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Preface

This report documents the progress on the research being performed
by the School of Aeronautics and Astronautics, Purdue University, fof the
NASA Ames Research Center/Dryden Flight Research Facility, under Cooperative
Agreement/Grant Number NCC2-288*. The objective of the program is to
determine-the>app]icabi]ify of several mu]ti-fnput/muiti-output control
synthesis techniques for the synthesis of flight control laws for advanced
experimental aircraft, and_to extend the techniques as necessary to obtain
simpie, robust control laws that meet specific handling qualities objectives.

This .report includes results from the synthesis of control laws for
an- advanced -STOL vehicle: in a ‘low-speed.approach flight condition. Two of
four-candfdate synthesis techniques are reported herein - direct eigenspace
assignhent and explicit model following via a Linear Quadratic Regulator
(LQR) formulation. The other two techniques under current investigation
are implicit modél_foliowing (also via LQR) and Cooperative Control
Synthesis. This latter technique has been a topic of continued research at
Purdue University, and utilizes pi]ot-in-the;loop (pilot modeling)
techniques. | .. |

A fundamental objective in this wdrk is to obtain low-order feedback
compensafors, synthesized-via the techniques above, and with judicious use
of state-estimation thus allowing the use of a reasonable number of sensors
for feedBack. This report focuses on the results from the synthesis of
state-feedback control 1aws._ However, two state-estimation techniques
under consideration are noted. fn imb]ementing these estimation techniques,
we are interested in the ultimate stabifity robustness of the system, and- not

_increasing the dynamic order of the stick-response transfer functions: -

*Mr. E.L. Duke, Technical Monitor' 



The latter goal is motivated by the desire to preserve the handling
characteristics "built into" the stéte4feedback control law utilized.

Results on the implementations with state estimation will be documented

in the next progress report.
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1. INTRODUCTION

The uitihate performance objective of the flight control design is
to make the combinéd pilot and vehiglé system behave suitably. This
objective introduces the .idea o% "handling qualitities”, defined as
fhosé desirableudgngmi; traits of an aircraft that will help’the pilot
and vehicle system perform their intended mission. With tﬁe "handling
qualities” specifications available to the control system designer, he
must use these specifications-fo formulate and implement the control
system design, and finally to verifu'thatftﬁe“augmented~vehicle-does
;;ndeed:meet;theﬁhandling"qualities_specifications.

In the past decade or so, manglnew méthodologiés for-designing--con-
£rol systems for multi—-input multi—-output systems havé:emerged.- The
obJective of this study is to investigate'the applicability of some of
%hese”modern’ techniques tp design of flight control systems, with the
specific objective of meéting the handling qualities reqirements.

In this parti;ular studq. two-of these techniques - direct eigen~-
space assignment (DEA) and explicit model following (EMF), are used ini-
tially to sgntﬁesize controi lgds for the'lbgltudinal dgna@ics model of
- a STOL vehicle in fhe landing approach conFigqratidn. The-thicle model
and the flight cohtrol.&esién requiremeﬁts are presented in Section 2.
In the succeeding sections, the two sgnthesis.techniques are briefly
discussed and the handling qualities specifications mapped into the
algorithm formulation._The control laws resulting from exercising the

algorithms are evaluated in terms of achieved performance and robust-

- Ness.
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‘Since the-sgnthgsized'control laws involve full-state feedback,
methodolggies for implemehting’these‘cont?olNIaws-using~output_Feedback.
and without adversely aFFecting_perFofmahce and robustnesg, are a topic
of significant interest and are presently béing pursded. Promising
techniques being gonsidered are briefiq discussed in Section.s.

Finally, the salient featﬁrgs of the two design techniques are sum-

marized and the areas that require further investigation aré suggested.




2 YHE STUDY VEHICLE

I

v g.L Vehicle Model Description
- The vehicle considered is a STOL aircraft( with an airframe similar
to an F—-18 aircraft. The linearized dynamic model for the loﬁgitudinal
axis includes four rigid-body degrees of freedom éﬁd'three first order
actuator lags (eacﬁ at 15 rads/sec). The trim values for the landing
approach flight-corndition arellistednin-Table;Q.;. ihe cbntrol inputs
to be utilized are the horizontal t$i1 (elevator), the thrust vector
angle for a 2-D nozzle, and the trailiﬁg edge flap. The state vector for

the vehicle model is g .

=[Gy, ®, Py 6, Su; v, 5¢ ]

u{ = nondimensional forward épeed ( %%)
X = angle of attack (rads)

= pitch rate (rads/sec)
O = pitch-angle (rads)
8= horizontal tail dgfiectionf(ra&s)
$w= Thrust vector angle (rads)

¢ = trailing edge flap deflection (rads)

with the control inputs taken as commands to the servo actuators, or
_..'T
gc = [SHC s STVc > ch ]
The vehicle responses of interest are
T -
7 7 ]

where

,
ot
- F
&35
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ﬂ2==normal-accelgration at C.¢. (g’s, +ve up)

T = flight path angle (rads)

The vehicle dynamics can then be written in the form

:éf =A% + 8 asl-
."f'.‘ ‘ } - C’E

- The_open loop system matrices are listed in Table 2.2. The open-loop

thicle eigenvalues are
Na=01557 £ 401968 , A=-1535, %= 0-8532 |

Note the unstable pole.

-2.2 Flight Control Design Requirements

The #light control design requirements can be summarized as- follouws

* Expiicitlg include handling quality criteria .
# Avoid excessive control surface rates

# Reduce comtrol energy at high frequencies

The handling quality criteria is stated in terms of desired short

period pitch rate responsé and the phase relationship between the #flight

path angle and the pitch angle i.e.
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and aﬁn

and gA}-selected-so-és--to satisfy Level 1_handling . qualities
requirement [1] and ; rise time for pitcﬁ rate, #R = 0.8 sec. Further-
more, the augmented vehicle should exhibit classical_“phujofd“ like
dynamics for the low frequency ﬁode. | .

In the preseﬁt study, our primérg obJectiQe wil} be to meet the.
above handling qualities‘speci#ications through proper control augmenta-
tion of the wvehicle. | |
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" 3. DIRECT EIGENSPACE ASSIGNMENT-(DEA),

3.1 Gain Synthesis

In the dirvrect eigenspace assignment technigue. the control obgec—
tives are stated in terms of a desired eigenstructure for tbe‘éugmented

system. For the state feedback case, the synthesis problem is as follows

Given a system

u

=A% +8i, x€R"

(system dynamics)

)

W= U +lp , g eRr™

(tot31 control input)
Wp = pilot’s control inputs

y=C%, F€R

- (system responses)

find a control law of the form

to achieve some desired eigenspace for the augmented system
% =(A-Bk)x +8Up
g,; Ciz

To determine K, note that the augmenfed.(closed—loop) system eigen-—

‘values -and eigenvectors are related by

.(A'BK) i‘/c.i = éé TJC,-_ .L' oo (3.1.1)

1)

where
%£= closed-loop eigenvalue
i%;: closed-loop eigenvector
: .

For Fﬁll;state feedback, the limitation on the achievable eigen-
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space is that all the desired closed-loop eigenvalues can be exactly
placed while only "m" elements of their éssociated eigenvectors may be
specified (where m = dimension of w). Since in general nl{n. we cannot

exactly obtain all elements of the desired eigenvector for each closed-

'loop mode. One aphroach is-to'determihe the “best" .achievable eigenvéc-

—

tor )ai' for each of the closed-loop modes, that minimizes the mode’s
t .

cast function

L

. o -
J; =7‘2—(ti.-th.) &di'(%i'%‘i) (=N (3.1.Q)

)a-é i‘th achievable eigenvéctor associated with eigenvalue

i‘th _desired eigenvector

N\
il

ad='i!th~n—bg—n~symmétriczpositive;semi:definite”weighting

matrix on eigenvector error elements

and # denotes conjugate transpose.

Equation (3.1.1) can be rewritten as ‘
- 7’/ = - .’ . )
(%5 A) Yy = ~BE D, - (3.1.2)

Defining the vector-&}z é'kf{z- and dsing eqn. (3. 1.3), the solution to
Lt :

(3.1.2) is obtained as

LW = % Qg L [L78g L]

-where LL = (z\g‘AY\B- . -.

"Once x& are obtained, the achievable eigenvectors are given by

Y, = L%k Ehe?
and the feedback gains are obtained as’

K=-wv™
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where

]

,l‘
§
S
e

W
and

e \/ [i%, i%a ' ;-ij”]

This solution algorithm is due'fo Schmidt and Davidson [21. A

macro using MQTRIXx commands was written to implement the above syn-—
) :

thesis procedure. This macro is documented in the Appendix.' The block

diagram for DEA control law implementation is shown in Fig; 3. 1.

3.2 Selection of Desired Eigenspace and Resulting Control Law

The control deéign ob;ecfive is to make the augmented vehicle modes
.-like those-of anfclassicalﬂ-airpléne.i.ehfthé'phugoid and short period

modes.’ For this-initial-synthesis:-we-chose-the—-desired phugoid mode to

be ’
' = 0 : = 0|
Wy = 035 Jads Jatc Iy
= = -00524 0487

with the corresponding desired eigenvector selected as o

Vg L1z3a, 0, 2,281, 4, 0, a]  (note stk oef, py-3)
where "a" denotes:an arbitrary value. The above choice for the phugoid
eigenvector refleqts the desire that the phugoid mode shape be dominated
_bu Forwarq.spéed and‘pitchAattifude responée'with little or no angle of
attack contribution €43,

The‘short—period:ﬁodeifrequencq and-damping are. selected-to reflect

the handling qualities requirements. This choice is as follouws

Wy =370 fate Gy =075
= M -amB T i

The choice of-the_desired shbrt—period eigenvector is based on the

requirement that the short-period mode be dominant iﬁ angle of attack
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and pitch rate response, with little or no forward speed. contribution.
Furthermore, the short-period eigen?ector:should reflect the desired

flight path angle to pitch attitude phase relationship i.e. we want

£,
Ly
Using the relationship Y=0-&X : we .can write the above constraint as

& l

i IV

(1'.. Ll" " (A'i’ )‘%3

Az')bﬁ-
With § =07S A% and ﬁf-:z.?st;&-% , we get the desired relationship
between

‘K and i,in the short-period mode to be
=.-0:181 ¥ :; 03038

':EE{Af

"Then: an eigenvector.:that .results is . -
)7,(;\: [0, -01817 103038, |, 2,4, &, @] (note state Hf, p3g.3)
" The aboave choicg aé,well‘as the desired eigenspace for the actuator
modes is lis@ed in Table 3.1. The actuator poles are left near their
open loop valuessland thé éorresponding eigenvectors are selected éimplg
to obtain decoupléd actuator modes.

From Table 3.1 we note that for the short period mode and for all
the thr?e_actdator mpdes. Qe are in effect specifying only three.ele-
~ments of»the-cofrésponding eigenvectors. Since we have three controls
available, we shail thaﬁlé to exactlg-achieve the specified elements of
these eigenvectors. The phugoid eigenvector.effectivelg has only two
- apecified elements. Th;g leaves bne extra degree of Ffeedom to further
constrain the phugoid eigenvector. One possibility to be explored in

~the future is to use this freedom to reduce the control surface deflec—

tions.

r
3u
Rl
-
B
s
s ?m
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- The achieyed'eigenvectbrs éorregponding.to the above ;elections are
listed in Table-a;zh_énd the associaiedAFéedback control gains in Table
3.3. As we qxpected. the desired elgenépéce is achieved exécth. For
comparison, the phasor diagrams.for'the open—loop and achie?ahie eigen—
Qectors are shoun in Fig. 3.2. Thé;e.indicate ;classitél"'phﬁgoid and
short—-period mode like behaviour for the augmented airplane. Note, how-

ever, _the large control deflections in these mode shapes.‘iﬁdicating

high deflection requirements for this control law.

3.4 Performance Evaluation

With the pilot’s input taken to be commanded horizontal tail
: deflectionf(ShQ)r'the“transFer-Functions-beébeen-the-responses of
-interest..and the. pilot’s input-are listed in Table 3.4._"fheseftransfer
functions indi&;te that the augmented system résﬁonse exhibits the
desired decoupling between the phugoid and the short périod mode. More-—
over.‘b& when calculated from these transfer functions for J£=Z*'does
give the value (-0.181%;0. 3038) that was specified during the design
process. Also in the ﬂ%ﬁﬁttransfer function, note that.9é; has increasd
to 0.92 #rom its open loop value of 0.5 segq. .

Other responses oé interest'are the normal acceleration at the
center of'rotatjon (”2a3 and the flight path angle at the center of
rotation (72K). With the horizontal tail deflection as the only pilot
input., the center of fdtation'isvlocated 10.45 £t ahead of the C.G. The
transfer functions for these responseé are also listed in Table 3. 4

The transfer Funcéibhs from pilot’s control input to_the actual
control deflections are list§d_in Tablé 3. 5.

Time histories for a step pilot input fSAr=|°) are shown in Figs.
c
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3.3 to 3.5. Fig. 3.3 shows the response for the augménted vehicle states
~ these again indica‘e the yecouplea phujoid and short—period mode
behaviour. Fig. 3.4 shows the response for normal accelefation and
#light patﬁ angle, both ét the C.G. as gell~a5'the center of rotation.

tFig. 3.5 shows the actual control de#lections For‘this step pilot input.

3.5 Robustness EQaluatioh

A very important considefation in flight'controi design is the sta-
bility robustness of the augmented égstem. G{ven a system with transfer
function matrix 6(s), where ol

qa) = [.Aﬂ—.f\_] 8
a reliable (but Sométimes conservative [5]) measure of robustness is the
minimum singular value of the return difference matrix, evalvated as a
function of ju). or in this Ease. with the loop sroken at the input,
T[4+ G ] |

For the control law obtained above, the singular values of the retufﬁ
difference matrix are blotfed in Fig. 3. 6. Note.the relatively low sta-
bility margins ip_the freqpencg range of upte 4 rads/sec (the frequency
range of the vehicle.except for the actuators). How to iﬁcrease this
robustness requires adﬁitional ;onsideratiqnﬂ

A more “classicél” approach to evaluating the stability robustness
is to “break" oﬁg loop at a time (i. e. one loop open and the other loops
closed). The eigénvaibes of the system with the various loops open, and
for the above control law, are listed in Table 3. 6. (Note that the sys-
tem with SH loop open ﬁas'one unstable pole, which means that the con-
trol law will‘nqt_bé able td stabilizé the vehicle in casé of an eleva-

tor actuator failure). The Bode plots for the one—loop-at-a-time
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analysis are shown in Figs.. 3. 7(a)-(c).-These plots appear to indicate
“good"* gain and phase.maréins in all the three control loops. This
might be optimistic in light of the stability margins based on the

singular value analysis.- Whether this controller has sufficient robust-.

ness is an open question. . If not, how to improve robustness is a topic

of interest.
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4. EXPLICIT MODEL FOLLOWING (EMF)

4.1 Gain Synthesis

In the LQ explicit model—following algorithm, the problem formula-

_tion is as follows

Given vehicle dynamics

x,=:A, %y +B, U

—

N

v vy

where §V is the vector of vehicle responses to be controlled, and
desired system characteristics-in-the form of a state-space model

Py C.m ZXom

phere¢2r= pilot stick input modelled as

. y -
wP " u.,{"& M

Y .g W
we want to determine U to minimize

T, = E Jdim ijr[('zw 2, 8, (2 -Zm) t WRu | dt {

L & W
SAt:"aPSAt+?‘P P

T2 00

Combining the vehicle dynamics and the model dynamics, we get

=~ . [~ o s - .
| \—.'xv Ay O X By ° w
B _J— - S ’ Y
Sut o 0 TG f|T¢ | © ] Zp

. ,__T _T -T
Writing the augmented state vector as X‘[zv)xm,st]and with appropriate

definitions of the matfices A, B, C and D, we can write the combined

system dgnamiés‘as

A% + B + D wp -
R Cx

o ri-
n



3 .
and J; can be written as :
. ‘ , T )
. . 7T T 4 — - T -
J-,Ezm-#J[xcazcx+uRu]“?
E T->® e .
The problem is now in the form of a Linear Quadratic Regulator (LGR) and

the resulting control law is [4)

W= —kx = [-kv —Km “Ka ] Xy

with '
k= K—\BTP : . ,
and P20 and symmetric, the solution to fhe algebraic Ricatti'equation
AP +PA + CTBLC -PBRTBTP =0
The block Jjagram for EMF control léw implementation is shown- - in Fig.
.4.i.: AwmacrOiuging~ﬁATRIX~~command5ffor;thefsgnthesis'of the EMF -con-
trol law is do;umented in the Appendix.
The augmented system resuits in the following'state—sﬁace represen-

tati - = }
arren A-B, Ky -Bykm||%v | 4 B”k‘t] Sat
| B

-
-

Zy
Z, 0 Am ) L%m

z, < [c, .o] [z‘—v]

*m
3. 2 Model Selection and Resulting Control Law.
The vehicle statg—épacé representation is as in Section 2.1 -with

all the three inputs (&QWS“QA&Q and the vehicle responses to be con-

trolled, §:= [4,6,71 .

Nitﬁ the haddliﬁg qualitqlcriteria.stated in terms. of desired short
period rgspanée for the augmented system, we have
| ‘1","_.- Ka,(xfyz!?z)'
Sat (‘&Q+29‘*w4‘$ ‘|’UJA'?> .
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a'.‘d ' T'm' _ K,Y ()%91) |
Y Ky 70,)
Om (st Voo,

In the étate—space form, this model can be represented as the third

order sqstém :
. %,

i1 : o | -0 | , O. Iy
ia. = O (o] { Ay .r' g AL
Za 0 Wy 2Gylsp L %3 | !
i’vn ‘0 b, S qu C%é’) Kq, *
2”\=. 0. = Kw(/%b;) K%, 0 - Za
Yoy Ky (%, ) K9 0 0 ok

With ky=l, Wy = 3.70adbjuc, §, - 075, ?93=o-7544¢ and Kq = 51133 Mesjosc [fad

(based on stick gradient of 1°/1b);- the numerical values

of the,modél,sgstemvmafrices are listed in Table 4.1
For the purposes of the following qontrol law sjnthesis. the stick
time constant Z‘P‘: O‘IA"-C)
and the outpu% error weighting matrix @ = I were chosen. The

control weighting matrix R was chosen as

oy o1 0 0
R=9 man g'— 2 o | =g]0o oot o
o - ( TV i) s 0 o 0ol

' o 'O' (SF,'M.,,D‘;

where subscript "max" refers to the maximum a}lowable deflection. As
-the. "control. authority” is lngreased (séalar weighting § is decreased),
the crossovér Freqﬁencu of the loop transfer éunctions Kv[Zﬂ-A]-%vuﬁll
increﬁse.' Highef loop.crpss—over. in general, relates to a higher
fidelity matcﬁ of the veﬁicle and model.. However, higher crossover fre—~
quency can ak}o increase the chance of the control'sgstem'exciting the

unmodelled modes (i.e. structural modes) and may lead to undesirably
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high control deFlections.-'A value of 8 =1 was choseﬁ for this prelim-—-
inary investigation.. Althoygh the resulfing loop transfer functions are
not presented here, the cross—over frequencies for the chosen value of L1
were found to be quite high. (= /0 rad/s) |

For the above‘problem Formulatioh. the Feeﬁback.gains obiained Bg

exercising the solution algorithm are listed in Table 4.2.
]

4.3 Performance Evaluation

For the control law sgnthesized.as above, the transfer functions of

interest for the augmenfed system are listéd in Table 4.3. From the g?
L ' AL
and-ﬁﬁ transfer functions, we note that unlike the DEA case,model reduc~—

At 4 ‘ .
tion is required in order to get the low-order equivalent system parame-—

- ters to determine the handling qualities of the augmented system.

The dé;{;ed frequency responses (from the médel) and those for the
augmented veh;cle are compared in Figs. 4.2 to 4. 4. Fig. 4.2 shows that
the pitch rate frequency response for the vehicle closely approximates
the model response For'freqﬁencies upto 10 rads/sec. Fig. 4.3 shows a
fair agfeemeht between theldesired £light path angle reéponse and that
obtained at the center of rotation throﬁgh augmentation. Fig. 4.4 com—
pares the résu}ting flight.path,;ngle to éitch attitude relationship
with that'desiredi This last result is quite unsatisfactory and a
redesign with highef contraol authority may be fequired‘in order to
obtain a better‘Fit bééween the hodel and the auvgmented vehicle.

Time histories for a step pilot input‘(égt=l°) are shown in Figs.
4.5 to 4.7. From the a, o(‘,‘l, and 0 r'esponses in Fig. 4. 5, we note that
the'augmented'th;cie does exhibit “cléssical“ aircraft like dynamics.

The normal acceleration and the flight path angle response, both at the
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C.6. as well as the C.R., are shown in Fig. 4.6. The control deflec~

tions for a step sticﬁ input are shoﬁn in'Fig. 4.7.

4.4 Robustness Evalvation

_ | Using the blo;k diagram of Fig.. 4.1, thé sfabilitg'robusfness of

the EMF design may be evaluated by considering the values of o9+ kvﬁv(,iw)l
where C}V(é)=[A9‘A;].‘BV. The singulaf values of this return difference

matrix for the design obtained above are shown in Fig.-4.ét Note that

these stability margins are better than those qbtained for the DEA

design. If even higher stability margins are désiredo then a control

redesign with an appropriate cﬁoice of the cantrol weighting matrix R

may be required.
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2. IMPLEMENTATION USING QUTPUT FEEDBACK
Bofh the synthesis algorithms discussed herein lead to state feed-

back control lauws. : . Since in practice,
'not all the states of a.sgstem are measurable, an estimator-design is |
-required. Two issues that arise wifh estimatibn are.the efféct on tran-
sient response and robustness.: Two methoqs. whicﬁ can be used to imple-

.ment the full-state control laws, that are worthy of consideration and

will be pursued further in the future, are cited here.

i

o’ i et —— —— G————

. -This -procedure is as~disc§éséd-in £L7,81- and consists:of-parametri—
cally increasing the process noise in the Kalman filter synthesis pro—
cedure-till the full-state loop robustness is recovered. Properly
implemented, this prpcedure dqes.not increase;thé,dgnamic.otder:o? the

stick—~response transfer functions.

5.2 Robust Output Observers

This procedure is as discussed in (9] and ﬁonsists.of vusing
observer theofu to;reconstruct sgS@em states from the available measur-
ments. The advantages of this ;pproach are that it leads to low order
and guaranteed stable controllers and the Btéfe;Feedback system is fully
reconstruéted so theré is no déterioration in performance and robust-
ness. The procedure t;ges adv;ntgge of certain system structure, and

therefore cannot aiwaus be applied, however.




47

6. Conclusions -

Some important conclusions based on the design examples addressed

to date are as follouws

DEA

The, direct eigenspaﬁe assignment technique has the advantage that
the resulting.augmented system is of the same dgnamic_order'as the
open—loop system, wﬁich means that once the design is berf&rmed. the
handling qualities evaluation of the augmented system can ﬁirecth be
carried out. Also, once the design'réqui;emgnts are praoperly 6apped into
the form-of a desired eigengtructurep-theisglution algorithm for dbtain-
ing the *“closest possible" eigénstchture for the augmented system-is

quite straightforward.

Some of the'afeaS'that-require further investigation to make the

DEA design technique maore viable are

a. Procedures for seiecting the desired eigennstructure such that

the choice reflects the control system design.obJectives.

b. Procedures for improving the stability robustness of the feed-

back design

€. Prefilter design to properly blend the control inputs such

that the desired dqnamits are obtained from the pilot’s stick
input.

EME
Thouﬁh‘the EMF tecﬁnique has the advantage that the flight

control design requirements are.easilg mapped into the design pro-
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tedure, itg major disadvantages are that the resulting augmented
system is of higﬁ order and thé requifed bandwidth may be high.
This means that system reduction is required in order to evaluate
the handling qualities of tﬁe augmented ggstem.,This needs to be
done for the cﬁntrol law sunthésiied herein; Fiqallq. verﬁ high
bandwidth control laws may be susceptible to model errors and

require high deflection rates.
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ﬁPPENDiX
The macro for direct eigenspace assignment is listed in Table
A.1 and that for explicit model P;llowing in Table A.2. Both the
ﬁacros are written in the Form.of "user'defined functioné“ and can
bé executed iﬁside MATRIXx. Also, the macros are well documented
with comment cards so thatlthe user can understand the .input-output

requirements.



Table A.1 Macro ‘eigassgn’ for DEA design

// [va, fbkrl=eigassgn(a, b, nc,nsp, lamcl, vd, qd)
// state feedback gains for .eigenspace assignment

ORIGINAL ‘PAGE is

// inputs are a, b, nc, nsp, lamcl, vd: qd OF POGR QUALITY

// a — system matrix

/77 b — system control distribution matrix

// nc — na. of desired complex poles / 2

// nsp - no. of complex poles for which the wexght1ng on the elgenvector

// ertor is different for real and imaginary parts

/77 lamcl — column vector of desired closed loop poles with nc+nr elements

/77 where nr is the no. of desired real poles .
7/ first nc elements are the desired complex poles with +ve imag. part
/77 with the nsp elements appearing first

/7/ vd — n by (nc+nr) matrix of desired eigenvectors with ith column corr. to
/77 ith element of lamcl

// qd — n by (nsp+nc+nr) matrix of weigthing on eigenvector errors; ith column
/7/ forms the diagonal elements of the weigthing matrix of ith eigenvector
// the first 2#nsp columns correspond to the nsp eigenvectors with

// weighting on the real and imaginary parts appearing consecutively

// (the real part first)

// ouvtputs are; va, fbkr

// va — matrix of acheivable eigenvectors

// fbkr — feedback gain matrix (corr. to neg. feedback)

7/

Ctempl, temp21= s;ze(lamcl). nr=tempil-nci

ns=2#nc+nr;

7/

if nsp>0, Cns,nul=size(b); bb=[b O%ones(ns,nu); O%ones(ns,nu) bl;...
for i=1l:nsp; J=2%#i-1; qtmp=diag(Cqd(:, jdsqd(:, 3+1)21¥;...
vtmp=Lreal(vd(:,1i)); imagl(vd(:,1))3;. tmpl=real(lamcl(i))*eyelns)-a;..
tmp2=imag(lamcl(i))#eye(ns); mtmp=Ctmpl —~tmp2; tmp2 tmp1ld; ...

tmp=vtmp ‘#qtmpinvimtmp)l#bbxinv(bb ‘#invimtmp) ‘#qtmp*invimtmpl#bb);.
vtmp=inv(mtmp)xbb#tmp’; tmp=tmp’i w(:, g)=tmp(1l:nul)+jay*tmp(nu+i:2#nu);
w(:, y+1)=conylw(:, y))i val:, J)=vitmp(l:ns)+jaytvimp(ns+1:2%ns);

va(l:, g¥+1)=congval:, y)l)i...

if i= nsp. clear qtmp bb tmp tmpl - tmp2 mtmp vitmp nu;

7/ ' : . .

tmpl=nc-nspi

if tmp1>0, for i=nsp+i:nc; Jy=2#i-1; li=inv(lamcl(i)*eye(ns)—a)#b;
tmp=vd(:, 1) ’'#diag(qd(:,nsp+i))#liinv(li’#diag(qd(:,nsp+i))#lid;.._ .
wl:, y)=tmp’; wl:,y+)=conylwl:’ y)); val:,y)=lixw(:, gJ);i wva(:, g+1d)=conytval:, §))i
if nr>0, for i=1l:nri y=2#nc+i; l=nc+i; li=inv(lamcl(l)#eyel(ns)—al)#b; ...
tmp=vd(:, 1) ’#diag(qd(:,nsp+l))#lixinv(li‘#diag(qd(:,nsp+l1))I#li); ...
wl:, yi=tmp’; val:, J)=lixw(:, y);

7/

fbk=—w#inv(va): fbkr=real(fbk);

retf : '



Table A.2 Macro ‘fcemf’ for EMF design

//Ceval, kr, savg, numl=fcemf(sv, sm, tp, qez, r, hv)

/7 €£light control explicit model following algorithm

// inputs are sv, sm, tp, qez, v, hv

// sv — vehicle systemi = [av bvi cv 01

// sm — model system; = [am bm; cm O]

// tp - pilot stick time constant '

// qez — weighting matrix for ervor between vehicle and model outputs

// v — control weighting matrix

// hv — matrix of vehicle outputs for which transFer functions are desired
// outputs are eval, kr, num

// eval — closed loop eigenvalues

// kv — state feedback gains corr. to neg. feedback

// saug — augmented system; pilot stick as input and augmnetd vehicle outputs
// num — numerator coeff. of augmented vehicle output transfer functionss

// (ith row corr. to ith output)

/7 : '

Cng.nv] SIze(hv).

[tl, t21=size(sv)inu=t2-nvinz=tl-nv; (t3, nmil=size(sm); nm=nmi1-1;
a=Csv(i:nv, 1:nv) O#ones(nv,nml); O#ones(nm,nv) sm(l:nm,1:nml);
" O#ones(1,nv+nm), =1/tpl; b=[sv(i:nv, (nv+1):t2); Oxones{(nml,nu)l;
c=[sv{(nv+1l):t1,1:nv), —esm(nml: t3,1:nm) O#ones(nz,1)1;

q=c ‘¥qez#cC;

7/ '

Ceval, krl=regulator(a, b, q,T);

temp=a—b#krieval=eig(temp)i

/77

t4=nm+nvi

aaug=temp(1:t4,1:t4); baug temp(1: t4, t4+1);

caug=Lhv O¥ones(ny, nm)l; saug=Laaug baugicaug O#ones(ny, 1)1J;
{num, denl= tForm(saug.t4).

reté '





