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Abstract

This paper describes output feedback adaptive control approaches for non-minimum phase SISO systems with
relative degree 1 and non-strictly positive real (SPR) MIMO systems with uniform relative degree 1 using the optimal
control modification method. It is well-known that the standard model-reference adaptive control (MRAC) cannot
be used to control non-SPR plants to track an ideal SPR reference model. Due to the ideal property of asymptotic
tracking, MRAC attempts an unstable pole-zero cancellation which results in unbounded signals for non-minimum
phase SISO systems. The optimal control modification can be used to prevent the unstable pole-zero cancellation
which results in a stable adaptation of non-minimum phase SISO systems. However, the tracking performance using
this approach could suffer if the unstable zero is located far away from the imaginary axis. The tracking performance
can be recovered by using an observer-based output feedback adaptive control approach which uses a Luenberger
observer design to estimate the state information of the plant. Instead of explicitly specifying an ideal SPR reference
model, the reference model is established from the linear quadratic optimal control to account for the non-minimum
phase behavior of the plant. With this non-minimum phase reference model, the observer-based output feedback
adaptive control can maintain stability as well as tracking performance. However, in the presence of the mismatch
between the SPR reference model and the non-minimum phase plant, the standard MRAC results in unbounded
signals, whereas a stable adaptation can be achieved with the optimal control modification. An application of output
feedback adaptive control for a flexible wing aircraft illustrates the approaches.

1 Introduction

Consider the system
X=Ax+Bu+A(x,z,u)
Z:f(x7zvu) (D
y=Cx

where z () is an internal state vector, A (x,z,u) is the plant model error that is unknown and not accounted for, 7 (z) is
the unmodeled dynamics, and y (¢) is the plant output vector.

When the tracking error based on only the output signal y (¢) is used for model-reference adaptive control (MRAC),
such a class of adaptive control is called output feedback adaptive control. If a stable reference model y,, (¢) is specified
for the output y (¢) to track, then model-reference adaptive control is feasible if the plant transfer function satisfies the
strictly positive real (SPR) condition. Therefore, an essential requirement for output feedback adaptive control is the
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SPR condition which the transfer function must satisfy. Classical treatments of output feedback adaptive control are
discussed extensively by Astrom and Wittenmark [1], Ioannu [2], and Narendra and Annaswamy [3].

Non-minimum phase systems, on the other hand, do not possess SPR transfer functions. Therefore, output feed-
back adaptive control of systems with non-SPR transfer functions can be challenging. Non-minimum phase plants
generally pose more difficulty to MRAC than minimum phase plants. Output feedback adaptive control generally
relies on the SPR property to ensure stability. The difficulty with adaptive control design for non-minimum phase
plants is due to the ideal property of MRAC which attempts to seek asymptotic tracking at all cost. This results in a
pole-zero cancellation in the right half plane for non-minimum phase systems which leads to unbounded signals [4].

The linear asymptotic property of the optimal control modification [5] can be used for adaptive control of non-
minimum phase plants [4]. By modifying the standard MRAC, the pole-zero cancellation in the right half plane
can be prevented. This then results in bounded tracking as opposed to asymptotic tracking. Closed-loop stability
can be obtained by a judicious choice of the modification parameter v. However, the tracking performance of this
approach could suffer if the unstable zero is located far away from the imaginary axis. The tracking performance
can be recovered by using an observer-based output feedback adaptive control approach which uses a Luenberger
observer design to estimate the state information of the plant. Instead of explicitly specifying an ideal SPR reference
model, the reference model is established from the linear quadratic optimal control to account for the non-minimum
phase behavior of the plant. With this non-minimum phase reference model, the observer-based output feedback
adaptive control can maintain stability as well as tracking performance. It should be noted that Lavretsky and Wise
also develop an observer-based output feedback adaptive control approach with a loop transfer recovery [6]. Lavretsky
further extends this method for non-minimum phase plants with arbitrary relative degree [7].

In this paper, we will present an optimal control modification output feedback adaptive control method for non-
minimum phase single-input single-out (SISO) systems with relative degree 1. Bounded tracking is guaranteed with
this method. The optimal control modification output feedback adaptive control method is then extended to non-SPR
multiple input multiple output (MIMO) systems with uniform relative degree 1. Finally, an observer-based output
feedback adaptive control method is developed for non-SPR MIMO systems using the optimal control modification.
The study shows that the optimal control modification can improve stability and performance of output feedback
adaptive control systems in all cases.

2 Output Feedback Adaptive Control of Non-Minimum Phase SISO Sys-
tems with Relative Degree 1

Consider the following SISO plant:

Xx=Ax+Bu&s ).Cl =4 ¢ " + b u
X2 Il h X2 m
xi

(2)
y:Cx:[l 0]{ =X

X2

with x (0) = xp, where x; (¢) is the unmeasurable state with internal dynamics, @ unknown but all the other parameters
are known, b # 0, and / < 0.
The transfer functions of the plant is expressed as

y L Zy(s)  b(s—h)+gm
PR ks S R e e ®

where k, = b. Note that W,, (s) is SPR with a relative degree 1. The plant also has a relative degree 1 and is assumed
to be stable. So, R, (s) = (s —a) (s — h) — gl is Hurwitz.
The objective is to design an output feedback adaptive controller to track the following reference model:
Zn (8) bur
r =
Ry (s) S —am

Y =W (S) r=ky €]

with y,, (0) = Ymy» Where a,, < 0 and ky,, = b, The ideal output feedback adaptive controller is designed to be of the

form X :
b='e;y* b~ 6ju*
= _plory — 27 3 b~ 'b,, 5
" 1y s—A s—A + d ©®)




where A < 0 is a chosen parameter, and 6}, 65, and 6; are unknown constants.
u* () is obtained explicitly as

—1_p*(c__ - T I —1 o
b0 (= A) — 51 b b (5= A ©
s—A+b716;

Then, the ideal output y* (s) is written as

o _Zp(s) [Z07 (s—A) = 03]y +bu(s—A)r 7
Y TR0 S—A+b16;

We consider the following cases: 1) the plant is minimum phase, and 2) the plant is non-minimum phase.

2.1 Minimum Phase Plant

If the plant is minimum phase, then Z), (s) is Hurwitz. Then, the pole-zero cancellation can take place in the left half
plane. Therefore, it follows that
Z,(s)=s—A+b'6; (8)

This results in
65 =b (A —h)+gm ©)
The ideal controller u* (s) then becomes
b=l =67 (s—A) = 65]y* +b by (s—A)r

“= Zp(s) 1o

The ideal output y* () is then obtained as

O (5= A) = B3]y b (s—A)r
Y (—a)(s—h) gl (b

This results in the following ideal closed-loop transfer function:

v b (s— 1)
r s2—(a+h—6;)s+ah—gl—216;+6;

(12)

We want the ideal closed-loop plant to track the reference model. So, the ideal closed-loop transfer function must
be equal to the reference model transfer function W,, (s). Thus,

bu(s—2A) b,
= 13)
s2—(a+h—6;)s+ah—gl—2A6; +0; s—ap
This leads to the following model matching conditions:
a+h—6; =A+ay, 14)
ah—gl—A6{ +65 = Aay, (15)
0] and 6] are then obtained as
0 =a—au+h—2A (16)
05 =gl—ah+A(a+h—Q) (17)
The adaptive controller is now established as
) )
u=—bloy— 222 7 B oy (18)

s—A s—A



where 0y (1), 62 (), and 65 (¢) are the estimates of 6, 65, and 65, respectively. Let 01(t)=0,(t)— 67, 6, (1) =
6> (1) — 65, and 63 (1) = 05 (1) — 5. Then, the output y (s) of the closed-loop system is expressed as

_ Wi (s) [ 5 6oy Osu
y—Wm(s)r_ by, (91y+sl+sx) (19)

Define the tracking error as ey (t) = y,, (t) —y(t). Then, the tracking error equation is obtained as

éy=apey, +0 (1) (20)

where ®(t) =[ 6,(t) 6:(r) 65(r) ]T and ®(1)=1[ o1 (1) & (1) 3(1) ]T with

or=y 2D
¢y =L+ 22)
¢35 =A¢3+u (23)
Theorem 1 : The adaptive law given by
O=-TD(t)e, (24)

withl’ =T'T > 0 is stable for the minimum phase plant in Eq. (79) and results in asymptotic tracking.

Proof: Since both the plant and reference model are minimum phase with the same relative degree 1, the closed-
loop poles are stable which implies ® () is bounded. Suppose ® (¢) is bounded. We choose the Lyapunov candidate
function

V(ey,0)=¢;+0'T'0 (25)

Then,

1% (ey,(:)) = ameg <0 (26)

Therefore, ey (t) € %N % and O (t) € £, are bounded. This implies y (¢), u(t), and @ (t) are bounded. Note
that since V (ey, @) is bounded since @ (¢) is bounded. Therefore, V (ey,é) is uniformly continuous. Invoking the
Barbalat’s lemma, it follows that the output tracking error tends to zero asymptotically with e, () — 0 as t — co.

2.2 Non-Minimum Phase Plant

For non-minimum phase plants, because the standard MRAC attempts to seek asymptotic tracking by performing a
pole-zero cancellation in the right half plane, the resulting adaptive controller will become unbounded. Thus, if the
adaptive law can be modified to seek only bounded tracking instead of asymptotic tracking, then this would prevent a
pole-zero cancellation in the right half plane. The plant then can be stabilized.

For non-minimum phase plants, we consider two possible adaptive controllers.

1. We use the same adaptive controller in Eq. (18), but with the optimal control modification adaptive law

O=-Td() [ey v (1) G)a,;l} 27)
By invoking the linear asymptotic property of the optimal control modification as I' — oo [4], we get
o' = lin=)) (8)
Then, the asymptotic linear controller tends to
N [VDm — amWi, ()] 7 (29)

Vb vb

Comparing the ideal controller with the asymptotic linear controller, we see that the adaptive controller does not
attempt to cancel the unstable zero of W), (s) since it has a stable pole at s = ay, due to the term W, (s), as shown
by the asymptotic closed-loop transfer function

y _ Wuls)[Vom — amWin (s)]

r vb —anW, (s) (30)
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Otherwise, the pole-zero cancellation would take place in the right half plane since Z,, (s) is unstable. Therefore,
the stability of the adaptive controller is no longer affected by the non-minimum phase behavior of W, (s). The
stability of the closed-loop plant is then determined by a proper selection of the modification parameter v such
that v > 0 and the closed-loop transfer function is stable. As I" — oo, the equilibrium value of y(¢) tends to

- W (0) [me — auWp (0)}
YT h—auW,(0) 3D

Thus, the tracking is bounded regardless whether or not W, (s) is minimum phase. The closed-loop plant there-
fore is robustly stable with the optimal control modification. However, poor tracking will result if v is too large
to guarantee the closed-loop stability.

2. We use a simple adaptive controller for the first-order SISO plant as if the non-minimum phase dynamics do not
exist with x, (1) =0
u(t) =ky (t)y+ker (32)

where k. = b~'b,, and ky (t) is computed by the optimal control modification adaptive law
ky = 1y (ey+ vykyba,,' ) b (33)
with ¥, > 0. By invoking the linear asymptotic property of the optimal control modification, we get

am (y _ym)

Vb (34)

kyy =
Then, the asymptotic linear controller tends to

p— Y [VDm — amWiy, ()] 7

vb vb (35

Note that this asymptotic linear controller is the same as that with the first adaptive controller. Thus, even though
the adaptive controllers are different, the closed-loop plants for both controllers behave the same in the limit.

We now will formalize the proof of the optimal control modification for the non-minimum phase plant (2) with relative
degree 1 with a unknown but all the other parameters are known and 4 < 0. The adaptive controller is given by Egs.
(32) and (33).
The closed-loop plant becomes
Y = apy + byr + bkyy + gz (36)

¢ = hz+ (I+mk}) y+mhkyy -+ mk,r (37

where ky (1) = ky (1) — k} and k} = 92-¢.
The output tracking error equation is given by

éy = amey — bkyy — gz (38)
We define the reference internal state dynamics as

Zm = hzm + (l + mk;‘) Vi -+ mk,r (39)

Let e, (t) =z () —z(7) be the internal state tracking error. Then, the internal state tracking error equation is given

by
é. = he, + (14 mk;) ey, —mkyy (40)
Theorem 2: The non-minimum phase system (2) can be stabilized by the optimal control modification adaptive
law (33) with a proper selection of the modification parameter v that results in uniform ultimate boundedness of the

tracking error.
Proof: Choose a Lyapunov candidate function

V(ey,ez,é) :ae§+Be3+aq/y*IIE§ 41)



where o >0 and 8 > 0.
V (ey, e, 0) is evaluated as

V(ey,e:,0) = 20ane; — 2008 (zm —e:) ey +2he + 2P (1+mk;) eye. — 2Bmkyye. +2avh’a, 'k, (ky,+k;) y*
< 20 |a| [|ey||* + 20 [g] |zl ey ]| — 2B 1A lle:]* +2|ctg + B (1 +mkL) | |[ey| el +2B lm] Iyl ||y | lle-
=2av0? fa | I [y |+ 2e0v8 a5 1Ry 42)

b|

Using the inequality 2 ||| ||6]| < 82 ||a||*> + H52 , we get

V (ey.e:.8) < ~20tfan [ey|>+2et gl 1zl ey]| — 28 [hl ol + |otg + B (14 mks)| (61 ley |+ ”egl' )

B (62 Il 2+ Lo )—zavbzi | I R P 20000 a6 1 ]| 43
2

Note that the negative definite term —2avb? |a,,'| ||y Hl}yHZ of the optimal control modification can be made to

dominate the positive definite term f3 [m| 87 lly]I? Hl}sz to enable V (e, 0, z) to be negative definite.
I4+-mk;
Let o1 = 2ala| — g+ B (1-+mk;)| 82, ¢ = 28 |n] — LPU Bl o 2012 a1 | — B | 62, and
1 2
_ avh? |am Hk*

| . Then,
a3

V (eye:,8) < —ei ey || +2algl lznll[ley]] = €2 lecll” = 3 [IyI ([Rs|| = e4)* + s [ (44)

We note that ||y|* < ||ey||2 +2|ley|| lymll + ||ymH2~ The ultimate bounds of ||y,| and ||z,|| can be shown to

be [[ym| < cyro and ||z, < c; = |h’1mkr| + ‘h’l (l—&—mk;)’ ‘am = ||r||. Let
2
c5 = —C3C£, cg = M and ¢7 = ¢5¢¢ —I—C:,ciczr(z) Then,
V (ey,e.6) < —¢s ([ley]| = c6)” —eallecl* = es Iyl ([ | = 4)* +e7 (45)

v, a, B, 81, and & are chosen such that ¢; > 0, c3 > 0, and c¢s > 0. Then, it follows that V (ey,e;,0) < 0 if

lel| = e+ /= = (46)
cs
le:ll =/ =q )
2

2 et [T =k @

ca(p+ Cer)z

The ultimate bound of ||ey || is then obtained as

el </ + B )

Thus, the closed-loop non-minimum phase system is stable with output feedback adaptive control with the optimal
control modification.



It should be noted that the aforementioned output feedback adaptive control design is feasible only if the knowledge
of the plant transfer function is mostly known with the exception of the parameter a. This requirement imposes a severe
restriction on the design of output feedback adaptive control for non-minimum phase plants since in many cases such
knowledge may not exist if the plants are uncertain. Another drawback with this approach is that the desired tracking
performance is not guaranteed. In practical situations, this poor tracking performance can be a major issue.

Example 1: Consider the system (2) with a < 0 is unknown but a = —2 for simulation purposes, and b =1 is
known. The reference model is given by the transfer function W, (s) with a,, = —1 and b,, = 1.
The open-loop transfer function is
s+1+g
W =0
PO = e+

The system is minimum phase if g > —1. Consider a minimum phase plant with g = 2. Then, we design the output
feedback adaptive controller according to Eq. (18). Let A = —1,T' =1, and r(¢) = 1. Figure 1 shows the response of
the closed-loop plant which tracks the reference model very well in the limit as t — oo.

1.5
1k SR —
>E Red
BN il
0.5f / ]
4 — Yy
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> 0.5F
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0 5 10 15 20

Figure 1: Closed-Loop Response of Minimum Phase Plant with MRAC

Consider a non-minimum phase plant with g = —2. We use both adaptive controllers given by Eq. (18) and (32).
The asymptotic closed-loop transfer function is given by

y_ (= 1)[Vbu(s—am) — ambm]

ro o (s—am)[V(s—a)(s+1)—an(s—1)]

The steady-state closed-loop transfer function is equal to

v _ b (v+1)
r va—ay,,

For a = —2 and a,, = —1, the transfer function is stable for v > 0.5. Choose v =2 and ¥, = 1. The steady-
state closed-loop output is equal to y (¢) = —1. Figure 2 shows the stable closed-loop responses of the non-minimum
phase plant with both the adaptive controllers. The adaptive controller 1 with the adaptive parameter © (¢) has a faster
response than the adaptive controller 2 with the adaptive parameter k, (). Both adaptive controllers tend to the same
steady-state closed-loop response.The closed-loop plant tracks the reference model very poorly as expected, but the



response is stable and tends to an equilibrium value y = —1 which agrees with the analytical result from the steady-
state closed-loop transfer function. The poor tracking performance is typical of a non-minimum phase system with the
output generally exhibiting an opposite response to the input.

1 —
——y — Controller 1
—y — Controller 2 -
- =Y
15 20
2
1.5F
> 1
5
0.51 : —— (= Controller 1]
— u - Controller 2
0 ; ; ;
0 5 10 15 20

Figure 2: Closed-Loop Response of Non-Minimum Phase Plant with Optimal Control Modification

3 Output Feedback Adaptive Control of Non-SPR MIMO Systems with Uni-
form Relative Degree 1

Given the following MIMO system

XZAx—i—Bu(:){?}:{A” Ay [x1}+[31]u

2 A szz X B> (50)
y=Cx=[C 0] x; =Cixi

where x; (1) € R, xp (1) e R" P, u(t) € R™, y(r) € R” with p < m, Aj; € RP*? is unknown, Ay, € RP*(=P) and
Azy € RO=P)XP are known, Ay € R(=1)*(1=P) ¢ C~ is known and assumed to be Hurwitz, B; € RP*™ is known
and has full rank, B, € R(=p)xm jg known, and C; € RP*? is known and has full rank. We assume the pair (A, B) is
controllable and the pair (A, C) is observable. This partitioned form of the plant can be used advantageously to design
an output feedback adaptive control. The system expressed in this form is sufficiently general for many practical
applications. For example, systems with unmodeled dynamics could be expressed in this form with x; (z) being the
plant state variable and x; (¢) being the unmodeled state variable.
Expressed in this form, the MIMO system (50) has a uniform relative degree 1 since u(¢) appears in the first
derivative of y(7)
y=Cix1 = C1A1Cy 'y + ClAx: +Ci Bu (C1))

and rank (C;By) = p which implies that C}B; is invertible . The condition of invertibility of CB; allows the design
of a model-following output feedback controller for the output y(¢) to track a reference model of the same relative
degree.

The Kalman-Yakubovich lemma [8] can be used to determine if the transfer function matrix G (s) = C (s — A)f1 B
is SPR. If A is Hurwitz and there exist P=P' e R >0and Q= Q' > 0 € R™”" such that

PA+A'P=-0Q (52)



B'P=C (53)

then G (s) is SPR. Equation (53) leads to the following necessary and sufficient condition for a SPR transfer function
matrix [9]:
B'"PB=CB>0 (54)

The condition CB > 0 requires CB to be a symmetric positive definite square matrix. G (s) is non-SPR for this
system if p < m and SPR if p =m and CB = C|B; > 0.
The objective is to design an output feedback to track the following reference model:

Ym = AmYm + Bmr (55)

where A, € RP*? is Hurwitz and r (1) € RY € £, with ¢ < m is a bounded command signal. Furthermore, the transfer
function matrix G,, (s) = (sI —A,;) "' B, is assumed to be SPR. If G (s) is non-SPR and G,, (s) is SPR, there is no

guarantee of a stable adaptation for output feedback adaptive control. However, under a certain condition, a stable
adaptation for output feedback adaptive control is possible.
Toward establishing this condition, the dynamics of the output can be expressed as
¥ =C1A1Cy Yy +ClApx, +CiBju (56)
Let x; (1) = ®, (1) + P, (t) where @y (1) € R""7 and ®, (1) € R"~? have the following dynamics

by = Apdy +A45Cy ly (57)

b, =A»d,+Bru (58)

The ideal output feedback controller can be computed as

u* = (C1B1)" [Bur+ (Am — CLANCT ) y — C1A 1 (Py + D) (59)

-1
where (ClBl)+ = (ClBl)T [(ClBl) (ClBl)T] is the pseudo inverse of C;B; which is non-singular for p < m. This
is effectively an optimal control allocation strategy when the number of inputs exceeds the number of outputs.
The adaptive controller is then given by

u=—(CiB1)" (©]y+05 &, +04,®,+0]r) =~ (C1B1) O (3,u.7) (60)

where ©(1) = [ O] () O () ©F () ©] (1) | R anddyur)= [y () B () @] ()
r’ (t)]T € R?>*~P*4. Let ®* be the ideal unknown matrix. Then, the model matching condition results in 05 =
—(An—CANCT) . @G = (C1AR)T. 85, = (C1Ap) " and O] = —B),.
The output tracking error is defined as ey (f) =y (t) — y (¢). Then,
éy=Apey + 0" D (yu) (61)
The output feedback adaptive law for the standard MRAC is given by
O =T (y,u,r)e, P (62)
where P = P > 0 solve the Lyapunov equation
PAp+A,P=—-0 (63)

andQ=0" >0.
We now state the following theorem for a stable adaptation for the standard MRAC.
Theorem 3: Let Fl* = —B) (C1B|)+®;T, FZ* = —B (C]B|)+®§>—£, F3* = Ay — B (C131)+®:§;’:, and
Ff=—-B (C1B1)+®jT, then the MIMO system (50) with the ideal controller is stable if A (F;) € C~, that is, F5
is Hurwitz.



Proof: The combined dynamics of the output feedback control system due to the ideal controller are obtained as

Im Aw 0 0 Y B
o; | =| AuCy! An 0 @ |[+]| 0 |r (64)
o Ff  F F || % Ff

F*

The eigenvalues of F* are computed from the following determinant formula:

-1
N _ Ay —sl 0 N N B Apm —sl 0 0
det (F —sl)_det([ AnCt A —si Ddet <F3 —sl—[ F F ] AnC' A —si ] [ 0 D

= det (A, — sI)det (Ay, — sI)det (Fy —sI)  (65)

Since A, and Ay are Hurwitz, then F* is Hurwitz if A (F5") € C™. Therefore, the output feedback control system
is stable if ® (y,u,r) is bounded which requires A (F5) € C.

Letz(t)=[ @, (t) @, (1) ]T € R?"~2 and define e, (t) = z* (t) — z(t). Then,

é;=Fyre;+Fyey +E® @ (y,u,r) (66)
. _ | Ancy! «_ | A O _ 0
where I} = [ Fr = E F| and £ = B (B |

Suppose ® (y,u,r) is bounded which requires F5 to be Hurwitz and implies that e, (¢) is also bounded. Then, we
choose the Lyapunov candidate function

V (e,0) = ] Pe, + trace (6T ') (67)

Then,
. = 2
V (€,0) = —e; Qey < —Anin (Q) [ley]|” <0 (68)
Therefore, e, (1) € %N % and O (t) € L. are bounded. This implies Eq. (66) admits a bounded solution of
e, (t) which validates the supposition of boundedness of @ (y,u,r). Note that V (ey,®) is bounded since ® (y,u,r)
is bounded. Therefore, V (ey, @) is uniformly continuous. Invoking the Barbalat’s lemma, it follows that the output
tracking error tends to zero asymptotically with e, (1) — 0 as ¢ — co. This also implies @' (£)® (y,u,r) — 0 as
ey (t) — 0. Therefore, e; () — 0 as t — o if A (F;) € C™. It is obvious that, if A (F3") ¢ C~, then ® (y,u,r) is
unbounded and the standard MRAC output feedback adaptive law is unstable.
]

To achieve a stable adaptation for the non-SPR plant (50) with A (F;) ¢ C, the optimal control modification to
the adaptive law in Eq. (61) is proposed as

O = TP (y,u,r) [e] P~ v® (y,u,r) OPA,'| (69)

where v > 0.
We examine the linear asymptotic property of the optimal control modification adaptive law as I' — oo. Then, in

the limit, one gets
_ 1
O'®(y,u,r) = ;P_IA;;Pey (70)

where the bar symbol denotes the value in the limit.
The closed-loop system in the limit is now defined by

J CANC +PT'ALP CiAn CiAnp y B,
Py = A Cr! A 0 @, |+ 0 r
D, %Bz (ClBl)JrPilA;P 0 Axn D, B (C]B1)+Bm
G
| P1A)P
Y 0 ym  (T1)

B> (C1B)) " P7'AP

10



Then, a stable adaptation can be achieved with the optimal control modification by a suitable selection of v such
that A (G) € C. We express the error equation for z (¢) as

é,=Age,+Aye, +EO D (y,u,r) (72)

—1
where A, = [ Aéz A(iz ] and A,y = [ Azfl }

Theorem 4: The optimal control modification adaptive law is stable for the non-SPR plant (50) with A (F5) ¢ C~
by a suitable selection of the modification v such that ||® (y,u,r)|| < &y € Z.. Then, e, () is uniformly ultimately
bounded.

Proof: Choose a Lyapunov candidate function

V (ey,e;,0) = e;,rPey + e We, + trace (@TF_1@> (73)
where W = W T > 0 that solves the Lyapunov equation
WA, +A.W = —R (74)

withR=RT > 0.
Then,

V (ey,e,,0) = —eyTQey —e) Re,+2e, WAyey+2e, WEO @ (y,u,r) +2v®" (y,u,r)®PA,'@ @ (y,u,r)  (75)

Letc; = 2fthn (Q)» €2 = Amin (R)a 3 = HWAZ)'
Then, V (ey, ez, @) is bounded by

, ¢4 = |WE||, ¢5 = VAuin (A, T QA,'), and 6 = v ||PA' || 1©7.

V (ey,e:,0) < — (01 - %) Hesz - (C2—C362—C482) llezlI* — (cs - C—4) 1D (y,u, r)||* HC:)H2

82
+2¢6||® (vou,r)|* B (76)

Note that [ (3,1, ) [ < 12+ Nzl +73 < [les|*+2¢ym0 ey | + e + 2ecrolle | + (1463 +¢2) 3. Then,

. B 2 2 2 ! 2
V (eye:,0) < — <C1 ~5 6) ey >+ 28270 e, | - <C2—C352—C4e2— cf_%) le.|?

Cyq C4
CS—ET CS—?

g2
2
2¢2¢.10 ca ) - ce c% (1 +62,+C2) r(z)
+ =85 el = (es = S ) @ ) P (0] = —2 | + e )
65_572 & CS—? 65_87
Letc; =c¢ fﬁfic — o C:C2*652*C482*i~6 _ % cli=c5— %, cp=
7 1 52 657;%’ 8 07(657%%)7 9 3 Cs*;*%’ 10 09(057;—%>’ 1 5T 20 ¢l

. 2(14+2+c2)rd . ~

Csiﬁ% ,and c13 = %(CC#)% Choose Q, R, v, 6, and € such that ¢;7 > 0, cg > 0, and ¢;; > 0. Then, V (ey,eZ,G) <0
&

outside the compact set

S = {ey (1) €R?, e, (t) € R, @ (1) € RZP+0xm ¢ (|ley|| - e8)* +co ([lec]| — c10)?

+ 11 HCIJ(y,u,r)H2 (HC:)H 7012)2 < C7C§+6‘9C%0+C13} (78)

2 2
le]| = s + \/C7C8 Lo (79)
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762 4+ coc?y 4 ¢
ez zclo+\/78§9“’” =q (80)

2 2
~ c1cg+cocipt i3 B
19| ZCIZ‘F\/CUq)% =K (81)

where @3 = (p + cyr0)2 +(g+ czro)2 +13.
Therefore, the optimal control modification adaptive law is stable and all signals are uniformly ultimately bounded.
The ultimate bound of the output tracking error is determined to be

(82)

lley|| < \/’LMX(P)P2+/1max(W)q2+A,max(r—1) 2
o Amin(P)

Example 2: Given

0 1 -1 0 01 0
-1 4 0 g 12 -1 [t 2007 [0 00
410 o o 1 ['PT]20 o0 ’C_[z 1 oo}’D_{ooo]

0 0 -5 —10 34 0

o0 1 0
e[ 4] 2]
If g = —1, then A (F;') = —3.6492, —6.8508. Then, the standard MRAC update law with I" = 1.01/ is used for the

output feedback adaptive controller. The response of the closed-loop plant to a unit step command is stable as shown
in Fig. 3. The output y (¢) asymptotically tracks the reference model y,, (7).

Figure 3: Closed-Loop Response of Non-SPR Plant A (F;') € C™ with Output Feedback MRAC

If g = —10, then A (F;') = 1.5 £5.6347i. The standard MRAC update law results in unbounded signals. Figure 4
shows the response of the closed-loop plant with the standard MRAC update law which is oscillatory but eventually
diverges as t increases. The optimal control modification adaptive law, on the other hand, is able to stabilize the
non-SPR plant with v = 0.1 as shown in Fig. 5.
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Figure 5: Closed-Loop Response of Non-SPR Plant A (F5) ¢ C~ with Optimal Control Modification

4 Observer-Based Output Feedback Adaptive Control

As can be seen from the Example 1, while the optimal control modification can stabilize a non-minimum phase plant,
the tracking performance is quite unacceptable. The issue at hand is the requirement for a non-minimum phase plant
to track a minimum phase reference model with the same relative degree. This is a very demanding and perhaps
unrealistic requirement. As a consequence, MRAC attempts to seek asymptotic tracking which results in an unstable

13



pole-zero cancellation. If the reference model could be redesigned so that the unstable pole-zero cancellation cannot
occur while the tracking performance can still be met, then the output feedback adaptive control design would be more
acceptable. One such approach is to design an observer state feedback adaptive control using the Luenberger observer
design.

Consider the same MIMO system in Section 3

X=Ax+Bu
y==Cx 83)
where x (f) e R", u(t) € R, y(¢t) € R? with p > m, A € R" x R" is Hurwitz but unknown, B € R” x R™ is known with
the pair (A, B) controllable, and C € R? x R" is known with the pair (A4,C) observable. We assume that A = Ag + AA
where Ay is known and AA is an unknown perturbation of A. The transfer function G (s) = C (sI —A) ' B is assumed
to be non-SPR phase.
The Luenberger observer design constructs an observer state-space model of the plant as

£=A%+L(y—9)+Bu (84)

where £ (1) is the observer state which estimates the plant state x(z), A (¢) is the estimate of A, () = C£(t) is the
observer output which estimates the plant output y (¢), and L is the Kalman filter gain matrix computed using Ay.

A full-state feedback controller can be designed to enable the output y(z) to track a reference command signal
r(t). For example, we can use the LQR method to design the full-state feedback controller using the following cost
function for tracking a constant reference command signal r ():

J = lim L [(Cx— r'Q(Cx—r) +MTRM} dt (85)

Ip—roo 0

Then, the control gains can be computed as

K'=—-R'B'W (86)
~1
K, ——R'BT (AT —WBR’IBT) c’o (87)
where W is the solution of the Riccati equation
WA+A'W—-WBR'B"W+CT0C=0 (88)

Then, a reference model is constructed from this LQR design with A,, = A + BK} and B,, = BK,.
If A is unknown, then we can design the following adaptive controller:

u=K, )2+ K,r (89)

where the observer state £ (¢) replaces the plant state.
The tracking error is defined as e () = x,, (t) — £ (t). We also define the state estimation error as e, (t) =x () — £ (¢).
Then, the error equations are
¢ =Ane—LCe,— A% — BK,% (90)

ép=(Ap+AA)e, — AR 1)

where A (t) = A (t) — A, K, (t) = Ky () — K}, A, = Ao — LC, and A, + AA is Hurwitz by a suitable choice of L.

Note that the state estimation error signal e, () is generally not available, but for the class of MIMO systems under
consideration, it can be constructed. Since Cj is invertible, then x; (¢) can be constructed from y(z). Let z(7) = x; (¢)
be the internal state, then z (7) can be computed from the following equation:

t=Anz+AnCy'y+Bou 92)

with z(0) =z and A1, A2y, and B, known.
Then, the plant state can be constructed as x (1) = [ C; 'y (t) z() ]
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The stability of the observer output feedback adaptive control using the optimal control modification is now pro-
vided by the following theorem:

Theorem 5: A stable adaptation of the non-SPR plant (83) can be achieved by the optimal control modification
adaptive laws based on the observer state £ (7) and the constructed state x (¢) from the output y (¢) and the internal state

z(7)
K] =T.% (eTP +viTK] BTPA,;l) B 93)
AT =Tt (eTP el W+ n)eTATPA;) (94)
where P=P" >0and W =W ' > 0 are solutions to the Lyapunov equations
PA,+AlP=—-0 (95)
WA, +A,W =—R (96)
withQ=Q" >0andR=R" > 0.
Proof: Choose a Lyapunov candidate function
V(e,ep, Ky, A) = e Pe+ e;Wep + trace (I?XF;II?;U +trace (AFXIAT) 97)
Then, V (e,ep, Ky, AA) is evaluated as

V (e,ep,Ke,A) = —e'Qe—e)Re, —2¢' PLCe,+2vi KB PA,'BR & +nvi'ATPA, 'A%
1>—c, HepH2 +2¢3 |le]| HePH —veg ||£)? (HI?XH —65)2 +vegc |2

—neg 212 (JJA] —e7)® +nesc 1217 (98)

< —cie

_ _ «TpT pg—1
where R =R~ WAA — A TW, ¢ = Ain (Q). 2 = A (R). 3 = [|PLC|. ¢4 = Amin (B” Ay T QA B, c5 = UKE Pul B

ATPA
¢6 = hin (A5, QA" ¢ = 1222
We utilize the inequality 2||a|| ||b]| < ||al|* + ||b||* and also note that ||£]|* < ||e||* 4 2]le|| [[xu|| + ||xn||*. Then,
V (e,ep, Ky, A) is bounded by

cq4

V(e,ep,Ki,A) < —(c1—c3— vesck — nc6c%) lell® +2 (VC4C§ + nc6c%) llell [1%m]] — (c2 —¢3) Hesz
—vea £ (| el = e5) = nes 117 (JA|| = 1) + (veacd +nescd) [xal®  (99)
Note that the ultimate bound of ||x,,| can be expressed as |[x, | < cxro. Let cg = ¢ —c3 — Veac? — Negc, co =

(VC4C§+T’L‘66‘%>CXI”0

- ,c10=ca—c3,and ¢y = cgcd + (Vesc +ncec3) crg. Then, V (e, ep, Ky, A) < 0 outside the compact

set
S = {e(t) ER" e, (1) R, K, (1) e R™™ A(1) e R : g (|le]| — co)* +c10 He,,Hz

+vc4|ﬁ||2(||1?x||—c5)2+nc6||f||2(!|A||—c7)2<cn} (100)

by choosing L, O, R, v, and 1 appropriately such that cg > 0 and cj9 > 0.
By setting v =0 and 11 = 0, we recover the standard MRAC. Then, it can be shown by Barbalat’s lemma that
1% (e, ep,Kx,A) is uniformly continuous since V (e, ep,I?x,A) is bounded. It follows that ¢ () — 0 and ¢, — 0 as t — co.
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Remark: If the reference model is not derived from the ideal controller of the non-SPR plant, the standard MRAC
will not be able to stabilize the plant. On the other hand, the optimal control modification adaptive law can handle
the mismatch between the plant and the reference model. Therefore, for a stable adaptation using the standard MRAC
for output feedback adaptive control, the reference model must be established from the ideal controller design of the
non-SPR plant. The mismatch between the reference model and the non-SPR plant causes MRAC to continue to seek
a high-gain control in order to achieve asymptotic tracking. This would lead to instability.

Suppose a reference model is specified as

Xm = A X+ By (101)

where A}, is not established from the non-SPR plant. Then, the model matching condition cannot be satisfied since
there exists no solution of K. To show this, we see that suppose K exists and can be solved using the pseudo-inverse
of Bwithm < p <n as

-1
K= (BTB) BT (A5, —A) (102)
But .
A+BK:=A+B (BTB> BT (A, —A) £ AT, (103)

For the standard MRAC, the tracking error equation in the presence of the mismatch between the reference model
and the non-SPR plant is established as

é=Ae+(A;, —An) % —LCe, — A% — BK,% (104)

Because the optimal control modification only seeks bounded tracking, so the model matching condition is not
satisfied. Using the linear asymptotic property of the optimal control modification, the asymptotic value of K, () and
A (t) can be computed from Eqs. (93) and (94) by letting I" — co. Then, K, (t) — K, and A (t) — A for a constant
reference command signal. From the linear asymptotic property, we get

i 1 -1
Rit=—— (BTA;‘[TPB> BT Pe (105)

- 1
A% = —EP"A;;T (Pe+We,) (106)

where P = P > 0 now solves the Lyapunov equation

PA;, + AT P=—Q (107)

We redefine the estimation errors as K, (f) = K, (t) — K, and A(r) = A(t) —A. Then, the error equations are
established as

1 -1 1 1 - _
6= [Aj; +B (BTA;;;TPB) B'P+ nP_lA,’;TP} e— (LC - nP”A,’;IW) e, +ALR—A—BK&  (108)

1 1 -
ép=—P A: Pet <A,, +AA+ P‘lAj;TW> ep+A%— A% (109)
n n

The instability of the standard MRAC and the bounded tracking of the closed-loop system with the optimal control
modification can be stated in the following theorem:

Theorem 6: The standard MRAC results in instability due to the mismatch between the SPR reference model and
the non-SPR plant if A+BK} =A,, # A, and PA,, —|—A,—;P # 0, whereas a stable adaptation of the plant can be achieved
with the optimal control modification.

Proof: Choose the same Lyapunov candidate function in Eq. (97). Then, for the standard MRAC, V (e, ep, I?X,A~)
is evaluated as

V(e.ep ReA) =e" (PA;; +A:IP) ete PA, —An)f+ i (A;;T fA,D Pe—2¢'PLCe,—e¢)Re,  (110)
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Upon substituting £ (1) = x,,, (t) — e (¢), we get

V(e,ep, KiA) =e" (PAm +A;P) e+2¢" P(Al, —Ap) X —2¢ PLCe, —e] Re, (111)
Note that PA,, +A;P is not necessarily negative definite. Therefore,
V (e Rei) < P+ ALP|| el + 1P (A7, = An) | (el + i) e (el + lepl|*) = ez le]*  (112)

Thus, V (e7 ep, I?X,A) £ 0. Therefore, the tracking error is unbounded and the closed-loop system is unstable.
On the other hand, for the optimal control modification, V (e, e, Ky, A) is evaluated as

. i | -1 =
V (e.ep R A) =" {—nQ +-PB [(BTA:;TPB) n (BTA;;TPB) } BTP} " +2¢ PA” x,,
1 _ g
—2e" [PLC— o (A;;T —i—PA;*nP") w +ATW} epte) [—R oW (P’IA;;T +Aj‘nP") W] e,
+2e, WAx,, +2v2' K B'PA,'BR 8+ v ATPA, 'A% (113)
Note that P~'A%" + A% P~! = —P~'QP~!. Then,

| — vea |21 (|| Rl - 5)*

+vesc 1812 = nee 1P (4] 1) +neec 1317 (114)

1% (e,ep,lzx,ﬁ) < —c12 ||eH2 —c13 HepH2 +2c¢14 ||e]] HepH +2c5||e]| +2¢16 Hep

14

where ¢12 = Amin (%Q _1lpp [(BTA;;;TPB)‘1 + (BTA%TPB) ‘T} BTP), 13 = Ain (R _ %WP*‘QP*IW), cla =

HPLC+ %QP”W +ATW||, c15 = ||PA% || exro, c16 = ||WA| cxro, and c45,67 are defined previously.

Further simplification using ||£]|> < |le||* 42 ||e]| || xn]| + || xn]|* leads to

V (e.epReA) < —err (llel —ers)* e ([lepl| —ca0)” = vea |41 (|| &e]| —es)” = mes 141 (4] )’
+ca (115)

2 2
cis+{veqes+ncecs Jexro c
( ) , €19 = €13 — C14, C20 = 28, and ¢z1 = cy7¢tg +

— 2 2 _
where ¢17 = c1p — c14 — veaes — T cecy, €18 = P o

c19c3y + (Veacd +neec?) c2rd. _ o
Choose L, O, R, v, and 1 such that c¢y7 > 0 and cj9 > 0. Then, V (e, e,th,A) < 0 outside a compact set. Therefore,
the closed-loop system is uniformly ultimately bounded with the optimal control modification.

Using the linear asymptotic property of the optimal control modification, L, O, v and 1 can also be chosen such

that the asymptotic closed-loop matrix formed by (x(r),£(f))

A 1B(BTA;TPB) 'BTP

W B (116)
¢ [ LC—LPTAsTW  —LC+L1B(BTA; TPB) ' BTP+ LP AL (P W)

is Hurwitz.
To demonstrate the observer state feedback adaptive control, we return to Example 1.
Example 3: The non-minimum phase plant in Example 1 is defined by the following matrices:

A:{g _glyB:[’f],c:[l 0]

wherea = —2,b=1,and g = —2.
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The Kalman filter gain is computed with A = [ 8 _gl } as

L[ 15440
~ | —0.3460

Using Q = 100 and R = 1, the LQR control gains are obtained as
K; = [ —2.7327 —5.4654 ] , kr = —9.8058

Choose I'y =1,T4 =0.11, Q =1, and R = I. Figure 6 shows the closed-loop response with the standard MRAC
of the plant output y(¢) which tracks the redesigned reference model very well. Notice that the reference model now
has a non-minimum phase behavior as evidenced by the reversal in the initial response. All the control and adaptive
parameter signals are bounded.

Suppose, instead of the reference model computed from the LQR, we use the ideal minimum phase first-order
reference model described by the following matrices:

« | am O | bm
SR CIEIER Y
Figure 7 shows the unstable closed-loop response with the standard MRAC which no longer tracks the reference
model. The adaptive parameters are unbounded and drifting as ¢ — oo.
The optimal control modification is then used with v =1 = 0.08 selected. Figure 8 shows the closed-loop response

with the optimal control modification which is able to track the ideal minimum phase reference model very well. All
the control and adaptive parameter signals are bounded.

' -y
0.5 I
Y 0 9
£ <>
z ° >
-1
-0.5
-1 -2
0 10 20 0 10 20
t t
5 5
— K,
0 0 —k
X | 2
> w N
® ® %L
-10 -10
0 10 20 0 10 20

Figure 6: Closed-Loop Output Response to LQR Non-Minimum Phase Reference Model with Observer State Feed-
back MRAC
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Figure 7: Closed-Loop Output Response to Ideal Minimum Phase Reference Model with Observer State Feedback
MRAC
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Figure 8: Closed-Loop Output Response to Ideal Minimum Phase Reference Model with Optimal Control Modifica-
tion

This example illustrates the significance of the reference model in adaptive control of non-minimum phase plants.
If the reference model can be redesigned to fully account for the non-minimum phase behavior, then the standard
MRAC can achieve asymptotic tracking, albeit with a non-minimum phase behavior. Otherwise, even with the
observer-based output feedback adaptive control design, if the reference model is SPR, instability will still result
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with the standard MRAC. On the other hand, the optimal control modification can produce bounded tracking for both
types of reference models.

S Application of Flexible Wing Aircraft

Consider a flexible wing Generic Transport Model (GTM) equipped with distributed wing shaping control surfaces,
called Variable Camber Continuous trailing edge flaps (VCCTEF). The VCCTEF are multi-functional flight control
surfaces designed for wing shaping control for drag minimization, flutter suppression, and load alleviation. The
redundancy of the VCCTEF enables a multi-objective flight control capability which provides the traditional flight
control functions in roll, pitch, and yaw in concert with the wing shaping control objectives such as drag minimization
and gust load alleviation.

Figure 9: GTM with with Variable Camber Continuous Trailing Edge Flap

Consider a linearized model of a flexible aircraft with an uncertainty in the rigid aircraft states

. X A+AM,, A X B
Y= (A+M)x+Bus | 7 | = rr rr re L "y
( ) |: Xe :| |: Aer Ace Xe B,

(117)
y=Cxsy=[1 0] S
Xe
where x () € R" is a state vector that comprises a rigid aircraft state vector x, (t) € R” and an elastic wing state vector
x.(t) e R"P u(t) € R™ is a control vector, A € R"" and B € R are constant and known matrices, and AA € R"*"

is an uncertainty. The open-loop plant is stable with A Hurwitz. The output vector y (¢) is the rigid aircraft state vector

xy (1) is accessible for feedback. The rigid aircraft state vector x, (1) = [ a(t) q(r) 6(r) ]T comprises the angle
of attack « (¢), pitch rate g (¢), and pitch attitude 6 (¢).

The control vector u(¢) comprises the elevator deflection and 16 individual trailing edge flap segments, each
connected to an adjacent flap by an elastomer transition section as shown in blue in Fig. 10. For clarity, the trailing
edge flap segment is the outermost segment of the three cambered segments that form each spanwise flap section. This
segment is considered a fast-acting flight control surface [?] whereas the other two segments are slow-acting flight
control surfaces for drag reduction. Due to the stiffness imposed by the elastomer transition section, a constraint on the
relative deflection of any two adjacent flaps is imposed on the control input command. In order to address this relative
deflection constraint, a virtual control concept is used whereby the flap deflection is mapped into a mathematically
smooth shape function whose coefficients are the virtual control variables [?]. A cubic Chebyshev polynomial is
selected as a candidate shape function. Then, the flap deflection of the i-th flap is expressed as

8 = co+cik+co (22 — 1) +c3 (4K —3k) (118)
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i—1
n—1°

variables. Thus, the control vector is represented by u (t) = [ co(t) c1(r) c2(t) c3(f) ]T.

where k = i=1,2,...,16, n = 16 with §; being the inboard flap, and ¢; (¢), j = 0,1,2,3 are the virtual control

EQUAL CHORD FLAP SECTIONS: ‘

* 24" TWIST SECTIONS WITH 8" SKIN SEPARATOR SECTIONS
* 13 x 24" WIDTH — ACTUATED TRI-FLAPS

* MAIN FLAP - 3 SECTIONS 75" WIDTH — NO TWIST

Figure 10: Variable Camber Continuous Trailing Edge Flap (VCCTEF)

5.1 Output Feedback Design
A step command of the pitch attitude is specified as r(¢) = 6, (t). A nominal LQR controller is designed as
Unom = Kyx + K,r (119)

where K, = —R~'BW, K, = —R"'B] (A}, ~WB,R"'B]) ' 1J0,lo=[ 0 0 1 ],and W solves the Riccati equa-
tion+
WA, +A W —WB,R™'BIW +1] Qly =0 (120)

The reference model is then established as
Ym = Apry + Britnom = AmYm + Bmr (121)

where A,, = A, + B, K, and B,, = B, K,.
In the presence of the uncertainty AA, the ideal controller is designed as

-1
w'=BI' (IrBrBII,T ) L [Any +Bur — Ay +AA) y — Are®y — A @y (122)

where I, = [ (1) 8 } . The output feedback adaptive controller is then designed as

1
0
u=—(CiB1)" [(A—An)y—Bpr +0 @ ()] (123)

where (C1B;)" =B I (I,B,B;rl;r)fl L ®(yu)=[y (1) @ () @, () ]T, and O () is computed by the opti-
mal control modification update law

O = TP (y,u) e/ P~ VO (y,u) OPA,,'] (124)

For simulations, we choose the plant model for the GTM with 50% fuel loading at Mach 0.8 and an altitude of
36,000 ft with the first four elastic modes. The plant model contains 27 states: 3 rigid-body states corresponding to
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x, (1) and 24 elastic states for the four elastic modes. The state-space representation for each elastic mode includes a
generalized displacement, a generalized speed, two unsteady aerodynamic lag states for the generalized displacement,
and two unsteady aerodynamic lag states for the generalized speed. AA,, is modeled as a 20% reduction in Cz,, Cy, .
Cn,» and G, » The nominal controller is designed with Q = 10 and R = 1. This results in the following reference

model matrix:
—-0.4567 0.8971 —-0.2197

A,=] —0.2603 —-3.6750 —8.2325
0 1 0

which yields the eigenvalues —1.8491 +2.2632; and —0.4335.
The modification parameter v is chosen to be v = 1 which stabilizes the asymptotic closed-loop matrix

A+ 1B, (C1B))" P71A,,P A

A =
T | Av+iB.(CiB)T (An—An+PALP) Ax

(125)

The adaptation rate matrix is chosen to be I' = 10*/. The matrix P is computed from the Lyapunov equation using
Q = 1. The closed-loop response of the aircraft due to the output feedback adaptive controller with the optimal control
modification is shown in Fig. 11. The response is completely stable. After the first doublet, the pitch attitude tracking
is improved.
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Figure 11: Closed-Loop Response of Aircraft to Output Feedback Adaptive Control with Optimal Control Modifica-
tion

On the other hand, the standard MRAC version of the output feedback adaptive controller can only be stabilized
for a very small value of the adaptation rate matrix. The closed-loop response of the aircraft due to the standard MRAC
output feedback adaptive controller with I" = 10731 is shown in Fig. 12. The pitch attitude response is seen to be better,
but the angle of attack response is slightly worse than that with the optimal control modification. Also, the standard
MRAC is highly sensitive to the adaptation rate matrix and cannot tolerate a larger value of 1073/ In contrast, the
optimal control modification can tolerate a much larger value of the adaptation rate matrix. Because of the presence of
the damping term in the optimal control modification adaptive law, an implicit integration can be implemented. This
permits the adaptation rate matrix to be set as high as 10'#] in the simulations.

22



(o2}
g —a—a,
t 0 W
3
_10 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
t, sec
® 20 T T T T T . .
E q
= —aq Yy
) AN AN ~
© 0OF \Va
E W
[on
O: _20 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
t, sec
I T —— ; ; ; ; : :
57 by,
= 0 W
E
>
QS‘ 5 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
t, sec

Figure 12: Closed-Loop Response of Aircraft to Output Feedback Adaptive Control with Standard MRAC

5.2 Observer-Based Design

The observer state-space model of the plant is constructed as
$=(A+AA)2+L(y—9)+Bu (126)

where AA (1) is estimated by the following adaptive law:

AT =Tyt (eTP +elW+ n)eTAATPA,;l) (127)
The nominal controller is designed as
Unom = KxX+ K, r (128)
where K, and K, are computed from the LQR solution for the plant model.
The observer-based output feedback adaptive controller is then designed as

U = Upom + AKX (129)

where AK, is computed from the following adaptive law:
AK] =T <eTP+ w?TAKTBTPA,;l> B (130)

Figure 13 shows the closed-loop response of the aircraft to the observer-based output feedback adaptive controller
with the optimal control modification using v = 108 which stabilizes the closed-loop plant for I'y = 10*I and without
AA (t) estimated. The P and W matrices are computed from the Lyapunov equations using Q = R = I. The nominal
LQR controller is designed with Q = 10 and R = I. The Kalman filter observer is designed using Q = R= G =1. The
tracking performance of the pitch attitude with the observer-based output feedback adaptive controller is worse than
that with the output feedback adaptive controller.
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Figure 13: Closed-Loop Response of Aircraft to Output Feedback Adaptive Control with Optimal Control Modifica-
tion

In contrast, the standard MRAC version of the observer-based output feedback adaptive controller performs worse
than the optimal control modification. The adaptation rate matrix for the standard MRAC is highly sensitive and can
only be set to a small value. In the simulations, I'y = 10~* is chosen for the standard MRAC. The pitch attitude
tracking is much worse with the standard MRAC than with the optimal control modification, as shown in Fig. 14. The
pitch rate response shows a high frequency signature.
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Figure 14: Closed-Loop Response of Aircraft to Output Feedback Adaptive Control with Standard MRAC

Examining the norm of the P matrix, it is seen that ||P|| = 1.9322 x 103. In comparison, for the output feedback
adaptive controller design, ||P|| = 2.8521. The large value of the P matrix thus effectively prevents the adaptation
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rate matrix for the standard MRAC from being set to a reasonable value. A simulation of the standard MRAC with
the normalized P matrix is implemented. The normalized P matrix is obtained by dividing the computed P matrix
from the Lyapunov equation using Q = I by its norm. This allows the adaptation rate matrix to increase to I'y = 10.
The closed-loop response to the standard MRAC is improved with the normalized P matrix, as shown in Fig. 15.
Comparing to the optimal control modification, the closed-loop response to the standard MRAC with the normalized
P matrix appears slightly worse since high frequency contents in the pitch rate can still be seen.
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Figure 15: Closed-Loop Response of Aircraft to Output Feedback Adaptive Control with Standard MRAC Using

Normalized P Matrix
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Figure 16: Closed-Loop Response of Aircraft to Output Feedback Adaptive Control with Standard MRAC and AA (1)
Estimation Using Normalized P and W Matrices
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Figure 16 is the closed-loop response to the standard MRAC with the normalized P matrix and AA () estimated
in the observer design using I'4 = 10 with the normalized W matrix. The pitch attitude tracking is much improved
over that without the AA (t) estimation. The angle of attack response, however, is worsened. Comparing to the output
feedback adaptive controller with the optimal control modification, the closed-loop response appears to be slightly
worse.

6 Conclusions

An output feedback adaptive control method based on the optimal control modification is presented. The method is
shown to be able to stabilize SISO systems with relative degree 1 by taking advantage of the linear asymptotic property.
This method is extended to non-SPR MIMO systems. A stability condition is established to ensure that the standard
MRAC can achieve a stable output feedback adaptation. When this stability condition is not met, the optimal control
modification can still achieve a stable adaptation, but the standard MRAC results in instability. The potential degraded
tracking performance of the output feedback adaptive control for non-minimum phase systems can be addressed by
observer-based output feedback adaptive control using the Luenberger observer design. The optimal control modifica-
tion demonstrates the ability to achieve a stable adaptation for observer-based output feedback adaptive control in the
presence of the mismatch between the non-SPR plant and the SPR reference model which otherwise causes instability
for the standard MRAC. Simulations for a flexible wing aircraft demonstrate the effectiveness of the optimal control
modification for output feedback adaptive control.

References

[1] Astr(jm, K. J. and Wittenmark B., Adaptive Control, Dover Publications, Inc., 2008.
[2] Ioannu, P. A. and Sun, J., Robust Adaptive Control, Prentice-Hall, Inc., 1996.
[3] Narendra, K. S. and Annaswamy, A. M., Stable Adaptive Systems, Dover Publications, 2005.

[4] Nguyen, N., “Adaptive Control for Linear Uncertain Systems with Unmodeled Dynamics Revisited via Optimal
Control Modification,” AIAA Guidance, Navigation, and Control Conference, AIAA-2013-4988, August 2013.

[5] Nguyen, N., “Optimal Control Modification for Robust Adaptive Control with Large Adaptive Gain,” Systems &
Control Letters, 61 (2012) pp. 485-494.

[6] Lavretsky, E. and Wise, K., Robust and Adaptive Control, Springer, 2012.

[7] Lavretsky, E., “Robust and Adaptive Output Feedback Control for Non-Minimum Phase Systems with Arbitrary
Relative Degree,” AIAA Guidance, Navigation, and Control Conference, AIAA-2017-1490, January 2017.

[8] Slotine, J. -J. and Li, W., Applied Nonlinear Control, Prentice-Hall, Inc., 1991.

[9] Hsu, L., Teixeira, M. C. M., Costa, R. R., and Assuncao, E., “Necessary and Sufficient Condition for General-
ized Passivity, Passification and Application to Multivariable Adaptive Systems,” 18th International Federation of
Automatic Control World Congress, August 2011.

26



