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| ntroduction

Stringent operational requirements introduce:
Complexity

Nonlinearity

Uncertainty

Gain scheduling:
Design aset of “local” linear controllers
Interpolate local operating point designs

Gain scheduling limitations:
Nonlinearities dominate
Fast transitions between operating points

Nonlinear control design takes advantage of
knowledge gained from linear controllers



Neural Networksfor Control: Copying with Complexity
* Applicability to nonlinear systems
« Applicability to multi-variable systems
o Pardld distributed processing and hardware implementation
e Learning

* Flexiblelogic



Motivation for Neural Networ k-Based Controller

Network of networks motivated by linear control structure

Multiphase learning:
Pre-training
On-line training during piloted simulations or testing

Improved global control
Pre-training phase alone provides:

A global neural network controller
An excellent initialization point for on-line learning
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Proportional-Integral Controller

Closed-loop stability:  x(t) - x., u(t) - u., ¥() -0
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y(t)=y<(t)-y., Y. =desired output, (x.,u.) = set point.
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Proportional-Integral Neural Network Controller
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Where:  X(t) - X, uft) - u., ¥({t) - 0, yst) - vy,



Nonlinear Business Jet Aircraft Modd

Aircraft Equations of Motion:

) 50)= 1B p ).}

Body axis: Xg, Yg, Zg

t Lift

y(t) = h[X(t)1 p(t)’ U(t)] Drag \ A
State vlector: E ;D ] :ﬂ ‘\\‘
Control vector:  ult)] ..

- <
Parameters: p(t)o O’ .
Output vector:  y(t)00O" ™

Y~ Xg

For the modd!: Z, B Thrust

x=uvwx, y. z pqr @8 y]
u=[6A 3R 3T o9



Aircraft Body Frame and Flight Path Angles

Flight path angles: y; ¢, u
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Command input: Y :[Vc Ye Hc .Bc]T

U not shown on thisfigure



Aircraft Angles
J Airflow angles:. a, 3

Euler angles: @ 6,

Z2¢,24

. . . [P0 [ip[]
Kinematic equations: Eqm—LB (g0
58 g

L2 non-orthogonal transformation matrix



Neural Network Modelling of Aircraft Trim Maps

 The trim equations,

fr (XC’UC’p):O’

are solved for the control settings, u., over .
Initial estimate of operational domain, (X, P,). Lo
-~

e Command Sate Generator (CSG):
employs kinematic equations to produce X,

» The aircraft flight envelope consists of

al (x,p), for which [Jasolutionu, St.: a




Example of Coordinated M aneuver

Steady Climbing Turn:

Horizontal plane

Command input: Y :[Vc Ye Hc .Bc]T

A Ay = Centripetal
acceleration
> l’U QU =rate of turn

>*m\

<—Vertical axis of turn

[Etkin, “Dynamics of Flight”]



Estimated Business Jet Aircraft Steady Flight Envelope

Based on simplified aircraft model, and aerodynamics and thrust characteristics

Stall speed:

c =C -

Lmax

Thrust-limited
minimum speed

]

Maximum allowabl
dynamic pressure

e

————

Compressible Mach

number limit

h(m)

400

[Stengel, “Flight Dynamics and Control”]



Spherical Mapping of Aircraft Angles

e Spherical trigonometric relations:

(v.&.u)= fn(a,B.0.0,p)
(p.0,0)=fn(a, B,y.&, 1)
(a,B)= fn(p.6,y,y.£)

B <o

UNIT SPHERE

» Anglesdefined on a unit sphere:

CG

 Redundant set of angles. @ a

(cosysinpcosB -sinysin B)

sng = ,
coso
Sng = (cosysin@cosgo—z’n y 0SB COS ) assuming & = (.
cos

[Kalviste, 1987]



Non-Symmetrical Trim Solution at One Operating Condition

Given the command input, Y. = [VC Ve Hc ,BC]T, and the scheduling variable, h,

In a coordinated maneuver:  @=0, 8 =0, (¢ = const.

Solve the trim equations, [OA. [

[
fr(ye)=[o v w p g il (y.n)=0.for g, 6, and u, = ey
Subject to,

(PO O —@snb [
LU= cos@ singl]

H H R cosO cospH

» Spherical trigonometric relations:  (@.a)= n(6,y, i, B)

 Aircraft’ s kinematic equations;

_ — COSO COS
* Airflow angles definitions: gj,%: %/ Vsinf ﬁ%

WE B/ sinacosBH
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Computed
Three-Dimensional
Flight Envelope
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h (m)

Multi-Dimensional
F“ght EnVeIOpe

Computed NIRRT
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Multidimensional Flight Envelope Storage Using Cell Arrays

Cédll arrays are containers that can hold other MATLAB arrays

Multidimensional envelope V-H envelope (nested cell)

00 O
[11,000 [
EQOOOD

@5 oooa

[80 85 90 --- 150

[90 95 .. 155]

[145 150]




Optimal Parameters Storage Using Cell Arrays

To each operating point, there corresponds a vector of optimal parameters

Multidimensional cdll

Optimal parameter cell

V

[0.030
[0.01]
[0.310]

B: B

[0.030
[0.010
[10.4 O

B: B

[0.04
[0.0200
[0.43[]

[]

8: B

[0.030
[0.0200
[0.450]

8: B

[0.040
[0.0300
[10.8 O

B: B

[]




Computation of Trim Optimal Parameters Throughout
Flight Envelope

. Algorithm
—> | Searchfor V.,
Search for V.,

Form avector,
v(h)=V.,,:AV:V_

ax

Compute:
Us [V 14 B, v(D)]

,,,,,,, V (m/s) MR

y= O’ﬁ: 0, U= -50 {Store V(h), Ua* [’] ]
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Example: Business Jet Aircraft Trim Surfaces | y=3,8=5, u=-10 '
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Summary and Conclusions

Non-symmetrical trim study:

 Full, nonlinear, coupled aircraft dynamics

« Trim solution at one operating point

« Multidimensional flight envelope computation

e Multidimensional envelope and trim data storage

e Results: trim control surfaces



