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‘Aircraft Flight Control System Models'

Velocity vector

6:@ b, r Elé;zlt()l's oe

Aileron da
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e State variables

X,Y,z = position coordinates ¢ = roll angle
u,v,w = velocity coordinates 6 = pitch angle

p = roll rate = yaw angle
q = pitch rate B = side-slip angle
r = yaw rate o = angle of attack
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e Nonlinear equations of motion (in body axis)

— Force equations:

m(u+qw—rv) = X-—mgsinB+ T cose
m(v+ru—pw) = Y+ mgcososing
mw+ pv—qu) = Z-+mgcosdcosp— T sine

T: engine thrustk: thrust angleX,Y,Z: aerodynamic forces

— Moment equations:

Ixp+ It + (Iz—=ly)ar+1Ixap = L
lyd+ (Ix—1z) pr+ e (rP=p%) = M
Izr+lxzp+(|y_lx)qp_lxzqr — N

L, M, N: aerodynamic torques
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e Linearized longitudinal equations
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output =0: pitch angle perturbation

e Linearized lateral equations
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L0 tanBy 1 0O

output =r: yaw rate perturbation
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/ ‘Control System Dynamic Models'

e Nonlinear models
X= f(X,u,w), y=Nh(x,u,v)
state vectok € R, inputu, outputy, disturbancesy, v; or
X = f(X)+g(X)u+d(xX)w, y = h(x,u) +v
e Linear state-variable model
X = Ax+ Bu+ Byw, y =Cx+ Du+vV
e Linear time-invariant input-output model
y(t) = G(s)[u](t) +d(t)
Z(s)

G(S) = Go(S)(1+ HAm(S)) + HAa(S): GolS) = ko

\

k AL (S), MAm(S): additive, multiplicative unmodeled dynamics. J
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| ssues of Automatic Feedback Control I

System modeling

Control objectives
stability, transient, tracking, optimality, robustness

Parametric uncertainties
payload variation, component aging, condition change

Structural uncertainties
component failure, unmodeled dynamics

Environmental uncertainties
external disturbances

Nonlinearities
smooth functions and nonsmooth (“*hard”) characteristics

\
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Adaptive Control M ethodology I

Adapting to parametric uncertainties

Robust to structural and environmental uncertainties
Aimed at both stability (signal boundedness) and tracking
Self-tuning of controller parameters

Systematic design and analysis

Real-time implementable

Effective for failures and nonsmooth nonlinearities

High potential for applications

Attractive open and challenging issues
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/ ‘ Adaptive Control versus Fixed Control I \

e System
y(t) = (ap+A)y(t) +u(t)
e Reference model
() = —aryr(t) +r(t), a >0
e Ideal controller foA =0
uit) =KkKy(t)+r(t), K=—ap—a
e |deal performance foh =0

Y(t) = —ary(t) +r(t), lim (y(t) —y(t)) =0

—00

e Fixed controller folA € [A1,A;]

\ u(t) = ky(t) +r(t), k< —ap— Ay /
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Closed-loop system

y(t) = —ayt) + (ap+ A+ k+ar)y(t) +r(t),

B _ap+A+k+a 1
e(t) = (1) (1) = = 2 )
Tracking performance (far(t) = 1)
. ap+A+K+a
= lim e(t) = — ="
Sss t—o0 () ar(ap+A+k)

Adaptive controller
u(t) =k(t)y(t) +r(t)

k(t) = —ye(t)y(t), y> 0
with k(0) being arbitrary, leading to lim.. e(t) = O.

Observation: an adaptive controller ensures desired stability and

tracking, despite any large parameter uncertainty

\

/
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Brief History of Adaptive Control I \

Before 1960s
iIdeas of adaptive control for dynamic processes

1960s - 1970s
state feedback designs based on Lyapunov methods

1970s - 1980s
output feedback designs based on passivity and estimation errors

1980s
robust adaptive control, multivariable adaptive control

1990s - present
adaptive nonlinear control, neural network based designs
adaptive switching designs, multiple-model based designs

adaptive inverse compensation, adaptive learning, etc. /
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‘ Selected Adaptive Control References'

e Astrom, K.J. and B. Wittenmarkddaptive Contral2nd ed.,
Addison-Wesley, Reading, MA, 1995.

Adaptive control theory and technology

e Goodwin, G.C. and K. S. Siidaptive Filtering Prediction and
Control, Prentice-Hall, Englewood Cliffs, NJ, 1984.

Discrete-time adaptive control, adaptive stochastic control

e loannou, P. A. and J. SuRobust Adaptive ContrpPrentice-Hall,
Upper Saddle River, NJ, 1996.

Adaptive control and parameter estimation theory

- /
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Krstic, M., |. Kanellakopoulos and P. V. KokotayiNonlinear and
Adaptive Control Designlohn Wiley & Sons, New York, 1995.

Adaptive nonlinear backstepping control theory

Narendra, K. S. and A. M. Annaswanf§table Adaptive Systems
Prentice-Hall, Englewood Cliffs, NJ, 1989.

Adaptive control theory and applications

Sastry, S. and M. BodsoAdaptive Control: Stability, Convergence,
and Robustnes®rentice-Hall, Englewood Cliffs, NJ, 1989.

Adaptive linear and nonlinear control theory

/
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/ ‘I\/Iodel Reference Adaptive Control' \

System model

X(t) = AX(t) +Bu(t), x(t) € R", y(t) = Cx(t)
Aec RN Be R C e RXM unknown parameter matrices
Control objective
Design a feedback contra(t) to ensure
() closed-loop signal boundedness, and
(i) x(t) ory(t) tracking a reference signal(t) ory;(t)

Reference system
X (1) = Arxr (t) +Ber(t), X (t) € RY, yr (1) = Crxe (t)
\Ar c R™Nstable B, € R™1, C; € R™M: known;r(t): bounded J

14



/ State Feedback Design for State Tracking \

|deal controller for known system
u(t) = KiTx(t) +ksr(t)
Matching conditions
A+BKT = A, BK =B,

Closed-loop system
X(t) = Arx(t) + Brr(t)
the tracking erroe(t) = x(t) — X, (t) satisfies

e(t) = Are(t), tIi_rl}0 e(t) = 0 exponentially

Need of adaptive control

\ Ki andk’ depend orA andB unknown. J
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Adaptive controller for unknown system

u(t) = Ki (H)X(t) +ka(t)r (t)
K1(t), ko(t): adaptive estimates of unknowdy, k3
Closed-loop system

X(t) = Ax(t) + B (K] (x(t) +ke(t)r (1))

1

— Ax(t) £ Bir(t) + B (k_EKI Ox(t) + —k2<t>r<t>)

~

Ki(t) = Ka(t) — K7, ka(t) = ka(t) — k5

Tracking error equation

6(t) = Aelt) + By (%Kf Ox(t) + k—gkzmr(t))

-

/
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Adaptive laws
Ky (t) = —signks]rxt)e’ t)PB, T =TT >0

ko(t) = —signks]yr (t)e" (t)PBy, y> 0
with K1(0) andk;(0) being arbitrary, an® = PT > 0

Lyapunov function

.- 1 . . 1 -
V(e Ky, ko) = e Pe+ —K{ T Ky + —ksy?
K5 K5 |

V=—e'()Qet), Q=Q" >0
System properties

(i) V(1) is bounded, and so axgt), Ky (t), ka(t), u(t);
(i) e(t) is boundedg(t) € L?, so that lim_. e(t) = 0.

17



/ State Feedback Design for Output Tracking

System model

y(s) =C(sl—A)'Bu(s) = %u(s)

P(s) =det(sl —A) ="+ pn_18" 1+ -+ p1S+ po
Z(s) = k("™ 4+ Zp_ne_18"" T 2154 20)
the state variablg is available for measurement.

Reference system

B 1
Py

P (s): stable polynomial of degra®; r(t): bounded

yr (t) =W (S)[r](t), Wi ()

Design conditions
(A1) Z(s) is a stable polynomial, and
k (A2) the system relative degreé is known.
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ﬁdeal controller for known system
u(t) = K;Tx(t) + kor(t)
Matching conditions
det(sl —A—BK;") = P.(s)Z(S) /kp, k5 = 1/kp
Closed-loop system
X(t) = (A+BK;T)x(t) +BKsr(t), y(t) = Cx(t)

_ Z(s)
V() = det(sl — A—BK;T)

lim (y(t) —yi (1)) = 0

21 () =W (s)r (s)

Remarks
(i) guarantee of matching conditions
\ (i) need of adaptive control.
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ﬁdaptive controller for unknown system
u(t) = Kq (tx(t) +ka(t)r (t)

Ki(t) € R", ko(t) € R: adaptive estimates of unknowdy, k5

Closed-loop system
X(t) = (A+BK{T)x(t) +BKr (t) + B(K{ (t)X(t) + ke ()r (t))
Y(t) = CX(t) = yr (t) +kpWk (S)[(Ke — K) "X+ (ke — k)r] (1)

Estimation error
e(t) = y(t) —yr (t) +p()&(t)

p(t): estimate op* = kp, and
E(t) =87 (1)(t) —Wi(s)[8" w](t), T(t) =W (s)[w](t)
\_ B(t) = [K{ (1), ke(®)]", wo(t) = X" (t),r(t)]"

20



ﬁdaptive laws

o [signkp]Z(t)e(t) _

O(t) = — 1+ZT(t)g(t) +&2(t)’ =0
o yE(be(t)
p(t) =~ 14T (1) (t) +&2(t)’ V=0

Stability properties

. . o 2(t

V(6.p) = (Ip o'r 16+y1p2),vz_;_(t§
(i) B(t) € L=, p(t) € L=, Z € L2NL=, B(t) € L2NL™, and
p(t) € LZNL®, 2(t) = 1+ T (1)Z(t) + &3(t); and

(i1) all signals in the closed-loop system are bounded, and

-

tIlm =0, / 2dt < 00,
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/ Output Feedback Design for Output Tracking

System model

y(s) =C(sl—A)'Bu(s) = %u(s)

P(s) =detsl—A) ="+ pn_18" 1+ + p1S+ po
Z(s) = k("™ 4+ Zp_ne_18"" T 2154 20)
only the output variablg = Cxis available for measurement.

Reference system

B 1
Py

P (s): stable polynomial of degra®; r(t): bounded

yr (t) =W (S)[r](t), Wi ()

Design conditions
(A1) Z(s) is a stable polynomial, and
k (A2) the system relative degreé is known.

22



ﬁdeal controller for known system

u(t) = 63" wy(t) + 65" wp(t) + B3qy(t) + B3r (t)

wn(t) = 22 ), walt) = %M 1), a(9) = [Ls -, &2

05,05 € R"1, 85,05 € R A(s): stable of degrea— 1
Matching condition

81" a(s)P(s) + (85" a(s) + B50/\(9))Z(9)
= A(s)(P(s) = 83Z(s)R (9))

Closed-loop system
Y(t) = G(s) (1 — Fu(s) — F2(S)G(S) — B30G(s)) 831 (S) = Wr(S)r (S)

lim (y(t) —yr(t)) =0

\ {—o0
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ﬁdaptive controller for unknown system

u(t) = 81 (H)wa (t) + 63 (t)oxn(t) + B20(t)Y(t) +Ba(t)r (t)
01(t), B2(t), B20(t), B3(t): adaptive estimates 6, 65, 65,, 0%
Closed-loop system

y<t>—yr<t>—Pk(ps)[<e o)l (1)

B(t) = 61 (1), 8 (1), B20(t), O3(1)]", 8" = [67", 65", 850,65
oo(t) = [ey (1), 003 (1), y(t),r ()]

Estimation error
e(t) = y(t) —yr (t) +p()E(t)

p(t): estimate op* = kp, and

9 £(1) = 6T (02(0) ~ 5 5 (070l(0), 20 = 5t

24



/Adaptive laws

.« signkp]Ce(t){(t) _
o YE(t)E (1)
PO =TT rem YO

Stability properties

5 ATE18 1 v-152) \/ — e (t)

V(0,p) = (Ip\e 0+y p),V——ZZ—U
(i) B(t) € L=, p(t) € L™, Z € L2NL=, B(t) € L2NL™, and
p(t) € L2NL™, 22(t) = 1+ T () (t) + &2(t); and

(if) all signals in the closed-loop system are bounded, and

-

tI|m =0, / 2dt < 00,
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e Relaxation of “stable zeros” condition

¢ Indirect adaptive control
() estimation of the unknown system parameters
(i1) calculation of controller parameters

e Control singularity problem
(i) Diophantine equation
(i) parameter projection
e Rapprochement of adaptive control methods
(1) adaptive LQ control
(i1) indirect MRAC
(ii) direct pole placement control
k (iv) backstepping design

/ Adaptive Pole Placement Control I

\
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— Reference model

Ym(t)

a(t)

Adaptive law
o(t)

Y

C(s8(1))

|

Controller u(t) x
- —

Plant

Figure 1: Direct model reference adaptive control system.
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Desi Op(t) .
esign Parameter estimator
equation Bp(t)
| e
t u(t t
Yin() Controller () Plant y®)
>
C(s;6c(1)) G(s;6%)

|

Figure 2: Indirect adaptive control system.
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Multivariable Adaptive Control I

-

System infinity zero structure (multivariable relative degree)
System and controller parametrizations
Dynamics decoupling

Controller adaptation

uz(t) ya(t)

- ( 011(D) 912(D) -+ g1p(D) \ -
021(D) @22(D) -+ gop(D) :

Up(t) Yp(t)

> \gpl(D) .-+ gpp(D) ) >

/
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/ Nonlinear Adaptive Control I \

e System model
X = f(x) _|_g(x)u, y= h(X), X = [Xl,Xz,...,xn]T

e Feedback linearization
— diffeomorphisnz=T(X) = [z, ...,2,2Zp+1,---,20) = [€",n"]T
— system transformation

2 =2, p=123,..., Zp_1=Zp,
zp = b(&,n)+a(&,n)u, n=q(&,n)
— feedback linearizing design
u=at&nV-bEn) = za=2 ..., 1=2,2 =V
k — linear feedback design for v = K;& + Kon +r J

30




/ — adaptive control: parametrization ©fx), a(¢,n), b(&,n) \
— zero dynamics system=q(&,n)

e Backstepping designs
X1 = X2+ 6T d1(x1),
X2 = o(X1,%2) + 6" do(X1, %) +U, y=Xg

— objective: tracking o (t) by y(t)
— step 1: introduce; = X1 — VY, Z2 = X2 — 01, 01 to be defined,
consider the measure of errags 6 — 6*:

Vi = %zﬂ %(e—e*)Tr—%e—e*), r=r’'>o

Vi=2z1(z2+01+0"d1(x) —Yr) + (86T 10— Tz101(x1))

choose the stabilizing function

\ 01 = —C1z3—08"d1(X1) +Yr, €1 >0 J

31
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and the tuning function; = 'z1¢1(x1), leading to \
V]_ = —clz% + 2120 + (6 — 6*)T F_l(é — T]_)

— Step 2: consider the full error measMe=V; + %z% choose the
adaptive law for parameter estimdte

; 601
9 — — r —_——
To=T1+I2 (d)z o ¢1>

and the stabilizing control

oa oa 01 .
u(t) = —z1 — go(Xe,X2) —Cozo+ —1X2 + a—esz + 71)4
r

aX1
60(1 .. T aal
+ G—err —06 (cbz(xl,Xz) — a—xlcbl(xl)) , C2>0

leading to the desired nonincreasing energy

Vz = —Clzi — szg. J
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/ e Output feedback designs \

— output-feedback canonical form systems

X = X2+¢01<Y)+iiai¢il(wa X2 = X3+ $o2(Y) +iiai¢i2()’)7
Xp—1 = Xp+dop-1(Y) +i§ai¢ip—l(y)a

o = X1+ dup(9)+ 3 Aip(9)+ b g

d
Xn = ¢0n(y)+;a4¢m<y)+bocr<y)u, y=x

q
= X = AX+ o (y) + _Za(bi (y) +bo(y)u, y = cx

ai,...,aq,b0,...,bh—p: UNKNOWN constant parameters
k ¢ij,1 =0,...,0,] =1,...,n, o: known smooth nonlinear functionj

33



— state observer: chooge= [ki,...,kn]" to makeA; = A—kc
stable, define the state estimatEom

= &o+ Z&E. + Zjblvl

E0 = AoZo+Ky-+Po(y)
& = Agi+i(y), i=1....
Vi = Agvi +eio(y)u, i=0,1,....n—p
leading to the state estimation erggt) = x(t) — X(t): € = Ape
— adaptive backstepping design f&r b; unknown
— minimum phase conditiorB(s) = b,_,S" P + - -- 4 b stable
e Nonlinear function approximation based designs

e Adaptive control for nonsmooth nonlinearities

/
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/ M odel-Based ver sus Approximation-Based: Examplel\

e Aircraft wing rock model
X1 = X2, Xo = fz(X) + dopu

nonlinearity: f2(X) = bo + b1xg + baXa + bz|X1 X2 + ba|X2|%2 + bsX3
x1 = @. roll angle,x, = @: roll rate, u: aileron deflection angle

do, bj, 1=0,1,....5: unknown parameters
o Reference system ) ) -
. 0 1 0
Xr = ArXr +Brr, Ar = , By =
_wﬁ —2(wn

e Error system

e=Ae+B (AX)+dou—r), e=X—X

\ A(X) = bo+ (bl -+ wﬁ)xl -+ (bz -+ szn)Xz -+ b3|X1|X2 -+ b4‘X2|X2 -+ b5Xi’J
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/o Nominal control (leading te = A e):

A(X) r
4o do

= B+ 05 X1 + O5xo + 05 |X1| X0 + 05 X2 X2 + BEXS + OFr

U=

e Model-based adaptive control
U = B9 + B1X1 + B2x2 4 03| X1 X2 + Ba|X2|X2 + B5)5 + Ogr
6 = —signdo]re" PBh(x,r), T =TT >0
h(x,r) = [1,X1,X2, |X1|X2, [X2|X2,55,F]T, PA +ATP=—-Q <0
leading to global stability and tracking properties:
V =e'Pe+|dy|(8—0)"T1(6-06%),V=—2e"Qe

= X(t) € L, €(t) € Lo, lim (X(t) —%(t)) = 0

{—o0

\ for any bounded(t) and anyx(0) andx; (0).
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Neural network based adaptive contmo 0,dg = 1) \
— radial basis function based design

u=—w' (W(x), Y = exp(—|jx—cil|*/s)
W= TeTPBUM. A0~ Wi+ 3 wu
A(X) = A+ £1(x). 20| < g0, ¥x € D C R2
— single hidden layer NN based design
u=-W't)a(V'(t)X), X= [by,x1,%]"
V =Ty(xe' PBW'0' —k\V), W=T ((0 -0V x)e' PB —ky,W)
AX) =W Ta(V*TX), A(X)=A(X)+£€2(X), [€2(X)| < €0, Vx € D C R?
— closed-loop property: bounded and possibly sredl)

— issues: (i) no guarantee of lim,e(t) =0
(i) size of D, selection ofp and NNs, size o&(t). J
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/ ‘ M odel-Based ver sus Approximation-Based Control I \

e Model-based adaptive control
— diverse control and parameter adaptation algorithms
— using system structure model information
— complete parametrization of uncertain system
— global signal boundedness aaslymptotic tracking
— no need of high-gain control

e Universal-approximation based control
— examples: neural networks, fuzzy logic based designs
— using reduced system model information
— approximation region and approximation error
— signal boundedness

k — reduced tracking error by high-gain control. J
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/ Model-Based Control for Aerospace Systems' \

e Advantages as the main framework control system

— effective use of system structure information
“essential modeling information is very often available”

— choice of well-developed design and analysis methods

— use of specific controller structures
*assigning a pilot not just a ‘driver’ to fly an aircraft”

— characterizable performance specifications

— guaranteed stability and asymptotic tracking
“landing an aircraft or positioning a satellite with no error”

e Improvement of model-based control designs
— combined use of approximation-based design signals

\ — development of new designs for specific performance needs)
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‘Parameter Convergence in Adaptive Control I \

e Convergence of parameter estimates to their nominal values?
e Sufficient but not necessary for stability and tracking

e Persistent excitation for parameter convergence

g(t) = (8(t) — 8")TZ(t), 8" € R

(1) is persistently exciting if there exidt> 0 andag > O:

0+0
/ ()T (t)dt > apl, Yo > tg

o
— adaptive controlZ (t) — g, (t) € L?, T (t) = H(9)[r](t)
— ((t)iIsPEIfH(jwy),1=1,2,...,ng, are linearly independent
(co-primeness of system model and no overparametrization of
controller), and (t) hasng frequencies (sufficiently rich). /
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Adaptive Disturbance Reection I

System model

X(t) = AX(t) + Bu(t) + Bgdy(t), y(t) = Cx(t) + dy(t)

d(t) =do+ % d; f;(t)
=1

unknownconstantsly, d; andknownbounded signals; (t)
State tracking conditiorBy = aB
Output tracking: A,B,C), (A, Bqg,C) of same relative degree

Sinusoidal disturbances;(t) = sinw;t

— wj known: same relative degree not needed

— comparison: IMP control uses;, reduced stability region
— wj unknown (so isf;(t)): estimation ofw;

\
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/ Robust Adaptive Control I

e System model
y(t) = G(s)[ul(t) +d(t)
G(s) = Go(s)(1+ HAm(S)) + HAa(S)
e Adaptive control designs for(t) = Go(s)[u](t)
o(t) = —Te(t)L(t)
e Performance robustness with resped (o, pAa(s), Am(S)

e Modified adaptive laws for robustness

B(t) = —e(t)T(t) + f(t)

\. Parametrization versus robustness

f(t): dead-zone, projection, feedback modifications, etc.

\
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/ ‘ Concluding Remarks' \

e System uncertainties
— common in control systems
— challenges for system performance
e Adaptive control
— handles system uncertainties effectively
— ensures desired asymptotic performance
e Adaptive control theory
— mature with systematic design procedures
— developing with new challenges
e Adaptive control techniques
— proved to be useful for many practical control problems

\ — promising for new aerospace applications J
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‘ Part |1: Adaptive Control for Aerospace Systems'

e Adaptive Control for Actuator and Sensor Nonlinearities

e Adaptive Inverse Control for Synthetic Jet Actuators
e Adaptive Actuator Failure Compensation

e Design for Linearized Longitudinal B737 Model

e Design for Linearized Lateral B737 Model

e Open Research Problems
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Questions?

Gang Tao

University of Virginia

Tel: (434) 924-4586
Email: gt9s@virginia.edu

(http://www.people.virginia.eduw/gt9s)
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