 

4:o_2Q5_901 __ Q. St>4_624 __ ·_ 
3.300 829 0 .852037 

~-----2.354981 ------·-- _____ 1.340582 
1.55880 9 2.154067 

______ 0 .988132 . 3.492864_~, 

0 .613964 5.684419 
_ _ _ __ _.:C o37_8345 9o264_260 _ _ . 

0 .232391 15.107418 
____ 0.142551_ __ 24.643762~-

0.087360 4vo222131 
______ 0.053459 65.734811 

0 .032669 107.-570\982--. . 
r . 

------- Oo0l9852 1_77_o0271 _4_3 __ 
0.011444 '307.084564 

-------0.0 05859 - 599. 7756\14_--' 
0.0 0 2441 1439.462204 

_______ ~_o.nC293fJ -1199.551773 . 
44936.139648 -2894.7784 73- -

___ --.~l_D_8.!l~t0 . _6_39648 -6_985_. _7_2]_661 __ 
261690.726562 ' -16858.072266 

________ OMEGAN OAMPR ___ _ _ 
. -19.19J211 lo0531CO 

______ - _4_1.399_521 2.582062 
-97.553423 6.248351 

-------~23~o_4_1_2_3_6J 15o085813 
-56 5o 2690 05 36.-408-3 f7--

_ _ _ _ _ - J 3_6po9_42886 87 • 8623 94 
-3291.417694 212. 03150~ 

_____ -_7_942._87_45]3 511.678204 
-1916 7. 864990 1234.-790436--

_____ -'f__9_4..5_6_~_2 Q_45_90 2979.816833 
-1116 2 6o 2 39 25 8 if9-0 • -94-34--81--

____ -269378. 28125 0- 17353.303223 
-6 5DO 6 8. 140625. . · 4 f877. 2792 97___, 

___ -1 _568755. 156250 1C 1058.941406 . 
-3785745.781250 243877.103516---
-9135824.375000 588528.257812 

- - - -2-2(l46-72C ~-5f:,oooo ------,-42 :·)246. oooooo 
.. §B2 Q 35'•7t ~'r'!"fH1 ~) a~27!6r~t9U62§{1 ___ . 

-128391576.0 C0000 8270963.~25000 
-77459164. ooonoo ---~---- 1_9959625. oooooo 

65 

··~ 



Table VT er-.,:er•t ( 1 ,o" e ~·-:.!,t Tterations as a Fun...:tion of Syster: 
f'ar<.;;;L1s 1tio 

Damping Ratio 0.1 0 . '2 0.3 0.4 0.5 0.6 Oo8 

% Convergence 52% 51% 51% 48% 41% 34% 27% 19% 

The percentage of convergent iterations drops off sharply for values of 

exceeding 0.5 but it is not desired to increase the airframe damping ratio 

above 0.7 and thus the minimum obtainable ratio of convergent to total itera-

tions should Pever be less than approximately 1/3. 

Program 4. Influence of Sample Spacing on the Percentage 

of Convergent Iterations. 

The fina 1 program v1as run to determlne what influence, if any~ the width 

of sample spacing has on the ability of the iterative calculations to converge. 

J\11 runs were made with ( = 0.2, and six values of sample spacing ranging 

from 0.01 cycle to 0.5 cycle were investigated. Results of the program are 

tabula ted be lovl. 

Table VIII - Percent of Convergent Iterative Calculations as a Function of 
Sample Spacing ( = 0. 2 

Spacing 0.01 cycle 0.02 0.05 0.1 0.2 

% Convergence 56% 53% 51% 50% 46% 

It is seen that narrow sample spacing favors convergence 9 however it can be 

varied over wide limits \11i.th ltttle effect on convergence. It was arbitrar-

ily decided to set sarTle sracing at 0.025 seconds for the three degree of 

freedom airframe simulation; the prLnary consideration being conservation of 

computer time. This sample sp.ac ing corre:>ponded to aprrcxil118te ly 50 samples 

per short period cycle, depending on flight coHdition. 
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Table VII Iterat1ve Calculat1on of Natural Frequency and Damping 
Ratio of a Second Order System W1th GUn=6.0 Rad/Sec andf= 0.2 & 0.7 

Sample Spac1ng = 0.05 Cycle 

Condition 2 Damping Ratio= 0.2 

TI~E ACCELERATION VELOCITY 
0.200000 -5.630577 -4.454730 

DISPLACEMENT 
0.450971 

O~EGA-N OAMPRAT ------------------------
7.629993 o.30338C 
6.818375 ___ 0.252439 ------------------
6.413184 0.226073 
6.210091 o. 212571 --- -------- ---
6.107890 0.205695 
6.056324 0.202204 
6.030267· 0.200434 
6.017089 0.199537 _________________ _ 
6.010423 0.199083 
6.007049 0.198854 ---------------------- -------~ 
6.005342 0.198737 
6.004477 0.198678 
6.004040 0.198648 
6.003819 0.198633 
6.003707 0.198626 
6.003650 0.198622 
6.003621 0.198620 
6.003607 0.198619 
6.003599 0.198618 
6.003595 0.198618 _____________________ _ 

TIME 1 

0.250000 
O~EGA-N 
9.251958 _ 
6.966586 
6.256753 
6.066626 
6.019025 
6.007354 
6.004508 
6.003815 
6.003646 
6.003605 
6.003595 
6.003592 
6.003592 
6.003592 
6.003592 
6.003592 
6.003592 
6.003592 

ACCELERATION VELOCITY 
2.689775 -4.524627 
OAMPRAT 

DISPLACEMENT 
0.224752 

- 0.26191~ ------------------------~--
0.215692 ..• "-o. 202902 .... ___ - . - _____ .. __ _ 
0.199669 
0.198874 
0.198680 
0.198633 
0.198622 
0.198619 _ -- .:__- ---
0.198618 
0. 1 9 8 61 8 __ ------------------
0. 19861 8 ... 
0.198618 
0.198618 
o. 198618 __ 
0.198618 

. 0.198618 ____________________ __ 
0.198618 
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Table ~ Continued Damping Rat io : 0.2 

6.003592 0.19861 8 
----- 6.003592 0._1 98618. ___ _ 

TIME A CCE L ERA-T~l-O_N_V._E_L~O-C_I_T_Y ___ D_I_S_P_L_A--C-EM_E_N_T-·.,;:~· 

__ 0.299999 9. 848088 -4_._20_52_10_ -. _ 0._0050 1_3~-
0~EGA-N DAMPRAT 

__ 15.324385 --- 0.085544 ---~--- -.<-

-7.279872 -0.165185 . 
--~4.2345~6 -o. 27904 ._ ____________ _ 

-1.191589 -0.983381 
-SOLUTION DIVERGJN_G ____ _ 

--~-- ----·---· ---------~ 

TIME ACCELERATION VELOCITY DISPLACEMENT 
--:--0 • 3 4 99_'2_9. 1 5 e_3~U±_8.,_,9'-------'3""'-'e~5~6~7-"-1~7__._1 __ --!!:0~•~1-=-9~04_,_4_,__,8~-

0MEGA-N DAMPRAT 
SOLUTION DIVERGING 

TIME ACCELERATION VELOCITY DISPLACEMENT . 
__ _ o. 3_9 9 9_9_9 1 8._93_80 9.=x4 __ -__.2._..LJI7~oL:woC-Al_Ll __ s _ _ -_..o._..'-"'3'-="4'-"-7 ...... a~a2 __ 

OMEGA-N DAMPRAT 
___ 4.205901 0.564624 _______________ __ 
. 3.300829 0.852037 
_50LUTION DIVERGING _ 

TIME ACCELERATION VELOCITY DISPLACEMENT 
._...,___ __ 0.449999 __ 20.579304 -l. 702884 __ ... 0. 458290 __ 

OMEGA~N DAMPRAT 
___ 4.907358 0.570963 ___________________ _ 

4.181908 . 0.882182 
~OLUTION-OLVERG1NG, ________________________ __ 

TIME ACCELERATION VELOCITY DISPLACEMENT 
~-o. 499998 ___ 2o. 265548 __ ~o. 6741_85 ____ -_o._51 I650 __ _ 

OMEGA-N DAMPRAT 
__ ---_s. 37_7643 o.n03~--------------------

· SOL~TION DIVERGING 

__ TIME_ A_CCELERATJON_VELOC IT_Y __ D_l_SPLA_CEMENT 
0.549998 18.278530 0.295719 -0.526696 

_ _ Qfo'.EGA-.N DAMe.RAI " 
5.757618 -0.240352 

_SOLUTION _DIVERGING, __________ ~---------------
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Table VII- Continued Damping Ratio = o. 2 

TI~E ACCELERATION VELOCITY DISPLkCEMENT 
0.599997 14.973863 1.131666 ___ -0.490321 __ _ 
G~EGA-N OAMPRAT 
6.1 19884 0.244751 
6.030041 0.2091 81 
6.009638 0.201036 ---- ----------- ---
6.004975 0.199172 
6.003908 0.198745. _________________________ __ 
6.003664 0.198647 
6.003608 0.198625 ________________________ __ 
6.003595 0.198619 

. 6.003593 __ o. 198618 
6.003592 0.198618 
6.003592 0.198618 
6.003592 0.198618 
6.003592 0.198618 
6.003592 0.198618 ________________________ __ 
6.003592 0.198618 
6.003592 0.198618 
6.0 03592 0.198618 
6. 0 0 3 592· 0. 19 861 8 
6.003592 0.198618 
6.003592 ____ 0.]98618 _________________ _ 

- - -·--

TIME ACCELERATION VELOCITY DISPLACEMENT 
0.649996 10.778271 1.778240 . -o. 416698 __ _ 
O~EGA-N DAMPRAT 

- 6.525987 0.300233. ______ ~------~-----------
6.262415 0.249806 
6.132749 0.224382 --- -- ~ 

6.068288 0.211580 
6.036061 0. 205138 -- --
6. 0 1 9 9 0 4 0 • 2 0 1 8 9-7 

_ 6. 0 11 7 9 0 ____ 0. 2 0 0 2 6 7 _________________ .,_:_· '-;:____ ______ _ 
6.007714 0.199447 
6.005664 0.199035 -------- -------~---
6.004634 0.198828 
6.004116 o. 198723 -
6.003855 0.198671 

-- 6. 0 0 3 72 4 0 .J 9 86 45, __________ _________ __ 
6.003658 0.198631 
6.003625 - o. 198625 ----- --· -------
6.003608 0.198621 
6.00360o o.-198620_ ... ____ _ . :;-----,--.---
6.003596 0.198619 
6. oo3 594 o.J.9_86J _....,__ ____________ _ 
6.003593 0.198618 

69 



Table VII- Continued 

Condition 7 Damping Ratio = 0.7 · 

TI~E ~ACCELERATION VEL6CITY----~ISPLACEMENT 
_Q.2QOOQ_Q __ . 1._3_5_9_5_47 -2._747.2_04 0._6_020~J __ 
O~EGA-N OAMPRAT 
~4. 22_13 64 0 . 5 2115 8, _____________ _ 
4.917109 8.589098 

_5 . _3.2 5 .C..S 5 0.,_..6.....,2..-.<9._!.9._:.4..::..3 _____________ _ 
5.575466 0.655293 

_5. 7 3_2 646 r. . 6 7l2 99'--------------
5.832533 C.68150 5 
5. 8 9 6 4 7 7 ___ Q. 6 8_8.0_51. ______ _._ ________ _ 
5.937594 0.692266 

_5 . 9_64JJ1 7 0 •. ...,6~9___,4__,_9-"<.8.=6 _____________ _ 
5.981233 C.696743 

_5.9923 08 ___ C.o9_7_88.C ____________ ~_ 
5.999476 0.698616 
6.004117 0 .699093.._ ____________ _ 
6.0 07122 0.699402 

_6_. o_a 9_G 6_9 •'1 . 69..9_...._r,__.·:;._.~ _____________ _ 
6. 010331 C.699731 
6 • 0 1 1 1 4 8 6. 6 9 98 1 5 . - -- --- --- -- -------
6.011677 0.699870 

_6. 0 12 02_1 G. 69_2_9!2_5. ______________ _ 
6.012243 C. 699928 

_ t I ~ E _____ A C C E L_E_R .t\ J _I_QN_' _ V_E_L_OC I T Y. __ ~D I~S PLACEMENT 
0.250 000 4.83E883 -2.584920 0.468005 
O~EGA_-:-_N O_A~E_RAT _______________ _ 
2.861347 0.586139 
_4~a~l~9J _ r.6~~)3~9~4~i· __________________________ _ 
5.364 674 0 .660114 

__ 5.62 2871 ____ C. 67547_6 _ __________ _ 
5.773553 0.684772 

_ 5. e 6 4 4 5_8 n. 6 9 .Oll8 __ 'oL_ __________________ __ 

5.92 0257 0.6940 35 
_5.9_54_8_4_3 (. 696248 
5.9764 06 0.697633 

_5. 9 89896 ·{l._6_9_8 . ..-~.5~(:...L.1 _____________________ _ 
5.998354 0.6990 46 " 

_6. 0 0_3_6 6.3 0.._6_9_9_3_8,-'-9 _____________ _ 
6.007 000 0.699605 

_6.0 ~~097 o.~~9~7~4~r~--------------------------
6.01 0416 n.6998~5 
6.t'~ '1 ~·~s ____ u._69_9879 ______________ _ 
6.011767 0.699913 
6.012096 0 .699~34_~---------------------------
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Table VII- Continued Damping Ratio = 0. 7 

6o0 123 1)2~--------'-~. o 6 99947 
6.01243 2 ~ o6 99956 

T I ('I F. _ _ A ~ C E _ L,_E !~ A_I J Q_f\ V E L 0 C 1.,-___T'-----Y'----- 0 I S P L A C E f'-1 E N T 
0 0 2 9 9 9 9 9 6 • 7 6 8 6 8 7 - , • 2 8 9 1 2 1 J 0 34-57 53 ___ _ 
O~EGA-N CAMPRAT 

-3.249 :22 - 0 .7 ~0 412 

-1.7 17c51 -~ .. 99 045~ 
SCLUTIC~ CIVERGI~G 

TI('IE 6 C C E L ERA T I 0 N _ V E L 0 C I T Y ___ 0 I S P LAC EM EN T 
0 .. 349999 

_ OI"EGA-N 
7o5399 6 8 -l.92733C 0 .240182 

__ CAI~PRAT 

- 9 e 9 1 5 Q 3 3 - 0 D 8 1 5 i,l 8 3 
__ - 2. 3C 6 98 2 _____ - C' o 9 91 6 3 6"'--------- ---------
SOLuTIC~ OIV ERG I~G 

TI~E ACCELEKATION VELOCITY 
Oo399999 7.49 4 23 3 -1.548708 

DISPLACE~ENT 

=· 0 1 5 ~ 2 <f i 
_____ Q,.,_E_GA-N ______ CM~L..LT __ ---,-_______ ____ _ 
SCLLTIO~ DIV~RGI~G 

J I~ E ___ A CC E L E P,/\ T I v f\ VEL OC I TY ___ O_ISE L_ ~C_EJ1EN T_ 
0 .449999 fo915493 _,o186757 0 o0 85 0 26 

____ Q~EG~~ __ ___llA~~~----------------------­
SOLLTIC~ CIV ER GI~G 

------------------------------
.• 

___ _ T I tJ E _ _ ____ .P C CE_L ER!U LON V E L_ QC_l T,__~y ___ ~D I S P L A C EM EN T 
0.499992 6o J2 9223 -ro862252 0 . 033986 : 

____ Q ~E.G A - _N ___ C.AHEBW=AL!J~--------__:_-____ __ 
-44.58 06 29 - 0 .957r02 ···.'-

SOLuTION DIVE RGING _ ___ ~ --------- ----~--"- --~-~~-- -----

TII"E ACCELERATIO~ VELOCITY DISPLACEI"ENT 
_ C o 5 4 9 9 9 8 5_. _D_L_5 _2_5 8 - f" • 5 8 6 0 9 ~ . - ~ ,. 0 Q 2 :H."' 9 
OI"EGA- N CAMPRAT 

-64.266227 _ GoG437 0L _____ _ 
SCLCTIC~ CIVERGI~G 

. ) ' 
____ 1 I t-'E 

Do599997 
OtJEGA-N 

1G.228292 

_ .~- CC_f_LERA.LI_Ql\.___\I__E__L_Q~_I T Y_!_ _ _.!D I S P L A C E ~1 EN T 
3.9 f 7 68 1 -~.361E83 

CAt' PRA T 
·) .17 5 7 11 

20o2E9332 ; - ~ o44442 3 
SCLLTIC~ CIV ER GI ~G 
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Table VII- Continued Damping Ratio = 0.1 

__ _T 11" E A CCE.LE.RAlJ_Ofi_ 'LELOCll_Y ___ QJ_S_P_LA_C_El1E_N1_ 
0.649996 ·"' 2.995569 -".l8820C - 0 .039041 

__ OfVEGA-N C_A~PJ~liT 

8.02886 0 0.158457 
-- 1 c. 4 2 7 4. 9J - -.- ... - _0_ . _31 8 3.---'4,__,8,___ ____________ _ 
SOLUTIO~ DIVERGI~ G 

-----------------

litJE· ACCELERATION VELOCJJ_Y DISPLACEMENT 
-0.6'1,9996 2.138 C7 Q._ ~. ,)60402_ -0-.04~078. --
O~EGA-N OAMPRAT . 
7.040965 - r .1i_364_2 ____ _ 

SOLUTIO~ DIVERGI~G 

______ TJ l'E A C_C~_l.E_B_A_l I Q_N_ Y E_l.OC_I_T_Y __ D_I_s__pl AC EMEN T 
0.749995 1.418596 n.o27917 -0.045740 

__ 0 tJ E G A_..,_N CAM p_R .AT. ________ _ 
SOLUTICN DIVERGING 

___ Ll~~ ACC~lLO~NL-~V~E~L~O~C~I~T~Y ____ ~D~I~S~P~LA~C~E~M~E~N~T~ 
0.799994 0.842411 ~.083853 -0.042826 

__ Ct.IEGA-N ___ C.AM~IlAT 

5.818552 0 .6 22535 
_ _,5_._9_61974 (j . 6 799 27 

5.999497 0 .694778 
___ 6.0C9243 ____ o. 698625 

6.011769 0 .699621 
___ 6.012424 (). 69988 ::' 

6.012594 ~.699946 

___ 6. 0 J 2 6 3 7_ r 'l_Q <; 9_9.6 4~----------------
6.012649 0 .69996E 

--6. ') l 2 6 52 ---- - 0. 6 9 9 9 6 9 ___ _ 
6.012653 0.6999 7( 

___ 6. () 126 53 --- (1 . 69 9970 ______________ _ 
6.012653 (.69 997 0 

____ 6.012653 Q .69937 0~·-----------------
6.012653 0 .69997{': . 

__ 6 .0 i2653 O. 69997 V ______ ----------· _ 
6.012653 0.699 97 0 

--6 • 0 1 2 6 53 . ___ 0 . 6 9 9'9 7 J. 
6.012653 0.699970 
~' t:l1 ~ ~ ~ ~ lJ .h ~!}9_1.JJ_ 
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VI I - A)'PT. T.CATIC:l·T OF TfE~ r)J\HPTf~G ~ .. :nn COfH'UTEH TO 1- SELF £\.ll.t\J·T IVE PITCH 
DANITNG SVC)TEH 

Investigation of the Abi 1 ity of the ?-Wn Computer to Determine 
Short-Pertod Node Characteristics 

It has thus far been established that the damping ratio computer opel -

ates satis factorily when supplied input samples gener'ated by a second order 

system, and it has nlso been ~stab1ished that the short period mode, a 

second order oscillation, is the dominant mode of the airplane longitudinal 

dynamics. The next step in the program is then to investigate the opera-

t ion of the computer 'tvhen sur plied samples generated by the three degree of 

free dom, fourth order airframe simulation. The simulation program is dis-

cussed in detail in Aprendix VI. 

Flight condition nunilier seven 6 M = 1.8@ 25,000 ft., having short-period 

mode damping ratio = 0.095 and period = 1.2 seconds, wa~ chosen for the test. 

At the start of the computer run, the airframe was released from a non-trim 

pitch condition and allowed to oscillate. Periodic snmples of pitch angle, 

e, and its fi:.-st two derivative!=; -vmre tnken and supplied to the ~-Wn com-

puter as desc ribed in the preceeding section. At the beginning of each set 

of ¢-Wn calculation an initial value of ( = O.l~ "tv-as introduced into the 

equation and the iterations were carried out 15 times. The iterations con-

verged for 49 percent of the sample sets, which is in good agreement with 

the previous second order system investigation, however the computed value s 

of damping ratio ranged from 0. 1.4!~8 to 0, 024S 65 during a 2. 5 second (flight 

time) run. Such a wide variation of computed ~ was inconsistent with the 

results of the preceeding study in which it vms demonstrated that the longi-

tudinal aircraft dynamics very closely approximate the dynamics of a second 

order system. A revie'v of foregoing investigations \v8S conducted to deter-

mine if there were nny significant differences between the second order 

study and the present application of the t-UJn computer~ ::md the answer t:vas 
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deflection transfer fu~criu 

It is seen that the 1/S term causes ~itch angle output to exhibit a theo-

retically infinite steady state error or~ if the aitfran~ is perturbed from 

i ts trim position at a given Flight condition~ the ens•ting short period oscil-

la t ions ~vil l not decay to the original trim •1ngle. Further" it can be shown 

t hat the a irframe will return to trim condition as a function of the longJ -

t ud inal phuBoid rnodeo The primary dif fe r ence between the ideal second order 

system and the short period dynamic s i s then the fact t hat the former system 

oscillates about 8 equal zero whereas t he ~irframe oscillates about an ave r-

age pit ch angle wh i ch i~ constantly varying as n function of the phugoid 

dynamic s , and t hus t he pitch angle samples introduced into the computer we re 

erroneous. The sol ution to this problem was seen in the pitch-rate-per- stab i -

lizer-deflection t r an s fer function» 

which e xh ibits ze r o steady sta t e error , a nd -v1hich also shO\-J S t hat f r ee a ir-

frame short period osc i l lations os c i llate about, and de cay to, zero pitch 

r a t e, It '\va s r ea l ized that pitch rate is the true second orJer variable of 

t he airframe l ongi t udinal dynamics and in the study to be outlined next~ 

. . . .. 
pi t ch ~a te and i tS first tlvO deriv~tives 8 and 9 were utilized as inputs to 

t he t-Wn computer . 

A second t es t of the f -Wn computer using the three degree of freedom 

fl i ght s imula tion wa~ performed, a s s t.":lted above., and a partial listing of 

t he re s ult s obtained when sampled values of 9, e &. 'e't '\vere used as computer 

inputs is presented in Table IX. As before, the calculations converged f or 

49% of t he sample sets butj as can be seen, the calculated values of damp-

ing r atio compare favorably with the knorm ~ :::: 0.095. It c[tn <'l.lso he seen 

f rom examination of Tab1e IX thatj in most rasesy the calculations have not 



a s a result~ it was d::!c.icJecl tv rer eat the itetat i.vl.'! ca, r 1.1 lat ion eye le 2.0 

time s in all futur~ programso 

App 1 j_cat ion of the {-fJJ" computer to the Adaptation Loop 

I t lv8 S felt~ at this time~ that the e- Wn computer was generat i.ng suf­

ficiently accurate values of damping ratio to a llmv- its use in the adapta­

tion loop , however one obvio~~ discrepancy remnined to be corrected before 

the loop could be closedo That is, wh.'lt should be ..:lone regarding the 

calculations wh ich do not converge and thereby generate highly inaccurate 

values of ( ? Before discussing the technique which was used to detect and 

account fo r d i vergent calctla tions, possibly a better understanding may be 

obtained from a short review of the proposed mechanization of the adap t a­

tion loop. 

It will be recnlled that it was proposed to compare the output of the 

damping rat io computer with the desire d va l ue of short period damping ratio 

' 
the error between ~ - desired and ~ - comput e r being used as the i nput 

signal to a r ate se r vo ,,.h ich would vary pi t ch damper gain in the prope r 

direction to nul l out the ~ = error~ and at a ra t e proport ional to the 

magnitude of the error. It is apparent that t he erro~cous values of $ 

resulting from divergent calculations could not be allowed to reach the 

computer output ~ and it was found that this could be accomplished by 

simply including a routine which examined the resultant values of CUn and ¢ 

at the termina tion of the series of iterative calculations for each sample 

set. After examination of a large number of past output records from both, 

the second order, and the airframe studies~ it was determined that~ in 

every case, lvhen the calculations diverged the resultant calculated va lue s 

of either ~ or W0 or both were completely out of the range of variation 

of the real va l ue s of ¢ and W11 For examples of divergent calculations, 
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Table IX Iterative Calculation of ~i~frame RPOrt Period Damping Ratio and Natural Frequency Using 9, 6, & e, Generated by a Long­itudinal Three Degree of Freedom Flight Simulation, as Computer Inputs 
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Table IX - Continued 
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see Tables V or ~nr. :~ 1 so, t \Kls b10-v:n 'dth cert<1incy. that for the air-

craft considereJ in this study, damring ratio was restricted well within 

the range f r om C. to 1.0 and nstural frequency within the range from 0. 

to 8.0 rndian s /second. Thus a divergence det(ction routine un.s progranrrned 

to usc a s imple logical process for determining whether or not the calculate d 

values of both ( and W, fell within the allowabl2 ranges. If both values 

were acceptab le to the detection routine, the calculated value of ~ was 

set into the damping ratio comparison process, and if either ~ or o.Jq or 

both "mr e una cceptable to the detection routine, the last accertable com-

puted value of ( >vas reset into the comparator. The values of uJ" nnd ¢ 

re~ult ing from a eli vergent series were always orders of r:.agn it ude eli£ ferent 

from the allov-m.ble ranges of w, and t , and thus the allowDble ranges 

could be altered considerably to suit the characteristics of other systems 

with no deterioration in the effectiveness of the divergence detection 

routine. As an example, if it were expected that the airframe might have 

short-period poles in the right half plane over some flight conditions, the 

allm.,able ~ range could he increased from ~ = - l.O to+ 1.0. 

A variab le -v;rhich has not yet been discussed, but l-1hich 'tvas quite i.rn-

portant in the evaluation of the adaptation loop, is the gain of the rAte 

servo (hereinafte r called the adaptation servo) u~ed to vary pitch damrer 

gaina When ? - error signals are suppli.cd to the adaptAtion servo \vhich 

in turn causes vnriations in airframe damping ratio, the entire adaptation 

loop appears to resemble a second order servomechAnism nnd should be amenable 

to conventional systems analysis techniques. Hm-1ever anslysis was compli-

cated by the intermittent action of the damping ratio computer and thus an 

"optimum'' value of adapt at ion-seJ ·v0- gain, K , v.•as determined experimcnta lly 
s 

by performing a series of three degree of freedom computer runs with vary-

ing values or Flight condition 7, ~1 = 1.8 ,'d_25,000 ft.lj ·Has ngain used 

78 



Figure 29. Time History of Airplane & Control Surface Motion 
and Pit ch Damper Gain During Adaptation Process With No Adapt­
ation Se rvo Lock 
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for c>l1 runs nnd .:Ll.'lf-L1tion-set·vo gnin HCS vari.c.:.-1 f&:Oitl K -- 0.05 to 2.0 
s 

in six steps. 

Fieure 29 is a tyri.ca 1 time histo17 of the run maJe "lith K = 1. 0. 
s 

Airplane pitch nngle, ritch rate~ control ~:1rface positionj and ritch damp-

er gain are shm·n1 as functions of time, and again the run Has started by re-

lensing the airframe from a non-trim pitch position and allowing it to oscil-

la te. The damping ratio of the basic airplane at this condition was 0.096 

and the steady state damper gain for c orrect adaptation» from the root locus 

plot, was u .344. Initial damrer gain was set at zero at time =zero and it 

is seen that K, = 0.344 was achieved in 0.45 seconds. and th~t the airframe 
Q 

motion xva~ heavily damped by the control action. B.m-1ever~ it is 3lso seen 

that dam~er gain did not level out at the desired value of Kd = 0.344 but in­

steed continued increasing in a somewhat random manner until at time :::; 10 

seconns (not shown) it re.~ched the required value for instabi 1 ity of the 

actuator mode and a violent divergent oscillation ensued. In this condition, 

the actuator motions comprised the dominant longitudinal mode 3 and it t.;as 

interesting to note that the (-Wn computer vms still performing its duty in 

that it was now computing natural frequency and damping ratio of the actua-

tor mode. The crossover frequency for this mode was predicted to be 34 

radians per second from the root locus plot, '\vhich was verified by the fact 

that compute d damping ratio chansed from positive to negative sign when 

computed Wn vras approximately JL~. 5 rad/ sec. But, the ope rat ion of the 

adaptation loop Has obviously unaccertab le ~vi.th Kd = 1. 0. An improvement 

in performance wa s detected when lower values of adaptation-servo-gain were 

investigated, and with K ~ ~ 0.1 the damper gain dtd settle out reAsonably 
~ 

we 11, but approximately eight seconds ~·1ere required to complete the ada pta-

tion process ~vhen using the Kd. Osburn has sho-vm in Ref. 127 that the HIT 

sel f ~dap t ive syst em is capable of completing the adaptation process on a 
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,.,,nch POU l.c1 

cone -; rond to n(la: t-A.ti.on ti1~1c = 2.'+ seconrts for fJi~ht condttLon 7, 

presently und~r Jiscussion. Thus, a review K~s made of the aJnrt~tion 

method to de tel111ine if the process could be sreeded ur \•Jithout attend-

ant drif t in pitch damper ga in. 

The inability of the ndnrtation loop to set rrorcr dnrnper gain when 

operating ;Jt h ieh adartation-servo-gai.ns t.;ras fountl to be c.~used by fonr 

interactin~ fn c t o r s : 

l ) The reader '1.11ill recall that "-'hen the {-Wn process f:1ile:l. to 

converge, the computer set the most recently ccmruted con-

ve r gent value of ~ into the dnm}ing ratio cornpRrator, And 

the arl:1ptntion ~ervo continued co ch<'.nze damper gnin at n 

rate proportional to the indicated ~ - error. 

2) It uas found that dt.tring the adar.-tntion rrocess, the canst-

ant ly ch.c1n2;ing ·lm.~per ga i.n caused errors in computed GUn 

and ~ due to t h e fact that sy s tem par.'lmcters 1;·lere i'llt ere r1 

appre c iably dur i ng one sampling intervnl. And, the comput-

ed v~ lue s of ~ we r e caused to vary in a ran1on manner and 

were generally 0.05 to 0.1 below the true value of ~amping 

ratio. 

3) As pitch damper gain increased~ the effect of the time rntc 

' ' , .. 
?j 

of change of system par<1meters on the ;-r»n ca J culatl.OlHi 

was mngni fi ed due to the incrense~ sy~tem loop gain. 

r·hen syster11 rr:oti.ons damped to zero, the ( -Wn corr,puter \·W.~ 

not surp l ier1_ \..rith sufficient in forr:1t fon to r-er form c~.1 cu-

lations. 

I t em; be s•~en hoH the sa fnctors combined to c;:Hise e rrnt i.e operA t f_ on of the 
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generated fo:.· t'.:o secon:-ls~ a ste;Jdy S - error signal = 0, l "'ould be fed 

to t he adaptation servo and it would increase damper gain at a constant 

rate duri.ug the ttw second period. This is illustrated in Figure 29. "V:here 

Kd \vas lncrense,·J 1 inenrly from time = 3. 5 seconds to 5. 5 seconds o At 5. 5 

secon ds a ccnvergent valua of ~ , exc eeding 0.7, was obtainedj set into the 

~ - compn rater, anrl damper gain hagan a do\mvm rd dt ift. Ho,.;ever, the drift 

of Kd \-/as generally 1J}~·mrd because the erroneous damptng ratio solutions 

were u s ually smAller than 0.7. 

The problem of Jrifting damper g~in was solved by an alteration of the 

~ -GVn computet· output rent ine in tvh:i.ch output logic was re-progrA-mmed t:o 

set ( = 0. 7 into the ( COP1llarator if no convergent solution \vere obtained. 

This <:}Ct ion effectively "locke·r the aci;q: tat ion servo at its preser.t set-

ting 1 nnd dAmper s~in was not allowed to v3ry until gener~tion of a new 

convergen t solutior... The ahove rroccss "li ll be refern:d to as the ' 1 ada~'tn­

tion-servo lock11 in the remainder of this re~ort. An important benefit 

accrning fror.1 the use of the servo loc' ~ '~'ac the fact that the plnnt vl."\S 

allowed to set tle to c lineRr system during e~ch rerio~ of nonconvergent 

calculations and thus the accuracy of subsequent convergent calculations 

Has improved. It :i.s recn J led thnt, ,.,,hen the plant is in mot i.on, the en lcu -

1at ions converge during one qunrter reriod in each h.·ll f system cycJ e ~ and 

from this, it tvould h~ exrectcd thnt d."'lmFe:r gain ··•ould he chan3ed in quart­

er period steps during the adaptation process. This is borne our in Figure 

30 t<~h:i.ch i~ ~ time history of the adaptation process Hith the servo lock in 

oreration. 

The run ~hown in Figure 10 is identical in nll other respects, except 

the use of the servo lock> to the run illustrated in Figure 29 thet is, 
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1.. ·.i. H is sa~n t h.1t 

c ~ o s e to the J:.recH.cteJ \.<" L!e o'~ K_, = 0. 3't!+ i.u 2. J seconds. .t' .. fter three 
'l 

se r. ond s nmnine; titnf~, the Pirplane mocion drtmp~d out nnd no values of 4 

were available until t = 5 sec. ~uring this intervnl rl~mrer gain remained 

cons tn nt at 1'?. = C' . "!. At t ::.:: 5 sec.; the ni.rframe \·las perturbed by A.n im-
u 

pu 1se ~nd the comr,uter begm. generating values causing damrer gAin to be 

int o t he ~ ' ~ 0.34 to 0.35 region again. a v 
The time history of Motions 

resul t ing f rom t he serene! im1•ulse etlso serves to illustrat:e the behavior of 

t he ada.pted ni rfr an1e "1hich di s plays a donping rntio::;; 0.7. 

A zerie s o f r uns \¥as n·,a·le with the servo lock in oper.r1tion usi.ng eight 

d i fferent vnl ues of ad.'".!pt.:ltion servo enin ranging fron: Ks -= 0.1 to 5~0. I t 

\Ja S .found from thi s series that V<'< 1ues of R',.. exceeding 1 . 0 cansed an ex·· 
0 

cessive ove~shoot in damper gain during the ndn~taticn process and that 

value s o f K less than 1.0 res u lted in 3 smooth aJArtntion transition, but 
s 

time require d t o fully adapt was approximate l y inversely pr oportiona l t o 

se rvo gain . On t he basis of the se result s, i t was decided thot K = 1. 0 
s 

wa s optimum, and a second series of runs wns conducteJ to investigate t he 

operation of the adaptation loop, with this gain setting, at ench of the 

11 flight cond itions. Table X is a sample li s ting of the computer output f or 

the t h ree degree s of freedom run rerformed for flight condition 7 .. from ~>lh l ch 

t h e r ender can see the stepwise manner in which adaptation is accomplished. 

Items o f interest in this program were the time required to adapt the air-

frnme from it s bas ic un- nuer.ented condition to daMring ratio= 0.7, and the 

s teady r.tate val ue of dar.-.rer g::tin upon completion of adn1 tlltion. These value s 

ara listed i n Table XI for each fligh t condition. Other items listed nre t he 

theoretic~lly rre1ictecl gain fo~ adnptation aru1 the basic airframe short per-

io1l dnmri.ng ratio. FgiuH: '30 shol-7S thnt the ste.~dy stote damrer gain exhibit-

e el small arrplitude fluctu.:->.tions about a r.Jean vnlue d11ring operotion)) and it i s 
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Figure 30. Time History of Airplane & Control Surface Motion 
and Pitch Damper Gain During Adaptation Process With Adapt­
a t ion Servo Lock 
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Table X L1sting of Computer Output from a Three Degree 
of Freedom Flight S1mulation vll th Adaptation Loop Using 
Servo Lock 

f I :·,L - S u: 
. uooooo 
. 0? ')00 0 
.0')0 000 
. u rso oc 
. 100000 
.12S OOG 
.) ')0000 
.1 15000 
• L'OOOOO 
.2 25000 

T I :--~ t - S l: C 
. 250000 
. 2{5000 
.5 00000 
. 32')000 
. 3')0000 
.575000 
.400 UOO 
.4 25000 
.4SO OOO 
.4750 00 

T IrW:t: - St C 
.':>00 000 
.52') 000 
.'):)0 000 
.:>75 000 
.. 600000 
.6 25000 
.650 000 
.675 0 00 
.700000 
.725000 

T n·.E-SEC 
.750000 

~ .775 000 
• t<ooooo I 

. d25U00 

. dSOOOO 

. 875000 

.4000 00 

.9 25000 

.9 '10000 

.9750 0 0 
T I ~~-a: -S [ C 

1. 000000 
1. 025000 
1. 0SOOOO 
1. U 7S OUO 
1.1000 0(; 
1.1 25000 
1. 150 000 
l.lfS OGu 
1.200000 
1.225000 

T l r •• t: - S t= C 
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MIT sys tem, and as woulrl be exfected! these (light condit1ons ~ith 1 ~wer 

value s o f b::t s i c clam1·ing ratio exhibited Jongcr .-::(1crta.r l.on times. The ex-

per imental values of steady state damper gain could be determLned et best 

with t wo p l ace accuracy, but even so, reasonable agreement with the theo-

r etlcal va lues wa s obtained. 

Considerations in the rractical }~chanization of an 
Airbo r ne Dig ital l)amping Rntio Computer 

Perha ps t he bes t me thod of revie"t..;ring the finally 11 UI'timized" Adapt-

ation pr oce ss is to foll ow through the f l ow diagram of Figure 31. which 

illustra tes the pr ogram s eque nce to be f o l.lo~ved by the l ropor.;ad airborne 

datlping r~ tio compute r . The pt·imary di ffe r ence bet1;.veen the s5.rbcrne com-

puter a nd the ~ - {J}n so lution progr amme d into the three degree of freedom 

fligh t s imu lation is the requirement for 6n analog to digital converter fer 

pitch r a te i nput signals and a digita l to anAlog converter for output s: gna l s 

to the a dapt ation servo . I t "Wa s f ound from the simulatton program that s i m1 l e 

trape zoida l diffe ren t iat ion o f B a nd Q yielded sufficiently accurate values 

of 8 and 'g' for !.! S B i n the ~- U.~ ca l cu l n t ions . 

From a short prel~nina ry s urvey of computer requirem~nts it ~as deter-

mined thnt a s pe cial purpo s e d i gital computer having a 130 wor1 storage 

capacity and & repe rtoire of 12 a r ithme tic and manipulating instructions 

would suf fi ce for t hi s applicAtion. And, if it is assumed that each in-

struction r equ ire s 5 microseconds for e xecution (a r~rresentative state-

of-the -a r t-es t irnation), the sequence from rmv clata tnput to generation o[ 

a ne tv adc.pt a t ic-n- ~ervo command \vi 1 1 require 12 ~ 600 n·icroseconds ~ or in 

other \olO rds, the t otal cycle will have a ma>dmum possible repetition rate 

of 8 3 times per second. Houever, the cycle utilized i.n this study \,ras re-

pea t e rl on t y 40 t i.Mes/ second .'t which leaves a comfortab 1.e e)(ecut ion< s~ eed 

ma r g i n. 
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Figure 31. Flow Diagram of the Proposed Damping 
Ratio Computer for Use in the Adaptation Loop 
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V l T.l C01.G LUS lvk 

It has been cleP1onst rated that a simple, specia 1-F•H'pose dig ita 1 com­

puter can be uti 1 ized to deter~mine the natural frequen~y and damping ratio 

of the short-t·eriod mode of the free longitudinal oscillations exhibited 

by a r epresentative high performance fighter aircraft. And~ it has also 

been shown t hat the calculated values of damping ratio can be used in a 

closed l oop manner to vary the gain of a self adaptive pitdt damper which 

ia capable of ma intaining constant airfrnme short-period damping ratio over 

the ful l speed and altitud~ range of the vehiclee The system investigated 

is capable of performing the adaptati..on process~ from basic unaugmented 

airpl ane t o ~ = 0 . 7, in a p2riod of time ranging from 1.4 to 3.1 seconds 

depending on flight condition; and this speed of operation was shown to be 

similar t o t hat of the most recent MIT flight-vehicle self-adaptive system. 

I n conducting an evaluation program with the pro~osed ~echanization, 

in conj unct ion with a longitudinal three degree of freedom flight simula­

tion, i t was found that measurements of pitch rate rather than pitch angle 

were necessary t o extract the short pe riod characteristics from the combin­

ed phugoid and short period motions. First and second derivotives of pitch 

rate are t hen det e rmine d in the ad.aptation computer .and sampled values of 

~. ij, and ~· set into the iterative routine for det2rminatton of short period 

damping ra t io and natural frequency. The system requires no perturbation 

signals or Jimit cycling for operation of the identif1~ation process~ how­

eve r , t he system t-lill adr:.pt only t~hile the airframe exhibits pitching motion. 

It should be emphasized that the mechanization investigated in this study 

is no t a complete longitudinal control system~ in that there iS no pro­

vision f o r external pilot-input signals. However 6 it was proposed in 

Chapter V that Corbin~s fonmrd-loop-gatn computing systtm could be con­

ve r ted from analog to digital form 9 and used in conjunction with the present 

computer routine to enahle the introduction cf cxtetnd.l .. ontrol fpp•··ts. 
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..:ih 

It i!> felt 

sre~cd and uccuracy c f th~"!. a dar tdt i OH process could be gredt ly enhnn'-ed. 

Other factors \lhiel,. l.·ould re<:tire i.nver,tigation befc:rc a pra'-tical mechr~ni­

::a.t ion could he nccor 'P 1 ishe..l ar-e: 1 • the e f feet of noise (.1tmosrheric tur­

bulence) int ror:hced into the forw.a r-J loop, 2. the effec t s of cont ro 1 sur­

face rate ~nd aruplitu1e liMitinzb dnd 3. the influence of transducer in­

accuracies end noise on the oreration of the adaptation loop. 
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Appendix I 

Table of' S t ability Derivatives of a. 

Represenialive ~jh Performance 

Fighter- At t o:.c)( Aircraft 
Altitl/de !OJ 000 f't. 

/1:: o. 9 H= I. 2. /'1::::. /. 4- /1::::./.8 

Cmit:. 
Cm~ 
Cmec-
c,.,. 

a:. 

CLo:. 

CL;f; 

Cn8 

Cn0~" 

Cncfa. 

Cn,_ 
Cnp 

C.lB 

C.J&,.. 

C_p_J« 

c.~.r 
C_p.P 

Cys 
Cy,. 

c 'iJ,. 

c"jp 

Coo 

,.. 

-. tD78 -.~41 -.338 

-10". 9J -4-.JS8 -3 .2.+4-

-.-9-75 -. 6> 6S - .SI.S 

-. 88! + ;!..03 -J-.7Bs-

4--. 2.. 2- 4-./8 C.-89.> 

.5'03 .2-7!!) .2.14-

.2.05 . 198 . II 2. 

-. 3'f4- -. 2-93 -.2.2-4-

• 0134- • 0031 • 002. 8 

-. '1-31 -.~4-4- -.3GO 

.090 . 0 6 4- .oS4-

-./30 -. I .2. S -. J/7 

.Ill .088 .OBS 

. 00.9 .. oo~s .0037 

. 1~1 . /4-4- .118 

-.34-S -. 2...5.5 -.2.1 
.. 

-/.1$ - 1.0/ -. 8! 
.. 

. 720 . .5"73 . ~3.5 

--

All derivatives per radian 

or rocduxn ,Pel"' ..sec. on d 
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M=o.e 1'1= /. 2. /1:. /. 4- 11-= /. 8 

Cm;t. -. 831 -.SrD7 -.9-18 -. Z.tD& 

Cm 9 -6.3/ -3 . .95" -3./8 - 2.36' 

C/'l)a. -.607 -.BGS -.G7CO -.q-Ji!JS 

Cm· a::. -/.I/ +- 2.. z.o +-.973 +. eso 
CLa. 4-. '7-8 a. eo .J.oss 2... 2.9 

c~..it .GOB .3S8 .2.64- ./70 

Cfle. .2..34- • 2.4-1 .ISB .04-8 

Cn6,. -. 370 -. 3 a 8 -.C.SG -.1 G 8 

Cn.ra • OlfJ/ .0~2.8 .002-8 .002.8 

Cnr -.4-72- -.t.J-88 -.4-10 -. 2.. 70 

Cnp ./ 00 .078 .070 .062-

c..~.e -.1~8 -.15 -.13 ~ -. 087 

C.J.;,. • 12..4- • 11.3 • J ()0 . 07.S 

C.JJ« • OIJ 6 • OOSJ5' .OO'J.bZ. • OOJ3 6 

C_p.,. • J 83 .IS"~ .I.J 8 • I I 4-

C.Jl,P -.3BS -.3) -. 2.G -. 2. 0$. 

Cys -I.Z.2.. -..;. I -1.0 -. fJS . . 

Cy,. 
., .... 

- .. 
Cy ~,. . 808 .64-2.. . .soo - .3SO 

Ctp 

CDo --

-·· .. 
·* 
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A/ti tvde 

M::= o.e /1-::.. /. 2. /1-::::.. /.~ H~ /.B 

cM;t -.891 -. 74-S -. SStE -.867 

Cm~ -4-. f:JB -4. 7/ - 3.83 .,.. 2. . .so 
CmOt. -.72-2- -/.liD - .9/S -.602. 

Cm· ()(, - /. 3G +;!. • .3 7 +-/.0 7 +-. 90 

CLot- 1!}-. 74- 4-. I !3 a.q-3 2..~7 

CLit . 7i?..S .~7/ . 352.. .2-32-

c,a . 2.G7 -2.87 • 2.0t: .oss 
Cnt!r -.389 -. 36'4- -.2.81 -. 2-0/ 

Cntfa .0131 . 0/0 • 0/0 i!. .010 

Cn,. -.S40 - . .SSI -.4-70 -.3&-3 

Cnp .I 2- • I 0 2. . 084- .082.. 

C.A.s -.1$8 -.171 -.1 tSO -.oss 
c.~.~,. -134- .I 2. 9 .118 .087 

CJ.~a • 0138 . 012.7 . 00.98 .009 

C..a.,.. :2.4-2. ./78 . 13 ~ .114-

C.JJ. P -.4-2. -.36 -. 31S -. 2. B·· 

Cy(J -). 3 0 -I.J.!J -/.10 - .s7· . 

Cy,. ··· . ...,. - .. 
CYtSr 

.. 
.970 . 710 .5&8 - .4-19 

Cyp 

CD6" 
. -

... .. 
·"" 
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AirrJane 1nc! ~s 

IX 

Iy 

rz 

Ixz 
~Iing area 

~.Jlng ~1)c1n 

l·ri.ng l';)ean .1e rodynar.1ic: 

Wing as~ect ratto 

I ' .\.e 

(..horG 

l, 110 slugs 

l 9 ~ S 1~ 2 ~ 1 u~- f t c 

2 

? 
12 9 ~ 53 J s 1 ug f t . -

16 53 ft. 

12. 2!~ ft. 

J.l9 

? 
13. ')I) s l u<::> ~ f L -
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DERi VATIVE 

c 

c 

c 

c 

c 

m 
q 

rn a: 

mp 

nJ 

n 
r 

r 

I o...t 

,-. ~ T 

.:.) .L.,: • -~ L ! . ' - .o. · - t...t i 

: .. o 11 ir~g n or.:er.t / i1. i l-=.run d~ f!<;:ct fon 
i. n dyLtl:lm:i. c st a bi 1 i>:;T o 

?.e>lline morr .. ~n;:/ ntdJer .Jcflt.:ct:ion cross ccu~ li,.g t~;,.·r. 

of little ir.lp..,rtanc8 'lr' Jyr1<1mjr St:'ihili v. 

F.cl!ing mor.er.t/ rol1 uHe- vi.Gcous lthnl trg tn nJI 1 ~ 
balances <!i lero,..1 moment t·o pro,luc~ n conf:t~Ttt i. )llinJ 
velocity for a cii.ven ailecor. uefl 'ctionE h~r. sr1t 1 1 
dan1 lng eff~ct 0n lateral-direct1 on 1 ~piral mod~ 

Holling mo,l~ntl yauing ve1c.city- contributes slightly 
t0 Dutch roll~ rnoct inTo•~tflnt ct\use of spir;;.l diver-gence 
mode. 

Rollimg monanr/ sicleslir angle - deheJral effect~ large 
negative vnlue w~Jl produca JOOJ spirdl characteristics 
and poor Dntch roll ckl racteris tics. 

Rolling ,-:;oment/ s tdes 1 tr, <lngu L:n.- rate~ uSI.l<lll y n~g 1 igib L~ 
in magnitude. 

Pitch ing ,:inment/ elevator deflection~ control derivative, 
li t tle ir;•portance in dynamic stability. 

fitching moment/ ritch rate, viRcous damping in pitch~ 
large effect en 1nn~ing of longitudinal short period 
rr:ode. 

Pitching rnornant/ rate of change of angl~ of attack~ due 
to aerodynamic tirue Jag and a~roelastic effe~ts, ~ontributes 

to damping of longitudinal short rerio~ mo~t. 

Pitching m(w.cnt/ angle of attnck - p~od•Jces u::sto1 i.nz monet:.t, 
cstablish~s frequency of longitudinal short period ~ode. 

1-'itdlint. J:Od<~nt' sideslir angle - 1etoJy,1(tmic ~rvss cct.q:.H.n.s 
det·ivative. u::;unll~· neg1i~;,,ih1_e in .. 1..:gnitude.. 

Ya>-1.i.ng ;';1o,~c:ll.t/ rudd~t de flection·· cvn\.tul ~rrh•:-t~.\·C., l:i.tt 1 f.! 

import.tH:ce. tn dyna1dc s tability. 

Yawing moment/ yaw rate - viscous d91ping in yAw. ~~jar contri­
butor to d~~~ i~g in Dutch roll (lateral-~lre~rional short peri­
od mode: • 
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c . 
n f3 

p 

,... 'v ., . 
~ /3 

' r 1 ~ l'<t - ., __ ':'o·l;rna•llil.. \.:!O:>~ ..:..cur1i_r,~ 

C<'iL ;.~l.t<?.S S l 13htl~r to drt.i1f·int, ... n uJtch 1.'01.1 .• 

Y.l,.L;:; •)• -.J.Et/ siC::e81 ~~ .q-··,jle - p:cduc.er-; dira:.tio~ial re­
storint;,, 2rit ~ est.ablist..lt:.r:' frc.>q;en y cf :Jntch ron. I!JCd1~. 

Ya li.'1.; no •::nt/ sir~esli.', ane·.t 1 !-lr 1·a .. e - contributes s 1 ightly 
to .~- ... r.:..n0 cf )ntch ro! 1. 

Ya~tn3 ru~nt/ ailetoc defection- control cross =curling 
derivativej little lnportnnce in rlynam!c Rtabilitv. 

cii\"! fo-rce/ siieslir ~·<~31e- ~ontributes to d;~~ping of D•1tch 
•:o 1, • 

Sic:e for.cc/ 1011 n1te - .:.crorl~·nal.lic cross cou~ 1 he d~ri"va­
ti~,;e~ .. :[!~r.;":.u ~~ us11al1y ncgli..gi.l>le~ 

Si.Je force/ ~i.dcc;1Lt- t:-•zu 1 ar r;..-.tc- magnitude US11ally 
nez 1 :i.gi~.i l~. 

!... i ft/ a.n0le of art •cl· ~ ~f:fects frequ.::ncy of' 1ongUudina.l 
phugoiJ ·~de~ ha~ n 1jor ~ffect3 on aircraft naneuverahility. 

Lift/ rate of chanz~ of an3le of a~tAc~ - due to de~oclynamic 
ti ~ Jgg anJ aeroelast{c ef~ect~, ha~ negligible effect on 
dynamics. 

Lift/ e 1 cv~tor ~eflection · rragritude negligib 1 ~ for conven­
~L..n<1l ~d.rcr<'ftJ has effect on taiUess aircnlft and tho s e 
with short tail length. 

1l.h:r 1 ane (ir.:lt; r-ocffict~r1t •· pdm:.ry -so'"'tl t:~-~L;l. to dam1-in~ of 
1cngitudin21 ~h·.:J_of.d or:-:i 1 ~-·tton, 

DrEg/ 2ngl~ of dttact - negligible eff~ct onloLgitudinal 
rhugc:id t<~n:-:~;: becan~e thi.~ ll•ode tab::s p lacr: .:.H const.a:--,t ang 1.e 
0 f a..: t.aek. 
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t on ::; ; Force 

Ft·orr. ::la s r.icRl I ec..hth.ht; 1 the e~ustions of £notio • ,_ ~ a ti..gi1 h'"Y in free 

Fx = m ( u + Cf w - rv) 

F y = m ( v + ru -? w) 

1a r a nd a 1 in~ar vc l.0.C 1 'i.Y anti c hun re:pre.sent -::en~ :c f. pet.::, 

t hree equations ~cr~esent nc ~enLS er e te~ by inerti~l c1os~ ~ou~lingo The se 

1 , ~ 



' 1 ! . 

pointed cut tl·".t tk' .... 

cnuses the T ·!oc~.Jt.t:s ,Jc it,0!·ti.:.' I,, 
·' 

~n:. s $ 

terms are signif i cant in a tun>OJI1t ro·.,ered aircraft. rt sh~,u tcl he nct e d 

. -2.1t ~. • · 

. ,, used t~ 

"! 1 I 



rd 

· ... : 

.; .. ~ ... - '· 

V ~ V .Sin B 

' ;!..,:. 

a.'rflane forward velocity 

~ V.8 

w~ Vsin c:c ~ Va 

. 
v ~ V8 

'\(.t. (l· 

as ross ib le ov~t· a t...: i. ·1e rangro:: ·•f fllght conrHt: kns 

of the term 
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e = ~ C0.5 ¢ - r sin¢ 

¢::: ? + <; <.SirJt tan¢+ r cosp tan e 

'f/ = ( 7. sin¢ + r cos ¢) .sec e 

S and ¢ can be integrated to obtain g an~ 0 which are used in the equa­

tions of motion. 
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E~Ui:.TIONS OF HOT ION 

.r . \ 

t ion con~ ide n~.t tons because the phugo id norn1~ ll·; do•~s not cause t·ny -~eler-

iorat ion of hand 1 l.ng qualities. Tu Sect 1 on Tl I,. ~ trans fer funct ton of the 

n1ode of intel'eSt: i.n ~tahi.lity .augrr,.~nt.ati.t~n S}'St:.:tnS r:mst b~ i•).C hde.d in the 

block diagram of the rroiosed ritch dam1ar to enahle an AnAlysis of the 

s y s t~m . Thus, the lon~ttudinal short-p~riod Lrans[er function must be de-

£he Jegrees of freedorra of 

e Ac 
Cmit it 

AcZ-
Cm . 8+ .A£_ 

:;: 

Iy + C. Vly z: Cma;Lla::; CJ_ra 

a, =8 + 9 cose 
_ _L 

CLaa v mv 

to forn1 at, equivalent C tnc;.+-a 

. e ) 
W= -2. sv-c~ a-trim 

~a 
anc z. cos e ~ 1. 

The dt ffererce het\oJcen a:: atLl 



ti = Aic C!in
1
· i t +- A <5 2.. C 8 + Alyc Cm,.... a , 

y r. 2. VI y m crriz '-"-' 

The next step is the introduction of the ~lfferential orerator» S, and the 

elimination of Angle of Gttack from the equntions ln order that the 

e quation may be ohta tner~ . 

or: ex, = __ e_s--;r---­
s + :v CLa. 

Substituting a, 

The e 
it 

2.. Acz. Ac se 
8 5 - 2. VLy Cfl'J CJ.+a 88- Iy Cmo; -±-c 

transfer f~nction is: 

e --r;:- = 

5-!- mv L~ 

rearr anging 

e = 
it ( .:.. (~ Ac.2. )-(Acz.. A Ac. C )) S 0 +5 mv CLa.- 2VI Cm;. Z.VI Cm,~ mv CLa- -L ma:. y y y 

11.8 



t l ,. : n 

e Ire ( s -r Te ) 
it S(S::.. -t2.t;u.Jn.S -t-Wr/) 

It can ~e seen thAt the steA!; state transfer function is eq~entiaJly 

, 1 q 
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A, tho110h :1.n.:-., o;; co1 } ute:cs r re ~~ene rn ~, ~/ usC'd to sin u l~te syste .. 1 

clynnFti.cs, i:he syster::s Lnvest i.:;n.ted i.n this .c;tudy ~··el'e s.ir:uJated ott n store(: 

p1'0gt'~f;1 1 6Cne t't. i. ;'Uq uSe dig ita 1 COP)pUtCt' US in~ techn i.ques Simi l.nr to ann-

1 og cortr'.tt er rrog:La;:;s. The techn tqae~; ~rc similar in that both t:lcthods use 

equ.:l t ions of motion; e:.1ch cc;1..i~ t ion of 1:10t ion represent :tng et dcerec of fn~e-

emr l oys <l step by ste·."' Sl!t'_._rd so],lt..;_on. l-. numhcr of di.3ital integrnt r_on 

techn i.q 11e~ are nv~ i 1_nb J.e, ranging Ct.·on• c; Ln:r.le rectnn~u lt1 "=" inte:.;rat ion to 

hi~hly accurate, but tit1e consUJ·Lr.J r·.ethous, such as the I~unge-Kutta numcri-

ca l integra tion. The techntqna selectl!d for thi.s study is a morlificd fotrn 

of the t r~pe zoiJal rule nncl is sho~n below, 

h . . 
l<n = Xn-; + y[ J Xn-t - Xn -;;..J 

'!here: n- 1: dt~note s vn.' '.t.es COI'lpute.J in Ftevious cycles 
h ls thu Hit: th, i.n time, of the COtlfUtat ion interwll. 

!'.. major (l ~fference br..!ti .. een the dtgltr-1 soJution and the concert of the 

nnslog flow diagr<1m lies in t1tc fact th.:;t the tligital r'ethod performs i.n-

tegrc. t ion of 1.oHc r ordered j~r i.va t i ves ~irst, As an exaJ'li le ~ the Rt er s 

h . . 
Xn = Xn -1 + z..f 3Xn-1 - Xn<:.J 
. . , ... .. 
Xn = Xn-t -+- ~ [ J X n-1 - X/)-2.] 

Xn =-C.. ~(J)n Xn- Wl}z. Xn 

12(' 



The r:'Of.tllt~'t:iun ('_:C 1 t?. Lf' .-.;.~:-edter.! <-'lt' hi_gh nHe and th~:_ vtllu.es of XJX)!/. X 

gt.::n(~n1tc:d in t'ach p':>s n.•p:.::;r,,2ni: 1 oi.nts on n t i.na?! history of systcn motion . 

. t:; s i.tr•u 1a te•1, the i.ntegrat ion~ for e:-tch c(iu~t len of mot ion .-n c rer fotr!led 

in <-1 seria 1 manner such th::tt one pass is executed through a 11 equations 

be£ore recycling. 

The accuracy of this technique is, of course> a function oE the 

l.' idth of tin'c increcPent bety.-"eer, co:nr11tf.ng cycles, :md it uac; noted thAt 

when using tl•e method d~scribcd Above, integrAtor errors were manifested 

a s an undamring of the syst~m dynamics. In some lightly dnmped cases it 

'-'il S found thfl t cumu J.~t i ve integrator errors actually caused the solution to 

dive rge, the corrective action being the use of finer calculation inter-

val s. !t has also been noted tltat the recp_ttred fineness of crt1culation 

ln t e rv~ls i s a function of both the period of the system mode of highest 

f r equency and th~ damping of thi.s mode. A rough r ule of thumb is the use 

of 20G dtvi s ions per re r Lod for ( = O. 1, dovm to 50 divis:.ons ~·er p~riod for 

~ = .5, to obtain one percent solution accuracy. 

The fo ] lmvlng fi.ve rages are s~mple listings of: two of the FOETl"1A!!­

pro g t·a.mming-1Clnguage programs ,.;rittcn for this study. The first is a 

s~cond ord~r systetr. and th~ second a three degree of freedom flight simultl­

t i on . The programs were run on both the CDC 1604 and the IBM 7090 general 

pur pose ciigi.tal comruters, 
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S ECllNO ORDt:R PLA~H IDE NTIFICATION ROUTINE 3 

M=l 
_ l _READ_ l l~P UT TAP E 3- ,2., ACH ,\1 ,_ _ALT, DENSTY, Vt LX, J)YNPRS, lli.E.Jf.\, __ CTIH::T l A, ST HETA, ALPHAT, TH RU ST 
. 2 FORMAT ( F4.l, 16, F8.7, F7.2, FB.l , 4F7.6, FB. 2 l 

I~ t: A tJ I f'H:) U T f A P t 3 , 3 , C M I T , C M (J A , C M A , C l A , C L D [ L E , C 0 U , Til £ D 0 _3 _ F 0 RM A T (. 6 F D • 3 , r 8 • 4 ) 
WR I TE OU TPUT TAP[ 2,4, ACHM, ALT 

-~DBJ·iA f _ LlJilJ / 58H ___ U:lREL DEGREE . QF__ EREEOO.fi_FLLGHJ _ S lt!ULATI ON __ M 1\CH l NUMB::R = F4 . l , l2H ALTITUIJE= 16) 
- - I N IT LJ\ L_. CQNO LT ION S ___ _ 

J= l 
__ J l = ~ 

K= l 
_ _L = L ___ _ 

L 1 =l 
__ TI ME =G. 

SRVGN =. 25 
. ____ QA tv:PR =. 7 _ . 

DMPG N=O. 
__ QA !\1 P.R..2 = • . 4. __ 

ACCL N= O. 
__ OMEG AN =O. 
50 ALP HA=. 5 
__ _ AL PHO=O. ___ _ 

ALPHD : =O. 
__ THETD_= O .• -------- ----

THETD l =O. 
- __T HEDD l =JH EOO _ 

THTTO= O. 
_ _ THTTD2= 0 . 

_VELCTY=VELX 
--V ELXO=.Q_. _ 1 

- -- ·---­

VELXD l =O. 
__ AC TJ~O S=_O . __ _ 

ACTVL= O. 
_ AClVL. l =O. ______ _ 

ACTCL= 0 . 
__ ACTC Ll..=.O .• _ _ _ 

SIGNAL =O. 
___ Al PH/\2 =. 5 _____ _ 

ALPH 02=0 . 
~ THET A2=. 5 _ 

THI::T0 2 =0 . 
__ T tiEQDL =:. LHE QD ___ _ 

5 WR I TE OUTPUT TAPe ~ ,6 

.. 
~ .-.L.._. - --·---· -· 

----·-

6 FORMAT C 105H TI ME: -SEC THETA TrlETADOT FWD _VELOClT'( ACT lU ATOR POS NORM ACCEL DAMPER GAIN OMEGAN .~ OAMPR) 
7 WRITE OUTPUT TAPE 2 ,8,TIME, TH_ETA, THETD,VELCT Y, ACT POS, ACC LN, 

l DMPGN, OMEGA~, OAMPR 
8 F 0 R tv'~ AT_ ( 9 F l 2 .'6 l 

IFCL- l 000 l9,la* l2 
9 L=L+l • 

IF(Ll- 200)51,52,5 2 
51 Ll=Ll+l 

GO TO 1~ 
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SECOND ORDtR PLANT IDEN TIFlCAliON ~DUTINE 3 

:52 Ll =l 
GG_ _TJ] __ S Q __ 

12 CALL EXIT 
ACTUAT Ok SI MU~A TI ON 

14 ACT POS=ACTP OS+.0 025 *( 3 .•A CT VL-ACTVL 1 ) 
ACTVL:.=ACTVL 
ACTVL=ACTVL+.002 5*(3.• ACTCL-ACTCLl) 

___ i\CTCLl~ACTCL ______ _ ----------
ACTCL=-ACTVL*49.-ACTP OS•l 2Z5 .+SIGNAL*l225. 
INTEGRATION OF - LONITUDINAL ACCELERATION TO OBTAIN V~L D CITY 
VELX=VeLX+.0025•(3.•VELXO-V ELXDl) 

- VELXDl=VEL XO 
VELXO=(THRUSTilll0.)-(A0V t K M *CD0)-(AOVERM•((CLA~ALPHA)**2. )1(3. 1 4~ 

_15 9 3._3_ ._3:._ 9 ) J -:-_( 3 2._ ._1 8 * S l N F ( T H E T A ) ) 
VcLCTY=VELX 

·- _ CALCULATION OF AERODY NAMIC PA RAMETERS DEPt:NDENT ON VELOCITY 
DYNPRS=DENSTY*(VELCTY**2.)*39~. 8 4 

__ ACIYY=lJYNPRS•l2.241l29533. 
AC2VIY=(ACIYY•l2.24)1(2.*VcLCTY) 

_ _ A fill V = D Y J.J P R S I ( VEL C T Y * 111 0. ) 
AOVERM=OYNPRSilllO. 

~-- SOLUTION OF EQUAT I UN S UF i'-i OT I ON _ ---~--
THCTA=THETA+.0025*(3.*THETD-THETD1 ) 

_· _ T f lET D L=_lH E T D 
THETD=THETD+.0025*(3.~THE D D-THEDDl) 

----------

___ T_HEDDL=_THEDD ______________________ ------------ ·------ --· 
THEOD=(ACIYY•CMIT*ACT PO S)+(AC 2 VIY•CMQA•TH ETD)+(ACIYY~C MA*(ALP~lA-AL 

_ lPHAT)) 
ALPHA=ALPHA+.0025•(3.•ALPHO-ALPHDl) 

___ A L PH 0 l = A L PHD 
~ ALPHO=THETD+(32.18*COSF(THETA)/VELCTY)-(AMV*CLA*ALPH~) 

_ C A L C U LA T E N 0 K ~·,A L A C C E L E R A T I 0 t\J _ . ______ · ___ • __ _ 
ACCLN=(CLA*ALPHA*DYNP RS)I(lll0.*32.18) 
PITCH DAHPE:R SIMULATION 
SIG~AL=THETD•OMPGN 

___ ·TIME=TIME+. 005 
D I F F E R EN T I AT t.: P I T C H I ~ G 1\ C C E L-E RAT I 0 ~ 
THTTD=(TH~DD-THEODl)/. 0 05 

ADAPTAliON SERVO 
DfviPGI\l=Dfv1PG ~J+ ( (. 7-DA1'1PR) *S RVGN* .005) 
IF(J-5)l5,16, l 6 

15 J=J+l 
GO TU 14 

-· 

... 

.•. ' 
... 

16 J= 1 --- - ·- - ------- - -· ---- ----
CALCUL ATE NATURAL FREQUENCY A~D DA MPING RATIO- ASSU MED DAMPR=.4 
D A t"1 P R l =DAMP R 2 

21 GAr~r-1 A= DAM PRl * THEDD2 I THE T 02 
R E T A = S Q R T F ( G A r-1 r-1 A* * 2 • - T H T T D 2 I T H E T 0 2 ) 
OMEG A~ =-GA MMA + ~E T A 

D A i'-'1 P 1~ l = - ( T ~i T '1 U I ( 2 • * 0 tv: L G A N * T H E 0 0 ) ) - ( ( 0 f", E G A N * T H -= T 0 ) I ( 2 • ~ T H E_ D D ) ) 
27 I F (Jl- 20 ) 3 0,~:,3 1 
30 Jl=Jl+l • 

GO TO 21 
31 J l =l 

IF( OMC G A~ - 8 . ) 25 ,2 6,26 
2 5 I F ( 0 ~-1 EGAN ) 2 q_ 7 :? 2 , 3_2___ _ _ .123 



. 
1 

SECONU ORDeR PLANT IDENTIFICATION ROUTINE ~ 

3 2 I F ( D A M P :<. 1 - 1 • ) 3 3 , 2 6 , 2 6 
33_ lF LOAMP..ftiJ26 ~-f-14, 34 
34 DAMPR=OAMPR! · 

DAJ"'lPR2 =DAM PRl 
GO TO 29 

2 6 DAMP K l =DAr•iPR2 
35 GA~MA = DAMPRl•THEDD~/THETD2 

B ETA= S Q k T F { G A IV\ M" A* * £. • - T H T T D 2/ THE T D 2 ) 
0 f'-1 E G ,\ N =- G A W-1 A- n E T A 
DAtA, P R l =- ( T !-iT r 0 I ( 2 • ~- 0 M c G AN* T J-1 ED D ) ) - ( ( 0 M EGAN* T H ET D ) I ( 2.. ~ l_l-i E IJ D L) _ 

36 If(J l - 20 ) 37 ,3 8 ,38 
37 .Jl=Jl+l . . 

...... ·-GO TO 35 
_3 s_.JL;:; l. ~--. _ -· 

IF(O MEGAN-8.)39,40,40 
39 IF(O MEGAN )40,41,4 l 
4 1 I- F { ()A H P R 1 - 1 • ) 4 2 , 4 0 , 4 0 
A2 IF(DA MPR1 )40,34,3 4 
40 DA~1PR=. 7 

1 
___ wRlT!::_ OUTPUT_ TAP E 2,43 ___ _ 

- -- -----------·-- - --

43 FORM AT (31H NO SOLUTION FOR DAMPING RATIO) 
29 THETD 2 =THETD 

TH::ODZ=THEDO 
THTTD2=THTTD 
IF{K-1 0 )17,18,18 

_l_7 _ __K=K._+:. -· 
GfJ TO 7 

18 K=l 
c;o TO s 
E 1\1 0 { ].. , \..1 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0, 0_) ________ _ _ _ __ 
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PLANT IDENTIFICATION ROUT INE_S ~COND OR CER 2 
XEC 
I=1 
J=l 
K=l 
Xt)O= O. 
XODO=C. 
XC=lo 
XDN=O. 
Xf'.;= l. __ _ 
TI~E=O. 
XOOO= Co 
XODOC=O. 
~RITE OUTPUT TAPE 2,1 

l FORMAT C1Hl//4~H PLANT IDENTIFICATION ROUTINE- SECOND ORDER) 2 CAMPR=o4 __ -------------------- ·--- ----XODN=-2.4•XON-36o*XN 
XDINCR=CXODN+XCOOl•.CO D25 _ 
XCN=XCO+XDINCR 
XCDO=XCDN 
XINCR=CXDO+XDN)*.OC025 _ _ _ X N =X N +X I NCR _ .. _ _ ______ _ 
XDO=XON 
TIME=TIME+.OOOS 
IFCI-H~OOl4,5,5 

4 I=I+l 
GO TO 2 ----- -- -

5 I= 1 _ ------------------··----- _ "RITE OUTPUT T~PE 2,6 _ 6 FORMAT _ _( lH //55H ___ TJM......__E ___ A_CCE_L£&AI.llLN_ VELOCIT_'( ___ DISPLA 

I _ 

lEt'ENT) 
__ __ WRITE OUTPUT TAPE 2 • 7_, T I M_E ,_~Q_Q_N , __ X_DN, _ _!,X~N~---7 FGR~AT (4Fl3.6) 

ITERATIVE CALCULATION OF N~T..U_RAL_F_fiEQUE_N_C__'L_A~_D_O_~M.eJ.NG _R_AT_I__9_ G I V_E ~ STARTING VALUE OF DAMPif'..~ RATIO = 0.4 ' · WRITE OUTPUT TAPE 2',8 _ _____ ___ , ___ . __ ___,_;,._• _4 
_______ _ 8 FOR~AT C25H CMEGA-N DAMPRAT) .. , 9 ALPHA=OAMPR*XDOO/XO ~ 

BETA=S~RTF(ALPHA**2o-XDDOO/X0) Ot'EGAN=-ALPHA+BETA __________________ _ DA~PR=-CXDDN/C2.*0M~GAN*XDN))-((0MEGAN*XN)/{2o*XDN)) OMEG=ABSFCOMEG~N) ~-~· ~·----IFCOMEG-1 00 .)15,16,16 
15 Ot'P=ABSFCDAMPR) 

IFCD ~P-1.>17~16,16 
16 wRITE OUTPUT TAPE 2,18 
18 FORMAT (l9H SOLUTION OIV~~GING) 

. :/ OAfA,PR= .4 ---------------J=l 
20 ALPHA=CAr~ PR*XDOO/XO _________ _ 

BETA=SCRTFC~LPHA**2.-XDDOO/X0) 
O~EGAN=-ALPHA-BETA __ __ _ _ ___ _ O~MPR=-(XODN/C2.*0MEGAN*XDN))-((0MEGAN*XN)/C 2 o *XON )) 0 ~ E G = ~ 8 S F C 0 MEG AN ) _ _ ____ _ 
IF C O~EG-1 00 .121,22,?2 

21 Dr-' P=ABSFCDAMPR) _ -------------1 F C 0 t-1 P -l • ) 2 3, 2 2, 2 2 125 



PLANT IDENTIFICATION~OUTINE SECOND ORCER '2 

22 ~RITE OUTPUT TAPE 2,24 
24 FORMAT ( 19H SXJLUTION DIVERGING) 

GO TO 12 
23 WRITE OUTPUT TAPE 2,25, OMEGAN, OAMPR 
25 FORMAT (2Fl3.6) 

IF(J-2 0 )26,12,12 
---- ----------

26 J=J+l ---·------
GO TO 20 

17 'rlRITE OUTPUT_ TAPE_ Z,J Q_, _ OM_EGAN_,_ O_l\M PR. ____________ _ 
10 FORMAT (2Fl3o6) 

!F(J-20>11,]2,12-
11 J=J+l "'-..·- . . . 

G.O .TO _9 
12 J=l' 

XO=)<'N ----·----------------· ------------------
XOOO=XCN 
XDDOO=XODN 
I F1( K-40) 13,14, 14 

13 K=K+l 
GC TO 2 

- - -- ----· -----------

14 C/lLL EXIT ___ ----·-·--------
EN0(1, 0 , 0 ,0,0, 0 , Q, O,Q , Q, O, C,O, O,O> 
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