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th2e parmieters of the describing function 7- -. 1 'Therelfore, a inj ox'
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frzi tr'ac-er controlled systems with Gaussian inputs.. uith steM input,

=id With ccmbined st 3p an4 Gaussian inputs.
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A ~~~raSIC111 OF HtMA DCR.f

?UNCTICN I,-DDMS TO STW PLUS

H i~. mtodcto

Baexound

In the past several years, interest has been menermtod jr .n-

nachine systais -ith particular e-asis an detemining the role nd

response of nn in the sytea. )thmata cl models, which imtzte

hia behavior durina a .articular task, hae becn develoYed. ?

such as -d :cRuer, and Graha have gained distinction in the

y-roin mea of hbunn- response "odelirg. he Qited States Air Force

has an obviouz interest in tds area becaus- of the relationship

betwmeen rn.n, the pilot, and the mchine, the alrdle.

tie Ur Force ?U±Jit Ep'mucs Laboratory at jrieft-patterson Ui-

Force Base has been conducting in-house studies and contracting for

res e-ch in the Wrea of hiAzh response. Of particular interest at

present Is tbhe developnent of a mod3 that vould .m eict the response

of a pilot in a one-step landng systen. A one-step ladUng systez

wou ld allow a pilot, :.-in- along a glide path towards a mmn-q, to

make one ma.jor ca-ne in his fl-.A path before touchdom. A

prdicton of the pper arittude at which to make this chane is

dapendeit on the characteristios of the aircraft and the response og

the pilot. The mathematicel equations r eonti gr the aircraft

calraeter-istics are kcom, since the fm lton of apropriate



transfor functions is normally accciulishod dirinm the desin and

construction of the alrer-ft. The mathematical equations representina

the responses of the pilot in particular tasks are being devloped as

data is accu;nalated from the ezperitents of marq individual in this

field. Accurate models, which could predict pilot response, would be

of benefit in performing handling qzaities and manual control analysis

during, aircraft dvlopumit, construction, and nodification. Pilot

rdels would also be useful for deternining the feasibility of

perfoming a particular aircraft manuver such as a one-step landin:,

without act'a flylng the aircraft.

In v one-step landing, althoug only one major chane in flijht I
path is needed minor adjustments must be made to prevert the zLrcra-_t

from beine boum off the glide path by wind gusts. Hu~n pIot

describing factio models have been developed for predcting ilot

peyfaiance in contrlling a single loop systm in th& presence of

Gcsoi= input signals, representing wind Cuts. (Ref 9). Adjustment

rUs for setting the permters of the model are well definad and

use extensive2y. (Ret 11). Application of the describin f"unction

MOdal has been applied to nonlear Wstws (Ref 6), and to Wstws

with stop inputs (Ref 14). However, few data are presently available

for deternining pilot perfor-ance in a situation such as the one-step

lnding systm vhtre the input to the system is a Gaussian rando

disturbance plus a ca and step signal. A prelir4=7 stu was done

at the Air Force .ight DYZ s Laboratory (Ref 1 & 3), Also, a dual

node pilot nodel (surge model) has been proposed (Ref 5) and am*

results for random inputs plus ustep-like discontinuitiese are

availabhe. Hwever, ony the pur gain controlled elamezt was

2



considored, and the model is fairly cmplicated.

The Problem

'n evaluation of the esting hInan pilot describing function

model is necessary to determine how well, if at all, the model predicts

the perfovmance of a pilot in a system which has Gaussian plus step

in7uts. A detexmination of the best performance criteria to use in

adjustinZ the model parameters is also necessary, The relationship

between the perforx.ince measures and adjustment rules usAd for a SYateM

with G0ussian inpvut and the measures and rules used for a system with

step inputs should be determinedo Therefore, the purpose of this

thesis is to collect performance data by observing and mcieling human

vabjects operating sinale axis control systaims. The collection and

analysis of these data will provide for a better understanding of

perfor-mce and necessary model adjusmnts In systims "Adth have

Guss plus step signals applied.

The Objectives

The objectives of this thesis are: (1) to collect, analyze, and

correlate performance measure data of throe subjects operating systems

ith Gaussicn inputs, step inputs, and combined Gaussian plus step

in~uts, (2) to study the existing, hman pilot describing function

-odel and determine a method of adjusting its parameter fr

accuIaited data on actual pilot perfoance, (3) to develop

techniques for coabining the performance measure for a system with

Gaussian in.t with the performance measure for a system with a step

:.nraut to obtain the peforane measure for a system with Gausian plus

step inputs, and (4) to evaluate the usefulness of the existing pilot

i 3



nodal and adjustent rules for predicting the output of a :.=ined ,to

when Gaussican plus step signals are applied.
i

Ali.roach

The first stop was to collect data on the performance of three

subjects operating a simple single axis compensatory tracing task.

Each subject has a different level of f2,ing proficiency, but each was

Aiven the same operating instructions. The experiments were sequenced

Prom easy to difficult. I.easuruents were tsken for three systems,

excited first with step signals, then Gaussian siInals, and then step

and Gaussian signals.

The second step was to pnopam the pilot describin- funetion

nodal on the analog cmputer so that data for detersIning the model

characterstics could be collected. Grap he were prepoaed to show the

effect of -waee variation an modl performance. Root locus

analysi v" conducted to show trends in modle. system CVaMIcs.

The determination of model characteristics was accomplished so that

a comparison with actual pilot performance would be possible.

'The third step was the correation of data. An attempt was made

to natch hm an perfomance with nodal perfomance by using appropriate

model adJustments. The final step was to cmpere the system output of

the adjusted model with the syWtem output of the piloted modal when

opeted simltaneously. Real time recordings were taken.

It Ahould be ephaasied that this thesis is not a study of the

devclopwent of a new pilot model. The study is limited to the

collection and analysis of data, the evaluation of the existinZ' human

A.
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doscribi~n, unction model with parameter variatih, and the comparison

of piloted and model systems with Gaussian plus stop inputs.

e:.oerincnts with hm=on subjects and the nodel will be conducted for

systc=s with ono of three controlled elements and a single =nity

foedback loop. The anclog cmrxter is ume4 in the simulation of both

systems. A block diagorm of the piloted and model systems is shown

in 'Fiure 1. Three controlled elements; N, XIS, and K/S2 are uzed.

No attempt vas made to use aircraft dynamic equatione.

Your perfon-mance neasurements were studied: (1) the tine inte5ral

of error squared, (2) the tine iniegral of time weishted error

sq'r ed, (3) the tine inteogral of absolute error, and (4.) the time

inte~a1 of time veighted absolute error. A performancee

is an evlmtion of how wel a system operates; how we the output

follows the input, or how smail the error can be maintained over a

-Iven time period. The time intearal of errar squared has been used

successfuf l to evaluate the performance of hum trackers in systms

Iwith Gaussian inputs. The prose of stutdag additional parozraance

mea es was to evaluate their nsefulness for stems vith step, and

Gaussian plus step inputs.

IW
M M
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-e werinonts were conducted in three .ases. The swe three

subjects wea useC :in each phase. Their flying experience is listed

n pendix F. The subjects were brsed on the purposes of the

ae.perments. Teir cooperation and interest throu-i marq hours of
tests sread over several months vas extremely high. All eperzents

vere conduced in a single rocm with the subject seated in a stmdent's

chair. A force stic! firmly attached to the chair anrest vas the

instrment V!.1ch the subject used to affect changes an the systemo

The force stick is explained in Appendix A and it was used by the

subJect to correct for the syste error. The error was displayed as a

vertically displaced horizontal trace oan a Taktronics orcilloccope.

The subj ects were told that the harizontal trace represented the

pitch steering bar of an aircraft. They vere Instructed to keep the

traca level With a luide line taped to the scope display. The force

ap.lied to the stick vas electrically coupled to the controlled

eleent of the .ystem, The olarity of the stick control was set

5.Sa"to = aircraft stick; i.e. force applied awa fro the subject

caused the horizontal trace on the scope to move up, and visa versa.

it was ~phasized to the subjects, especialcy the experienced pilots,

that they should control the stick in a manner siAlier to the method

in vhich they banled an actua aircraft control.

For each set of qqie ats, the subjects VIm allowed three

practice runs. During these runs, the sensitivity of the stick mas

7
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set for comfortcble control and the briJhtness nd focus of the

horizontal oscilloscope trace were set for easy viewing. Dintance

between the subject and the scope displa was set at five foot.

The oscilloscope sensitivity was set for best, utilization. It should

be noted that chanes of scope sensitivity within reasonable linits

has very little effect on performance (Ref 14). Me noise level in

the rom was a=n dately half of that wVich would be eperiencad in

the cockpit of an aircraft. Subject 1 mentioned that he frequently

talks duMng actual ifyfrg z anuvers, and he asked if he would be

=.Amitted to talk during the experiments. To provide as =-ch realimra

as possible, it was agreed that all subjects would be allowed to talk

during the experiments if they wished. However, their performance was

not discussed until all tests were completed on a particular syste.

On several occasions, superior perfor-imce by subject I was noted

during tests in which he was talJdn- frequent2y.

In each phase, three systems were tested. The first syste.,,

tested had a pure gin controlled element, the secopd system had a

single snte3rator with gin, and the third system included a double

integrator with gain. The subjects completed the loop of the unity

feedback control system by sensing the error on the scope and app4.-n-

a correction to the controlled element with the force stick.

Daring Phase I, tests were made on each of the three systems with
a single one volt stop input applied. The application of the step

caused a tvo centimeter trace displacement on the oscilloscope when

set at 0.5 volts/centimeter; therefore, the scope was set at

8
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0.5 volts/centinoter for all runs, The subjects wevre given warning to

imtch the scope d1splay preceding the application of the step. The

stop was randony aplied ithin a ine interval of thirty seconds.

A =:i= tine of twenty seconds was given for the subjects to zero

the error. The analog co puter wns then placed in hold and the

readings were ta~mn from the digital voltmeter. Also, real time

rocordinja of the input, output, error, and force voltages were made.

these recordin,,, e ets were taken of the static time

delay between the input of the step and tho application of force to

the stick. Tienty-five runs were made with each controlled eloeent.

For the F/S2 controlled elument, additionaa rus vere occasionally

necessary when the subJect lost control due to over-reacti n and

oscilloscope display lI-itationso It was necessary to bias the stidk

voltage as shown in Appendix B due to a slijrit mecbanical hystoresis.

Nring this phase of experiettion, the subjects wore 31ven

a tracking task vith Gaussian input applied to the system. Three,

second order-filtered Gaussian signals (Appendix C) were used, oe

vith a break frequency of 0.5 radians/second, another with a break

frequency of 1.0 radians/second, and the third with a break frequency

of 1.5 radians/second, To enswze that each run was of equal length,

the aut=atic hold circuit of the analog cap pter was enployed at

sxac.y sity seconds from the start of the run. Reuse of, each of the

tree si.,Ls was accauplished by eqlAying the Sang-mo nagmeti tape

recorder/reproftcer in loop operation. The production of the Gaussian

si7-wls is discussed in Appendix C. To avoid criticism that the

9
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subaects would larn the nature of the throo sinals, thei

switched after oach sixty second trial. Occasionally, first order-

fitered sia~s were applied fron tho tape to provont ovor f1criliarity

with the three, second order-filtored si-nals used for the data

collection.

2or the sign:! 2 with the 1.5 radians/cecond bre:.e "Prequency and

the signal with the 0.5 radians/secc'd break frequency, nine one-

minute tests ere made for each of the three controlled elements. For

the signal with a 1.0 radian/second break frequency, only four one-

minute tests were acconplished.

IlE - Gaussian Plus Ste InTuts

The third phase of the experinent was ccmpleted vsing two of the

three (aussian signals used in Phase i; the 1.5 radians/second sipal

and the 0.5 radians/second signal. A 1, 3, or 5 volt step was applied

at same -andom time within the firbt twenty seconds of the run. Five

tests for each signal app ied to each of the three systems were

accomplished. Therefore, each subject performed a total of ninty

tests during this phase. As mentioned before, the subjects vorveC

the easiest system first and progressed to the more difficult system.

An runs were sixty seconds long. The tine lapse betwe n the

begInning of the run and the application of the ste? was measured vith

a hand stop watch.

10
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Perfor. ince ..easuros

The following performance measures were used to evaluate each

experiment:

(1) f e2 dt

(2) jt2 dt

(3) of dt

S(4) ftle° dt

he neasures were prograned on the analog omputer as discussed in

Appendix B. One difficulty occurred with the mntipliers used on

the analog; non-linearity of the diodes when operated near zero volts,

resulted in erroneous readings for fto2 dt dring sm e periments in

Phase II and Phase IM. Time was repsented by voits, so it was

necessary to start The time at ten rather than zero. This ws

accomplished by applying an initial condition of ten volts to the

timing integrator. The timing 1robim ade it inpossibic to

road )te 2 dt and Itti a t direct.. no. following devoiment

:indicates how these measures wer dete dned. Since

(t + 10o) 0 --t= f92 t + 1o0 ,

t .ref'ore
fti a 10 2 a- oe t

f lei t, =J(t+ 10),ei dt-10 lel dt.

One objective of this study was to deternine if a inear

relationship exis3ed between the measuree ro noded for the piloted

systeMs with separate step and Gassian inpAts, ad the measures

[ 11



recorded for the piloted systems with combined Gaussian plus step

inputs. The followite ypothesis was formulated for each perforrnce

+ eg) 2 dt = f82 + 2s + eg 2 ) dt
or 0

P S= ' 2e dt + f~e-dt + 02 dt

if the term 29seg dt is =33 enough to ignore, then the additive

relationship fi~es + e0) )r = 2 dt + fe2dt results.

-tI- eg) 2 dt = t(es2 + 20ee. + g 2 dt

If the assumption is made that eg dt is very small, then

Hoever, knowledge of the time when the step input is applied, is

requkrd zo determine the value tes d. It appears that the

complications involved in determining this value would eliminate

the use of this performance measure for determining modelI

parameter values in a systen vith Gaussian plus step inputs.

12
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,NOe + ogl d. filesl + legi) dt

Tf tho aswaption is made that the error due to she step input

is rozmal2ly of tho polarity an the error due to the 0aussian

sifzial than the absolute value of the am will equal the am of the

absolute values. I the subject was mantainin the error at an

extremely low level when the step was applied, then equality of the

above might be possible. Althougb the asmuqtions for equality were

doubted before expewr.entation, the mvasurea were taken to clarify

Vhe issue.

r r r

rles + egi dt Iattesi dt. + f Iei dt

The sme asmption must be made for this measure as nade for

the IA:. The tme-a- .in,-aspect of this relationship further

increases the c amp4tional difficulties in using this rasure to

dotenmine the parmeters of a model system forced vith Gwaian plus

step signals. Nowever, the ITAE is possibhy a good perfoormance

zeasuwe for a system with step inputs.

*131
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Ifl. Dscribi- n Oo. nd Anog Simlation,
SI

The human pilot acts, in general, as a nonlinear and tIme-,rarin

device in a control system. To develop a model to respond in a manner

similar to that of a pilot, is a difficult task. However, a human

describing function model has been developed vhich simulates pilot

. responses in a control system when random Gaussian signals are applied.

(Ref 11). The general quasi-linear model appears as a LaPlace
transformed equation,

TI

I(s) KPT'S( + 1)
(TIS + 1)(TIt S+ 1)

vith S :j since this is a describing function. The pure time delay

is represented by 6-TS, the gain by Kp, the mel lead term as TL,

the general lae tern as TI, and the first-order lag time cou..ant

approximation of the neurouscular system as T1. The romuscular

lag approxtmation is often eliminated and the pure time delay term, 1'

is modified to include the neuro-scular time constant. The result is

an effective time dela zem F-YS, where Y = T0 + TN. The simplified

version of the pilot describirg function model, represented in LaPlace

transform, is
yps) e- (W + 1)

(T S + 1)

the type of system being controaled. In a control syst, vere the

controlled element is pure ghin, the lead time constant, If az, is

extroa2y stall in to the lag terx and th c can be

i " .... I " I II _ - . . ...- - - '_"_14-



I .

olininated. WJhen the con.oled olment is 1/s, the lead and lag tim

constants are equal or zero, and with a I/S 2 controlled element, the

a lag, if any, is small in relation to the lead time constant and can be

eliminated. The specific nodel form in shom vith the corresponding

controlled alamn+ in Table I*

V Table I

The SImplifed Modls

Controlled MAnent Model

KP (TIS + 1)

K/S P
Z/s2 =P .P ( +1 - rs

The model paermters not only dejend an the type of system, bu

the e of input and on the edstanwe of phrsical nonlinearities.

Adjustment rules governing the nodel operation have been developed.

(Ref 11:18)* Since the first consideration of the hian operator is

to nantain stability,, the model parweters mwt be set for stable

operation. The second consideration of the hmn. operator is the

maintenance of good low frequen operation by generating lag, if

necessary. After adjusting for good low frequency operation, the

pilot then generates lead, if necessary, to improve hib frequency



response. WNrith the parometers, T1 , TL, and T, partially adjusted, the

ain, K1 ,, is then set to the optimi= operating level. It is thou.ght

that the operator adjusts gain to minimize the mean-squared error. The

formulated rules also include certain invariance properties. First,

the operator adjusts his gain to compensate for variations of the

controlled element gain, thus over-all system gain remains relatively

constant. Second, system cross-over frequency is invariant with

chrnges of input bandwidth, provided the input bandwidth is less than

the cross-over frequency. Third, when the bandwidth increase, 4o, and

goes beyond, the cross-over frequency, the operator, varf.es

operation to maintain stability and good low frequency response. This

appears as a reduction in operator gain cad lead, and is known as

regression.

Moe S.MuAtion
Assusing that the existing model was applicable to the experiments

performed in this study, a method f r identifying the appropriate model

values was necessary. To facilitate matching the model with the

subJects, the model was sinlated on the analog computers and a series

of tests were run to determine changes in the mean-quared error, as

the parmeter settings were varied. To progran the analog ccmputer, it

was necessary to use an apation to the pure time delay. The

first order Pade' aprxation was chosen, because of its constant

mlitude charactristics for all frequencies. However, the phase

difference between the Pads' approxiaion, and the actual time delsy,

becomes pronounced as frequency is increased. The LaPlace transform

of the Pade'I approximation is _(I- O.5'o
0+ 01M

16
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A root locus study was conducted to deter.ine the appro.riate

pareter settings for the analog simulated model. Settings causinS

unstable operation were identified* The root loci of both the model

vith ade' approximation and the hman describing fmotion with pure
tie d ly were couted. Loci diagrams are shown in Figures 2-33.

The plots were progrm ed on the 134 794 Digital Ccmputer and d wain

on the Cal-Comp plotter. The parameter settings used for each plot

wore chosen from a range of values considered in previous studies

(Ref 11), and are listed in Table 2. The title for the human

describing function model plots with pure time delay was shortened to

"I.H'mnan Describing model." The title for the simulated model plotj

using the Pade' approxInitin is RAhalog Simulated tSodelo"

The gain for optimmi operation of the model, minimum wan error-

squnred of the simulated model with a second order filtered Gaussian

input having a break frequency of 1.5 rad&ns per second# is identified

on both the analog simulated plots and the h#a.A describing fUnction

plots. The following observations were made fre! the root locus study:

At the gain setting for m -uini mean error-squared of the simulated model,

1) the undamped natural anular frequency of the h =an describing
function was less thn that of the simulated model,

2) the damping factor of the human dscribing function was less

than the d ping factor of the pure gain controlled element model with

srall lag constants, and greater than the damping factor of the model

with larer lag constants,

3) for large lead constants in the systgn with the 1/S2 controlled

element, the damping factor was greater for the simulated model, and for

snail lead constants, the damping factor was greater, and

17
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Table 2

A List of The Root Locus Figures

Fiures , Typ Wtan Tim Delay- Lead La,

2 r 3 K 0.2 O.C 5.0

4 &5 K O2 0.0 3.0

6&7 K 0.2 0.0 1.0

8 &9 K 0.3 0.0 5.0

10 &11 K 0.3 0.0 3.0

12 & 13 K 0.3 0.0 1.0

1/4* &15 sK/ 0.2 0.0 0.0

16 & 17 K/S 0.3 0.0 0.0

is & 19 K/S2  0.2 0.5 0.0

2D & 21 K/S2  0.2 1.0 0.0

22 23 KS 2  0.2 3.0 0.0

24 & 25 K/S2  0.2 5.0 0.0

26 & 27 K/82  0.3 0.5 0.0

28& 29 K/S2  0.3 1.0 0.0

130&31 K/S2  0.3 3.0 0.0

32 & 33 0.3 5.0 0.0

4) at low frequ es, the model is a good r esentation of

the bwaan describing fimction model,

M eum resuts =g be of am walr to Investigats ho ae

used, or are using, the Pads' apyraxiation.

II _ _ _ _ _ __ _ _
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Vitions in Modal Chia-acteristics

A set of characteristic curves was developed to shou the effects

of parrieer variations on the performcnce of the analog simnlated mofl,

The input 3ignal used was Gaussian waite noise throuch a socond order

filter (Amondix C) with a 'creak frequency of 1.5 radians por second.

The zean squared error (called error sq, red in the following) divided

by the input variance was plotted agninst the model qystem gain. The

data usei to plot the curves were obtainei on the analog cmgputer.

The system v.th a pure gain controlled element was prepared first.

Five curves, representing gain variations for five different lag time

constants are s1how in Figure 34. The values of lac selected are

consistent with values necessary for Food low frequency response. If

the tine delay and ls-g time constant are known, the -ain necessary for

minii error squared can be easily deteodned from th a.mropriate

characteristic curve. The gaIn which causes =odel instability is also

found easily by observing the rapid rise in the error squared as gain

is increased. In :igure 34, the delay tine is 0.2 seconds. Similar

cu-ves were plotted in ?iTire 35, but the time delay was increased to

0.3 socon=a. I's the tie delay is increaso, the g-in for niina error

squared decreases and the minimm error suared increases. The gain for

unstable operation varies inversely with the time delay. However, it

was observed that the 3ain for rminn error squared and the gain for

unstable operation vary directly with the la; time constant. Therefore,

an increase in the time delay and an increase in the lag time constant

would have a balancing effect n the gain for minimu error equwWed but

an aditive effect on the value of minim= error squared
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Thrr- crves, showing error squared versus wein, ere plotted

in Fi3ure 35. Three different time delays were used, 0.2 seconds,

0.25 seconds, and 0.3 seconds. As the time delay was increased, the

Igain for iaLn error squared and the gain for unstable operation

decreased. As expected, tha ninl~m error squared increased tith an

increase in the time delay,.

The characteristic curves for the analog sizlation of the model

used with a X/S2 controlled element are shown in Figure 36 and

Fiure 37. Vhe gain for minImi error squared varies inversely with

the lead time constant and the delay time. The min3ma error

squared increases with an increase in the time delay, but docreases

with an increase in the lead time constant.

Use of the existing adjustment rules, the root locus diagrams,

-ad the model characteristic curves reduces the -uess-work required

in predicting the nodel parameters for proper system response with

rando appearing inputs. To determine model parameters for step and

random inputs, the piloted syste output and appropriate perfo=.ance

measures mut be obtained through experimentation. The necessary

eer tal results are discussed in the next chapter.
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~ I IV* Resulto

In this chap-ter, the data ollected fron each experimental phase
are analyzed, and observations and results are presented. Th. details

of the expermental procedures were previously presented in Ch-apter IIo

The use of the performance measres for setting modal paramters is

discussed at the ,and of this chapter.

Phae -Sten~ IA=

Four performance measines were taken for each step input. A time

recording of the output, the error, and the force stick movement was

nwod for each trial run. The average static delay time, the time

between the a ~iication of the step and the first movement of the

force sticks, was computed for all tests. All data are 11sted in

Appendix D. The avera,-e delay time for the three eubjects was

apro. imte3y 0.26 seconds, which appradmate3y age with the results

of Reference 14. The 1-w individual average del time of 0.23 seconds

was noted for subject 1 while operating the K/S2 controfled system.

The high averag-e of 0.32 seconds was computed for subject 3 on the

"/S2 -controlled system. The absence of ny trends in the static time

dela vc !ues, inedicates that the reaction time of the individual

subject was nore related to his alertness on the &f of the test than

on the :antrolled element used. The only conclusion tbat can be nade

'rm the cm. t ed data, is that flying experience and a sa3l static

delay tine appirently are relatede

CooUtion -ooeTfo- t for *o2h pwfnem oe nMa e.- w-4

the static delay time wore computed from the data collected on the
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Sable 3

Correlation Coefficients of Exzpetal Data For
Systems With K Controlled Eleents and Step inputs

I
W~bjeab 1

TM!S I A I_ .. ... -.

_______E_________ 1.000 .96*17 7534

IAZ ,.oo-' I . .728 .753
ITAB 1000 .171

Subj ect 2

lI zs IrM usZ ITAR Time Deley

I .. 748 721 000 .714

_l Bo 1000 .639 -. 00 .623

M 1.000 .676 .284

ITA. 1.00 -. 332

SUbJ ect 3

I - ,_ _ _ _ _ _ _ _

IT1s 1hU ITAE Time Dela~V

Iin- j__1.000 .389 .436 0119 *813
IT~S11000 .943 0901 .9

lB1.000 0941 .143

ITAE 10000 -. 164
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Table 4

Correlation Coefficients of Experimental Data For
Systems 1ith K/S Controfled Elements and Step Inputs

Subject I

IES IT IE ITAE Time Delay

1.000 .904 .829 .000 .507

1*~ .000 .831 .083 .523

UAx 1.000 .545 .326

ITAE 1.000 -. 18w

Subject 2

IES IT UEITAE lXIme Dela

ISS 1.000 .959 .714 -. 065 .455

ITE 1.000 .827 .122 .473

1.000 .634 .423

ITAL 1,000 .076

Subject 3

IM ITES AE ITAE Time Delay
.-__ _ __ _ _ _ •__ __ _ _ __._. . ..____ _ _ _ _ _ _ _ __ _ _ _ _

lES 1.000 .980 .940 .783 .303

ZI 1.0 .976 .873 .260

m 1. .947 .241

ITAE 1.000 .157
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Ii,

Ta X6 5

Correlation Copficientis of fteriumetal Data ?or
Systems ith 44;4Controlled .ments and Step Inputs

Subjec"'" 1

IES ITES in Time T eW

_ _ 1.000 .929 O .69 .94

ITES 1.o0o .955 .791 .534

MET 1.000 .894 .514

I A + 1000 474

Subject 2

m ES iS IkE m l l m Dsl

1.000 .894 .779 .388 .038

1000 .960 .740 .147

E1000 .875 , 2

ITAE 1.000 .251

SUbect 3

j ~ITES RE 1 ITAE TieDI
IZs 1.000 .690 .798 .370 -. 107

-l • I mm II

ITES 1.000 .7 .638 -. 015

__ _10000 ".799 -.094

ITAE 1.000 -. 0"8
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twenty-five runs made by each subject operating each of tho controlled

elements. The coefficients were computed by using the data from Tables

SD-1 through D-6 o: Appendix D in the equation,E Z[X1 X2 -7
Correlation Coefficient = [, , 1

y' [(14 - 1)22*4(X2 - )2]
The c=.uted coefficients are presented in Tables 3 through 5. A

decroase in the corre.ation between the time delay and the performnce
measures was noted as tne order of the controlled element was increased.

Of the four performance measures taken, the IES and the ITM were

better correlated to the static delay time. In general, the

correlations were highest for ths subjects with flying experience.

It should be noted that -Inlimn time has also been suggested as a

1perfoamance measure (Ref 12:68)e However, observed pilot 5oonservatismu

(Ref 1) seems to rule out this measure.

Toe correlation between each of the performance measures was

*=puted and also shown in Tables 3 through 5. If high correlation

existed between arq two performance measures, the more difficult to

I caqvute could be eliminated frm the useful list of measmsea. The

correlations between the IRS an the ITM, between the I and iA-,

and between the ITE and the A wreall fod to be relatively hih.

Since =inimizing the ME is included as an adjustment rule of the

existing human describing function model with random inputs, and

beccuse the IES is relatiwly easy to capute and measure, this

perfoviAnce measure was given priority consideration over the other

measures. rherefore, the TE and the AZ were eliminated as practical

performace measures for a qet with stop uts.
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The correlation between the 1ES and the ITAB was found to be

relatively low, even negative in saie cases. An investigation of

the model system with step inp uts was undertaken to determine whether

the sain should be set for the ni AE or for inimm IES. From

a study of time recordings of the system outpats, the following

observations were made:

1) The experienced pilots were conservative in operating the

force stick. The result is an overdauped system output.

2) Setting the gain of the hunan describing fun-tion model for

ini-= error squared, results in an underd system output.

3) Setting the gain of the human describing functin model for

minimn IDE results in a slightl overdemped system output.

4) Therefore, setting the gain of the x.odel for mini-An IM

resulted in a better match of the model system output with the

experienced piloted system ontput.

5) Setting the gain of tho model below the value necessary for

-inmzn 12S, save the saem results as setting the gain of the model

for ninima ITAE (Approximately 85% of gain for minImum IS).

6) Subject 3, who had no flying experience, was less conservative

than the other two subjects. The output from systems operated by

Subject 3 showed less dwnpening than the experienced pilot system

oUtput.

7) Setting the gain uf the model with a pure gain controlled

Se!.ent slightly below the gain for min4mu IM resulted in a

relatively -oad match of the unexperienoed pi oted syste and the

model syzt4n output.

63A _ _ _ _



8) Suibject 3 had difficulty mr!ntaining control of the system

with .K/S2 controlled element. His erratic behavior made comparison

with the model difficult.

It should be remembered that human response is, in general, time

varying, and therefora a perfect match between the output of the

model system and the output of the piloted system is impossible.

Regression (Ref 11:19) due to the high frequency components of a step

input is offered as a possible reason why the humn subjects operate

the system at a gain below the value necessary for minimum error

squared. The damped effects of a reduced gain can be observed in the

real time recordings shown in Appendix B. Operating a model system

at the gain setting for minimum ITAE results in a greater dampening

effect than operating at the gain setting for minimium IES (Ref 19:4E),

and provides a close match between the model system output and the

piloted system output. Therefore, the ITAE is proposed as a useful

performance measure for systems with step inputs.

Phae 11 - Gaussian n

The experiments conducted during this phase were accmplished to

establish a set of values to be used in PLase III. However,

correlation coeficients mere computed to cmpare performance measures.

In a2most all cases, the correlation amoaS the four performance

measures was extremely higth, av3raginc above 0,85. As might be

e: pected, the two subjects with f 2ying experience performed better

than the subject with no fying eoperience, In several cases, the

error squared was so small that invalid readings, resulting from

nonlinear operation of the multiplier used to ottain the ITES, wure
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recorded. Therefore, the ITS was eliminated as a useful performance

* measure,

In an atempt to match the model system and the experienced

piloted system outputs, the gain of the model was adjusted very

slightly below the value of gain necessary for minimum erro sqared.

i-hen the Gaussian with a high filtered break frecwuncy was used a

smoothing tendency was noted in the outputs of the systema controlled

by the experienced pilots. (Appendix Z). Also, the more experienced

pilots apeared to introduce more lad into the system with the K/S 2

controlled elemento A lead time constant of foiu was aormed for the

experienced pilots, whereas a lead time constant of about one was

asswmed for the subject with no flying experience. Su ang the

results of this phase, the existing adjustment rules were verifi.ed

ith the mamlI exception that the experieneed p~iots appeared to

operate with a -ain very slihVly below the gain neessry for ldnimm

error souared. See the real time recordings In Appendix 3.

Zha.se M - Gaussian Plu St

The data collected during this phase vere =n7zed and ecpared

'ith the data frua previous phases. Bach performance meam ws

analyzed separately. It should be noted that the step time in Tables

D-16 through D-33 was the time interwQ between the beginning of the

run and the application of the step.

The values of IM were averaged and the variance was caMputed for

each set of five, one minute rt s. The IIS for the 3 v,'lt step was

determinod by Rzutiplying the In for the 1 -olt stop in Tables D--
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through D-6 by 9. A miltiplier of 25 was used to obtain the iS for

the 5 volt step. To verify these values, several senple neasureents

WeW taken with 3 and 5 volt steps actually applied to the system.

The averaged s 2 dt for each of the 1, 3, and 5 volt step inputs

vas added to the averaged Jeg2 dt for the Gaussian Inputs; then, the

sa was caaiared with the averaged Je 2 dt computed durin- this phase.

The results for each subject operating each of the three controlled

elents are shown in Table 6. The absolute difference betveen the

s=ed valw and the combined value of the system with Gmssian plus

step inputs was ccmpared vith the comhlned standard deviation of the

three rror Smeasures. For the cases here the absolute difference

was less than the cmbined standard deviation, the assmption, that

the f2eseg dt ter= was small enough to be neglected, was considered

vclild. Values satisfying this validity test are nareed vith an

asterick in Table 6. vrom the calculations and cp:rrisons, the

following observations vere ade:

1) For most of the cases teSted, the feg 2 dt + fes 2 dt1)5

vithin one standard deviation of the fe2 dt.

2) In general, the f62 at was slighly more then the Jeg2 dt +

e2dt due to the amiission of te .d.

3) Because the experienced pilots were able to maintain a smaii

error "Or the Gaussian input, the continuous time multiplication of

the error due to the Gaussian input with the error due to the step

input was mantalied at a very low level.

FrOm the above observations, the asamption that the sm of the

/ ,2 dt and the feg2 at in fairly well predict thefr2 dt for a

7tem with Gaussian plus stop Inputs, is validated.

66



-/ 
6 2Table 

6

Comparison of IM For The Step Input and IM For The Gssian
Input Mith I For The Cwmbined Step and Gaussian Input

V System a Sub For 1 wlt step For 3 Wlt step For 5 volt step

Si med Combined Swmed COambined Smied Cobined

K 0.5 1 3.412 3.552 6.7oo 9.048 12.301 1,.7M5
(1.44 2 4,221 4,21* 8.061 7.604* 15.741 16.2&6'3 13.862 17.011* 17.006 34964' 23.294 51.032

K 1.5 1 6.288 6.486' 8.276 10.248 15.177 18.987
(0.56) 2 6.848 7.604' 10.688 11.707' 18.368 18.7526

3 9.049 10.400* 12.193 19.112 18.481 39.55e

K/S 0.5 1 5.324 5.592* 9.804 7.752 18.764 15.72D
3 12.695 12. "87' 21.583 20.141 39.359 45.51 0'

KIS 1.5 1 6.005 5.979' 10.485 9.196' 19.445 18.082'
(0.56) 2 11.201 13.080 16.961 17.918* 28.481 3412'-

3 15.465 15.640' 24353 25.97* 42.129 43.568'*

K/s2 0.5 1 39.357 41.918' .929 51. 884 55.M 63.261-
(1.44) 2 36.291 41.575' 45.147 i3.?75* 62.869 61.')19'

3 42.406 50.859' 54.310 66.821' 78.118 P,.768'

K/S2 1.5 1 45.924 51.646' 51.396 55.832* 62.340 71.259'
(0.56) 2 42.234 50.309 51.090 59.863' 68.802 8.943

3 58.79 65.600* 70.613 89.9660 94.421 96.9660

Indicates that the two values are within one standard deviation

of the cocputed data.
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It should be noted that the wadditive results* appear to vork.

over a wide ranz-e for fe2 dt *fes2 dt. A general range of values

is indicated Prom the data collected for Subject 1. Cases r -iged fro

and and : ~ f; 2 dt~ 51.3

7he values of MAZ were averaged ard the variance ws computed for

each set of five, one ninute rms. To obtain the IM for a 3 volt step,

the IAE for a I volt stop was multiplied by 3p and to obtain the UAZ for

a 5 volt step, the IA for a I volt step was mutiplied by5. Tne

avfraled ) -t for each of the 1, 3s and 5 vot atep inpus was

added to the averaged fleeI dt for the Gaussian inputs; then, the sa

vas a=mred with the averaged Jiel dt caputed dawing this pbase.

The rewilts for each subject operating eah of the three controled

lmMts are shown in Table 7. The absolute difference between the

stoed value and the combined value of the qstm with Gaussian plus

step inputs was compared vith ths ccebined standard deviation of the

three error measures. For the cases here the absolute diferent was

less than the cobined st=ndard dieviation, the assumption, that /lei dt

app1Oximately eOvals fJlest dt + fl~g! dt, was considered valid,

Values satisfying this validity test are mar ked with an asterick Li

Table 7. From the calculations and ccmperisons, the following

observations were made:

1) For nost of the cases tested, the flegi dt + /lst dt was

ithin one standard deviction of the flef dt.
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Table 7

C=3arison of IAE For The Step Input and laX For The Gaussian
Input Rith AE For The Cobned Step and Gaussian Invat

I System a Sub For 1 vot stop For 3 vlt step For 5 volt step

(cri).. .

Summed .Combined SidCombined Swced Combined

K 0e5 1110319 13,695 12.660 150.449 13.955 16.88

(1.44: 2 11.602 11.722' 13.264 12.531 ' 14926 1472'D
3 2D.914 21.762' 22.780 270434* 24446 34.065

K 1.5 1 15.313 15.343' 16.631 16.937' 17.949 17.84*
(0.56 2 15.608 16.091- 17.270 18.036* 18.932 1.709'

3 18.497 19.295* 2D.263 23.442' 22.129 27.082'

K/S 0.5 1 13.195 12.947 14.997 12.676 16.799 13.5)1
(1. 4 2 15.250 15.880 17.364 18.322' 19.478 19.836*

3 23.177 23.208• 26.575 23.126 29.973 27.503'

K/S 1.5 1 15.049 14.594 16.851 15.821' 13.653 17.19*
(0.56 2 20.505 21.26' 22.619 22.522 24.733 25.6W

3 24.022 23.625a 27.400 28.3669 30.818 31.040

Y,/S 2 0.5 1 37.753 39.221 4.6 4285 42.777 "2O0W'
(1. 4 2 35.983 37.316* 39.367 39.512 42.751I 42.811*

3 40.017 42.543 45.491 460411 500965 49.402;

K/S2 1.5 1 40.329 41.918 42.841 42.733' 45.353 44.232*
(0.50 2 36.1-1 41..93 39.785 44.651 43.169 48.421'

3 47.612 48.383 53.086 56.693 58.5W0 55.084*

Sindicazes the. the two values are wirthin one atadr deviatiom

of th3 canputed data.
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2) In _ner3l, the lei dt was slightly less than the lel dt +

J 3lest dt as would be expected fro the mathematical relationship,

le s + egl dt4 les! + lei)

3) If the error due to the Gaussian imput was naintained at a

4 low level when the step was applied, the mu of the individuai IA s

would equal the combined IkE. However, the same relationship would be

true if the step error was of the sse polarity as the error of the

Gaussian was when the step was applied,

From the above observations, the assunption that the sm off fes3 du

F ~ ~and flig! ci vill fair3y vonl predict fiei it for a eistea with

Gaussian plus step inputs, is validated.

A study of the correlation coefficients between the IAZ and the

IM3 of a sytmat with step plus Gaassian inputs denonstrated that the

two neasures perform the sae evaluation of the subjectls performance.

In almost all cases, the corlation coefficien was above 0.85.

Snwrefre, it was determined that the IH was a better performance

meamwe to use because of its acceptance as a neasure of performance

I for syetem with raussian inputs.

As en-idoned before, the ITM was impossible to deterin.e for s~e

rum, becauso the error squared was naintained at a very low level

causing nonlinear operation of the analog ultiplier circuit. Therefore,

the IM was eliminated from consideration as a useful pmerformnee

'msm'e of piloted Mts with Gaussian plus step inputs.

Coput-ational difficulties .n de the effects of tims on
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Sthnis perfor-ance zeasike prohibt, its use-AaeSSo

.Fron the analsis of anl data, the conclusion is nade that the

ISS is Vha best performance measure to use in evaluatin the oprton

of the pilotedl system with Gaussian plus stop its.o

A ustine, the L.gote Paraneters

The final step in this atu4I was to adjus the larsmete-rs of the

amnlor, siuated model, and record the outputs of 'the zodel, and piloted

syst~s when both were operat-9d sdxu1t¢oa~e * One major difficulty

in Properl MetChirM the piloted and =oda systma outputs for so

inuts va s the distortion asedo by the us of the Pads' a4A a

of the real tlze delay. The phs difference at bt 2

betee the Pads' a =tAaand the ree tive de resulted in a

dip in the -d o hea tbere should ban been ane

distomio. w.. especialy .o~wA r,-x the mos syte vth the pure

gain contole aewmt

!)es~wo the AfficUltios associated vith the Pade' z axmaton

in Uhe aWa1oZ SI="te d Sy the fonoin paetw~e setting vere

doer-nined:
1) he l time onet ht vas sot at 3 seconds for the s. v

a p~ n h cona.led element. ll is value pcrlvi osly adetermied

a, Others (2e bet:4 , ao d wa fo to provide vthe te p for the

piermleats of this stayi

2) s T~ he tinedelz va ~trie r aacnce wn

Phase i to be wd m tely 0 3 seod s fr a odels wi stp inote

I ear er stucies (f pi) the tim d el f fr te and tt S f rtema

eth rand= t put is 0.2 secn.a , and the tim delay for te Vwu
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system vith random inputs is 0.4 seconds. An overall ccu-ip se for

the step plus Gussian case is the selection of a time dela of 0.3

seconds,

3) The lead time constant for the model with the K/S 2 controlled

elemet vas selected between 1 and 5 seconds. For a model used to

predict the response of an experienced pilot, the lead time constant

was set at 4 seconds, and for the response prediction of the subject

with no flying experience, the lead time constant was set at 1 second.

4) The best gin setting for a system with step inputs was found

to be for aini=m ITA or approxdiately 85% below the setting for

"inim .IS For Gussian plus mall step Inputs, the gain setting

should be sli t below the value for min1mm error squared. As the

step is Increased in relationship to the Gouasin input, the gain

should be deavased toward the uluie ,hich ,ould provide inima T . ,

for a single step input. This techuique for setting the gain of a

system vith step plus Gaussian inputs is more applicable for predicting I
the response of an experienced pilot than for predicting the response

of an imexperienced pilot. The subject with no flying experience

apPered to always operate cl3se to t.ie gain setting nece.ary for

miniinm 13S in respect to time history responses.

Beal tme recordinogs of the piloted system and nodel system

outpuU and wrors are shobn in A;Vedix I.
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V. Sumary and Conclusions

The conclusions, supported by the analysis of data collected

during the experimental stucdy, are mmarized in this chapter. First,

it was found that the existing human describing fWaction model is

useu in predicting the response of a pilot in systems with GAssian

plus one step inputs. 1e use of the existing adjustment rules, model

characteristic curves, and performance data on human trackern was

necessary to adjust the model parmmeters for proper model predictio

of the actual pilot response*

Second, the adjustment rule, stating that hum subjects attempt

to ninird e their mean soipred error, should be modified sliotly to

account for the conservative response of an experienced pilot wbhen he

is operating a control device in a manner s1-il1 to the way he operates

an aircraf control. The gain of a model representing an experienced

pilot in a system with step inputs, should be set to a value that is

approx.ate,y 85% of the value necessary for mini=um mean squared

error. The decrease in gain of the model will provide increased

dampening, thus, indicating the conservative nature of pilot response.

Tird, it was found that operating a qtb with step inputs at

ninm= ITAE was similar to operating a system with the gain set at

85% of the value necessary for mininum IM. Therefore, use of the

ninim ITAB is recomended for adjuwving the gain of a model in a

system dth step inputs.

A technique sugeteod f¢, the adjustna of model gai in a

system wth step plus Cassian inputs is to reduce the gain bela the

73
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value necessary loor mini==m IES as the step 5-,'t is increased in

relationship wvih the Gaussian input. For a small step in relation

to the random input, the gain should be set between 90% and 95, of

the value nocessary for minizan IES. For a large step in relation

to the random input, the gain should be set between 85% and 9V0 of

the value necessay for minimu IES. This technique is especially

useful for predicting the responep of an experienced pilot.

Final3, the n'med values of the M found frn

the sstem with stoep inputs arA the M found frn the system with

Gausian inputs is a relatively close approximation of the M of

a system with step plus Gaussian inputs. There is every reason

to believe that the result. of this stwy could be applied to

system camposed of arcraft-lile 43naes.
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VI. Recaendations

The following recmendations are suggested for expanding the

results of this study.

1) Verify that the same technique of reducing gain can be used

for systens having controlled elements representing actual aircraft

dynamics, and step plus rand= signals applied.

2) Studo the effects of app1Irng rand= signals plus other

deteriistic sigals such as ramps or sine waveso

3) Study the effects of applying an additional Gaussian signal,

simulating pi.ot ramnt, directly to the controlled element. Perhaps,

a pilov rennant input vith the step plus random input pilot model

could be used to predict repeatability aspects of the respmmses.

4) investig-te the use of delW tapes to replace the Pade,

approximation of the pure time delaV in the analog model simulation

of a system vith step inputs.

5) Conduct firher statistical studies to determine the response

differences between experienced pAlots and non-pilots, when performing

specialized tasks related to aircraft control,
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Appendix A

ouipment Description

An&OP Comi ter

Use of an Applied Dynamics Analog Computer, Model AD-2-64 PB,

was made throughout this investigation. This is a precision

electronics differential analyzer capable of solving both linear

and nonlinear ordinary differential equations. It contains 64

operational amplifiers, 24 of which ma be used as integrators.

The unit also contains 80 coefficient pots, 16 electronic multipliers,

8 diode function generators, and 20 special diode networks. (Ref 2).

4iital voltmeter

I A Nonlinear System, Model 406 Digital Voltmeter was used.

This unit was installed as a part of the AD--14 PB computer and

featured automatic range and polarity control. The meter has a

10 megobm input impedance and an accuracy of 1 0.02 percent of

full scale and a resolution of ±- 0.01 percent of full scale on

each range. (Ref 16).

Had Control

A easurments Systems, Sodel 435 Hand Control, mounted in

a studont's chair, was used for the pilot tracking portion of this

investigation. This is an a.c. powered force-stick tranducer which

prodces phase raversing a.c. voltages converted to d.c. proportional

to app.ied force in two axes. Its essential featwes are zero back-

lash, ow bysteresis, and drift, and linear o'iti-ut vs. force applied.

(Ref 13)
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liain.etic Tape RecoreA/roducer

A Sangamo Eectric Company., Model 4784 Yagnetic Tape Recorder/

Reproducer ims used to reproduce several 60 second gaussiam noise

* signals for input to the analog cakmter. The Recorder/Reproducer

is a seven channel, eight speed magnetic tape devibe with the

capebility of reel to reel or loop operation. TheS sstai consists of

six major assemblies: A control panel, an a.c. control box, a pomer

supply drawer, a tape transport panel, a vacma panel, and a plU-In

nodule chasis. An important feature is the eaplopent of a =mique

vacuum tensioninZ and cleaning sastem to mantain precise tape

tension at the head while cleaning the tape to reduce drop outs and

oxide buildup. (Ref 1?).

mcise Generator

An 2.lgenco Yoa1 311A Noise Generator was used to produce the

*signals which were stored on magnetic tape for reuse throughout the

experiment. This unit is a stable source of random noise of mean

less than 50 Mirivolts. Its output has an amplitude probability

distribution that is Gaussian to less than plus or minus oe percent

and the ouput spectrum is unifom to plus or uinus 0.1 db fro

0 to 35 cycles per second. (Ref 7).

Oscifloscooe

In this investigation a Tektronics Type RN35A Oscilloscope was

used to present tracking error. This oscilloscope together vith a

type CA plma-in preamplifier provided rise time capability of

0.023 microseconds with a band pass from d.c. to 15 uegacycles per

second. The oscilloscope has a usable viewing area of Wc1O
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centimeters with a range of 0.05 volts per centimeter to 20 volts per

centimeter. (Ref 18).

Recorder

Real tize recordings were made with a Beckman, Type SC-2

Dynosraph., Direct ldriting Recorder. This is an eight channel unit

capable of recording bi-polar signals on rectilinear paper with

a sensitivity of 50 millivolts per division to 10 volts per

division. input impedance is 1 nego1= and frequency response is

flat frm d.c. to 42 cycles per second. (Ref 4).

J
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Appendix B

Analogv Camiuter fro r

The analog, co;puter was used for all experiments. Both the

piloted system and the model systeL, along with all performance

measures, were programed on one analog board. The analog schematic

for both the niloted systems and the model systems is shown in Figure

B-1. The input circuit, the timing circuit, and the automatic sixty
i seond oldcircitare szown in Figure B-2. Figoure B-3 is the

schematic of aal lerformance measr circuitry. Switches able

on the comter were used extesively to change controlled elmients,

and the signals applied.

Systems

The schematic of the piloted system is pictured in the top half

of Figure B-1. The schematic for the model system is shown in the

bottom half of Figure B-1. Since a p-re time delV in the form e-0

is inpossible to procram, a firt order Pad.' apWoximtion was

selected because it presents zaro db gain at all frequencies.

I (Ref 15:218)
Se-perate irovam sections were prepared for each controlled

element and combined with the pilot model. The controlled element

rezresented by K is programed together with the lag term of the

pilot rodel. In all cases the controlled element gain was chosen to

be unity. The combined term isK .(TIS + 1). ?ci" theoa alod

element K/S, zhe combined tern is KX,/S. and for the controlled

element, KS 2 ,the combined tern is Kj,(TS + 1)/32.
is +
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Table 1 indicatos the ootentiometer settings for both systems. The

rwbers inclosed in the triangles indicate the line connections on

the strip recorder.

Tiig Hold. ad IVA

The timing circuit is set for linear operation by the applica-

tion of a 10 volt initial coidition to the integrator. One volt

represents one second. The sixty second hold circuit is also a tim-

ing circuit. Both the hold circuit arM the timing circuit were

checked often during experimentation to insure synchronous, accurate

operation. The input circuit was designed so that circuit changes

between experiments were minimized. The potentioceter settings are

shown in Table B-2.

;.for nce M'easures

Perfoxnance data were collected f rm the circuitry represented

by the schematic in Figure B-3. The diode multipliers with the most

linear characteristics were selected for the experiments.

Knoun voltages were input into each performance measure circuit for

a one minute interval, and the circuits were calibrated by using

potentimeters.

!



47

Vw
~o

ICtC 0/ /9s-

C4 0

I.x
N LI

CL 0

C4C
40N
u c~l

06 C~N

CL eoI- 6~gxI '94C~j CL C

Iop
8Ch



Table B-i

Potentiometer Values for Figure B-1

Quantity Potentiaceter Sample S-tting

Stick Gain 1A1 1.oon

Stick Dias 1A2 .003

1/5T 2A6 .667

1/TI  201 .333

TI/10 22 .30

Kp/10 2D2 .450

N/ 2D3 .130Kp/10 -

|I
!L

JI
JI

-i I
I
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Table B-2

Potentiao1ter Values for Figure B-2

Quatity Potenticneter Setting

;/1O 1A3 .100

Z/O 1A .100

to/100 W~O .100

;/100 2D7 .010

th/100 1Db .600

re/iO 1B6 .100

1'r_/1 0 ic6 .300

Ira/,10 136 .500

r./O 1B1 1100

RgilO 132 Variable
.272 or .562
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Table B-3

Potentiometer Values for Figure B-3

__ Quantity Potentiumeter Approximate Setting

-IAL/10 1A6 .100

IAEp/10 1A7 .100

ITESm/100 1134. .100

ITM I/1(x) 1B5 .100

I IITA6/100 2.1 .100

ITArV/100 2A3 .100

IES./10 2"4 .100

~215 US 100

i ,

ii

3

ii

-" mI
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Appendix C

Aao Gaussiar. I T ecordingm

The signal recordings used in the Phase I and in experiments

are shown in Fig-re C-1. The folowing procedure was used to obtain

these signals. First, white noise fran the Elgenco Model 311A Noise

Generator was fed to a second order filter, which was programmed on

the analog computer. Then, the filtered Gaussian signal was

processed through a fader and reproduced on the appropriate tape

channel of the Sangimo Y.odel 4784I Magnetic Tape Recorder/Reproducer.

Fading was accomplished to eli=nate step signals at the beginrdng

of the input tape.

The equation used to program the second order filter is

y(ss =,

(S + a)2

where y(s) represents the Gaussian output, and x(s) reprejents the

white noise input. The analog schematic of the filter is shown in

Figure C-2, and the potentiometer settings are shown in Table C-1.
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Ufnite Noise~Input

fabhle C-1

Poatentirmeter Settings for Figure C-2

Quantity pot* Settings For The Following Bra Freqmnc

0.5 ra/sec 1.0 rad/ec 1.5 ra/seco

K/iOa 2  1 Gain/lO Gain/lO Gain/1O

28/1O 3 .100 .Z0 .300

a2/10 2 .025 .100 .225

IlIi91



Appendix D

Agrmna Data

A listing of all data is presented hre to save those who wish to

continue research on this topic many tedious hours of laboratory tire.

The data also provide model designers with a first step comparison of

their model system performance with piloted system performance.

The mean, variance, and standard deviation were computed, and

these valaes are presented with the expewq rental measurements.

Tables D-I through D-6 list data gathered and analyzed during Phase I

of the study. The first coln is measured in volts2-seconds, the

second colnn in volts2-seconds 2 , the third column in volts-seconds,

the fourth col~n in valts-econds2 , and the last colmn, the dely i

time# is measured in tenths of a second. Tables D-7 through D-24 list

data gathered and analyzed durdng Phase 3I, and Tables D-25 through

D-33 list data gathered and analyzed during Phase InI. The step time,

the interval between the beginning of the run and the al plication of
the stop in the ~use II experiments, is measured in seconds. The

same four units of measure are used for the first four col=ns in

Tables D-7 throuh D-33 as were used in Tables D-1 through D-6.

A "O0) appearing in ar of the tables, indicates that no

-t was taken, or that the mearwement. was invalid due to

utiplier =onlinearlty.
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Table Dl-1

SUSJECT I - PCRF0RAN~CE MEASURES FOR K COITIOLLER
INPUT I VOLT STEP

___________ ITAE OLYTm

0.1.0 0 .6a' 1.112 2505. 10.319 0.239 O.535 1.430 2.9
0,430O 0.372 0.43S 1.270 3.2
0.341 0.253 0.592 1.560 2.5
0.402 00324 0.453 1.590 2.7

0.300 0.141 0.463 1000 2.2
0.400 0.240 0.431 1.520 2.9
0.255 0.149 MIS1 1.560 2.3
0.245 0.042 0.603 2.210 2o2

DATA 0.334 0.146 0544 1.470 2.4
Y 030? 0.15) 0.540 1.560 2.5

0.299 0.102 00747 2.450 2.2
0.295 00194 00475 16060 3.0
0.333 0.231 0.754 2.530 2.5
0.316 0.22S 0.425 1.570 2m5
0.362 0.222 0.775 2.450 3.0
0.407 0.369 0.763 W.10 3.5
0.281 0.194 00.12 2000 2.2
0.300 0.212 0.412 2.140 2.2
0.340 0.083 0.532 1.320 2.4
0.427 0.399 0.754 1.920 4.0
0.454 0.373 0.742 2.070 3.8
0.229 0.160 0.400 2o2"0 2.2

EN0.361 0.259 0.45910429
V&AIANCE 0.010 0.024 0016 0.21 0a7
SbO. 0EV. 0.102 0*154 0.116 0.OW 0o$

SUGJECT I -. PERFORMANCE MEASURIES FOR MIS CONTROLLER
INPUT I VOLT STEP

e ITES RAE Irai rim

G.4"4 0.437 00949 2.150 2934 0.53 0.553 10019 2.610 2.1
0.445 0.696 16040 2.550 2.0
0.765 00962 1.200 2.740 3.2
0.693 0074? 0964 10940 209
0.658 0.674 1.022 2*340 201
0.714 0.723 1.032 20060 2.3
0.695 0.706 0.944 1 1.790 2.9
0.67S 0.740 0.924 10440 2.5

1 0."42 0.6t2 0.904 1.740 2.4
I 0.414 0.425 0.059 1.500 2.8
0*5.'2486 0.450 1.sot420 2.0
0.571 0.403 0.46 10460 2.31
0.613 0.550 0.874 1.450 .3
0.532 0.494 00979 2.550 2.3
0.37& 0.413 0.600 2.440 2.1
0.415 0.37 0.752 &.920 2.2
0.354 0.39S 0.622 20700 200
0.415S 0.412 0.000 2.270 2.1
*.424 0.485 0.764 2.030 2.2
0.394 0.444 0.734 2.020 I 2.4
0.367 0.386 0.64 1*920 2.3
0.425 0.s01 0.75 1.930 j 2.4

M~EAN 0.560 1 .584 0.901 2. 14" 2.4
VARIANCE 0.016 00020 00816 0.214 0.1
STO. 0EV. 0.125 j 0.140 0.127 0OS.__
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Table D-2

SUBJECT I PERFORMANCE MEASURES FOR K/S2 CGITROLLER
I|NPUT -I VOLT STEP

it_S ITES IAE - TAe DELAY rIME
0.688 0.896 1.174 3.120 2.4
O.S44 0.651 1.145 3.760 2.1
0.494 1.322 1.672 5.240 2.0

0.7i6 1.?96 1.608 5.580 2.7
0.801 1.195 1.396 4.040 2.2
0.593 0.600 1.109 3.120 2.1
0.787 t.044 1.260 3.120 2.1
0.739 1.117 1.298 3.520 2.5
0.679 1.451 1.596 5.020 2.7
0.659 1.107 1.404 4.710 2.5
0.534 0.667 1.021 2.910 2.1

DATA 0.791 1.053 1.22Q 2.920 2.3
0.500 0.729 1.103 3.650 2.6
0.663 1.128 1.262 3.740 2.8
0.785 1*081 1.120 4.960 2.6
0.872 1.221 1.439 3.930 2-2
00913 1.524 1.635 5.110 2.4
00900 1.620 1.844 6.260 2.5
00709 0.667 1o046 2.120 2.6
0.454 0.474 0o920 2.700 2.1
00602 0.803 t.059 2.430 2.0
0.536 0.614 0.999 2.600 2.2
0.509 0590 00908 4.160 2.1 a
0.530 0.681 0.960 2.330 2.0
0.441 0.516 0.781 10990 1.0

04EAN 0.684 00979 1.256 3.738 2.3
VARIANCE 0.021 00101 0.075 1.272 0.1
ST0. 0EV. 0.144 00317 0.273 1.126 0.3

I

SI

2
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IPT- I VOL STE

TE r STEITE DLYTP

5.46 -*47 00" 2120.7 .S *9 01 00.7 .9 16 02 *

0.41.5 0.356 0.89 2o202o
0.400 0.39? 0.769 2130 3.0
0.382 0.380 0.703 2o60 2.9
0.6 0.110 0.922 2170 23
0.410 0.337 00.70 2.350Z.

DAA0.509 0.494 0.440 190 2o
05410 0.6i 069 2.420 32
0.402 0.4?9 0.080 2.230 2.4
0.302 0.360 0.603 2:02o

0.596 0.632 00664 10610 465
0.567 0.643 0.953 20'60 3o2
0.516 0.514 0.664 2.150 3.0
0.505 0.921 0.033 1.75 3.4*
0.443 00341 0.633 10110 2.8
0.413 0.415 0.722 1.$20 2.?
0.367 0.342 0046 1.490 2.9
0.572 0.729 1011 3o60 3.1l
16405 0.444 0.632 2.470 2.4
0506 0.19 10004 2.960 2.6

MEAN 0.460 0.492 0.631 20124 2.s
VARIANCE 0.004 0.020 0.009 0.144 0.2
LTD. 0EV. 0.067 00141 0.09'. 0.406 0.5

SUBJECT 2 -PERFORMANCE MEASURES FOR KIS COIlOLLER

IES IE A TE DLYTR

00816 0*972 1.151 2*210 2.4
0.763 0.040 100 2.030 2.5
0675 00402 00954 10740 2.5

0961045t01 2 .9 o

0.739 0.796 1.00" 20140 3.0

DATA 0.718 00609 0*943 10600 3.0
0041 O*S4 1.38 34702.9
0.75 Oo" 1.28 25003.3
006s 0048 1092 24402.6

0."10.94 1*44 19404.2

001 W62-$3 *6 2.1
00"_____ 10196___ LOZ14___ 1*740___ 3.6

MEAN 0.7-20 oe *520"3.0
VARIANCE 1 00014 0-032 6.01? 0.263 0611

57.DEW* 0.120 00179 0a1&" 00951 0.?
AM_ _ _ _ _ _ _ __ _ _ __ _ _ _

LIOI."



Table D-4

SUBJECT 2 - PERFGRMAtiCE NEASURES FIR KIS2 CCkTqOLLER
INPUT - I VOLT STEP

IES ITES IE ITAE DELAY TIME
1081' .590 .6933 2.7

1.206 1.77c 1.779 4.170 2.2
1.052 1.620 1.781 4.830 2.6
0.944 1o240 1.492 3.710 2.9
1.244 2.040 1.962 5.260 2.5
1.034 1.35C 1.398 2.700 2.1
0.968 1.280 1.430 3.330 2.2
1.358 2.470 2.220 6.700 2.3
19212 1.860 1.826 4.460 2.0
1.135 1.740 1.712 4.140 2.1
0.923 2.310 1.642 4.780 2.2

DATA 00926 10270 1.530 4.040 2.6
1.246 1.760 1.720 3.610 1*5
0.934 1.260 1.490 3,790 2.2
1.181 1.670 1.708 3.860 3.5
1118 1.120 1.742 4.380 2.7
1.282 10860 1.786 3.940 2.0
0.899 1.250 1.%2e 4.170 2.6
1.132 1550 1.562 3.220 3.0
1.009 1.330 1.486 3.560 2.0
1.223 1.780 1.802 4.200 2.5
1.160 2.230 2.112 6.660 3.5
0.985 1.380 1.552 39920 2.6
1.210 10820 1.782 4.130 2.4
1o04 1.500 1.56 3.570 2.1

NEM 10101 10626 1.692 4.19 2.5
VARIANCE 0.017 00100 0.039 00816 0.2
STO. OEV. 00129 0.316 00198 0.903 0.4
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Table D)-5

$USJCCT 3 - PERFOAHANCE MEASURFS FOR K CONTROLLER
INPUT - I VOLT STEP

IEs IrEs IAF ITAS OELAY YTIPF
0.367 0.168 0.&16 1.880 3.3
0.362 00279 0.621 1.500 3.5
0.280 o. 10 0.584 1.940 2.8
0.354 0.298 O.54 1.590 2.9
0.552 0.492 00653 20090 5.0
0.613 0*506 0.969 2.390 4.0
0.626 O. 51 1.036 2.800 5.5
0.389 0.450 0.680 30100 3.0
0.474 00590 10007 3.400
0.361 00370 00703 2.200 208
0.433 O.SlO 0.880 20880 3*6

DATA 0.377 0.28C 0.639 1.710 208
0.371 0370 0767 2.380 2*4
0.390 00480 0.9"2 3.830 2.3
0.365 0.712 0.963 3.6S0 2.5
0.366 0.621 0.968 3o920 2.2
00374 I0144 10376 6o240 2.4
0.461 1.038 10505 6.280 308

0.293 0.644 0.986 30110 3o0
0.302 0.020 0.688 20720 205
0.303 0.267 0.810 32t65 2.50.331 00552 0.941 3o$30 2.2

0.468 0.94 1.0328 9.50 2.06
0.334 S 200 0086 3300 2.2
0.252 0.036 0.36 1.520 2&2

ME 0.393 0.514 0.93 3.111 30
VA1AC 0.006 9 0 .06 1.57 1.756 07

1T3 010 00093 0.262 0.245 50320 008

SUBJECT 3 -PERFORMN CE MEASURES FOR K/S CONITOLLER
INPUT -I VOLT STEP

JE5 ITE$ TAE MeA OELAY TM

1.47 2970 2.690 9060 30
1.53 2.70 2.280 6010 400
1.413 20400 2.089 5o470 ?*2

1.200 1.890 1.96 40520 3,1
0.817 10.22 1.0332 3370 3.
1.388 2.21 1.943 5.sO 3.31.076 1.420 I.7 3*790 401

1.330 2.230 2.072 5.800 2.0
094, 1.239 1.3T3 3010 2 7
1.311 2.140 1.97 4.000 2o?
1.072 0.934 1.646 24230 205

DATA 0.887 1.126 1.411 3.690 2.08
0.867 10224 1.603 3.910 2.9
1.136 1.760 1824 4.950 3.0
10.289 2.110 19,5 3.090 3.31.444 2.460 2*138 5.5 0 3.00

1.128 1.630 1613 3.70 261.355 2.140 1*878 4.210 2.8

0.823 0.64 10189 1740 2.5
0.887 10159 1.372 3.391
0.895 0.108 0.0135 3.210 0.21.012 1.390 1.534, 3.740 2.4
0.839 1.065 1*291 3.090 2.9
10072 1050W I.54 3.470 3,0
0.599 00649 0.874 1.740 2.S

REA% 4.111 1 68 4 t,699 4.391 ),X
VAIlA;K 0,9"1 0,m 09154 2*344 Oz

$TO. DIV. 0.24? 0,604 0.392 1,31 0.
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Table D-6

SUBJECT 3 - PERFORMAN CE MEASURES FOa-K/S2 CCKTROLLER
INPUT - I VOLT STEP

_ S ITES IAE ITAE DELAY TIME
1.489 2.630 2.470 7.330 3.8
1.ss8 3.s10 3.050 10.950 3.,
2.092 6.020 3.709 13.SO 3.i
1.524 2.470 2.160 S.120 2.5
1.385 2.80C 2.680 9.240 3.3
1.492 2.72C 2.438 7.100 3.0
1.122 1.720 2.116 6.92u 2.5
1.229 3.400 2.833 13.810 2.6
1.458 4.81C 3.2(,3 19.190 3.3
1.55 2.690 2.758 8.91t 2.4
1.323 2.290 2.460 8.060 3.7

DATA 1.520 2.590 2.736 9.060 4.0
0.904 1.200 1.828 6.200 3.5
1.120 1.650 2.448 7.250 3.2

1.208 1.940 2.276 7.820 3.4
1.130 2.91c 2.141 ?.110 3.5
1.544 4.06C 2.506 7.340 3.4
1.879 ?.960 3.438 11.860 3.1
1.595 4.460 2.634 7.940 3.6
2.005 3.71C 3.320 I0.S6O 2.9
1.803 2.940 3.310 11.400 3.2
1.626 3.030 2.606 7.740 3.3
1.362 3.030 3.129 12.390 3.2
1.642 3.860 3.216 11.990 3.1
1.626 3.530 2.893 9.660 3.0

MEAN 1.488 3.086 2.737 9.534 3.2
VAIANCE 0.076 1.059 0.217 9.172 0.2
STO. DEW. 0.276 1.029 0.465 3.029 0.4
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Table D-7

SUBJECT I - PERFORPANCE MEASURES FOR K CONTROLLER
INPUT - 1.44 VCLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF

.....__ s ITES IAE ITAE
3.396 0. 1.Z8 ' .
3.144 0. 11.320 416. 40
3.000 0. 10.768 384.720

DATA 2.928 0. 1C. CO 368.240
3.816 0. 11.048 393.040
2.748 0. 10.352 364.360
2.454 0. 9.280 333.520
3.378 0. 11.568 415.600
2.592 0. 9.520 296.160

YEAN 3.051 0. 10.660 374.124

VARIANCE 0.166 -0. 0.569 1135.189

STO. OEV. 0.408 -0. 0.755 36.540

SUBJECT I - PERFORMANCE MEASURES FOR K CONTROLLER
INPUT - .86 VOLT APS GAUSSIAN WITH 1 RADIAN CUT-OFF

_ _ _IES ITES IAE ITAE
5.920 74.560 13.941 516.240

DATA 5,344 52.880 13.590 499.680
5.280 67.680 14.400 503.640
6.920 121.920 15.345 567.540

PEAN 5.866 79.260 14.319 521.775

VARIANCE 0.432 667.992 0.433 135.543

STO. 0EV. 0.658 25.846 0.658 27.121

SUBJECT I - PERFORMANCE MEASURES FOR K CONTROLLER
INPUT - .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF

_ _IES ITES IAE ITAE
4.896 28.60 13o392 487.830
6.680 95.120 15.471 548.190
6.728 96.560 15.660 551.700

DATA 7.432 113.920 16.272 591.930
6.496 85.600 16.110 569.790
6.928 111.520 15.930 569.790
5.144 53.760 13.653 600.030

1 4.400 7.120 12.474 448.110
4.640 24.160 12.924 475.200

PEAN 5.927 68.489 14.654 538.060

VARIANCE 1.163 1471.303 2.043 2623.677

STO. 0EV. 1.078 38.358 1.429 51.222
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Table D-8

SUBJECT I - PERFORMANCE MEASURES FOR K/S CONTROLLER
INPUT - 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF

IES ITES j !AE ITAE
0. 960 446.000

4.5.0 0. 12.130 416.900
5.200 0. 12.600 429.800

CATA 4o650 0. 12.000 416.100
4.400 00 12.150 416.600
4.940 0. 12.420 414.000
5.110 0. 12.860 430.600
4.160 00 11.520 399.200
4.580 00 12.010 412.100

PEAR 4e764 0. 12o294 420.144

VARIANCE 0.136 -0. 0.187 161.297

STD. 0EV. 0.369 -0. 0.433 12.700

SUBJECT I - PERFORMANCE MEASURES FOR K/S CONTROLLER

INPUT - o86 VOLT RPS GAUSSIAN WITH I RADIAN CUT-OFF

IES ITES IAE ITAE
_11.344 244o320 18.909 6330150

DATA 10o672 243.040 18.666 630o630
11.208 266.880 19.620 671.31010.024 2190680 le.576 626.760

PEAN 100812 243.480 18.943 64C.462

VARIANCE 0.270 278.725 0.168 322.371

STO. 0EV. 0.520 16.695 00410 17.955

SUBJECT I - PERFORMANCE MEASURES FOR K/S CONTROLLER
INPUT - .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF

IES ITES IAE ITAE
4.938 70o620 13.696 466.240
5.916 124.140 14.832 525.360
4.28 80.160 13.168 475.280

DATA 5.460 93o420 14.376 50A.480
5.934 133o860 14.816 534.880
6.384 143.820 15.224 538.800
5.676 118.680 13.904 S01.920
s*088 86.640 13.872 490.480
4.8-4 7280 13.440 463.120

MEAN S.445 103e180 14.140 499,840

VARIANCE 0.290 65S.796 0.434 ?30.115

$TOO Dev. 0.!38 2S.609 00.66 27.032
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Table D-9

SUBJFCT k - PERFORMANCE MEASURES FOR K/S2 CONTROLLER
IINPUT - 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF

.. ... ES ITES IAE ITAE
44.415 1363.050 36.140 1176.600-
47.349 1496.610 42.50 1310o000
30.402 1051.380 33.040 1125.600

CATA 41.220 1297.800 37.290 1220.100
38o709 1204.110 35.850 1155.500
31.950 1028.700 34.150 1132.500
36.216 1272.240 36.090 1199.100
35.604 1265o760 35.100 1221.000
43.092 1504o080 38.310 1317o900

PEAN 38.773 1275.970 36o497 1206.478

VARIANCE 29.?48 25071.236 6o675 4343.153

STO. O-V. 5.408 153.339 2o584 65o903

SUBJEC- I - PERFORMANCE MEASURES FOR K/S2 CONTROLLER
INPUT - .86 VOLT RMS GAUSSIAN WITH I RADIAN CUT-OFF

IES ITES IAE ITA.
58.860 2313.400 44.050 1574.500

DATA 67.200 2414.000 49.710 1641.900
62.040 2019.600 45.760 1466400
61.700 2015000 46050 14960500

PEAK 62.450 2190.500 46.567 1544.825

VARIANCE 9.045 31266.062 4o225 4697.500

STO. 0EV. 3.008 176.822 2055 68o538

SUBJECT I - PERFORMANCE MEA.DURES FOR K/S2 CONTROLLER
INPUT - .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF

I IES ITES IAE ITAE
47.730 175307G- 38o950
38.000 1360o000 37.490 1305o100
27.210 887s900 32.800 11210000

DATA 53o400 1996000 42o320 1452.800
48.410 20409900 39.460 1462.400
51.310 18990900 39o710 1410.900
44.680 1728.200 38.320 1358.890
50.130 18597S'0 42o690 14660100
46.290 1625.100 39o920 1351.800

PEAN 45.240 1683o489 390073 1364.933

VARIANCE 58.056 116803.86' 7o482 1032108?5

STO. OEV. 70619 341.766 2.735 101.626
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Table D-1O

SUBJECT 2 - PERFORMANCE MEASURES FOR K CONTROLLERINPUT - 1*44 VCL! RMS GAUSSIAN WITH .5 RADIAN CUT-OFF
IES ITES IAE  _ ITAE
3.256 0. 10.052 310.806'

4.928 0. 13.398 377.230
3.883 0. 10.633 331.380

DATA 3*536 0. 10.766 30.180
4.713 0. 12.124 339.780
4,367 0, 11.690 338.520
4,070 0. 11.095 328.020
2o486 00 8.736 264,950
2.431 0. 8.442 267.960

PEAN 3.741 0. 10.771 319.091

VARIANCE 0*716 -0. 2,198 1118.416

STD. 0EV. 0.846 -0. 1.483 33*443

SUBJECT 2 - PERFORMANCE MEASURES FOR K CONTROLLER

INPUT - .86 VOLT RPS GAUSSIAN WI7H I RADIAN CUT-OFF

IES ITES IAE ITAE
14.850 282*L00 20.490 678.N0

DATA 9.180 130.200 18.160 618.900
10.110 100,200 2C,040 598.600
8.600 71.200 18.120 566.900

PEAN 10.685 145.925 19.202 615.725

VARIPNCE 69073 6616.377 1.154 1656.984

STO 0EV. 29464 81.341 1.074 40.706

SUBJECT 2 - PERFORMANCE MEASURES FOR K CONTROLLER
INPUT - 56 VOLT RPS GAUSSIAN WITH 1.5 RADIAN CUT-OFF

IES ITES IAE ITAE
5.620 15.900 14.200 512.500
6.720 48.&0 18.750 522.700
5.920 15.300 14*480 501.700

DATA 6.320 36.400 14.950 525e500
6.760 37.600 15.870 524.900
5.240 0. 13.700 466100
9.040 118.100 16.590 539.200
6.040 10.200 14.360 486.400
5.650 0. 14.090 471.500

FEAN 6.368 31.367 14.777 505.611

VARIANCE 1.119 1200.433 0.749 593.826

STO. 0EV. 1.058 34*647 0.66S 24.369
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L Table D-1 1

SUBJECT 2 - PERFORMANCE MEASURES FOR K/S CONTROLLER
INPUT - 1.44 VCLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF

If JES ITES IAE ITAE
5*420 0. 14.060 "4301
5.500 0. 14.310 476.100
6.130 0. 14.700 467.800

DATA 5.96U 0. 14.330 457.500
7.0zo 44.200 1S. 780 505.100
S.680 0. 14.260 466.000
:.580 0. 12.610 428.000
5.790 O. 14.120 448.600
5.-190 00 13*570 45S.900

PEAN 5.?52 4. 11 14.193 460.900

VARIANCE 0.576 192.952 0.637 427.274

STO. DEV. 0.759 13.891 0.798 20.671

SUBJECT 2 - PERFORMANCE MEAStAES FOR K/S CONTROLLER
INPUT -. 86 VOLT RUS GAUSSIAN WITH I RADIAN CUT-OFF

__IES ITES IAE ITAE
18.900 | 461.700 26.990 $59-100

CATA 21.860 616.400 28.580 964.200
2.14.20 494.000 25.650 890.500
23o140 660.200 29.180 987.200

PEAN 20.580 556.05 27.600 925.250

VARIANCE 3.920 6806.266 1.908 2734.578

ST0. DEV. 1.980 82.500 1.381 52.293

t [SUBJECT 2 - PERFORMANCE MEASUES FOR K/S CONTROLLER
INPUT - .56 VOLT RPS GAUSSIAN WITH 1.5 RADIAN CUT-OFF

i lES ITES IAE IT^E
9.330 06.800 19.4C) 704.200
9.880 172.900 18.620 643.400
9.650 169.600 18.440 636.900

DATA 9.750 164.800 18.520 642.400
10.900 187.000 19.420 646.200

t 13.090 293.900 21.72C 742.800
12.960 257.000 21.580 704.600

I j 9.260 117.600 18.41C 596.400
9.460 132.300 18.n20 620.000

tPEAK 10.481 165.167 19.446 659.878

VARIANCE 2.051 2802.314 1.514 1966.86S

STO. DEV. 1.432 52.93' 1.211 44.349
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Tablo D-12

SUBJECT 2 - PERFORMANCE MEASURES FOR K/S2 CONTROLt ERINPUT 1.44 VOLT RNS GAUSSIAN WITH .5 RADIAN CUT-OFF

Ij S ITES IAE ITAE37.110 1029o900 36,600 1126.000
46.010 1489.900 38e55C 1263*5600
34.780 974.200 35.080 1131.2O00

CATA 33.470 1007.300 35.090 1154.100
36.200 1098.000 33.520 1083.8001

24.000 604.700 29.450 935.5001
39.340 1156.600 35.240 1175.600
29.280 732.200 30.530 923.700
36.470 1221.300 34.560 1204.400

PEAN 35.184 1034.900 Z .291 1110.867

VARIANCE 33.768 60192.597 7.098 11696.139

STO. DEV. s.811 245.342 2.664 IC8.1491

SUBJECT 2 - PERFORMANCE MEASURES FOR K/S2 CONTROLLER
INPUT - *86 VOLT RPS GAUSSIAN WITH I RADIAN CUT-OFF

I_ JES ITES IAE ITAE
55.080 1914.200 45.250 1525.5oo

DATA 53.480 1600.200 44.950 1406.500
50.600 1709.000 41.420 1438.800
50.340 1649.600 44.010 1455.900

rEAN 52.375 1718.250 43.907 1456.675
VARIANCE 3.958 14282.687 2.272 1893.656

SD. OFV. 1.989 119.510 1.507 43.516

SUBJECT 2 - PERFOFMANCE MEASURES FOR K/S2 CNTROLLER
INPUT - .56 VOLT APS GAUSSIAN WITH 1.5 ADIAN CUT-OFF

IlES ITES IAF ITAE
37o656 1223,040 33.a6C 1147.400
40.416 1230.240 34.260 1115.400
39.792 1337.280 35.380 1216.200

DATA 45.660 1629.000 36.190 1278.100
37,104 1343.760 32.300 1181.000
47.520 1792.800 36.640 1343.600
41.412 1561.080 3' 580 1303.200
37.380 1195.80C 33.760 1147.400
43..O0 1690.800 34-610 1299.900

DEAN 41.127 1444.867 34.709 122S.800

VARACE 12.262 453393444 1.683 60740956

LTD. 0EV. 3.502 212.931 1.297 77o942
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Table D-13

f-

1SUBJECT I - PERFORMANCE MEASURES FOR K CONTROLLER
jINPUT - 1.44 VCLT AMS GAUSSIAN WITH .5 RADIAN CUT-OFF

T._,E_ ITES IAE ITAE
V 12.000 296.800 19.416 626.640

20.550 522.500 21.372 679.080
13.530 402.700 21.780 736.2oo

CAT6 14.605 423.950 20.280 697.800
13.720 4C7.800 18.972 650.880
12.970 357.000 2C.892 689.880
12.390 324.250 190800 649.800
11.960 I 324.800 19.842 672.780
90500 226.000 17.926 579.120

IFEAN 13.469 365.089 20.031 664.687
VARIANCE 8.122 6538.587 1.297 1811.056

STO. OEV. 2.850 80.862 1.139 42.556

SUBJECT 3 - PERFORMANCE MEASURES FOR K CONTROLLER
INPUT - .86 VOLT RMS GAUSSIAN WITH I RADIAN CUT-OFF

,ES ITES I E ITAE
7.500 196.450 15505 570.150

OATA 8/o490 241.000 16.814 614.460
9.105 244.150 17.316 610.820

11.690 371.100 19;320 714.000
9.196 263.175 1.239 627.357

VARIANCE 2.401 4238*429 1.881 2804.863

STO. OEV. 5 1.549 65.103 1.372 52.961

SUBJECT 3 - PERFORMANCi MEASURES FOR K CONTROLLER
INPUT - o56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF

.80 ; 244.100 168060 625.800

7.760 '97.700 17.514 615.860
8.560 192.700 18,284 588.560

OATA I 6o960 173.400 15o134 554.260
11.340 343.200 20.510 734.300
1 1.615 3?0.950 20.685 752.150
60530 166.500 15.386 577.640
8.430 2239100 16.758 5929620
7.525 182.850 16o198 565.320

YEA, 8.656 232,722 17.614 622.946

VARIANCE k *0981 4972.711 3,592 45930889

STO. 0EV. 1.726 70517 1.895 67.778
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r ~Tabloo D-14

I UBJECT 3 - PERFOklANCE MEASURES FOR K/S CONTROLLER
INPUT - 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF

IES ITES 1 IAE ITAE
14.208 425.280 24.232 852.080
14.526 314.940 23.440 710,400
9.270 212.580 18.864 642.560

DATA17.352 404.220 26.400 796.000
10.368 240.780 2C.688 676.320
8.514 166.500 18.776 611.280

11.460 274.800 22.512 743.680
10.374 238.500 19.904 665.760
8.184 173.280 18.488 624.720

PEAN 11.586 272.320 21.478 702.533

VARIANCE 8.679 7703.470 6.989 f 5874,840

STO. 0EV. 2.946 87o769 2.644 76.648

SUBJECT 3 - PERFORMANCE MEASURES FOR K/S CONTROLLER
INPUT - .86 VOLT RPS GAUSSIAN WITH I RADIAN CUT-OFF

IES ITES TIAE ITAE
24.216 766.440 29.240 1009.0oo

CATA 17.628 480.120 25.960 756.400
24.114 763.860 30o976 1027*040

16.128 455.520 24.840 83.00

PEA% 20.521 616.485 27.754 909.060

VARIANCE 13.553 22177.758 6.075 12884.352

ISTO. DEV. 3.682 148.922 2.465 113.509

SUBJECT 3 - PERFORMANCE MEASURES FOR K/S CONTROLLER
INPUT - .56 VOLT RIGS GAUSSIAN WITH 1.5 RADIAN CUT-OFF

IES IES IAE ITAE

13.884 442.800 21.712 783.375
9.858 280.740 18.007 655.425

13.950 4oM.22o 22.192 7446.825
DATA 18.606 596.94C 24o967 851.32S

u 15.348 507. 120 23.062 807.375
15.018 405o720 23.227 748o725
17.256 1.60e440 24.4"5 764.550
16.746 354.180 26.100 730.500
9.520 218.940 17.145 616.050

PEAj 14.354 407.967 22.323 744.683

VARIANCE 9.809 11586.085 8.130 4458.396

STO. OEV. 3.132 107.639 2.851 68.252
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SSUBJECT 3 - PERFORMANCE MEASURES FOR K/S2 CONTROLLER

[INPUT 1.44 VCLT RMS GAUSSIAN WITH S RADIA CUT-OFF

" ES MTE$a IAE ITAE

45.744 1395.360 38.214 1296.360
51.072 1407.680 43o632 1277.280

DATA 34o664 1062o960 34.65C 1133.100
42.448 928.320 38.034 10100160
32.224 106o560 33.858 1065.420
42.440 9990600 37.854 10%.260
32.728 819.120 33.210 958.500
31o776 940.640 32.940 1033.200

PEAN 40o918 11100640 37.28C 1070.600

VARIANCE 66.607 61466.458 14.483 20547.153

STO. OEV. 8.161 247.924 3.806 143.343

SUBJECT 3 - PERFORMANCE MEASURES FOR K/S2 CONTROLLER
INPUT - .86 VOLT RS GAUSSIAN WITH I RADIAN CUT-OfF

IE ITES IAE ITAE
95o04 3044.800 j 55.161 1698o390

DATA 65.968 2267.520 49.473 1568.070
72.872 2432o860 56.313 1771e470
46.384 1484.960 39.582 1236.780

PEAN 70.066 2307.540 5G.&32 1568.677

VARIANCE 302.301 309375.500 43&084 42026.594

STO. 0EV. 170387 556.215 60619 205.00o

SUBJECT 3 - PERFORPANCE MEASURES FOR KIS2 CONTROLLER
!INPUT - .56 VOLT £9S GAUSSIAN WITH 1.5 RADIAN CUT-OFF

TE, MTES lae ITAE
37.600 1287.200 37o674 1285.560
45.880 1636.400 40.059 13440510
44.080 1609.600 39.690 1358100

DATA 40.048 1525.920 360459 1264.210
77.600 2382o400 55.620 17010900
47.224 1790.160 39.438 1396.620
64.00 1821.600 48.330 1439.100
58*400 1460.800 47.223 1288."70
100.160 2356.900 59.382 15110180

PEAN 57.221 1763o431 44o875 1401.050

VARIANCE 376.394 128211.277 60.631 16544.6S'

STO. 0EV, 190401 38066 T07 124o626
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Table D-.6

SUBJECT I - PEKFORMANCE PEASURES FOR K CONTROLLER
INPUT - 1.44 VOLT RNS GAUSSIAN WITH .S RADIAN CUT-OFF PLUS 1 VOLT STEP

IES ITES AE J ITAE ISTEP TIM E ,
3.705 0 13.91'6 393.263 6.0

DATA 3.579 0. 13.063 371.o053 t.9
3.495 00 13.947 388.105 13.2
3.566 0* 13.73T 377.158 8.5
3.411 0' 13.811 361.053 68.0

MEAN 3.S52 0. 13.695 378.126

VARIANCE 0.010 -0. O.OS 134.237

STO. 0EV. 00096 -0. 0.325 11.586

INPUT - 1.44 VOLT RMS GAUSSIAN WITH 5 RADIAN CUT-OFF PLUS 3 VOLT STEP

IfS ITES I IAE T ITAE ISTEP TItE
9.374 37.895 16.547 448.316 12.8

DATA 9.705 20.947 15.800 393.158 6.8
6.168 13.053 14.-47 391.579 I 11.0
8.295 39.368 14.926 416.842 12.0
9.195 24.947 1_42"_ 398.842 700

MEAN 9.048 31.242 15.448 409.747

VARIANCE 0.460 250.5?2 003 4529422

STOo DEV9 00678 1S.629 0.695 21.210

INPUT - 1*44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 3 VOLT STEP

_ IES ITES IAE ITAE STEP TIME"' 22.01.1 23;5 T.ZI 433.579 t3.8

OATA 16.737 125.263 16.926 460.632 12.0
15.221 93.474 15.768 442.947 10.0
21.432 128.105 17.769 44S.895 6o2
180526 90.526 16.737 393.789 6.6

MEAN 16.78S 1349.0S 16.666 435.368

VARIANCE 60.674 21560176 0.440 507.700

STD. 0EV. 2.622 53.443 0004 229532
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Table D-17

SUBJECT I - PERFORMANCE MEASURES FOR K CONTROLLER
:NPUT - .56 VOLT tMS GAUSSIA% WITH 1.S RAMlAN CUT-OFF PLUS I VOLT STEP

_ IES ITES IAE ITAE STEP TIME
6.611 16.632 15.632 449.474 9.0

DATA 7,0S3 21.053 16.316 466.737 6.6
6.ss 16.64? 15.014 449.695 l.7
6.400 17.000 IS1.337 470.421 12.3
S.811 0. 14.3S8 4177S9 14.2

ME" 60.6 13.305 1.3S43 4so.021

V4RIAkCE 00161 52.464 0.415 349.044

ST. 0EV. 0.401 ?.243 0.444 1.653

INPUT - .56 VOLT RMS GAUSSIAI WITH 1.5 RADIAK CUT-OFF PLUS 3 VOLT STEP

ITES ITES IAE ITAE STEP TIME
" 11.747 117.474 17.53? 488.421 12.8

DATA 10.264 7S.263 17.411 417.366 12.2
11.i495 8S.474 1S.916 %10.421 4.3

- 9.347 37.263 15°884 436.316 9.6
8.368 20.316 14.937 ,29*36 7°6

MEAN 1 10.248 67.IS5 14,0t7 46797

VARIA NCE 1.630 1 204.144 1.922 9S3.425

1TO. EV, 1 2.77 34.701 1.386 30.874

INPUT - .56 VOLT RMS GAUSSIAN WITH I.S R&DIA% CUT-3FF PLUS S VOLT STEP

IES ITES IAE ITE STEP TIRE
2 0o.084 140.'00 19.0'4 474.447 7T.

GATA 19.?O$ 190.000 18.90s 475.263 12.7
19.8S3 136. 10S 16.959 443.366 6.4,I 18.611 61.09s 17.411 439.769 S.2

S 110.684 120.000 16.342 435.$7 10.0

MEAK 18.957 133.600 17.844 453.749

VARIANCE I.553 1 117o319 0.912 309.005

ST. 0EV. 1.255 34.50 0S.9 17.7
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Table D-18

SUBJECT I - PERFORMANCE MEASURES FOR K/S CONTROLLER
INPUT - 1.44 VOLT RMS GAUSSIAN WITH 5 RADIAN CUY-OFF PLUS 1 VOLT STEP

1__-__S ,___....SITES ITAE STEP TIME
5.600 0. 13.147 368.526 6.5

DATA 5.663 0. L2.832 352.632 6.9
5.547 0. 13.?42 372.642 14.8
5.579 0. 12.800 356.737 8.o
5.568 0. 12.716 3580000 16.7

MEAN 5.592 0. 12.947 361.747

VARIANCE 0.002 -0. 0.043 58.261

STD DEV* 0.040 -0. 0.208 7.633

INPUT - 1.44 VOLT RPS GAUSSIAN WITA .5 RADIAN CUT-OFF PLUS 3 VOLT STEP

. Es I ITFS IAE - ITAE STEP TIME1
7.158 I 0. 12653 329.474 9.7

DATA 7.779 0. 13:063 356.947 5.8
7.516 0* 12.221 331.158 13.3
8.000 0. 12.979 348.316 10.1
6.305 0. 12.463 337.684 7.9

MEAN 7.7S2 0. 12.676 340.716

VARIANCE 00155 1 -0. 00099 109.631

STD. 0EV. 0.394 -00 0.314 10.470

INPUT - 1.44 VOLT INS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS S VOLT STEP

"___AT __ _ IS IVES IAE ITAE STEP TIME
13.989 64o316 13.37g 33?.5Z6 11.5

DATA 14.674 16.842 13.221 335.579 5.2
16.442 71*684 14.232 360.737 7.7
17.547 82.211, 14.232 349.789 9.0
.5.947 100.947 12.442 303.789 13o3

meAN 15.720 67.200 130501 336o484

VARIAMCE 10600 785.701 0.456 370.134

STO. DEVo 1.265 28031 0.676 19,239
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Table D-19

SUBJECT I - PERFORMANCE MEASURES FOR K/S CJNTROLLER
INPUT - .56 VOLT RMS GAUSSIA4 WITH 1.5 RADIAN CUT-OFF PLUS I VOLT STEP

__IES I ITES IAE ITAE I-STEP TIM
6.232 TP 15.032 4 13

oATA 5.747 0. 14.168 439.474 10.0
5.937 0. 1*.411 409.?S9 9.2

S 6.26311: 14:937 41I.S79 603

5 5.716 0. 14.421 425.895 3.6. .........

MEAN - 9?9 Go 14.594 468.259.

VARIANCE 0.054 -0. 0.111 j 288.139

ST0. DEV. 0.232 -0. 0.333 16.975

INPUT .56 VOLT RNS GAUSSIAN WITH 1.S RADIAN CUT-OFF PLUS 3 VOLT STEP

IES ITFS t KAF ITAE STEP TIME
i 8.947 25.474 14.V68 13,47.053 I3A

DATA 8.926 28.947 14*.737 417.368 11.0
a.211 27.263 16.095 449o.79 s8

10.063 31.474 16.505 436.842 6.0
9.832 41.15 16.800 45.211 5.1

toJ

MEAN 9.196 ; 30.63 15.821 433.011

VARIANCE 0.452 30.406 0.41 131,428

STo. 0EV. 0.,673 5.54 0.825 11.20S

INPUT - .56 VOLT RNS GAUSSIAN WITH 1.5 RADIA& CUT-OFF PLUS 5 VOLT STEP

ITES IAE ITAE STEP TINE.18.474 178.632 16.084 468.632 13.9DATA 19.821 171.366 18.421 457.895 10.6

16.558 99.189 16.126 461.263 602
16.484 82.842 16.821 402.526 6.8
19.074 100.000 17.642 4690789 5.6

MEAN 18.062 126.526 17.019 472.021

VARIANCE 1.807 1610.516 0.813 02.364

STO. DEV. 1.344 40.131 0.902 9o076
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Table D-20

SUBJECT I - PERFORMANCE MEASURES FOR K/S2 CCNTROLLER
INPUT - 1.44 VOLT APS GA,'SSIAN W:TH .5 AADIAN CUT-OFF PLUS I VOL( STEP

tIES ITES .- IAE ITAE STEP TIME
44.063 1006.737 41.453 1187.579 9.0

CATA 51.537 1486.737 41.642 1324.612 10.3
27.242 680.842 329211 9170.895 12.5
37.926 986.947 39.032 1108.632 8.1
48.821 1347.895 41.768 1267o579

REAN 41.91 1101.832 39.221 1161.263

VARIANCE ?5.218 61634.537 13.3G3 20136.637

STD. DEVe 8.673 285.71 - 3.647 141.904

INPUT - 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 3 VOLT STEP

IES ITES IAE ITAE I STEP TIME
66.000 1686.316 47.579 1344.211 12.2

DATA 46.568 1205.895 40.158 1167.695 8.0
53.589 IS04.105 43o789 1298.947 10.0
33.211 756.316 34.168 957.263 6.4
60.053 1622.632 48.632 1385o263 4.8

MEAN 51.884 135So053 42.865 1230.716

VARIANCE 129.170 I168S6o899 27.858 24028o875
STO. DEV. 11.365 341.843 5.278 1S5.012

INPUT - 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 5 VOLT STEP

IES ITES AIAE i ITAE STEP TIME
64*232 1976o632 ' 3.074 1171.368 10.4

DATA 47.305 872.211 34.958 924.10S 8.5
63.853 1290.947 43.011 1127.789 605
47.884 808o526 38.347 980.737 4.2
93.032 1962.316 50,653 1308.210 12o9

MEAN 63.261 1382.126 42.008 1102o442

VARIANCE 275.722 257480.22S 27.995 18870.075

STO. 0EV. 16.605 507.425 S.29 137o368

. _ -_ _11
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Table iD-21

1UBJECT I - PERFORMANCE MEASURES FOR K/S2 CONTRLLEA
INPUT - .56 VOLT RMS GAUSSIAN WITH 1.5 R4DIAk CUT-OFF PLUS 1 VOLT STEP

IES ITES IAE.. ITAE STEP TINE

72.821 1736.000 50o716 1534.947 13.3

DATA 48.032 1488.10! 40.926 1260.211 11.051,812 103:7119 41.69S 1378842 SOS

43*905 1532o526 36.442 129To684 4.7
41.642 1521.474 37.811 128 .053 5.8

MEAN 51.546 160.769 41.918 138.347

VARIANCE 1244296 16384.875 21.476 10009.175

STO. DEV6 11.149 126.003 40634 O0.046

INPUT - .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-GFF P1'S 3 VOLT STEP

I, __"____ tTES i A rT. TAE SrEP TIME
. 5095 1768.042- 43.832 1321.684 14.3

DATA 61.979 1664.421 430663 1259.158 10.6
46.147 136.947 39.232 1166o632 8.5
S2.337 16S4.526 +0.916 1224.526 6.2
60.737 1726.e16 46.021 1365.053 4.4

MEAN 55.832 1640.210 42.733 I 1267.410

VARIANCE 26.626 177780600 5.689 4908.687

STO. DEV. 5.160 133.337 2.335 70.062

INPUT - .56 VOLT RNS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLUS 5 VOLT STEP

XEIfs..... ITES I N ITAE STEP TIME
61.347 14980105 40653 )171-7i Tf.I

DATA 76.000 2130.526 45.789 L349.474 708
73.137 1492.642 44.211 1130o526 9*2
52.021 990.316 38.168 1035.158
93,789 184*7368 2:33? ;2850053 &0,8

MEAN 71.259 1591.632 44.232 119.400

VARIANCE 200.393 1 147179.174 23.539 12443.000

STD. DEV. 14.156 363,639 1 4.352 111.548

.113
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Table D-22

SUBJECT 2 - PERFORMANCE MEASURES FOR K CONTROLLER
INPUT - 1.44 VOLT RhS GAUSSIAN WITH .S RADIAN CUT-OrF PLUS I vOLT STEP

___ ISITIS I'- ITAE _ STEP TIME

4.558 0. 12.126 359.158 14.7
DATA 5.032 0. 12.526 363o684 10.2

3.979 0. 11.22 - 341053 900
4_263_0. 11.363 365.895 80
402.4 0. 11.368 355.156 4.2

MEAN 4.421 0. 11.722 356.989

VARIANCE 0_127 -0. 0.262 77.234

STOo OEV* 0.3S6 " 0.S12 4.788

INPUT - 1.44 VOLT RMS GAUSSIAN MUH .5 RADIAN CUT-OFF PLUS 3 VOLT STEP

_E UITE IAK UhLE -TIP TIM
9.274 0. 12.947 363.474 9.1

DATA 7.642 0. 13.316 401.474 13.6
6.400 0. 11.674 350.526 7.2
6.895 0. 11.895 343.474 4.2
70811 0. 12.821 374.421 9.9

MEAN 7604 0. 12.531 366.674

VARI4NCE om9s7 -00 0.403 4160056
STO. DEV* 0.978 -o 0.635 20.397

INPUT - 1.44 VOLT RPS GAUSSIAN WITH .S RADIAN CIJT-cFF PLUS 5 VOLT STEP

W ,, ITES IAE ,1TAE STEP TIME
20.642 226.000 16.442 469. 84 14.1

DATA 15.284 71.368 14.789 400.421 10.8
L3.747 3.769 13.642 365.474 6.0
17.642 56.632 IS.011 394.316 7.0
14.116 52.737 13.716 362e632 11.9

MEAN 16.286 82.105 14.720 3989505

VARIaNCE 6.595 S693.15C 1.045 1493.137

STO. EVe 2.568 7S.453 -0022 380641

ut'i. *.& ~*114



Tabl.e D-23

SUOJECT 2 - PERFORMANCE MEASURES FOR X CONTROLLER
INPUT - *%6 VOLT AN$S GAUSSIA4 WITH 1.5 440I 14% CUT-OFF PLUS I VOLT STEP

______I__ TIES ILL..... ITAF .ium..t=U
7.326 42.316 1509!1 500789 13.5

DATA 8.505 85.e53 17.411 S57.263 1001
8.242 70.000 17.053 534.842 80
60621 120316 14.242 48".000 s6
70326 51.579 15.783 507.579 4.S

MEAN 7.604 520253 16.091 516065

VARIANCE 0.*68 616.991 1.239 611.94'

$TO. DEV. 0.634 24.839 1.113 24.737

INPUT -. 54 VOLT MS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLU.S 3 VOLT SU~P

j Es- .. ITES.... IAE ITA& ..UgrflIEI
11.474 112&211 is 316 546.105 4.7

DATA 12.611 94o316 18.095 527.6864 .3 I
10.442 89.368 17.SOS 541.263 84
11.242 112.105 17.90S S47.03 10.5
.2.768 15.64 18.35e S3*.S79 14.T

MEAN 11*707 113.53? 18.036 S490137

VARIANCE 00763 617*390 01097 204.616

STO. 0EV. 0.873 24.847 0.311 14.306

INPUT - .56 VOLT RMS GAUSSIAN WITH 1.S RADIAN CUT-OFF PLUS S VOLT STEP
te I TES JAE ITAE STPIM

DATA 1,.400 34c14 19432 S3.105 1107

14832 229S79 18,663 519e684 8.6
14.800 150843 17.663 510.105 7.2
15.305 16.705 19.263 $43o789 400

XEAN 1 4.752 23.331 13.709 533.953

VARIANCE 00110 46.604 0e392 332.34

To. 0EV. 0.331 Go$27 0.626 18230
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Tablo D-24

SSUBJECT 2 - PERFORMANCE MEASURES FOR NI$ CONTROLLER
iNPUT - 1.44 VOLT RMS GAUSSIAN WITH 5 RADIAN CUT-OFF PLUS I VOLT STEP

_ _IS ITE$ IE .IAE "STEP TIME
7.811 55.8 15.958 477.263 13.7

IDATA 7.411 48.632 16.000 476.421 10.2
8,305 74.947 16.40C 496.000 7.2

7.432 68.737 15.547 490o.32 3.6

MEAN 7.664 58.105 15.860 482.753

VARIANCE 0.118 147.559 0.110 89.184

STO. OEV. 0.343 12.147 0.332 9.444

INPUT - 1.44 Vub-; RPS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 3 VOLT STEP

.IES ITES IAE'" ITAE STEP TIME
16.600 200.316 19.389 532.632 15.0

DATA 13.074 125.263 17.516 472.000 !1.4
14.505 129.158 18.368 499.474 9.?
15.516 145.895 19.116 526.526 6.2
11.737 62*842 17.221 472.211 50

MEAN 14.286 132.695 18.322 500.568

VARIANCE 2.977 19380795 0.727 6640678

STD. OEV. 1.725 44.032 00853 25,781

INPUT - 1.44 VOLT RMS GAUSSIAN WITH .5 RAOIAN CUT-OFF PLUS 5 VOLT STEP

,,- '__ " ITES Mg SITAETEP TIE
30.021 238.842 21,168 495.684 .4

DATA 23.684 O111053 19.368 467.053 4.2
27.095 226.211 19.358 479e57W 8.4
25.042 256.316 17.863 465.158 11.7
30.800 445.263 21.421 589.263 13.6

MEAN 27.328 255.53? 19.836 49o347

j VARIANCE 7.573 11607*225 1.725 2140.187

STD. 0EV. 2.752 107.714 10314 46.262



Table D-25

SUSJECT 2 - OERFORMANCE MEASURES FOR K/S CO&TRO&LER
INPUT - .56 VOLT RMS GAUSSIA4 WITH 1.5 RADIAN CUT-OFF PLUS I VOLT STEP

IEs IES IAE ITAE STEP TIME
156 23. 36Er r147 7Y &44 60

OATA 13.895 247.263 21.895 646o842 11.611.716 218.7 20.084 630.947 10*0

13.505 280.'05 21.053 646.632 5.6

11.158 194.842 19o853 595o474 3.2

MEAN 13.084 260.947 ZI204 654.274

VARIANCE 2.135 3456.483 1.471 2712.o12

STD. OEV* 1.461 56.792 1o213 S2o083

INPUT - .56 VOLT RNS GAUSSIA4 WITh 1.S RADIAN CUT-OFF PLUS 3 VOLT STEP

u______ Is ITES IAE ITAE 'STEP TXNE
17.684 131.684 23.421 '719.84 407

DATA 16.853 231o684 22.168 642o947 5.9
20o211 324.73? 22.895 664o316 8.6
18.463 341.684 22.453 6550579 11.6
16.379 277*263 21.674 61701s6 14.4

MEAN 17.91a 301.411 22052- 59.979

VARIANCE 1.822 1705.489 0.3S9 1150.362

STD. 0EV. 1.350 41,298 0.599 33.917

IPUT - .S6 VOLT RMS GAUSSIA, WITH 1.S RADIAN CUT-OFF PLUS S VOLT STEP

_IS . TES IAE ITAE STEP TIME

33.579 683.263 27.495 830.316 1493
DATA 44.000 683.158 28.547 753.263 11.2

32.000 402.526 24.253 639.,79 9.2
33.389 410.737 25.000 674.211 7.0
30.642 251.053 23.147 STT°is8 40s

MEAN 34.722 486.147 25.668 6,4o9'S

VARIANCE 22.644 29123.115 4.06 7819.061

STD. OEV. 4.759 170.656 2.021 80426

....



Table D-26

SUbJECT 2 - PERFORMANCE MEASURES F3R K/S2 CCNTROLLER

INPUT - 1.44 VLT RPS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS I V3LT STEP

_es I JTES IAE |ITAE STfP TIME
47.811 16236 39.81 IS2.421 3.7-

OATA 42.842 1356.R42 37.432 1154.316 1.2
32.842 1001.1586 33.558 1046.526 8.3
4s.6gS 1543.053 "0.579 1300.526 I.S
38.684 1145.789 35.2 0 1056.421 14,4

KEAN 41.57l 1344.042 37.316 1162.042

VARIANCE 29.416 60483.525 7.097 10381.137

ITO. 0EV. 5.331 245.934 2.664 101.888

INPUT - 1.44 VOLT RPS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 3 VOLT $\TEP

_ IES ( ITES IAE ITAE STEP TIME
42.032 1189.158 38.305 1115.89s 14.4

DATA 39.011 934.10 37.432 1018.316 10.4
49.-64 1167o474 40.011 106%.158 8.7
58.084 1337.053 42.547 1169.263 6.5
46.042 106800C 39.263 1057.195 5.7

MEAN 46.947 11436158 39.S12 1085.305

VARIANCE 43.775 17409.58? 3.062 272S.900

ITO. DEV. 6.616 131.945 1.750 52.210

INPUT - 1.44 VOLT RPS GAUSSIAN WITH .S RADIAN CUT-OFF PLUS 5 VOLT STEP

_E. , JFIS T AE IUTEP TIME
49.684 1382.105 38.716 1156.000 14.2

DATA 58.674 1458.526 41.221 1172.000 10.4
52.411 1235.89S 40.556 1102.842 9.5
68.453 1,03.895 44.926 1197.053 S.S
15.874 1567.579 48.632 1325.263 2.8

MEAN 61.019 1409.600 42.811 1190.63?

VARIANCE 96.601 11662.600 12.546 5484.07S

STO. OEV. 9.839 107.994 3.542 74.055
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Table D.-27

SU8jECT 2 - PEAFORMANCE %EASURES FqR K/S2 CCNTROLLER
INPUT - .56 VOLT RMS GtUSSIA4 WITH 1.S RADIAh CUT-OFF PLUS I VOLT STEP

IES ITS IE ITAE STEP TIME
51.789 517.89 4M42 1274.00 .4

DATA 65.547 2803.474 43.780 1533.684 6.9
44.126 1617.684 39.0864 1286o000 9.2
40.989 1409.053 38.663 1261.769 10.0

. 49.09S 1637,684 42.*44 1346.737 1S.S

MEAh 50.309 1?9?.LS8 41.493 1340o442

VARIANCE 7.191 259785.574 4o773 10189o375
STD. OEV. 8949? S09.692 2.185 100.942

INPUT - .56 VOLT RMS GAUSSIA% WITH 1.5 RADIAN CUT-OFF PLUS 3 VOLT STEP

-'IES ITES IAE ITAE STEP TIME
56.274 16( ell 4.355 1293*263 11.3

QATA 53.411 1482.737 42.S37 1223.0S3 14.2
66.716 2213.89S 43.853 1361.474 9,4

63.947 1876.316 48.147 1424.84? 6.2

58.968 16S7.421 44.3S8 1293.263 6.8

MEAN 59.863 775.893 44.651 1319.179

VARIANCE 23.792 63589.725 3.S01 47OT,--

STO. OEV. 4.878 252.170 1.871 68.611

INPUT - .56 VOLT RMS GAUSSIA WITH 1.5 RAMAN CUT-OFF PLUS S VOLT STEP

- S 14 E .TE " STEP 4E
98.421 2772.632 5S.874 1666.526 toes

DATA 79.484 2469.368 49.89s 1569.474 13.7
58.358 3300.632 38.979 1030.211 8.4
77.326 1769.89S 46.484 1303.579 7.0

101.126 1898.21C SO.ST4 13%2.316 4.0

MEAN 82.943 2442.147 48.421 1384.421

IVARIANCE 243.628 318949.$0 31.327 6937Io.S

5$TO. 6EV. IS.60 S649756 swsT 222.196
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Tab1i D-28

SUSJECT 3 - PERFORMANCE MEASURES FOR K CONTROLLER
INPUT - 1.44 VOLT RNS GAUSSIAN WITH .5 RAIAN CUT-OFF PLUS I VOLT STEP

TES ITES IAE ITAE STEP TIME
13.A11 254.000 22.274 666.211 15.8

CATA 18.242 374.211 22.695 716.211 11.8
23.516 476.632 22.926 650.421 3.6
14.116 182.211 19.926 523.263 9.4
15.368 264.737 20.9e9 572.632 5.7

- MEAN 11.011 310.358 21.762 625.747

VARIANCE 13.030 1C680.670 1,291 4750.791

STO. DEV. 3.610 103.347 1.136 68.026

INPUT - 1.44 VOLT RPS GAUSSIAN W*TH .5 RADIAN CUT-OFF PLUS 3 VOLT STEP

IES ITES ISA ITAj STEP TIME
63.968 1415.053 28.221 764.526 14.2

DATA 27.011 467.263 25.905 657.368 10.4
18.032 210.632 20.653 532.947 9.0
33.516 853.263 31,832 975.368 6.9
32.295 624.421 30.558 829i153 3.9

MEAN 34.964 714.126 27.434 751.874

VARIANCE 240.099 166630e437 15.608 22588.569

3STO. 0EV. 1.495 408.204 3.951 150.295

INPUT - 1.44 VOLT RPS GAUSSIAN WITH .S RADIAN CUT-OFF PLUS S VOLT STEP

Is TIES IAF .TAE STEP TIME
56.842 997.895 32.653 774.526 9.2

DATA 38.379 S66.632 28.074 688.632 10.430.789 516.421 33.737 782.10S 6.3

62.316 1155.709 37.874 10110789 4.2
66.832 L340.105 40.989 942.737 14.2

MEAN 51.032 915.368 34.065 839.958

VARIANCE 196.114 105158.137 22.284 14123.512

ST. 0EV. 14.004 324.281 4.721 118.842

12



Table D-29

SUBJECT 3 - PERFORMANCE MEASUR1ES FnR K CD14TRCLLER
INPUT - .56 VOLT RMS GAUSSIA4 WITH, 1.5 RAOIA CUT-OFF PLUS I VOLT S ZP

__IFS _TS ,_E ITAE STP TIME
9.811 189.C53 TT.9'' 562.739

DATA 9.263 134.947 t7.695 514.4;11 7.2
9.368 153.684 20.063 529.158 9.2S130579 23R0942 22.747 634*0116 1100

9.979 161.053 _8.221 527009s 13 07

MEA 10.400 175.516 19295 553.705

VARIANCE 2.597 130%.M13 3.724 1878o331

STO. 0EV. 1.612 36.125 1.930 43.340

INPUT - .56 VOLT RMS GAUSSIAN WITH 1.S RADIAN CUT-nFF PLUS 3 VOLT STEP
I_____ TES ITES IAE IE STEP TIME

19.347 326.632 23.662 3 13.1
UATA 15.90i 181.579 21.305 543.053 10.1

14.442 222.OOC 2X0495 5910.9 89
20.105 331.368 25.589 657.579 6.3
25.158 354.316 25.537 6700105 4.3

MEAk 19.112 283.179 23.442 617.537

VARIANCE 14.248 4667.246 3.476 2125.741

STO. DEV. 3.775 68.317 1.365 46.106

INPUT - .56 VOLT RMS GAUSSIAN WITH 1.5 RAOIAN CUT-OFF PLUS 5 VOLT STEP

_ES ITES IAE ITAE STEP TIME
35.663 620.842 ' .2926 691,759 1,2

DATA 40.337 737.684 20.71R 770.316 £1.4
34.463 510.737 29.253 702.105 8.o
47.958 480.90T 27.168 571*66 ?01

39.368 288.00C 23.305 527.684 46

I4AN 39.558 527.642 27.082 652.716

VARIANCE 22.466 22539.690 4.363 79980969

STO. OEV. 4.740 150.132 2.089 89o437
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Table D-30

SUBJECT 3 - PERFORMANCE MEASLAES FOR K/S COKYROLLER

INPUT - 1.44 VOLT RaS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS I VOLT STEP

.IES IAE ITAE STEP TIME
13,484 238.632 22.04z 598.947 14.4

DATA 11.463 ?40.000 19.979 598.737 10.9
14.021 295.368 21.684 634e421 7.4
13.663 254.105 22.411 624.947 9.4
11.305 130.37 29.926 467.158 5.2

MEAN 12.781 251.768 23.208 584.842

VARIANCE 1.345 531.965 11.976 3661.622

ST. DEV. 1.160 23.064 3.461 j 6f6511

INPUT - 1.44 VOLT RPS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 3 VOLT STEP

IES TES I .. E .1 STEP TINE
22.747 344.526 21.874 544.737 13.5

DATA 20.884 341.895 25.179 629.895 100
18.621 ?18.947 21.779 568.105 8.5
24.726 290.632 25.432 581,158 7.0

13.726 173.579 21.368 546632 4.3

PEAK 20*141 277.916 23.126 574.105

VARIANCE 14.366 4219.337 3.200 963.103

ST0* iEV. 3.790 64.956 1.789 31.034

INPUT - 1.44 VLT PS GAUSSIAN WITH 5 RAOIAN CUT-OFF PLUS, VOlT STEP

..... IES ITES IAF ITAE STEP 1
34.463 3196474 25.747 607.684 3.9

DATA 43.189 465.789 27.053 648.642 6.2
35.326 4509R42 24.411 571.158 9.2
54.674 781*684 30.937 667.895 12.1
59.916 1050.316 29,368 7259895 15.0

MEAh 45.514 613.621 ?7.503 644.295

VARIANCE 104.525 70764.269 5.624 276S.109

ST0o 0EVo 10.224 266.016 2.371 52.774
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Table D-31

SUBJECT 3 - PEKFORMANCE MEASURES FOR K/S CONT bLLER
INPUT - .56 VOLT RMS GAUSSIA4 WITH 1.5 RADIAN CUT-OFF PLUS I VOLT STEP

-ES TTES !AE ITlE TiP TTME
16.579 41263 23.800 768.737 s.8

DATA 16.137 392.842 24.674 720.84? 7.2
12.037 100.421 21.10s 654.316 10.3
17c!79 340.842 25.200 684.000 11.2
15.368 399.474 23.347 711684 -13.0

MEAN 15.640 369.768 23.625 707.916

VARIANCE 2.176 1826.072 2.007 146S.094

STO. 0EV. 1.475 42.733 1.417 38.277

INPUT - 56 VOLT RKS GAUSSIA14 WITH 1.5 RADIAK CUT-OFF PLUS 3 VOLT STEP

.__ _ I I TES 14E r ITRE STEP TZME
21.442 478.Z1ii 2S779 771.769 4.6

DATA 27.589 415.263 28.926 726.316 7.4
26.095 421.579 26.956 707.769 10.1
28.095 553.769 26.969 771.158 12.0
26.653 566.526 29.179 790.3!6 1601

MEAN 25.975 487.074 28.366 753o4?4

VARIANCE 5.624 4057.719 1.681 966.031

STO. gEV. 2.372 63,70C 1,297 31.081

INPUT -56 VOLT RMS GAUSSIA4 WITH 1.5 R40IAK CUT-OFF PLUS 5 VOLT STEP

IfS ITES |AE ITAE STEP TIMF

41.726 ?7.474 2".737 7T.763 13.0
DATA 38.600 608.947 30.832 129.156 11.1

46o484 63.053 32.6S3 750.316 6.7
42o621 600.842 32.684 71.579 6.2
48.211 7SIs79 30.29s 744.737 9.8

EEAK 43o568 674.37; 31.040 7S2.611

VARIANCE 11.738 4601.681 2.241 295°631

STO. 0EV. 3.426 67.936 1.497 17.194
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Table D-32

SUBJECT 3 - PERFORMANCE MEASURES FOR K/S2 CCNTROLLER
INPUT - 1.44 VOLT RPS GAUSSIAN WITH 5 RADIAN CUT-OFF PLUS I VOLT STEP

U'S ITES IAE ITAE STEP TIMEI 63.05 1612.526 48.168 1312.000 4.8
DATA 49.095 1455.368 41.747 1270.947 8.6

40.116 1133.579 37.853 1076.211 12.0
53.032 1886.526 43.505 136.053 22.5
48.147 1372.210 41.442 1217.158 6.5

MEAN 50.859 1492.042 42.5*43 1248.674

VARIANCE 60.161 62867.000 11.283 9851.337

ST0. 0EV. 7.756 250.733 3.359 99.254

INPUT - 1.44 VOLT RMS GAUSSIAN WITH .S RADIAN CUT-OFF PLUS 3 VOLT STEP

IES ITES IAE KTAE STEP TIME
74.442 4356.632 51.011 1424.632 12.7

DATA 8P.126 4346.105 52.274 1348o842 10.0
49.411 3679.579 41.737 1275o263 8.5
60.989 3644.842 42.547 1049o263 5.3
61.137 3837.053 44.484 1172.00C 15.1

MEAN 66o8?1 3972842 46.411 1254o000

VARIANCE 176.280 99729.399 19.203 17440.725

STO. DEV. 13.777 31S.80O 4.382 1329063

INPUT - 1.44 VOLT RPS GAUSSIAN WITH .5 4ADIAN CUT-OFF PLUS 5 VOLT STEP
if, liES KAE ITAE STEP TIRE

93.305 42790579 5y-T 1308.210 5,

DATA 90.726 4207.474 51.147 1244s316 603
76.264 3715.053 44.779 1133,263 9.7

104,374 4295.156 53.389 1575.579 12.3
740147 3815368 4*5.566 1335.095 14.5

MEAN 870768 4062.526 49.402 1319.453

VARIANCE 1269547 60813000 12.487 21261.900

STDo DEV. 110249 246.603 3.534 145.015
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Table D-33

SUBJECT 3 - PERFORMANCE MEASURES FOR K/S2 CC#TROLLER
INPUT - .56 VOLT RKS GAUSSIAN WITH 1.S RADtAk CUT-OFF PLUS I VOLT STEP

___.lag . TjS ITAe STEP TIME
67.179 2471.579 ,6.000 1S25.263 17.7

DATA 64.568 2L45,89$ SO.274 3518,316 '3.3
55.105 2076.642 44.105 1491.579 10.2
5So684 2064.211 44.032 1424e947 7.s
82.46 2797.474 S.'iOS 1678.632 4.1

MEAN 65.600 2312.000 48.?" 527.747

VARIANCE 86M484 81346.444 160w. 6947.475

STD 0EV. 9.407 285.213 4.101 63.3S2

INPUT - .56 VOLT RMS GAUSSIA4 WITH 1.5 RADIAk CUT-OFF PLUS 3 VOLT STEP

9 S
'Ies ITESA I TAe sTEP TIME

71.116 2297.263 52.305 - 86*4Z1 - 1 -4 -
DATA 3116 272S.684 59.737 1719474 68

79.169 2687.053 52.663 IS95o579 9.S

108.842 2446,316 61.347 1536,000 11.6
97.S68 3S63,263 57o211 1608947 14.7

MEAN 690966 274 .916 56.693 16499284

VARIANCE 179.098 192S92.199 13o023 10017o725

STO. 0'EV. 13.383 436.853 3.609 100.089

INPUT - .56 VOLT RMS GAUSSIA4 WITH 1.S RADIAk CUT-OFF PLUS 5 VOLT STEP

t TES TIES IAE - ITAE STEP TINE

82.000 2051.579 49*179 1375#5r 14*3
OATA 102.032 298.368 $8.484 1623.,79 10.9

11,053 2338.947 60,179 1438.210 8.0
75.368 1844.211 49453 1356.000 7.2

109.579 2393.6e4 S80126 1511,364 5.?

KEAN 96.966 2322.S8 SS084 1460.947

VARIANCE 242.211 149378.199 22.672 9562,OS

IjSTOe 0EV. 1SS3 396.415 4.761 97.786
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Appendix E

e___ 1 Tje Recordin.s f th, Anal Pro. r~sm

The following are real time recordings nade with both piloted

and model systems operating simultaneously. The input, output and

error signals are shown. Figures E-1 through F-6 show the output and

error with a step input. Figures E-7 through 2-13 show the output

and err-or with a Gaussian, and Figures E-14 through E-20 show the

output and error with combined inputs.
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Appendix 7

List of racking Subjcts
4

Subject xoerience

I USAF pilot ith 9 years experience in tactical

fifhter and transport.

2 Private pilot ith instument training for his

commercial license in single engine aircraft.

3 No flying experience.

Note: All subjects had limited task training with only

three practice runs before data was taken.
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