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ABSTRACT

During the landing phase of fiizht, STCL aircraft
exhibit undesirable zoupled response in both the longitudinal
and lateral-directicnal modes of flight, “There is also a
need for stability augmentation for these aircraft due to low
longitudinal and directional dynamic stability and low static
lengitudinal stability,

Application of Gilbert's decoupling procedure is pro-
posed to eliminate the undesirable coupling effects and to
develop a simpler method of designing a stability augmenta-
tion system, Five decoupled configurations were investigated,
In the longitudinal mode, pitch response contrelled by longi-
tudinal stick was decoupled, first, from angle of attack,
second, from flight path angle, and third from airspeed all
of which were controlled by throttle, In the lateral direc~
tional mode, roll response controlled by lateral stick was
decoupled first from yaw, and second from sideslip which were
both contrelled by rudder pedals,

The linearized aircraft equations are given by

X = Ax + 3u

y = Ox
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where x is an n order state vector, u is an m control, y is
en m output vector, and A, B, and C are matrices of appro-

priate size, A class of control laws of the form
u =Fx + Gv

when v is an m order input vector will decouple the system
provided necessary and sufficient conditions are met,
Particular F and G matrices are determined by specifying the
transient response of each single input, single output sub-
system, This specification was determined digitally with
emphasis on not exceeding aircraft control authority limits,

An analog simulation was carried out to obtain pilet
comments,

The general cornclusion reached was that decoupling
theory applied to airecraft systems did simplify the design
of stability augmentation systems, However, it does not
allow for the potential for control authority saturation,

It was also found that it was possible to provide exponential
attitude response, A sensitivity analysis showed that de-
coupled response was very sensitive to errors in measurements
of feedback variables but was relatively insensitive to

aircraft model errors.
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CHAPTER 1

INTEFCDUCTION

The increasing corgestion, both surface and air, around
today's alrports can be directly attributed to the large
runway areas needed for conventional aircraft, coupled with
the limited space avallable for these runways. To sSolve the
real estate pronlem, alrports are usually located on the out-
skirts of a community. However, since in most cases, commun-
1ties are served by only one alrport, alr congestion is an
immediate consequence, The surface congestion usually ra-
sults from short-sightedness on the part of community planners
in falling to provide sufficlent and varied modes of trans-
portatlon from points in the community to the alrport. A
popular end probvably the most demonstrable example orf this
situation ocours in the Northeast Corridor.!

A prospective solutlion to this problem has beern the use
of V/STOL (vertical and/or short take-off and landing) air-

112 45 solution has been evident for nearly two

craft.
decades, but has never reached practical operatlon due in partc
to two reascns, Pirst, untlil very recently.u7 there have been
ho specifice handling qualitlies offlicinlly defined as yet for

V/STOL aircraft.13

Sacord, aud partly as s consequence of the
first reason, very few theoretical and experimental V/STOL
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ailrcraft have reached production stage due to controcl problems
unique to V/STOL aircraft. These problems vary in severity
wlth the complexity of the respective aircraft: 1.e.,, a STOL
{short take-off and landing) alrcraft with deflected slip-
stream configuration will have less severe control prohlems
than a tilt wing or vectored thrust VTOL (vertlcal take-of'f
and landing) aircraft. A STOL vehicle is without the mechani-
cal complexity and added pilot control workload of a VTOL
vehicle.13'15 It does not undergo large varlations in
vehicle characteristics as demonstrated by VTOL vehieles in
the transition reglon of fllght.13 A STOL vehicle can uti-
l1ize much of the existing technologzy developed for conven-
tional aircraft. Practlcally speaking, at the present moment,
the ailrlines would prefer a STOL alrcraft over a VIOL alr-
craft. This decision is the result of economic considerations
.88 well as a poor service image generated by existing heli-
copter (VIOL) carriers, the prospect of a limlted acceptance
by the public, and of course, the all important noise prob-
lems, 1l For these reasons, 1t seems certaln that tha flrat
large scale application* of the V/STOL solution to the sur-
face and alr congestion problem wlll be the use of STOL air-

craft, Consequently, I will concern myself with the analyses

* Smaller scale use of STOL ajircraft is currently in opera-
tion: e.g., use of DeHavilland Twin Otter STOL Alreraft by
Alr Wisconsin out of Purdue Alrport.
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of the cdntrol problems assoclated with STOL vehicles only.
Alrcraft are usually mathematically represented by
linezarized, small perturbation equations of motion about a
trim flight condition with time fixed coefficients (see
Aprendix A). Since the equations are time fixed, any analy-
sis must begin with the selectlion of a particular aircraft
confliguration for a particular phase of flight. Since the
landing phase is the most critlical and since for comparison
purposes there has been extensive research previously con-
ducted on control problems occcurring during landing, I will
restrict my analysis to the control problems of STOL vehlcles
in the landing configuration. The landing conflguration for
STOL alrcraft usually refers to an aircraft with fully dee
flected flaps enabling it to land at around 7%¢ flight path
angle, 800 feet/minute sink rate, and a speed of around 60

knots.16

With respect to this configuration, the following
control problems exist:

1. Iarge sideslip excursions during turn entrles

2, Adverse yaw effects

3. Iow directional stability

4, Iow longitudinal stability

5. large pitching moments with power changes

References 17-20 agree that the *"abllity to malntain the
desired bank angle in turbulent alr has been the most critical
requirement for lateral control of STOL aircraft at,.. landing

Speeds. Precise control is required because small bank angles

generate large yaw rates at low speeds which quickly produce
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heading changes."zo Reference 17 states, "When the aircraft
is banked into a turn, a turn rate in the desired direction
does not develop for several seconds, and large excursions 1n
sideslip angles result.®” ILikewlse, reference 19 states, "The
flizht study...showed that low directlonal stability, low
directional damping, ard adverse yaw due to lateral control
were responsible for the large sideslip excursions during
maneuvers in the landing approach or during flight in gusty
alr at low speeds.” And finally reference 18 states, "The
problem of controlling sideslip at the low alrspeeds required
for STOL operation is due for the most part to low direction-
al stability and damping.™ An important control problem then
is to eliminate any sideslip bulld-up which might occur during
a turn entry.

Adverse yaw effects and low# directional stabllity con-
tribute to the sideslip builldup problem.19 but they are also
protlems in themselves., Reference 18 states, "The main source
of' control eross coupling comes from adverse yaw due to
alleron deflection.” Various methods have been used to reduce
adverse yaw, e.g., the use of differential propeller pitch.16
However, additional controls add complexity and expense.
Since it is a common problem, adverse yaw or turn coordination
is represented numerically by the ratio of the peak sideslip
excursion to the bank angle QSBZN$) developed during rapid
turn entries.zo Iow directional stabllity is indicated by the
long period (12 seconds per cycle for the NC-130B) of large

sidesllp angles and an appreclable time period to establish
4



the desired turn rate.17’18 References 16 and 17 note the low
directional stability and the low directional damping of the
Brequet S41. Also concerning the directional mode, reference
17 states, "At high values of Lr (roll due %o yaw rate) large
spiral instability resulted.” To summarize the control pro-
blems in the lateral directional mode: Low directlonal
stability and adverse yaw contribute to the problem of elim-
inating sideslip during turn entries,

There are fewer and less severe control problems in the
longitudinal mode than in the lateral directional mode. Ref-
erences 16 and 17 state that low longitudinal stability and
large pitehing moment changes with power changes have been
observed with STOL aireraft and these characterlstics require
moderate pllot effort to correct. Reference 20 notesz that
"little longitudinal control was needed during the approach
because flight was controlled primarily by engine power and

moderate angle of attack excurslions,..could be corrected.”

Decoupling Approach

An analysis of the control problems mentioned above

presents three immediate conclusions:

1. Significant cross-coupling between sideslip and roll
and between yaw and roll exists in the latesral-
directional mode,

2, Significant cross-coupling between forward sSpeed and
pitch exists in the longitudinal mode,

3. A stabiliity augmentation system (SAS) 1s needed for
STOL vehicles,



In the lateral-directional mode, adverse yaw is a
coupling between roll and yaw: %,e,, there is an unwanted yaw
response together with the desired roll response to an aileron
deflection, There is aigo unwanted coupling between side slip
and roll in turn maneuvers, In turn maneuvers, most pilots
strive for coordinated turns, A coordinated turn is one in
which there is no side acceleration or side force and there-

fore no side slip.21

In order to achieve a coordinated turn,
the pilot must compensate for side slip buildup with rudder
deflections. The less the pilot has to compensate, the more
he will like to fly the aircraft,

As mentioned before, prior to December 1970, there had
been no handling qualities specifically defined for STOL
vehicles, Two of the most definitive studies, however,
realized the difficulties that could be encountered with the
coupling effects, Reference 22 states, "Throughout the speed
and height range covered by these recommendations, the app-
lication of any roll control input necessary to satisfy roll
control requirements, the other controls being held fixed,
should not result in yaw motion, side slip or pitch attitude
change which causes any objecticnable or dangerous flight
condition."” And reference 23 states, "In rudder and elevator
cockpit control, fixed rolls to the maximum designated bank
attitude at all altitvdes and permissable speeds, the result-
ing yaw motion, side slip angle, and normal acceleration shall
rieither exceed structural limiis nor cause dangerous flight

conditions such as uncontrollable oscillations.,®* Neither
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recommendation 48 very specific, but both allow for thre fact
that dangerous flight conditions could result from cross
coupling of control output responses,

Besides the coupling problems, it has been noted that
STOL vehicles have both low directional and longitudinal
stability. If the vehicle has passed the configuration
deslign stage of development, this condition can be rectified
with the introduction of a stabllity augmentation system,

Two examples of the effectiveness of SAS's applied to STOL
vehicles can be found in references 17 and 19,

Recognizing, therefore, the problems caused by coupling
effects and the low stabllity inherent in STOL vehicles, it
would appear that a stability augmentation system which also
decoupled would be 1deal, A decoupled system with stabllity
asugnmentation 1s defined as a system in which each input
affects one and only one output and in which the desired
transient response can be obtalned. The combination of
augnmentation and decoupling 18 not a new idea. Several re-
ports have been published on the subject, differing mainly in
the decoupling method used. These can be divided intc

1. High Gain Decoupling

2., Optimal Blending

3. Optimal Decoupling

4, Analytic Decoupling

Before proceeding further, & more exact description of a
system is necessary. Consider the system shown in Flgure 1-1,

where the alrcraft dynamics are represented by:
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% = 4x + Bu (1-1)

where x is an n order state vector; u 18 an m order control
vector with men and A and Bara n x n and n x m constant

matrices, respectively. Consider also the output y given by

Aircraft Dynamics X c J
+ L .

Block Diagram Representation of Closed loop Alrcraft System

Pilgure i-1
¥y =Cx (1-2)

where € is an m x n constant matrix and y 1s an m output
vector. The decoupling problem is: given a control law of

the form
u=Fx + Gv (1-3)

where v 1s an m order open loop control vector and P and G
are m X nand m x m constant matrices respectively, choose

P and G such that the closed loop transfer function matrix
H=C (Is - A - BF)~! Bg (1-4)

in the relation



y = Hv (1-5)

i1s dlagonal and non-singular.zu

The High Gain decoupling method14 Inserts a feedforward
gain matrix X as shown in Figure 1-2. By varying the elements
of K, it is possible to obtaln a closed-loop transfer function
matrix whose off dlagonal elements are small compared to the
diagonal elements. The disadvantages of thles method are that
K must be chosen on a trial and error basis and that,
obviously, the results are only an approximation to a de-
coupled system,

Optimal Blending is defined a3 the transition process of
phasing between the moment producing devices used in hover
and those used in conventional flight. The control blender is
that element of the filght control system which accepts
commands from the pllot as inputs and commands motions of the
various control surfaces cf the vehicle as outputs, propor-

tioned according to a predetermined functlon of thrust inci-

dence angle. The design is partially based on generating

Aireraft Dynamics

+

High Galn Decoupling
Figure 1-2



single axis moments in response to single axis stick or pedal
inputs., The cost of control 1s measured on the basis of the
blender output (control surface deflections) and this cost

18 then nminimized using a quadratic performance index, The

ma jor disadvantage as stated in Reference 24 is that one
cannhot obtain pure moments in the roll and yaw axis since the
blending is a function of a single flight parameter (thrust
incidence angle) and, therefore, uncoupled moments can at best
be generated only along the trrnsition trajectory for which
the blender was designed,

The basic technigue of the optimal decoupling control
methodzs is to construct an ideal decoupled model and apply
quadratic optimal contral theory to minimize the integral
quadratic error between the system and model states. The
advantage 18 simultanecus decoupling and optimization; but
the error minimization, while theoretically feasible, may be
diffieult to implement,

The analytics decoupling methods seem to promise the best
results when applied to V/STOL aireraft dynamics. In general,
decoupling a system has always been desirable from a control
engineer's point of view. Reference 26 states: "The res-
ponse and dynamic characteristices may be easlly designed one
loop at a time without heving to alter several loops when an
interacting one is present” after a system has been decoupled.
The first generally recognized attempt to decouple a system

was performed on a Jjet engine system by Boksenbom and Hood.27
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This early work evolved into treatment of multivariable
systems, in general, with major contributions being made by
Freeman?a'zg. KavanaughBo. and Bohnjl. The work most per-
tinent to this proposal, however, are the contributions of
Morgan32, RekaslusBB. Falb and WOlovich3u-35.36 and
Gilbert?*»37+38,

In reference 32, Morgan initiated the current approach
to the decoupling problem, His results were limited in the
fact that the system given by Eguations 1 through 5 could be
decoupled only 1f CB was non-singular, Rekasius33 extended
Morgan's results and outlined an essentially trial and error
procedure for specifylng some of the systems poles along with
the decoupling., In references 3% and 35, Faldb and Wolovich
presented all the essentials nceded for decoupling a system.
These essentials ineluded: 1) necessary and sufficient
conditions for decoupling: 2) description of a restricted
¢lass of control laws which decouple; and 3) necessary and
suf'ficient conditions on F and G for decoupling. E. C.
Gllbert, however, has brought the design tecnnigue to a high
level of completeness, The following chapter presents a
brief summary of Gllbert's decoupling method together with an

explanatory example.
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CHAPTER 2

GILBERT'S METHOD

Gllbert has presented an efflcient means for determining
both the class of all F and G which decouple a plant and the
structure of the transfer function of each single-input
single-ocutput subsystem of the decoupled closed loop system.zb
His method can be broken down into three basic steps:

1. Check for ability to decouple

2. Determine the structure of the decocupled system

3, Calculate any compensation necessary

Since the calculations become unwieldy for systems of
n>3 (Reference 38 describes a computer program which handles
problems of order n<25 and m<10), let us go ﬁhrough the steps

outlined above for an arbitrary system, n = m = 2, Referring

agailn to the systems represented by equations 1 and 2, let

-
1 2 4
A= . B =
[3 uJ Lz }
(1 1
c=[ ] (2-1)
2 1
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The necessary and sufficient conditions for decoupling are
dependent on the non-singularity of the matrix D (B" 1n

reference 35) whieh ig deflned as

D= . (2-2)

where C1 denotes the 1 « th rowof ¢, * = 1,... 11 and d1 is
def'ined as35

. ‘1 = -
g, = min {3. c, AB RO j=0,1.0. 1 1}

di =n-11if cl Aj B=0 for all j {2-3)

For our example d1 = d2 = 0 and therefore

D= (2-4)



which 18 non-singular and thus the example system can be de-
coupled. This corresponds to Step 1 of Gilbert's method.

In Step 2, the structure of the decoupled system i3 de-
termined. Calculate F* and G* using the equations

F* = -p~1 4" (2-5)
where
d
1+1
* L ]
A = . (2-6)
‘a +1
m
Cm A
N —
and
* -]
G =D {2-7)
Now, if we let
- » - -
A=A+ BF B = BG T =0 (2-8)

our system is transformed to an integrator decoupled (ID) form

X = Ax + Bu

y = Cx (2-9)

14



The integrator decoupled terminology is Justified by the
fact that

B (s, 0, I) = diagonal (s~%1~1y 1 1,...m (2-10)

or that the plant transfer matrix relating y(s) and v(s) is
diagonal with its 1 - th element being 1/sdf+1.

It is a direct caleulation to show that if
FoxDP+ 4 T = DG (2-11)

then H (s, P, G} = B (s, F, G) or that S and § are control law
equivalent (CLE), The systems S and S are CLE in the sense
that there 18 a one-to-one relationship between {%. Q} and

{F, G} such that B (s, P, G) = H (s, F, §). For the ID
system 3 it is also a direct caleulation to show that

D=1 and A =0 (2-12)
Appliying this to our example
F* = -’4 -5-‘
5 é
L _
x _ | ?7/2 -2
G -5 3
(178 0
H(s,F*,6*) = ]
0 1/s
B=1 I'=0 (2-13)

15



At this polnt the system has been decoupled. For the sake
of brevity, therefore, reference to the example system will
be terminated here.

Continuing in Step 2, the integrator decoupled system
S 1s checked for controllability. If it is not controllable,
another transformation is introduced which separates the con-
trollable part S° from the uncontrollable part 3% The
system 5° ts again CLE to the ID system 3.

The final stage of Step 2 is tc transform 5° te canon-
ically decoupled form. Iet new state variables be designated

%, defined in terms of x and the non-singuiar matrix Q as
A .
X = Qx {2-14)

The state equations in terms of 2 are

$ =2 +Bu=qa+BFQ 12 + qEGTu
y = & = cQ”1% (2-15)
where @ ig defined by
r— - [ ¢
bl ¢ ]
Q : c,® A
Q! .
L N . _
a
QL = cié (4%)72 t =1,...m (2-16)
-y 1
qm+1 qi
“pe1 % :
op L
m+l d,-1
a p,~%1
__mﬂ_ ! . _




where the ¢ superscript refers to the controllable part
matrices and the last Pi-di ToWws are gny row vectors, which
together with the first d1+1 rows, form a basis for the Py
dimensional (row) vector space Q, and where pfaﬂ. 11,.,.m,
Prt1 = Tme1=0r Ppyp = LY rfap. 1 =1,...m, With the
system in canonically deéoupled form, we may proceed to
Step 3.

It 18 shown that a necessary and sufficilent condition

ALOAN
for the decoupling of the CD system S(s,F,G) is that

i F
61 0...00 91
: u
0 02-'. 0002
F = ' . o G = diagonal (11...1m)
(2-17)
0 0...080¢Y
m m _ |

where 91. i=1,...m 13 the 1 x p1 row matrix and 1s found by
conpensating the i-th single-input single-~output subsystem
i and li is the desired gailn of subsystem i. The cholce of

N
] ® 4nvolves the "uncontrollable part? of 3 and hense has no

i
A

effect on the diagonal elements ﬁi(s.F.e) which again are CLE

to hifs.F.G). The compensation matrices for equations (21}

and (2~-2) are then

m r

, m+2

+ T i} (2 18)
z Kl

1
Ko ogslg=g 1K
(2-19)
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where thz following parameters are obtained from the original

system 8(4,B,C): \integers pl>0. i=1,...m; integers rrZO.

i=1,..m+2 (rffai. t=1,...m and rm+2#0 if and only if 8 is not
r

controllable); polynomials ai(s)=sri - 048 -1, S I

i=1,...m+2 (if r1=0.q (s)=1); mxm matrices Gi, 1=1,...m;

mxn matrices Ji. i=1,...m, k=1....p1; mxn matrices K

1k’
i=1,...m, k=1....rm+2 (the Kik are not defined 1if rm+2=0);
*
mxn matrix A ; and where ,, = Qe k=1""r1' Ty = 0,

k=ri+1...p1; and li' oik' pik are arbitrary real numbers
(ki#o’ i=1,...m)., The last term in (23) is missing if

The elements of the diagonal matrix H(s,F,G) may then

be represented by

aa (s)
hi(s.F.G) S Tl {2-20)
lpi (8’01)
e -
¢1(s.dl) =g . 0118Pi 1...-01p1
ui = lUiioaanpi) (2-‘21)

Where i, and Oy v i=1,...m way be chosen arbitrarily,

The characteristic equation of the closed loop system is

m
a(s,F) = det(Is - A - BF) = a  ,(s) + ap,,(s) rys(s.0)
(2-22)

18



In summary, if matrix D of equation {2-2) is non-singu-
lar, the system can be decoupled. The struecture of each
gingle-input single-ocutput subsystem is given by equations
(2-20), (2-21), and (2-22) where the )\'s and g's are deter-
mined by the designer. All other parameters are obtained
from the computer program mentioned in reference 38, Appen-
dix C presents the flow chart for this program. Oncée a
particular set of hi(s.F.G) is specified, equations (2-18)
and (2-19) give the corresponding control law {F,G}.
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GHAPTER 3

DIGITAL ANALYSIS

As mentioned in Chapter 1, the landing phase of flight
is most criti&fl, Most simulations use the equations of
motion associated with this phase and there is, therefore,
considerable data available, Appendix A shows that the
equations of motion for a STOL aircraft in the landing phase
can bhe separated inte longitudinal and lateral-directional
equations which are unccupled from each other, To begin the
analysis of the application of Gilbert's decoupling method to
a STOL aircraft system, let us first leok at the longitudinal
dynamics for the landing phase,

Longitudinal Dynamics

The longitudinal equations are represented by four state
variables: wu - forward speed, 8 =~ pitch, 6 - pitch rate, and
z - vertical velocity, and by two control variables 6y =
elevator deflection, and 5t - thrust changes, The two control
variables are driven by two cockpit control inputs: &

stick

longitudinal stick deflection, and § - throttle

Fthrottle
setting, respectively. Clearly, there are fewer control
inputs than state variables {m<n)., Consequently, decoupling

in the sense that each input affect one and only

20



one output is not possible., Since there are but two control
inputs to three state variables (if ¢ and @ are combined into
one variable), the most advantageoug arrangement is to assign
the two control inputs, one each, to two state varizbles such
that the uncontroclled variable is not severely affected by
inputs to the other state varliables., "Uncontrolled variable”
here is taken to mean the variable to which no control input
has been assigned,

This brings us to the guestion of what control inputs
should be assigned to what state variables,

In the longitudinal mode for STOL aircraft, large pitch-
1ng moment changes occur with power changes. Despite this,
pitch attitude 1s usually controlled by elevator deflections
through longitudinal stick positioning while the throttle is
used to control vertical speed. The remaining variable, air-
speed, 1S controlled through pitch attitude in many cases and
by throttle in cases where it 18 desirable that piteh attitude
be maintained. Obviously, power changes affect response in
pitch attitude, and airspeed and the same is true with ele~
vator deflections. 4s hinted at above, different controls can
be applied to obtain the same response, The questlion then
arises, "What control does the pllot consider primary in
controlling a particular variable?” The choice is a function
of the task. As stated previously, thls analysls is con-
cerned with the larnding apprcach phase of fllight and the
rilot's ability to track a localizer and glide slope.

Traditionally, designers have alwaeys considered attitude
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loops, i,e., those in which roll is controlled by the

ailerons and pitch by the elevator, as the most important

single loop aircraft control systems39 With longitudinal

stick deflection controlling pitch, the throttle is left t¢

control either forward velocity, vertical velocity, or flight

path angle vy, (y is equal to pitch angle @ minus angle of

attack a, @ may be approximated by %/Uo or vertical velocity

over unperturbed forward velocity

with configurations that are combinations of longitudinal

ho‘)

This analysis will deal

stick as primary control of pitch attitude and of throttle as

primary control of either I) vertical velocity, II) flight

path angle, or III) forward velocity,

with case I,

The analysis will begin

For convenience' sake, let us rewrite the equations that

represent our systen,

X

yﬁ

Ax + Bu

Cx

Let the state variables be:

Xy
and let the control

us

u

D O

M.

n

[}

forward speed
piteh
pitch rate

vertical velocity

variables be:

elevator deflection

= thrust change

22

(3-1)

(3-2)



Since, in this case we are concerned with vertical
velocity and pltch rate {(pllots generally prefer to control
attitude changes by sensing pitch rate), let the output

variables be:
11 = !3
Yo = Xy

Substituting the data obtalned in Appendix A, equations
(1) and (2) become

- _— -
X, -.032 -32,2 0 .133 x,
x2 . 0 0 1.0 0 x2
X, .00137 0 -.743  -.001h X,
xa -102 4.2 96.5 bl xu
- — L p— S —
o 00065 | | ]
0 0
+ u, (3-3)
-.989  -,00000%
e
310 - 0008?
L ] - -
B 0 0 0 . ]
¥ 1 X
1] a 1 (3-4)
v, 0 0 0 1 X5
I
*y

Equations (3-3) and (3-4) represent the open loop

system or the unaugmented alrceraft dynamlcs., The loop is
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closed by applying the feedback control law:

u=Fx + Gv (3-5)

where the control variables are:
v1 = 6e stick — longitudinal stick displacement
Vy = 6t throttle = throttle setting

Implementation of equation (3-5) with the proper values
for the F and G matrices results in both the decoupling of the
system and the evolution of a simpler procedure for designing
a stability augmentation system,

Traditional methods for designing SAS's have been the use
of root locusz and Bode plot analyses. Though sSome englineers
would not agree, these methods are limited because they are
graph orlented and do not lend themselves to easy analysls of
nmultiple loop systems, Personal contact with both methods in
design analysis problems has involved at best tedious work,
though digital computers can be employed to lessen some of the
drudgery.

An alternative 12 the use of modern control technlques,
Modern control techniques are the product of computer tech-
nology and 1ts use has increased correspondingly with the
gophistication of computer applications. Computers have been
an invaluable ald in the abllity to handle swiftly the
iterative processes needed to find maxima and minima which
are often encountered in the use of modern control techniques.
The approach used here will be a combination of both in that
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state 8pace representation willl eventually lead to transfer
function analysis,

Since the majority of previous work in the design of
SAS's has employed classical techniques, specification of
criteria for the desirable responses of a system has also in-
volved classical control parameters, e.g., ¢rossover fre-
quency, phase angles, ete. These parameters are not appli-
cable to the design analysis of this study. A4lso, past analy-
se8 of alrcraft systems have always considered coupled re-
sponses and the transfer functions assoclated with these re-
sponses, The decoupling procedure eliminates the traditional
transfer functions which determined restrictions on certain
parameters, e.g., {%gr , Which had to be satisfied for a good
handling alrcraft. Until recently, handling qualities spec=-
ifications have been extremely vague, Reference 41, however,
is the first document in which criteria for desiradle tran-
sient response of V/STCL alrcraft 18 precisely defined.

Until very recenﬁly.* thera have been no official criteria
set forth by any government agency, but reference 41 pre.-

sents much needed initial guldelines,

# (Criterla given ir Reference 47 is comparable to that

taken from Referense 41,
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Table 3~1

Pitch Transient Response Criteria

PARAMETER TO BE MEASURED MINIMUM LEVELS FOR
SATISFACTORY OPERATION

1) pitch angular acceleration

per unit gontrol deflection .08 - ,12
(rad / sec® / in)

2) pitch angle after 1 sec.® 2 -4

3) damping ratio £15% overshoot

Table 3-1 presents the minimum values of aircraft re-
sponse for low speed flight following an abrupt step input of
longitudinal stieck, "Alrcraft whose missions require exten-
sive ... low speed maneuvering should as a minimum meet the
upper levels of values shown, while those for which maneuver-
ing 18 only incidental to the mission and for which thrust
vectoring can also be used, should as a minimum meet only
the lower values."41

In satisfying these requirements together with the de-
coupling, selection of F and G must guarantee that deflec-
tions of control surfaces are within realizable limits., For
our model, a full é-inch deflection aft produces a minus
35° (-.611 rad,) elevator deflection up, and a full 5-inch

]
deflectlon forward produces a 25 (.436 rad.) elevator

deflection down. (See Table A-1).
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With these restrictiors in mind, we may now apply the
decouplinrg program to Equation(3-3)and (3-4, Pertirent data
may be found 1n Table 3-2.

Substituting the data presented in Table 3-2, Equatiocn
(2-20) becomes:

) )
h, = = 1 (3-6)
1 g° -9y, 8 -0
e stick 11 12
2
Ao
h2 = = (3-?)
8 throttle S - 0y,

and the characteristic equationr is:

als. P, C) = (s + .04356) (s° - o,y 5 - 0,) (-0, ) (3-8)
Since m<n, all slosed loop poles can not be arbltrarily
positiored by the designer, thus the appearance of the first
fastor on the right-hand side of the equation (3~8), Since
this pole isg in the left-hand plane, our system remains
stable, and ro problem is created hera,

Besides the actual physical decoupling of alreraft re-
sponse, use of Gilbert's method in design analysiz has a-
rother urique advantage, Classlcal techriques, when applled
to multiple loop systems are awkward because they deal with
rested loops 1n which inrer loops must be closed and thelr

specifications met before outer loops car be analyzed,
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Table 3-2

Ne

Computer Output For & — § » Z 36 Case
€ stick T throttle
| D| = .0008814
= = ” =
4, =0 b, =2 r, =1 11 = 0
— sl Tr —
d, = 0 P, =1 r, =0 12 = 0
= = ﬂ') =
P3 1 r3 1 21 0
M4 = =, 04356
-1 ¥ —
D A = -,00151 .03335 1,4497 -,001
17.77779 -4712,.569 ~-105748,046 341,377

6. = | -.987 0
1 -3403, 560 0

L.

G = 0 . 0079
2 0 -1122.04

3 =] 0o 0o  -.987 o
1 0 0 -3403.56 0

s =] o -.987 o o
2 0 ~-3403, 56 ) 0

£ o 0 0o 0 . 0079 ]
1 0 0 0  -1122.04
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Use of Gilbert's method permits the desigrer to aralyze earh
sirgle input-single output system separately. Thus we can
look at equatiors (3-6) and (3-7) separately.

Ir equation (3-6), Ays Oqqe ard a,, must be chosen so
that pltch resporse satisfies the criteria of Tadble 3-1 and that
elevator deflection limitations are »ot exceeded., A conm=-
puter program (Appendix D) was writter to ebtair the tranr-
siert response ard control surface deflections produced by a
step charge or» a cockplt control. The piltch resporse car be
thought of as the resporse of a second order system where
049 = = 2w and Iyp % - wz. It is importart to mote at this
poirt that ary simlilarity betweer the transfer functions ob-
taived from Equatior» (2-20) ard stardard approximatiors to
eircraft transfer furctiors is coircidertal (Eguation (3-6) is
similar to the short period approximatior). With this ir
mirnd, the desigrer car orly guess irnitially at values for the
parameters Ai' Oyq° 012 ard then avalyze the transient re
sporse, The guesses are educated ir that the desigrner rzanr
apply the Final Value theorem to determinrne steady state ra-
sporse and that he also krows a range of values for { and w
which produce good respovse for a second order system, Firal
Value theorem applied to equation (3-6) with & step input re-
veals that the steady state pitch anrgle is kl/(—cizl. It is
also well kvowr that second order systems with a damping
ratio {>.5 usually have good resporses, After makinrg our

initial guesses, we substitute the values 1irto equationrs

(2-18) and (2-19) which ir this case becomes
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F=-D A +% % g Jt (3-9)
2
G=Z% i G (3-10)

Note that at this point we have not specified values for
gp1» and X,. Since ¢ 1s decoupled from z, any values may be
substituted and not affect the response of é. For example,
let Sy = -1, Az = 1. Table 3-3 shows the response of the

system to different values of Ay » and the corresponding

%11
control surface deflections. Note that Table 3-3 presents
data which was recorded for Case III. However, pltch re-
sponse anslysis and the data obtained from this analysis
would be the same in Cases I, II and III. As will later be
seen, the pitch response parameters that were obtained in the
Case I analysis, were also used 1n Cases II and III. The
final values settled upon were Oyq = -1.6, 02 = -1, and

1 and

Ny = .087. Thls corresponds to a [ = .8 sec”
w = 1{rad)/sec. Tavble 3-4 shows a comparison between pitch
response ard oltech ceriteria. We see that both plteh angular
acceleration and pitch angle after one second are low, but
not by much. DBoth of these parameters could be increased by
inereasing 4. This would, however, incur the risk of ex-
ceeding elevator deflecticon limitations. Pltch angle after

one gsecond could be increased if the damping ratio were in-

creased. However, we are approaching critical damping, and
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pllots often complain of aircraft that are overdamped as

being sluggish. This will be investigated in the simulaticn
in Chapter 4.

Table 13-4

Pitch Criteria and Response Comparison

6 (rad/sec®/in) |eo after 1 sec(deg)| Over- Se
shoot | max "def

(rad)
Criteria .08 2 .15 .61
Response .073 1.71 .01 . 504

Equation 3-7 is somewhat simpler to handle. The re-
sponse is exponential so in picking Opq+ We are actually pick-
ing a time delay. A time delay of one sescond should be ade-
quate, making Oyq = =1. In choosing *2 Wwe may make use of
the fact that with g,, = -1 steady state response of z to a
step input 13112. and also of the fact that the landing tech-
nique used for our model was to hold a three degree angle of
attack until flare. > Since a = % /100 ft./sec. and at
steady state z = Ay Ay = 100 ft/sec ° 3% = 5,3, However,
since Z has been orlented so that positive is down, the
gign of 12 must be changed sc that a positive throttle,

i.e., add power, prcduces an increase in 1ift and consequently
a negative z. Thus 12 = -5.3. Applying a one inch positivae
throttle change, the three degree angle of attack is achleved
in approximately seven seconds with, of course, no pltch axis

response.
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With all five parameters specified the feedback control

law { F,G } is completely specified

011 = 1.6 kl = 087
0'12 = -1 12 = -'5.3
gy = -1
[~ .00151 .9536 . 0792 -.0069
F =
-17.778 8116.13 111,193.75 780,663
..086 -.042
G =
L-:296.11 5946,.81

Once F and G have been completely specified, we may look
at the response of the "uncontrollable variable" which in
this case is perturbation to forward speed, u. The response
of u follows what would be expected in a typlecal aircraft in
that for a new positive constant pltch attitude, u is negative
and alrcraft alrspeed decreases. As stated earlier, alrcraft
speed 1s often controlled through pitch attitude, s0o that in
this case, u 1s uncontrollable only in the sense that no
specific control has been assigned to 1t. Through sxperience
with the aircraft's speed response to pltch variations, the
pilot does then have effective control of alrspeed. As an
indication of this speed response, u decreases by 10 feet/
second in 8 seconds for & one-inch stick deflection, and
increases 6 feet/second in 10 seconds for a one-inch throttle

deflection,
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On paper, the control configuration appears to be satis-
factory. Simulation will further test it in Chapter 4.

A second possible configuration is to continue to con-
trol pitch with longitudinal stiek, but to use the throttle

to control flight path angle y. Matrices A and B remain the

gsame, but matrix C becomes

since flight path angle y = 6 - « and a = z/100 ft/sec.

Partinent data from the decoupling program can be found
in Table 3-5. Substituting this data in equation 2-20, we
obtain

D

>
-

]

h, = = — (3-11)

hz = = (3-12)
bp 8- %
throttle

and the characteristic equation remains the same:

a(s, P, G) = (s + .04356) (s - oy 8- 0 ) (8~ cp) (3-13)

Pitch parameters ¢ and ., have been obtained in

* %92 1

11
the previous case,
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Table 3-5

Computer OQutput for J— v y-dbbT Case
stick throttle
|p| = .0008814
4 =0 P, =2 r = 1 M= 0
d2=0 p2=1 r2=0 -n12=0
P3 = I‘3 = 1 11'21 s 0
1% | =.00151 .03335 .70557 -.001
D A = L1?.???9 -4712,569 6&55 o986  341.377
G. = | -.987 0 )
1 -3403. 56 0
. = [0 -9 ]
2 Lo 112204.032 |
1 - =
Jr= [o 0 ~.987 0
1 o 0 -3403. 56 0.
2= To -.987 0 0
2 K -3403. 56 0 0
= [o Za 0 0
1 0 112304, 032 0 0 |
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Flight path angle response like angle of attack response
in the previous case 1s exponential, so again we may let

Caq = -1. The galn ), 1s alsoc chosen in a similar manner.

2

Reference 42 suggests a flight path angle of 7é° for landing

approaches, Again using the Final Value theorem, steady state

Y is equal to ), if g,y = -1. Therefore, let i, = 7% = ,13,

Applying a one-inch negative throttle change, y reaches

steady state angle of -7%° 1in approximately six seconds.
With.all five parameters again specifled, the feeddback

control law F, G becomes

[ .00151  1.7478 . 8736 -.0069
F =
-17.778  -104,087.901  -1010.29  780.663
-.086 -.103
G =
1-296,11  14586.525

U'lz = "1- 12 = -13
op, = =1

Again, the "uncontrolled variable” is forward speed u,
and the same comments that applied to the previous configura-
tioa apply here. Speed response in this case shows that for
a one-inch forward stick deflection, u increases by appror-
imately 23.4 feet/second in ten seconds. For a one-inch
pesitive throttle, u increases by approximately fifteen feet/
second 1n ten seconds,

This case 1s somewhat interesting. Flight path angle ¥

has been decoupled from pltch 6. However, y= 06 - a.
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Thereforas, a throttle deflectlion produces no change in pltch

and consequently y is a function of a only. The steady

state -7% flight path angle is thus equivalent to a positive
73° angle of attack. ILlkewise, a longltudinal stick deflec-

tion will result in a compensating change in angle of attack

g0 that there is no change in flight path angle. For a stick
deflection, then, a = 6.

In the previous case, the pllot also had control of
flight path angle since he had separate control in ¢ and «.
The previous case also required less thrust and the resulting
changes in u were less.

A third possible configuration ls to again control pitch
response with longitudinal stick deflection, and use throttle
to control forward speed. This configuration is more common
sense-oriented slince it exftends the automobile practice of
centrolling speed with accelerstor, Matrices A and B of
course renaln the same, but

bo1o0
c =
b 000
Pertinent data from the desoupling program is presented

in Table 3-6, Substituting this data into equation (2-20)

we obtain:
9 s
h, = S (3-14)
3 8¢ - g,.8 - g
®stick 11 12
12
- o
"2 = —2% )3~16)
8 = 0
Tenrottle 21
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Table 3-6

Computer Data for §=—=§, v u—-by Case
stick throttle
|D| = ~,0006429
a =0 p, =2 r =1 My, =0
d, = 0 p, = 1 r, = 0 M, = 0
Py =1 Tyl my, =0
ﬂ31 = .,1216
D'la* = [ -,00104 .3506 .75126 ~,00003
-49,23 -49,538,47 0 204,61
¢ = | -1.0111 0 ]
1 0
-
6. = |[o -.010889
2 0 1538.46
.
ada= o 0 -1.0111 o]
1 0 0 0 0_|
-
1 3 -
J = 0 -1.0111 0 0
2 K 0 0 0_|
3 = [ -010889 0 0 0]
1 1538, 46 0 0 0
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Pitch response parameters have previously been obtained.

Again, because of the exponential nature of the response,
let Opq = -1, Plcking the gain 12 is slightly mcre difficult.
The Final Value theorem is not very helpful since there are no
eriteria for specifying response. From Pigure 10 in reference
16 and from Pigure 3-1 below, it is possible to obtain a re-
lationship between throttle deflection and change in forward
speed. From these graphs, it was crudely determined that in
the landing configuration, speed increases 2,1 feet/second for
& one-inch positive throttle deflection. Therefore, let
Ay = 2.1. The value selected for thls galn 1s not critical
since the overall desired response is that forward speed re-
main constant for changes in pitch and vertical velocity.

With all five parameters specified, the feedback control

law {F. G} for ﬁhls case becomes:

gy, = -1.6 xl = ,087
012 = a1 ).2 = 32,1
g1 = -1
F= |.01193 6605 6643 . 00003
1489.23  49,538.47 0 -204,615

-

G = [-.088 -. 0229 ]
0 3,230,766
The *"uncontrolled variable®” in this case is angle of at-
tack. Since we are concerned with keeping forward speed
constant, the only important respornse is that due to stick

deflection., For a one-inch forward stick deflection,

ho



translent angle of attack never eXceeds 1° which 1is within
allowable limits,
Reference 16 states, "The approach is made by maintalning
a constant angle of attack of 3° while controlling flightpath
angle Wwith power.” This 1s equivalent to controlling angle of
attack with longitudinal stick deflection and flight path angle
with throttle, Matrix C is:
0 0 0 .01
C =
v} 1 ¢ -.01
Computer output gives d1 = d2 = 0, and therefore
c,B .03 . 000009

D = 1

C,B -.03 » 000009

Clearly, the determinant of D is zero and the system
consequently cannot be decoupled., A partial explanation is
that the second row of the B matrix negates the 022 element
in the matrix multiplication to get CB. Theoretically. this
means wWe are trying to control a with longltudinal stick
deflection and - a with the throttle, which is physically
impogsible.

This concludes the transient analysis of the longltudinal

responses.

Tateral Dynamics

The lateral equations are repregented by filve state
variables: Vv - slideslip velocity; ¢ - roll rate; Y - yaw;
& - yaw rate; and by two control variabdbles, 68 - gpoller
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deflection; ard Br « rudder deflection. The two control
variables are driven by two ccockplt control inputs: §

Ss5tick )
laterel stick deflectlon, and & ~ pedal deflection,

rpedal

respectively. As in the longitudinal case, there are fewer
cockpit controls than variables so there can be no "pure”
decoupling. The control problems stated in Chapter 1 suggest
what variables need to be decoupled. Roll attitude should
primarily be controlled by lateral stick deflection. As pre-
viously mentioned, there is an undesirable yaw response to
lateral stick deflection. This suggests decoupling yaw snd
roll response. Of course, the pllot also wishes to elimlnate
2ll sideslip when he is trimmed up on approach. Thls suggests
decoupling roll and sldeslip. Both of these configurations
will be examined.

First, let us conslider the case where lateral stick de-~

flection controls roll response and rudder pedal deflections

control yaw response, ILet the state variables be defined:

Xy =vs= gideslip veloecity
X, = ? = roll
x3 = ¢ = roll rate

), = ? = yaw
{5 = { = yaw rate
and let the control variables be defined:

u1 = 63 = gpoller deflection

u2 = ﬁr = rudder deflection

42



Substituting the data obtained in Appendix A, equations
(3-1) and (3-2) become:

-~ A - -
:’:1 i -.13 32.2 0 4,2 -100,0 Fxl
X, 0 0 1.0 0 0 x,
ij = -.00322 0 -, 82 0 .139 13
X, 0 0 0 0 1.0 xb
X 000 —-0 - .

Lx% i sS4 0 5 0 33 | _-11:5l

o 5.0 |
0 0
Y4
+ 1,337 . 0716 (3-17)
0 0 u2
-.125 -.246
Ny 0 0 1 0 0 x
1a 1] (3-18)
y2 0 0 0 0 1 12
.13
xa
x
. 5
Again, the loop is closed by applying the feedback
control law:
u=Px + Gv (3-19)
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Where:

vl = § = lateral stick deflection
Sstick

v2 = § = rudder pedal deflection

rpedal
For guldelines as to what type of response is desirable
let us again refer to reference 41, Table 3-7 presents the
minimum values of roll response to a step input.
Spoiler deflection must also fall within acceptable
limits which, as Table A-1 in Appendlx A shows must be
within .79 radlans.

Table 3-7

Roll Transient Response Criteria

Parameter to be measured Minimum levels for satisféctory
operation

11 1r0ll angular acceler- .05 — .25
ation/unit contr012
deflection(rad/sec“/in)

2) roll angle after one 2 — i
second (deg)

3} damping ratio <15% overshoot

Table 3-8 presents the minimum values of yaw response to
a step input which must be satlisfied for satisfactory opera-~
tion.

Rudder deflection must be less than .? rad for both
right and left rudder deflections,.

These guidelines must be satisfled as we analyze the

computer results presented in Table 3.9,
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Table 3-8

Yaw Transient Response Criteria

Parameter to be measured Minimum levels for
satigfactory operation

1. yaw angular acceleration 05 = .10
per unit control deflection
(rad/sec?/in)

2. time for 15° heading 2

change (seconds)

Substituting the data presented in Table 3-9, equation
(2-20) becomes

. .. 8
h, = ¢ -1 (3-20)
& §8° - g, ,8 =0
sstick 11 12
v A 8
h, = =y 2 (3-21)
§ S =~ g..8 - ¢
Toedal 21 22

and the characteristic equation is:

als, P, 6) = (s + .02356) (s° =qy,8 -0,,) (%=, 8-0,,) (3-22)

1

Again we have the advantages of looking at equatione
(3-20) and (3-21) separately. We may again use the Final
Value theorem and the knowledge we have gained in dealing
wlth second order systems, Table 3-10 presents the transient

response of equation (3-20) to step inputs ( »indicates
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Table 3-9

Computer Data for the ¢—»§ . 'b-*ér Case
8stick pedal
[n] = -.3202
d1==0 p1=2 r1=1 1111=0
a, = 0 p, = 2 r, =1 Myp = 0
p3 = 1 r3 a ] ﬂzl = 0
1122 =
T34 = ~-,02356
-] # -~
DA = | -,00127 0 ~-.64165 0 .033
| -.02129 0 . 52912 0 1.32356
G, = [ .76885 0
-.3907 0
G, = [0 .223
0 -4.175
R "]
it a0 0 .?6883 0 0
1 0 0 -.39067 0 0
J; = [0 .76885 0 0 0
K -.390678 0 0 0
#alo 0 0 0 2236 |
1 0 0 0 0 -4,175356
P2 [o 0 0 .2236 0
2 0 0 0 -4,175356 0

&4 p
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response has not reached steady state value). The final

values settled upon were 0yq = -1.6, g = -1, and ). = .15.

12 1
This corresponds to a damping ratio { = .8 sec™! and a
frequency w = 1 rad/sec. It is not too surprising that the
values for 011 and 942 are the same as those obtained in the
pitch response analysls. Both are second order systems

and these parameters determine a good response to a step

input for second order systems.

Table 3-11
Roll Criteria and Response Comparison
(rad/secz/in) after 1 overshoot 5S(max)
.e sec (deg) dof
¢ ¢ (rad)
Criteria .05 2 .15 .79
Response .128 3.1 .01 .71

Table (3-11) shows a comparison between roll response and roll
eriteria, Roll response for these parameters satisfles all
criteria handily.

Equation {3-21) requires similar analysis although the
criteria listed are not quite as specific. Table 3-12 shows
the transient analysis of yaw response to a step input. The

final values selected were Opq = ~1.4%, L -1, and Ap = .06,

Agaln, the valueg selected are similar to previous ones al-
though the damplng ratioc has been reduced to .7. Table 3-13
1s a comparison between yaw response and yaw criterla, Table
2-13 shows that even though rudder deflection approached the

naximum value, the time for a 15° headlng change criteria

48



Z1-¢ °Tqey

©e38Q AIO38TH OWTL Al @8®D
| #50°- | eat s$1 o | 61 0 0z~ ¢ 0 - g 1-[1- lo-1-]vez
| 0zo" | csor- | ssoo-| o | zef 0 | *ez 1- 0 [szo-| e =|t-lo*1-|vaz
m LT~ oot* 49T " 0 YA 0 £ 0 YAk Ml el i e I - 4
2020~ £60° 660" 0 #12° 0 AP A T o gz - Ml B Sl (RN £ A
606~ | 402 9tz o | 626 0o |<60t-| 1 o lsgr=|co-1-lge1-|v6r
gra*- &ho° 150° 0 90 0 4T O9= 1 ¢ I- /I~ |T=- 9°T~¥gT
ong - £61° 102° 0 rA %A 0 «T1°92~ 1 0 I=m I~ |1~ 9 T-IVLT
gg*- | 102" 602° 0 €z 0 «g 9z~ 1 0 -] T-l{1-{9°1~|Vv91
6T "4~ L92° otez* 0 Rtz 0 « 0gI~- 1 0 0 I~ I=- g T={VveT
Mmmmwn Awww.vnw \Amwmw \«mwww, %M.u %M& ﬁooma\pt Mwwwwn mﬁ”ﬂw _ 22,| 12, |21, T1,|ung
(xeu)m (xBL) ALVIS XAVALS 9 9

h9



could not bhe satlisfled., One solution to this is to apply a
wash out filter which would override the SAS when a large

heading change had to be made. This will be investigated in

Chapter 5.
Table 3-13
Yaw Criteria and Response Comparison
¢2 time for 6. (max)

(red/sec”/in) 15" change T der

(sec) (rad)

Criteria .05 2 .7
Response .06 unmeasurable .7

With all 3ix parameters specified, the feedback control

law [F. G 1e

Oyq = -1.6 021 = 1.4
G2 = -1 Opp = =1
11 = -15 hz = .06
p= | .0012 -.76886  -.58853 -.223 -.346
.02129 .39068 . 09596 L.,1754 4,52
G= | .1163 L0134
L:.0586 -.2905

The *"uncentrolled variable® in this case is v - sideslip
velocity. Sldeslip angle B can algso be measured since it is
equal to v/Uo.ho For a one-inch lateral stick deflection, B
builds up to .26 radians after eight seconds. Unquestionabdbly,

this should be considered excessive, For a one-inch. rudder
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pedal deflection, p builds to .08 radians in eight seconds.
This large buildup in sidesilp angle suggests that we should
inmediately look at the case when sldeslip is eliminated by
assigning the rudder pedal deflection as its control.
Again, we wlll contrel roll response with lateral stick
deflection and thus the C matrix becomes:
0 0 1 0 0
1 0 0 0 0
Table 3-14 below presents the computer data for this

case, Substituting this data into equation (2-20), we obtain:

Aq S
h, = LA (3-23)
& 8§ - (0448 - @
Sstick 11 12
A
h, = ——- = 2 (3-24)
& g -0
rpedal 21

and the characteristic eguation 1is

a(s, P, G) = (s + 5.107)(s + .1542)(s%~0 ,8-0;,) (s-0p,) (3-25)

Note that in thils case two closed loop poles are gpecif-
ied by the decoupling procedure. Equation (3-23) has pre-

viously been sanalyzed. Selectlon of values for *2 and Opy

is not vitally important at thig time. There are no specifice
ariteria for sideslip response., These can better be deter-
ained through simulation., In this case, we wish only to
eliminate sideslip, For convenlence, then, let us say
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Table 3-14

Computer Data for ¢—= by y Vo—o§ Case
stick Tpedal
4, = 0 P, = 2 r, =1 My, =0
d2=0 p2=1 r2==0 11‘12"—'0
p3 = 2 r3 = 2 Tpq = 0
'"31 = -5.10?
‘"32 = ‘01542
-1 -
D A¥ = [-.00102  -.34486 -.613 LO4498  1.175
-.026 6.44 0 -84 -20.0
- A
(}1 = | ,7479 0
|0 0
G, = 0 -.0107
0 .2
L .
1 -
JT = o 0 7479 0 0
11 o 0 0 0
1 —
J = 0 7479 0 0 0
2 | 0 0 0 0 0
2
J° = -.0107 0 0 0 0
1 . 0 0 0 c
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01 = -1 and kz = ,23. The feedback control law then becomes:

o] -1
o5 -1 21
1 A, = .23
x1 = ,15

FP= | .01173 ~. 403 -.5854 -, 0449 -1.175
-. 074 -6,4h 0 .84 20,0

0 A66

The ™uncontrolled variable” 1s yaw angle. For a one-inch

G = [.1122 -.0025}

lateral stick deflection, yaw anglé builds up to .33 radians
in 10 seconds with a steady state roll angle of .15 radians,
This 1s, of course, & large headling excursion, but without

the sideglip that usually results.' Obviously, both of these

cases present difficulties.
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CHAPTER 4

ANATOG SIMULATION

All analog simulation was conducted at the Alr Force
Flight Dynamics Iaboratory, Wright Patterson Alr Forece
Base, Ohlo.

Facilities consisted of a fixed-base simulator cockpit
driven by two Applied Dynamics, Inec. AD-64 general purpose
analog computers. The controls provided were longitudinal
and lateral stick deflection, throttle or power setting, and
rudder pedals. Instrument display was novel (Shoewn in
Flgure 4-1).

The task the pllot was glven was to track the ILS beam
from an altitude of 1000 feet to a flare altitude of 50 feet,
Glide slope and localizer deviations are represented by &
and N respectively. Initially, é = -.25o and M= 0°, indica-
ting that the pilot was lined up with the localizer but was
beneath the glide slope. His initial task, then, was to
capture the glide slope.

Wind gusts were added in the z and v axis to determine
their effect on control response glven completely aecurate
state measurement, A secondary purpose for their ¢mplemen-
tation was to produce a more realistic environment for the

pllots. Wind gust model calculations are given in Appendix B.
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Analog equations of motlion with secaling factors are
given in Appendix E. Galns on throttle, longitudinal and
lateral stlck, and rudder pedal vere adjusted to present
maximum control surface deflection per maximum cockpit control
deflection. Preliminary results Indicated that feedback to
rudder might produce rudder deflections that exceed alrcraft
specifications and so a limiter was placed cn rudder deflec-
tlon. No other control surface deflection limiters were em-
ployed and none were needed.

A one second delay was placed on throttle-power

dynamics, il.e.:

1

bn (4-1)
c S 4+ 1 throttle

It is common practice to place a .1 second delay on
elevator, spoller, and rudder response, but due to a zcarcity

of integrators, this practice was not followed.

Preliminary Observations

L]

Chapter Three's digital analysls has presented all
closed-loop attitude (i.e., plteh, roll, and yaw) response in
terns of command angle inputs (angular response 1s propor-
tional to cockpit deflections). Early simulations with de-
coupling feedback applied demonstrated that command angle
regsponse did not appear natural to the pllots., Command angle
response had been analyzed in the past and found to be un-

48
satisfactory, at least in the lateral directional case,
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It was necessary, therefore, to determine whether command
rate (angular rate proportional to cockpit control def'lection)
resPonse could be achleved with the resulting single-input,
single-cutput transfer functions.
Referring to Fquation (3-14)
3 A @
= (4-2)

7"
6 (8" -~ g,.,8 ~ 0,.)
estick 11 12

application of the Final Value theorem shows that for a step
input, ¢ reaches a steady state value of zero. This is the
command angle option., Command rate capability can be obtained
by letting Oy = 0, thus cancelling a numerator and denomina-
tor s. The :

&
estick

transfer functlon thus becomes

(.. X

X
=t (4-3)
& 8 -¢
Cstick 11

which is the command rate response desired but with an ex-
ponential rather than an oscillatory response., Roll and yaw
response are simllarly treated., The term ¢,, represents

11

1/Td’ where Td 1s the time delay of tne system. PFor all three

axes, Td was taken to be equal to 1 second.

Simulation
Five pilots were tested. Although non-pilots could have

been used, pllots were chosen since I felt that pllots could
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better achieve the coordination required for combination
throttle-stick inputs. This coordinative experience, 1t
turned out, was a slight 1izsbility, as will be explained in
the pllot comment section., Pllots were also chosen since they
could more accurately predict the natural response of the alr-
craft and determine whether the feedback decoupling altered
this response. Pilots with experience in low speed flight
would have been preferred, but were hard to find. Three of
the five pilots had flown low speed alircraft, and of the re-
maining two, one had been involved with a STOL simulation
previously. Save one light plane pilot, those tested would
desecribe themselves as high performance vehicle pllots. Since
the pilot responses desired were general, this low speed fly-
ing experience deficlency did not appear to be critical,

A sample tést run schedule is given in Table 4-1, al-
though various changes were made in 1t throughout the simula-
tions, Pilleot # 1 flew combinations of the longitudinal and
lateral decoupled configurations and, for each configuration,
made an additional run in calm air. BRuns 6 and 7 were elim-
inated from the simulation runs by pilots 3, 4, and 5 since
these runs had been proved conclusively by pllots 1 and 2 to
be uncontrollable. Thirtesn parameters, which included the
6 degrees of freedom of the aireraft, the 4 control pro-
ducing devices, glide slope deviation &, localizer deviation
N, and altitude h, were monitored ¢n strip chart recorders.

At the end of each run, pllots made both written and oral

comments., Appendix F contains a background briefing guide
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Table 4-1
Tegt Schedule

Runs Iongitudinal Configuration Lateral Configuration
1 open loop open loop
2 command angle é-—*ﬁe open loop
atick
u 6T
throttle
3 command rate §—e8, open loop
stick
u --—-6,1.
throttle
I command rate é-—-—&e open loop
stick
z—-—bT
throttle
g command rate §—e8 open loop
®stick
throttle
6 open loop command angle ¢ —5,
\ stick
command angle Y ~» 6
pedal
7 open loop command rate $ —u—ﬁs
. stick
command rate Y ——s b
pedal
8 open loop commend angle ¢ — 8
stick
V e ﬁr
pedal
9 open loop command rate d;--bs
gstick
v by
pedal

59




that was glven to each pilot prior to the simulation and also

a sample comment sheet.

Pllot Comments

After famillarizing himself with the simulation en-
viromment, while flying "basic" alrframe, the pilot was re-
quested to fly the basic alrframe for recording and comment
purposes, He was alsﬁ asked to Xeep basic alrframe response
in mind as a reference for comparison to succeedlng confizura-
tions, As expected the alrcraft exhiblted exitremnsliy unde-
sirable response in the lateral directional mode. As shousn in
the 7 response in figure 4-2, pilots found tracking the loca-
lizer extremely Aifficult., The fact that both localizer and
guilde slope signals were simulated to originate from the same
location may explain the large excursions in n as altitude
decreased, Standard procedure is to originate localizer
signal at the far end of the runway which would have added
approximately one to two mliles to the range. Note also the
extreme sensitivity in g to small spoiler and rudder de-

flections.

Case 1
Case 1, 1f you remember, congidered control of pitch rate
with longltudinal stick and angle of attack with throttle.
For the configuration tested, piltch rate was proportional to
stick désplacement (Case III simulation tested command ansle

contrel). The feedback and feedforward gains are
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P = _.00151 -, 0334 ~. 5127 -, 0069
L—l?.??B 712,569 109,151,606 780,663

a=r:-,1192 ., 099 (4-4)
L_-h11.83 -10,0

The values shown in positions f12’ f13. féz and f23 are
different than these given in Chapter 3, This discrepancy
is a result of the command rate option employed in the con-
figuration, As stated earlier the feedforward gains have
been adjusted to compensate for the characteristics of the

simulator controls,

Pilot Comments -~ Case I

Al)l pilots agresd that this configuration was very sen-
gsitive in the pitch mode, with some pilots expressing critical
comments on excessive overshoot, Ease in tracking the glide
slope was rated from easy to extremely difficult, The ob-
jectioneble comments on pitch response can be attributed to
three factors,

Pirst, the abrupt change in vehicle response, 2As stated,
all pilots familiarized themselves with the simulation en-~
vironment while flying basic aircraft dynamics. They were
also given time to familliarize themselves with each configura-
tion before flying it for comment purposes, Frequently, the
time spent on the latter familiarization was much less than
that spent on the former, Alsc, the command rate capability
produces a pitch response alien to what‘the pilot would expect
from previous flight experience,
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Second, the one second delay which was installed in
power response produced an overshoot in piteh response which
wquld not have occurred had power response been instantan-
eous,

Third, and most important, pitch response to stick de-
flections was exponential. Although this would appear to be
desirable, values for the time delay assoclated with the ex-
ponential regponse have never been related to handling
qualities. For, thls reason, a one second delay was chosen
ffor not only pitch response, but also for the roll and yaw
vesponses of Cases IV and V. For exXponential response to
practically realize its theoretical potential, a detalled
handling gqualities analysis should be undertaken to determine
optimum values for time delays for each axis as a function of
the ailrcraft task and capabllitiles.

Centrol of angle of attack solely by throttle was not
consciously initiated by all pllots, though they were all
aware of this capability. Two of the five pllots observed
that the pitch mode was excited by the throttle. No comment
was made by the other pllots. One pilot tried to capture
and hold the glide slope purely with throttle and the time
history of that response is shown in figure 4-3, As can be
seen, pitch varies approximately 2 - 3¢ for a 5 ft/sec change
in normal velocity which was enough for the piloet to capture
the glide slopz. The change in pitch was again due to the
power delay. Due to the undeslirable pitch up, speed had
decreased by about 20 ft/sec which unless pitch attitude was
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corrected would have presented problems with stall. (Note:
For the run shown in figure 4-3, pilot was concentrating
solely on controlling longitudinal mode, thus explaining

immediate divergence in "),

Case 11
Case II agaln considered control of pitch rate with
longitudinal stick but allowed the throttle to control flight
path angle. Again the pillet was provided with the command

pitch rate option and the discrepancles in elements f12' f13.

f22 and f23 in the feedback matrix below result from this
change.
F = .00151 .7608 2814 -, 0069
-.17.78 -107,491.46 -3052,426 780,66
G =

[-. 1192 -.099] (4-5)
-411.83 10,0

Pilot Comments
All pilots, save one, found tracking the glide slope an

easy task. Consistent with the flight path angle-pltch de-
coupled configuration, the pilots found that they could not
capture the glide slope throuzh corrections in pitech attitude,
i.e., changes in pitch attitude d4id not effect chances in
flight path angle. Two runs are shown in figure 4-4, both of
which are responses to tracking the glide slope solely wilth
the throttle. Observe a maximun 3° change in piteh which

produced a -15 f't/sec change in airspeed which if left
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uncorrected would create stzall problems.

As Indicated 1n Chapter 3, the pilot is effectively
controlling flight path through control of angle of attack,
for a zero pitch attitude, This conflguration, then, is
identical to Case I and time history response is comparable,
If, however, the pllioct has glven the plane a constant pitch
attitude, or if he i3 varying pltch attitude with longitudinal
gtick inputs, throttle inputs will effect changes in angle
of atﬁack to produce pure flight path angle deviations. Again

lack of concern for controliing 7 1s evident.

Cagse III
Case III investligated decoupling pitch from alrcraft
forward velocity. For thls case, pilots were presented with
both pitch rate and pitch angle command ability. Feedback
and feedforward matrices to produce pltch rate command

avility are given in eguation (4-6)

F = |,01193 -.3506 .26 . 000003
-1485.23 49,538,486 0 -204.615

G = [L.oss ~.0229 ]- (4-6)
0 3230.76

and the feedback matrix to produce piltech angle command is

given in equetion (4~7). Feedforward matrix remains the

sane,

Fe= [01193 .6605 6643 ,000003 (4-7)
1489.23  49,538.46 0 ~204.615
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-, 088 -, 0229
G = (4~7 con't)
0 3230,76

Comparison of the F matrices in Equations (4-6) and

{4~7) show that they differ only in elements f,, and f

12 13°
These are the gains associated with the feedback of pitch
and pitch rate to elevator, All other elements in the F
matrices are identical as are the elements of the G matrices,
The difference in the values of these elements and only
these elements stems from the fact that the o's which
determine the transient response of single =~ input single =~
output subsystems affect oniy certain elements in the class

of F matrices which decouple the system. A more detailed

explanation is presented at the end of this chapter,
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CASE I1I - Pilot Comments

With respect to the pltch rate command configuration,
the effect of the power delay wags considerably more notice-
able in this case. All pllets complained of excessive over-
shoot and 1little damping. In addition, pitch was excited
with the throttle more readily and with slightly greater am-
plitudes than in Cases I and II. As can be observed 1in
figure 4.5, there is a build up, although the pilot was con-
trolling with only the throttle. Thils bulld-up again was due
to the power delay. Since alrspeed had reached a steady
state value, this plitch variation resulted in a change of
angle of attack and consequently vertical velocity which
made it impossible to hold the glide slope with throttle only.
At the expense of greater pilot workload, pltch deviation
could have been corrected with the stick 1n order to regain
glide slope tracking ability.

Unexpectedly, the pitch angle command configuration
elicited much more favorable comments. Most probably these
comments were due to the absense of overshoots in pitch to
pulse stick inputs. Also pltch response more closely re-
gembled standard open loop pitch respcnse. Throttle effect
on pltch wes less noticeable. A sample run of this configur-
ation for calm air is shown in figure 4-6. Pilot is con-
trolling purely with throttle. Notice the slight perturba-
tion in pitch due to the power deley for a throttle input.
After speed reaches steady state pitch returns to zero.
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Cagse 1V
In Case IV longitudinal SAS was removed and lateral SAS,
designed to decouple roll from yaw, wes implemented. Command
rate and command angle configurations were tested in both
roll and yaw axis and the respective feedback and feedfor-

ward matrices are given in equations (4-8) and (4-9).

F = -:0012 -,7689 -,5885 -.2236 -.3461
.0213 13907  .096 4.175 4,522

G = |1.43 .02 - (4-8)
-.72  .3328
A

F= |.00127 0 ~.1272 0 -.2567
.02129 0 -.1384 0  2.8518

G = |1.43 .02 (4-9)
Z.76 .3828

Case IV - Pilot Comments

Major difficulty was encountered in attempting to de-
couple roll response from yaw response. In both the roll
and yaw axis, command angle and command rate configuratlons
were investigated and in both configurations, rudder control
was saturated., This saturation resulted from a builld-up in
sideslip velocity which accompanied any roll disturbance and
the feedback of this sideslip velocity builld-up to the

rudder. In the command roll rate configuration, the time
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lag was increased with no beneficial result other than to
proportionilly delay the time to rudder saturation.

Two pllots were presented with the varying configura-
tions of this case. As shown in figure 4-7, for the command
angle configuration and figure 4-8 for the command rate con-
figuration decoupling was maintained untll feedback of slde-
8lip velocity to the rudder caused it to saturate. At this
point, pilois were unable to override rudder deflections and
the alreraft became uncontrollable., There seemed to be little
difference between either the command angle or command rate
option. Physlically speaking, the alrplane would be expected
to M"glip" for a constant roll attitude and no yaw change.
However, the resultant loss of control due to rudder satura-
tion was not expected. An alrplane that exhibited better
lateral directional behavlior might not experience the same

result,

Case V
Case V investigated the highly disirable premise of

decoupling roll from sideslip in order to achleve automatiec

turn coordination. The difflculties encountered in Case IV

were thankfully absent from thls case. Control authority

was never exceeded, Both command roll angle and command roll rate
configurations were investigated and thelr respective feed-

back and feedforward matrices are given in equations {4-10)

and (4-11).

74



{-y OINFTL
sBuodmey eTFuy PUWBWEOD AT HEVD

peto—

FHH
-

T
T
™

asnt

E. T 3 ShEn SRR 3
H = : : ] 1t ] 1 Hi
[ e T -4 i i
Hi H 1 5
! 3 i -_—
T HHEHH TR ER
S =
i nd T ELOTt gy pyual &X
.y i nd da ]
1.5 S84 .um 1H H s mr
i mr ST
thres £ of [lhS: EyRea e tHH
B n = aak]iaEx, H ST |—I
it i) L [H
; - o i
f T jEisess saial ik : i
+ [ bxlas oy TR .\ SR sETy =t umu i ] At dpast HH 11 i3 I o _— -
! H . | i H
i BN S s 0
TR
B e L e R G ! B
: L L T — 01 +
A F2TH 2SS e
i I B
Lk 1 i I .2
THCRE TR
T i
i o i L,v H
i BT Ol —
AuA Hin i i = : i : 7 v O
4 syl 2 uni HiEL
v =
fu, ey 1| ] H
ERHTHHE H O _ +

g

75



g-f -eandTJd

esuodsay ajey pueuwwo) ATESVO

oot L

.

bop

bap

bap

76



F= .0117 -.%031 -.3854 - . 0kig -1.175:]

- 174 -6.44 .84 20,0
G = [1.43 -.02 (4-10)
N 0 .3828

F= [.0117  .3448 ~.1346  -.0Lb49 -1.175]
0

-, 174 -6.44 .84 20,0
G = ‘—1.u3 -.02 (h-11)
i 0 .3828

Case V - Pilot Comments

The difficulties encountered in Case IV were absent
from Case V. Control authorlty was never exceeded in de-
coupling sideslip velocity from roll., Both command roll
angle and command roll rate configurations were investigated,
producing significant differences in pllot comments,

Four out of the rive pllots preferred command angle to
command rate configuration. This was due in part to the
sensitivity of yaw to roll disturbances. The one dissenting
pilot did specifically say that he enjoyed the capabllity of
holding a roll angle efter pulsing the stick. I expected a
command rate preference, btut the azircraft's low lateral
stability could have influenced the pilot's cholce.

Again, four out of the five, with a different dissenter
this time, rated the lccalizer from easy to tolerably diffi-
cult to track. Three pilots rated it easy. All five, how-

ever, and this was expected, noticed a large reduction in
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workload from the open loop case, A sample time history for
calm air is given in figure 4.9,

As can be seen there was no change in side slip velocity
for rell inputs. This frees the pllot from his usual task of
applying rudder pedal to coordinate a turn, i.e., eliminate
gsideslip. Pilot still has control of heading as in standard
operations through roll angle.

The primarj concern of thisg confilguration was to elimin-
ate sideslip. Rudder pedals were designed in thls case to
fglip" the aircraft with no change in roll. The gains
involved, however, Wwere too small to produce significant
changes in either sideslip or yaw. An Ilnecrease in gain
between rudder pedal and sldeslip could increase but the
practicality of "slipping" an aircraft with no change in
roll is questionable.

It is necessary to add that the responses shown in
figure 4-9 are for a calm air condition In gusty air, the
effectiveness of the decoupling augmentatlion system is de-
pendent on the speed of response of the control surfacas,

It is to bhe expected, therefore, that the decoupled

response will not be as pure as that shown in figure 4-9,
However, the response with asctuator dynamics included should
be comparable to the longltudinal response with a throttle
delay implemented.
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Sensitivity

In actual flight operations, it 1s desirable to mini-
mize the number of measured values which are to be fed back
to the controls. This is done for two reasons, both of which
are gelf-explanatory. The first reason is cost and the
gecond reason is that a reduction in the number of feed-
back variables reduces the concern cavsed by errors in measure-
ments of feedback varlables. The analysis of the effects of
parameter variations on the response of a closed lcop system
is standardly referred to as sensitivity analysis. There has
been a great amount of wWork done on sensitivity analysis
techniques, applied to both classlical and modern control, and
their relative advantages and disadvantages. A precilse
analysis, as applied to this problem, would entail snother
thesis and for this reason I limited mysell to the basic
sensitivity analysis that follows. Case III has been chosen

ag the sample configuration.

Minimizing Feedbacks

In Case II1I, pltch response was decoupled from forward
speed response. The transfer functions that determined pitch
response to longitudinal stick inputs and speed response to
throttle inputs were given in equations (3-1i4) and (3-15).

, and g

Values for Oy9+ © can be chosen by the designer

12 21
thus determining speciflc feedback galins from a class of

feedback geins., For Case III, the class of feedback gains is

given by
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P == r--.ooz.olp . 3506 .75126  ~-,00003

-49,23077  -49,538,46 0 204,615
+d [ 0 0 -1,011 0
1 0 0 0 Q—_l
+g i 0 -1,011 0 6-
12 0 0 0 0
+o,, [ -.01089 0 0 o] (4-4)
1538,46 0 0 0
or
F = (,00104 ~ .01089521) (~.3506 - 1.011012)
(49,23 + 1538,4605,)  49,538,46
(=, 75126 = 1.011::11) , 00003 (4-5)
0 -204,615

Equation (4-5) shows that all the states are fed back to
both the elevator and thrust except for pitch rate to thrust
since element f23 = 0, The gain represented by element flh'
which is associated with ncrmal velocity feedback to eleva~
tor, is very small, Both an analog and a digital analysis,
showed that ignoring this gain had absolutely no effect on
decoupling or transient response, Of the remainirig six gains,
four can be specified by the designer., He has no power over
the gains associated with feedback of pitch rate and normal

velocity to thrust,
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As can be geen in equation (3-14), parameterscai and
O12 determine pitch transient response, The object of this
section is to minimize the number of feedbacks. Feedback of
pitch and pitch rate to elevator can be eliminated by the

proper choice of Oy4q and ¢ Eliminating pitech feedback to

12°
elevator implies setting element f12 =0 i,e.,

-.3506 -1.011 012 = 0 (4-6)

or that g.., = -.3468, Eliminating pitch rate fesdback to

12
elevator implies setting element T13 = 0 1l,e.,

-.75126 -1.011 g, = 0 (4-7)

or that ¢ = .,7512. Substituting these values into

11
equation {3-14),

é 11 8
= — (4-8)
be s” + .75128 + .3468
stick
2 48 rad? 58 rad
Thus, w = 3 —n Or w_ = . 9
e gsec e sec

and an% = ,7512 or { = ,6377.

Though, the frequency is low and the damping ratio 1is
less than optimum, both satisfy the specifications given in
reference 47, Elimination of the pitch and pitch rate feed-
back to elevator is possible, therefore provided the designer
can accept the corresponding transient response.

It can, also, be seen from the above analysis that
eliminating the above feedbacks does not affect decoupling.
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Only the pitch transient response is affected. Likewise, any

changes in elements f12 and T l.e., the gains assoclated

13"
- with pitch and pltch rate feedgack. whether they are produvced
by the designer, or caused by errors in state variable
measurement, will not affect decoupling. Piteh and piltch rate
feedback to elevator can only be considered critical for
maintaining transient response, not for decoupling.

From Ejuation (4-5), observe that feedback of forward
speed can be eliminated from either thrust or elevator but
not both., Obviously, since Opy = i/time delay, the only
practical consideration would be to consider the case of
eliminating forward speed feedback to elevator. This
necessitates

-.01089 Uyq = -.00104
021 = .0955

Since 021

instability only applies 1if O,

is positive, the system is unstable, This

1 coefficient also multiplies
the second row of its product matrix to obtain the total P.
Lose or error in measurement of forward speed for feedback
to elevator is another matter, to be considered in the next

section,

Ioss and Errors in Measurements of Critical Feedback Variables

The digital computer program of Appendix D was used to
determine the effect of the loss of a critical feedback
variable or of errors in measurement of a critical feedback
variable in maintaining decoupled response. Each feedback
gain, individually, wes zeroed and the response to step stick
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and step throttle inputs was analyzed., It was found in the
prececding sectlon that loss of, or errors in measurement of,
feedback of plitch and nitch rate to elevator dld not affect
decoupling, Of the remalning four feedback variables, i.e.,

n to elevator and thrust, and 9 and z to thrust, only the loss
of, or errors in measurement of, Z for feedback to thrust
affected decoupled system response to both stick and throttle
inputs, With no Z feedback to thrust for a step stick input,
both decoupling capability and exponentlal pltch response
capability were effectively lost. Compared to open lcop re-
sponse, pltch response appeared to be legs sensitive to stick
inputs; however, plitch rate continued to build instead of
oscillate, A simulation was run for thls case and the pilot
found 1t extremely difficult to control the alrecraft. For
step throttle inputs, agalin both decoupling and exXponential
speed response were affected but not as severely as for stick
inputs. Since for this case, z 1s the "uncontrolled" wvariable,
1t 1s easy to see that since it is excited by both controls
when the system is decoupled, loss of 1ts feedback would most
critically affect the decourled response,

Independent loss of u feedtack to elevator and thrust
affected dacoupled response to a throttle input, but did not
affect decoupled response for a stick input. PFor loss of u
to elevator, speed exponential response to throttle input
was not affected but along with a steady state speed re-
gsponse of 2,1 ft/sec, occurred a 3teady state.023 rad/sec

plteh rate.
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Loss of u to thrust, created a much more severe problem
with all variables continuing to build up for a step throttle
input., 3imulation, however, showed that the configuration
was still controllable.

An even more severe problem in control resulted from
logs of 8 to thrust. For a stick input, all decoupling and
exponential pitch response capabllity was lost. Response was
comparable to that caused by a loss of z to thrust for a step
stieck input.

The effect of errors in measurement was analyzed by
varying the feedback gains by 10Z both independently and in
combinations. Except for the 8 to thrust variation, inde-
pendent variations on feedback gains had an insignificant
effect on elther decoupling or exponential response capability.
For the 08 to thrust case, decoupling is affected, but ex-
ponential pitch responge to a step stick input, while not
holding a constant steady state pltch rate decreased slightly
rather than build-up. This, then, is comparable to open loop
response with less sensitivity to stick inputs.

For combinations of 10% variatio