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Abstract This paper addresses the adaptive passivation of multi-input multi-output (MIMO)
non-linear systems,with unknown parameters. The class of MIMO non-linear systems considered
here has an explicit linear parametric uncertainty and it is made equivalent to a passive system by
means of an adaptive controller with adaptive laws specially designed, which include suitable
time-varying gains. The solution presented here is an extension of that obtained by the authors for
single-input single-output (SISO) systems. The proposed algorithm was applied, at simulation level,
to models of dynamical MIMO systems, to exemplify the controller design methodology and to
observe the adaptive system behavior.

1. Introduction
Over the last years, passivity of dynamical systems has been extensively
studied and discussed for the case of non-linear systems when plant
parameters are known (Byrnes et al., 1991; Hill and Moylan, 1977; Lin, 1995).
Currently, the interest has switched to passivity when the model of a system
contains uncertain elements such as constant or time-varying parameters that
are not known or imperfectly known. Several results have been reported in
control literature to solve the adaptive passivation of single-input single-output
(SISO) systems using different kind of methods (Castro and Duarte, 1998;
Fradkov and Hill, 1998; Kanellakopoulos, 1993; Kaufman et al., 1994; Kokotovic
et al., 1997; Krstic and Kanellakopoulos, 1995; Lin and Shen, 1999; Sepulchre
Emerald et al., 1997; Seron et al., 1995; Su and Xie, 1996). The most interesting case is
certainly the multi-input multi-output (MIMO) which has not been studied in
such detail.
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In this paper, a MIMO non-linear system with a Lyapunov stable zero
dynamics is considered. The system structure is assumed to have explicit
linear parametric uncertainties. An adaptive controller is designed for this class
of systems, so that it is made feedback equivalent to a passive system. The
controller is a static state feedback whose parameters are updated using
adaptive laws suitably obtained. The adaptive laws contain time-varying
gains, which allow to handle the transient system behavior. It is shown that,
under mild assumptions, the resultant closed-loop system is equivalent to a
passive system; hence asymptotic stabilization of the adaptive system can also
be obtained by output feedback (Byrnes et al, 1991). The algorithm presented
here is an extension of the results given by Duarte et al (2001), for the case of
non-linear SISO systems with unity relative degree.

The proposed methodology was applied to models of dynamical MIMO
systems, to analyze the adaptive system behavior and to compare with the case
of constant adaptive gains (Duarte ef al, 2002). The results obtained by
simulation indicate that transient behavior of the controlled system can be
improved by using time-varying gains.

The paper is organized as follows. In Section 2, some basic definitions and
results about MIMO passivity are recalled. In Section 3, under mild
assumptions, an adaptive controller with adaptive laws specially designed
(including time-varying adaptive gains) is presented. This controller
transforms the uncertain non-linear system into a passive system. The
adaptive control scheme is applied and evaluated through some numerical
simulations in Section 4. Finally, some conclusions and remarks are given in
Section 5.

2. Basic concepts of MIMO passive systems

In what follows we will give some basic definitions and concepts concerning
passivity of MIMO systems, following the ideas and notation presented by
Byrnes et al. (1991). Let us consider a MIMO non-linear system of the form

& =f)+Gu, y=Hx) ey

where x € %" is the state, u € #” is the input, y € #™ is the output, f € %™
and G, H € 2" . Function f and the m columns of G are C * vector fields, and
H is a smooth mapping (i.e. C ®). It is assumed that the vector field f has at least
one equilibrium and without loss of generality we can assume that f(0) =0
and H(0) = 0 (in case this is not true, a state shift will be needed). Let % be the
set of admissible inputs that consists of all R™-valued piecewise continuous
functions defined on R. Let us also assume that for any » € % and x° =
x(0) € R”, the output y(t) = H(D(t,x°, u)) of system (1) is such that

t
/ lyT(s)u(s)lds < oo, for all ¢ =0,
0
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i.e. the energy stored in system (1) is bounded. ®(#x ° %) denotes the flow of
(%) + G(x)u for any initial condition x° € R"” and for any » € %. Such a
property is present in many practical systems and has been widely exploited
for control purposes.

We will recall some passivity properties as well as some stability properties
of MIMO passive systems in accordance with the results of Byrnes et al. (1991)
and Hill and Moylan (1977).

The system (1) is said to be C”-passive if there exists a C” non-negative
function V : R" — R, called the storage function, which satisfies V' (0) =0,
such that forallu € %, x" € R", t =0

t
Vi) — V') = / v (s)u(s)ds. (2)
0

Accordingly, system (1) is said to be locally feedback equivalent to a C"-passive
system, or just locally feedback C"-passive, if there exists a state feedback of the
form u = a(x) + B(x)w, where a(x) and B(x) are smooth functions defined
either locally near x = 0 or globally and B(x) is invertible for all x, such that, for
the closed-loop system, the following inequality is satisfied:

. aV\!
V(x) = ( a;(CX)> [f(x) + G)ax) + G pw] =y w 3)

where V' is a C” storage function. Condition (3) is the differential version of
condition (2) for passive systems.

If one makes the assumption that LgH(x) = [0H/9x]G(x) # 0 in a
neighborhood of x = 0, then system (1) has a so-called relative degree p =
1,1,...,1} around x =0, and there exists a new set of local coordinates
{x) = (2(x),y = H(x)), with 2(x) = [21(x) - 2,—1(x)]", under which system (1)
can be represented in the normal form (Byrnes et al., 1991)

y=a(y,2)+B(y,2u, z=c(y,2) 4)

where B(y, z) is invertible for all (v, z) near (0, 0). The zero dynamics of a system
describes the internal dynamics which is consistent with the external
constraint ¥ = 0. For system (4), the zero dynamics is given by

z2=¢(0,2) == fo(2). )
It is shown by Byrnes et al. (1991) that system (4) can be written as

y=a(y,2)+B(y,2u, z=fo@@)+P(y,2)y (6)

where P(y, z) is a C® matrix function of dimension m X (n — 1).



Another two important concepts on the zero dynamics of system (1) are
locally munimum phase and locally weakly munimum phase. Suppose that
LcH(x) = [0H /9x]G(x) # 0 in a neighborhood of x = 0. Then system (1) is
said to be locally minimum phase if its zero dynamics is asymptotically stable in
a neighborhood of z= 0. On the other hand, system (1) is said to be locally
weakly minimum phase if there exists a positive differentiable function Wy(2),
with Wy =0, such that Ly Wy(z) =[0W,/dz]f0(2) =0 for all z in a
neighborhood of z = 0.

A geometric characterization of systems that can be made C2-passive was
given by Byrnes et al. (1991). They proved that a system (1) can be made locally
feedback equivalent to a passive system with a CZ-positive definite storage
function, if and only if system (1) has a relative degree p = {1,1,...,1} at
x = 0 and is locally weakly minimum phase (see Byrnes et al. (1991), Theorem
4.7) The global feedback equivalence of system (1) to a CZ-passive system is
based on the existence of a global defined diffeomorphism which transforms
this system into another one having the so-called globally defined normal form
(see section IV of Byrnes et al. (1991) for a more detailed discussion of this
equivalence).

It is also useful to characterize the stability properties of a passive system. In
this sense, suppose that system (1) has been made locally feedback equivalent
to the CZpassive system

& = f(x) + G)a(x) + G PEw = fix,w), y=H(x). (7

If, in addition, system (7) is locally zero-state detectable[1], then its
equilibrium x = 0 can be made locally asymptotically stable via the output
feedback

w=—¢ey) ®)

where ¢ : 2" — #™ is any smooth function such that ¢(0) = 0 and y T ¢(y) >
0 for each y € #™ (Byrnes et al., 1991).

3. MIMO adaptive feedback passivity

Motivated by equations (4) and (6) and the geometric characterization of
feedback passive systems recalled in the previous section, we will consider a
MIMO non-linear system with linear explicit parametric dependence expressed
in the normal form, 1.e.

9= Aga(y,2) + NpB(y,2)u, 2= Aofo@) +PT(y,2)Apy )

with
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[ Aﬂn /\1112 )‘tlln i [ )‘bu AblZ Ablm
Adﬂ /\azz )‘ﬂzfz /\521 Abzz o )\me
Aa = . . . . E ‘@mxm’ Ab =
/\anl A51)12 Adim Abml /\bml bmm
e %7nxm7
[ /\011 )‘012 o )‘Oln ] i )‘Pu Apl2 o Apln i
)‘021 )\022 o )‘OZn A,Dm /\1722 o )\Pzn
Ao=1 | EATN, S
)\Onl /\0712 )\Orm /\pnl /\pn2 e Apnn
c %mxm7

wherez € 2,y € A", u € A", a(v,2) € A", B(y,2) € #"™™, fo(z) € %",
P(y,z) € #™". Matrices A,, A;, Ao, A, represent constant but unknown
parameters, belonging to a compact set ).

The following assumption regarding matrix B(v, z) is introduced.

Assumption 1. The term B(y, 2) in system (9) is such that B ~ 1(, z) exists in
a neighborhood of (0,0).Let us assume that the true values of plant parameters
are A € A", A, € B, A e R, A € 2" . The nominal system
cons1dered in th1s Study 1S System ) under Assumptlon 1, with true values A
Ay, Ay A

9= Aya(y,2) + AyB@, 2)u,
z=Nyfo@ + Pl (y,2A

Assuming that the parameters are unknown, the problem of designing a
controller whose parameters are adaptively adjusted, and that renders the
system (10) passive (equivalent to a passive system), is now considered. To do
this, a basic assumption is introduced in the stability properties of the zero
dynamics z = A, fo(2).

Assumption 2. System (10) is a locally weakly minimum phase, i.e. there
exists a positive definite differentiable function Wy(z) that satisfies

(10)



T
<a VI;;@)) Agfo@) =0, VA;€Q C 7™

in a neighborhood of z = 0.

When the parameter true values are known, one can straightforwardly
verify, under Assumptlons 1 and 2, that system (10) can be made locally
feedback equivalent to a C 2-passive system with storage function (Byrnes et al,
1991)

V(y,2) = Wo) + 1/2)"y

by means of the feedback

u(y,2) =B (32N, [~ Aga(3,2) = AP(, )aVZO(Z)Jr

where p;i(y, 2) for i =1,2,...,m and j =1,2,...,n; and 9 Wy(2)/dz; for i =
1,2,...,n, the entries of the matrices Py, z) and o W(2)/0z, respectively, are
smooth functions. The signal w is the new input.

Recognizing the difficulties in knowing the exact values of the true plant
parameters, an adaptive solution to the passivation problem is presented. Since
the proposed solution for the adaptive case relies on some knowledge on AZ,
three cases will be considered in what follows.

3.1 Case of A;, diagonal

We first address the problem of adaptlve passwauon of system (10) when

parameters are unknown and A, € 2" is diagonal and invertible. The

following assumption regarding the knowledge of the sign of A is made.
Assumption 3. The sign of all the elements of matrix A are known and has

the following form:

A, 0 0]

0 AZQ 0
A= ea

0 0 Azm

Then, the solution of the feedback adaptive passivity problem stated earlier is
given in the following theorem.

Theorem 1. Consider the non-linear system (10) with unknown matrices
and suppose that Assumptions 1-3 hold. Then, the controller
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0(2)

u(,z,0) =B~ 1(3,2) [01(t)a(y,Z)+02(t)P(y,Z) + G(Hw(@)|,

. . 1 .
Dy (1) = (1) = — %Fl l(t)y(t)aT(y,Z)SIgn(Ab),
11)

aWo(2)

. . 1
B, (1) = bo(t) = ——T5 ' (W (l‘)<

ey > P (y,2)sign(Ay),

. . 1 . *
Dy, () = 3() = — wrg LtwtwT (#)sign(A)),
where,

@) = —Tia(y,2)a" (3,2T11), Tit) >0

T
Iot) = —Fz(lf)P(y,Z)aa—Z @—t;) PT(y,2)la(t), Ta(ty) >0 (12)
[3(t) = —Tawdw @O3@), Tate) >0

makes the system locally feedback equivalent to a C %-passive system from the
mput w(t) to the output y(f). Matrices 61(t) € Z"™", (1) € Z"™", (1) €
A" are the controller adJustable parameters. The matrlx sign (Ab) e "
denotes a matrix containing the sign of each element of A The normalization
factor

alt) = \/1+ Trace[I2(0) + Ty %(0) + T3 20)] > 1,

was defined based on system stability. The deviation variables (parameter
errors) are defined as @y, (1) = 61(t) — 6], <D92(t) = Oy(t) — 0 and @y, (1) =
05(t) — 6. The ideal values are defined as 6 = —A; ‘A, 0 A*_IA;T
and 0 = Ab , as will become clear in the proof

Proof Let us choose the following storage function candidate for systems
(10)-(12):

1 1
V@,Z, q)ol, CDOZ, q)\‘}'g) = % W()( )+ —%J’ y + = Trace [|Ab‘<l)gll“1€bgl
HAb‘(bgz 931“3(1)93}
(13)

where matrix \A ‘ € 2" denotes the matrix containing the absolute values
of each element of matrix Ab The time derivative of V(y,z, ®g , Py, Po,)
along the trajectories of systems (10)-(12) is



a1 1 . 1la/1 1 Adaptive
V_5?<35)W%+7R5W6+§at<mn>yy+"75yy passivation

+ Trace ‘A |CI> @y + ‘A {CID qu)gl
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+ Trace \A;|<i>§2r2<p92 \A o) 1“261)92

+ Trace | ]|, T, + £ [A]|0] 15y,

First we replace
. 9 T
Wo = (— W0(2)> z
0z

and substitute Z and y from equation (10). Next we replace the adaptive
laws given by equation (11) and the time-varying gains given by equation (12).
Thus we get

T T
2 G) (mrp) +1 (50) sine+; (Vo) Ploany
Y a\ 0z 0z

lyTA a(, z)+—yTAbB(y 2)u —lTraceUAb\&gn(Ab) ay T @y

+|Ay|sign(A}) P%yTrngr2q>92+|AZ\sign(A;) wyTrngrgcpas}

1Trace

aWo@) (0Wo@)\
5 |Ay| @y T1aa T @4, + |A)| @y ToP 2”( ag( )) P'T,®,,

+[ Ay | @, Tsww Tsdg,

Since T';(t) = T} (t) > 0 for i = 1,2, 3, we have

T
FgPaWZ(Z) (a VZZ(Z)> P Tody, > 0

|A;|®g Taa TPy,

and
| A} @5 T30 T34, > 0.

Replacing the control input «(f) from equation (11) then we can write



K 0 (1 1 1 /0Wo@\" . 1 /oWo@N\ " .
32,9/10 VS;;(;) <W0+2 Ty> +5< ag(z)> Aofo(2)+a< aZ(Z)> Pl (y,2)A,

dWo(2)
z

T oo« T oo« I oo«
+- A 00,2) +—y A (Daw,2) +—y A (OP,2)

1350 + lyTAb O3(Hw — l’I‘race [Abay Dy + AbPa—Woy Dy, + AbwyT®93]
o

Using the property of two vector a™b = bTa = Trace(ab™) = Trace(ba™), we
can write the terms inside the trace function as follows:

Trace[Ayay  ®g, ] =y dg Aja, Trace [A Pﬂqu)92:|

oW, ¥ "
=y Dy A, P— and Trace[Ajuy @] = yTDg Ajw.

Replacing these terms in the previous equation, we have
o (1 Lor 1 (aWo@\" .
< — | — —
V= ot (a) <W0 3 27 > + a ( 0z Aofo(@)

1 /oWa(z T . 1 s 1 *
- < ag( )> PT(y,2)A + ayTAaa(y,Z) + ayTAbela(%Z)

Woz )
0z

0 Wo(Z)

1 % a
- EyTA,, 0P(y,2)

1 1 )
T%A P yT®93Abw

Since 61. = 0;(t) — Py (?), for 1 = 1,2,3, we can write

a1 1 p
V=5 (@) (o)

1 (0W(2) IWo(2) e 1 g
+5< ag ) Ao fo@ += < ag )PT(y,z)ApwaayTAaa(y,z)

0 WO(Z)

+EyTAb91a(y,z)+;yTAb62P(y, 2) TA O

Since



0z

1 (aWo()
o 0z

> PT(y,2)A = —yTA*TP(y, )(GWO(Z))

we can regroup the terms as follows
L _a (1 1o\, 1aW@)",- 1 oq e | o
< | — — —
V_at<a>(W0+2 y>+a< " A0f0(2)+ay (A, +A,6))a

0 WO(Z)

+1yT(A;T+AZe;)P yT(I =T+ A6 w

Let us define the ideal values 0 for1=1,2, 3 as those Values satlsfymg the
following three equations; A, —I—A 0, =0,ie.6;=—A, A A + A, 6,=0,

Le. 02 = —Ab 1A*T, and I+Ab A =0, le. 03 = Ab 1. Replacmg these
definitions in the previous equation, we have

. 1 1/0Wo@)\ " . 1
V=- <W0+ T >+—( 0(2)> Aofo(2)+—yTw
a? o 0z o

By Assumption 2, (3 Wo(z)/ az)T A 0 - fo(z) =0, and since W, is a positive definite
function, a(f) should satisfy the following two conditions: &/a?=0 and 1/a>
0. The normahzatlon factor should also be useful to bound I, L(#) (since
I';(t)>0 and tends to zero as time goes to infinity, I';’ N0, dlverges ). One
interesting choice of the normalization factor a(?) is motlvated by the recursive
least squares (RLS) method (Ljung and Soderstrom, 1985) and it is given by

olt) = 1/ 1+ Trace [y (1) +T5 (0 + 15 °(0)

From equation (12), we know that I';() > 0 for i =1,2, 3, then the normalization
factor is such that 0 < a ~1(#) < 1. Finally, we can write

1
V= ayTw =yTw

Thus, the closed-loop system is C2-passive from w to . _ O

Remark 1. From the proof of Theorem 1, it happens that V' = 0 for the
closed-loop system (10)-(12) when w = 0. Thus, since V(y,z, @y, , Pg,, Py,) 1s
positive definite, one has that this closed-loop system is locally stable (in the
sense of Lyapunov) when the input is zero. Also notice that, though the above
result 1s local, a global version can be obtained if Assumptions 1 and 3 hold
globally.

Remark 2. Notice that if in the closed-loop system (10)-(12) the state
variables (v, z) are, in addition, locally zero-state detectable, then its equilibrium
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K can be made locally asymptotically stable via the output feedback (8),

32,9/10 e.g. w = —Ky, with K > 0 (positive definite), while the controller parameters
0;(t), 1=1,2,3, converge to bounded constant values. Also, in the proposed
solution, the unknown matrices parameter A, A’ A A are not estimated,
instead the controller parameters 6,(f), i = 1, 2 3 are dlrectly ad]usted

1352 Remark 3. I_n order to ayoid ma‘grix inversion, time-varying gains are
implemented using the following matrix property

%(I‘_l(t) =T Yororo.

Thus, the adaptive gains are implemented as

d _
4 (T7'®) = —a@,2)a’ 1,2), T{'(to) >0

%(Fz_l(t))——P(y,z) <GZ> PY(y,2), T,'t) >0 (14)

d, _
O (T5'®) = —wtyw @), T3'(tg) >0

3.2 Case of A General
The solution of the feedback passmty problem for the case when A Is a
general and invertible matrix, is given in the following theorem. The 1dea of
having this particular control law for u(f) was taken from Narendra and
Annaswamy (1989).

Theorem 2. Let us consider the non-linear system (10) with unknown
matrices and suppose that Assumptions 1 and 2 hold. Then, the controller

Wo(z)

u(y,z,0) =B~ (y,Z)[Os(t)Gl(t)a(y,Z)JrOs(t)Hz(t)P(y,Z) + 6s(Hw |,

Dy () = bi(t) = — %Ffly(tmT(y,z),

. . 1 oW
D, (1) = bo(t) = — o ry (t)( O(Z)> PY(y,2),

. 1
Dy, (1) = _%g LYuTHBT,  or

. 1

Os(t) = — o0 T5tos(hytu " (B 05(0)

(15)
with



I =-Twaa'T1, Ti(t) >0

T
8W0<Z>> <8W0(2)> PTTy, Talty) >0 a6
0z 0z

I's = —T3Buu'B'Ts, Ts(ty) >0

Iy = —F2P<

makes the system locally feedback equivalent to a C%-passive system from the
mput w(t) to the output y(f). Matrices 61(f) € Z"™", O,(t) € Z"™", 05(t) €
A" are the adjustable controller parameters. As in the previous case, the
normalization factor

alt) = \/1+ Trace[I 2(0) + Ty %(0) + T3 2(0)] > 1,

was defined based on system stability. The deviation variables (parameter
errors) are defined as @y, () = 6,(¢) — 61, <I>92(t) = 05(1) — 02 and Py, (1) =

0; ' — 651(+). The 1dea1 values are defined as 6] = —AZ Lo, =—A; IA*T

and, 6; = A, " or (63 ' = A) as will become clear in the proof.

Proof.  Let us choose the following storage function candidate for systems
(10), (15) and (16):

1 11
V(y,Z, CD011(I)927CI)03) =—W O(Z) +__yTy
o' 2a

1
+ éTrace [(I)’gl qu)g] + 43321“2(1)92 + <I>93F3<1333 .
an

The time derivative of V(y,z, @y, Py, Py,) along the trajectories of systems
(10), (15) and (16) is

9 (1 1 1o (1\ ¢ 1 4
V= at()Wo Wo+zat<>yy+ayy

+ Trace| by, I g, + by, Ty, + by sy |

1 . . .
+ Trace | © 1y, + B, Poby, + @ sy

Substituting

. 9 T
Wy = (a_z W0(2)> z,
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K replacing ¥ from equation (10) and replacing the adaptive laws and adaptive

32,9/10 gains from (15) and (16), respectively, one obtains
(1 1 (aWo@\",  1d (1 S I
_&<E>WO+&< o2 >Z+26t vy + yAa+ yABu
1354

1
+ Trace [— —ay"T T ®y, — —P (a VI;;@)) T, 1Ty,
04

1
— “Buy' ;T
o uy 3 3 03 2

1 oW,
Trace[cb T1aa"T; @y, + O F2P< 32(2)>

T
X (@) PTT3®y, + @, TsBu B Ts®y,

Replacing z from equation (10), substituting the control input #(¢) from equation
(15) and considering that

aWo<z>) <a Wo@\ "

q)}‘lrlaaTrlcpgl>o,cp"gzr2P< > > > PTyd,,

>0 and @ sBuu’ B T3dg, >0,

we can write

T
=9 G) [Wo +1 Ty] +% <a WO(Z)) Afo@)+

ot 2 0z

1 (0Wo)\" .
« 0z

1 3 1 ES
+— YA a@,2) + - A 03601409, 2)

0 WO(Z)
0z

1 ¢
+;yTA,')0302P(y, 2) TA s O30

oWo(2)
0z

1
- aTrace [anybgl + P(y,z)( >yT(I>92 + Bude)@3 .

Using the property that two vectors b = bTa = Trace(ab™) = Trace(ba™),
we can write



Trace[ay T ®y,] =y Dy a Adaptive

passivation
Trace [P (78 I/ng(z)> yTCD32:| = yTCI)gzP(y, 2) (a VZZ(Z)>

Trace[Buy ®g,] = y ®y,Bu 1355

Replacing these terms in the prev1ous equation and noting that ®y, = 6 — 6],
Dy, = 6 — 02 and @y, = BZ_ — 03 , we can regroup the terms to obtain

__a (1 1.1 1/0We@\" .
v= g () o] o (M) Mo

T
o (o) Proany + N
o' 0z o'

9 WO(Z) TA 037/0

1 E 1 3k
+ A 0361007,2) + YA B 6P, 2)

1 1 oWz 1
VT ®ya— 30, PO, >( L )> — Ty Bu

The term 1/a (dWo(2)/02)" PT(y,2)A,y can be written as 1/« yTAZTP( v,2)
(0W(2)/09z). Therefore, we have

L _0 (1 1.7, 1 /aW@\" -
V=g (o) o] +o (M) e

—yT[A, + Ay 056, — Dy, |a

—yT [ApT + Ab9302 — CDgJP@,Z)( O(Z)>

0z

. 1
—y A0 +1 —IJw— ~y"dyBu
o

Let us define the ideal values



K N+ NGO =0, Qe 6 =—6ATAT = —A

a’

32,9/10 A+ NG =0, Qe 6= —6A AT = —AT
NG —T=0, ie 6=A"" or (671=A).
1356 We also define the deviation variables as @4 = 6; — 6], ®p, = 6, — 6, and

by, = 0;’1 — 6y 1. Replacing these definitions in the previous equation and
regrouping the terms we have

o _ 0 (1 1 +] 1 /0W@\" ..
V_at<a) [W0+23’ J’]‘Fa( pye >Aof0(2)

1 .
+ayT[(I)91 + (657105 — 1) 61 — Dy ]a,2)

1 ‘o oW
+&yT[cI>(,3 + (657105 —1)6, — (I)gz]P(y,z)< ag(z))

1 o 1 1
+—yT(9§; 1g; — Hw +=yTw — =yTd, Bu
o o o

Since 6; 163 — I = ®g, 65, we can write

T
V = i <1) [WO + 1yTy] + l (8 WO(Z) 1) Agf()(Z) + lyTw
a 2 a a

ot 0z

oW (2)
0z

1 1
+ aqu)gs [030141@,2) + 9302P(y,2)< > + 037/0:| - 1y, Bu

Recognizing the term Bu in the above equation, we have

a1 . 1 oW\ . .
V55<;> {Wo-i-éy y}ra( v >A0fo(2)+ay w

Choosing the same normalization factor

a(t) = \/ 1+ Trace[I %) + Ty %) + T3 20)

as in Section 3.1 and using its properties, we obtain

1 (aWo@\ " L. 1
Vs-( 0(2)) Ay fo@) +—yTw
I} 0z o

From Assumption 2, we obtain
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Finally, since 0 < a < 1, we obtain
=< yTw, 1357
Thus, the closed-loop system is CZpassive from w to y. O

Remark 4. Notice that Remarks 1-3 are also valid in this case, as in the
previous case of A, diagonal.

Remark 5. 1t is important to notice that the adaptive law for parameter 65(f)
is implemented using the property of the inverse matrix as follows:

Ay (t) _ d
e dt

. _ d _ _ . _
(6571 —65'() = % (—=651(0) = 010365 (1)
= - %FE Ytwu ' B (1),

therefore, we adjust the parameter 65(¢) as

. 1 _
ba(t) = —— 6115 Ytwtyu T (OB o5(t).

Thus, no inversion of 65(¢) is needed.

4. Simulation examples

In what follows, the methodology proposed in Section 3 is applied to the case of
multivariable plants. First, the diagonal case is considered and then the general
case. In both cases, a simple controller of the form u(f) = —Ky(t) is applied
where K is a positive definite matrix.

4.1 Plant with Ay, diagonal
Let us consider the multivariable plant defined by equations

¥ = Aa(y,2) + AB(y,2)u,

£=Nyfo@ + P (y,2A,y

with
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1 0] (2 0
A, = E A, Ay = € #*?,
01 03
(1 0] r—2 —3
Ab= EA*?, A, = € %2,
01 -4 -1
[ —n(Oz@) 2 a1 ya(b) .
) ): E g N ’ - % * ?
WA= _gatrnity? POD= Lt o)
(21O (D) + (1 — 22(0)°)  (Bsin(y1 (1) — 1)°
B(y,2) = . R,
sin(e 2®) + zy(4)? 2o(H)*ya(t)zr (1) + 1
—z1(f) »
p— %x
fo(2) o) €

This is the same system used by Duarte ef al. (2002) for the case of constant
adaptive gains, and it was chosen for comparison purposes.

Following the methodology proposed in Section 3.1, where AZ is diagonal,
the controller for this case has the form:

u(y,2,0) =B" (y,Z){Ol(t)a(y,Z)JrOz(t)P(y,Z) ()+03(t) @01,
by (1) = bi(t) = —%F (hya’ (y,2)sign(Ay), .
by (t) = bo(t) = —ab) Sty (t)(aWO(Z)> P, 2sign(A}),
<i>aj<t>=93<t>=—%r (yw” tysign(Ay),

where
S T -1
Iy &)= —a(y,2a (y,2), Iy () >0

T
aWo@) <3W°(Z)> Pi(y2, T3>0  (20)
0z 0z

I, () = —P(w)(

') = —ww™®), Tj'(t) >0



alt) = \/1+ Trace[IX(0) + Ty %(0) + T3 20)] > 1,

with 61(£) € #%2, O(t) € B>, 65(t) € %%, T1(t) € #*2, To(t) € R*?,
T's(t) € %*2. The ideal controller parameters are in this case

. —0.5 0 . —0.05 02
b = 0 —0333| b, = 01 —0.0667 |’

. -05 0
03 = 0 —0333|

The plant initial conditions were chosen as y1(0) = —1, y2(0) =1, z;(0) =
—1.5 and 2z5(0) = 0.5. Controller parameters initial conditions were all set to
unity and the best values for I.C. adaptive gains were sought by trial and error.
These turn out to be

1 0
[y (k) = Ty ' (t) = T3 ' (to) = [ ] :

0 1
Figure 1 shows the evolution of the plant outputs and plant states when
feedback matrix gain K = —I. Figure 2 shows all the controller parameters as
time elapses. In Figure 3, the evolution of time-varying gains is presented. It
was observed that I.C. for I'j(fy) for i =1,2,3, can improve the transient
behavior of the system, conversely to the case where constant adaptive gains
are used.

Later, under the same conditions of previous simulations, the feedback gain
was increased to K = —10/, observing an important improvement in the
system behavior. This is shown in Figures 4-6, where the control range is
reduced and speed of converge is diminished.

Note that the methodology presented in Section 3.2 where the sing of AZ 1S
not known, can also be used in this case. If so, the controller will have the form
shown in equations (15) and (16).

4.2 Plant with a general A,
Let us consider the same plant as in Section 4.1 but with a non-diagonal matrix
AZ. Let this matrix be defined as

2 5

Ay = -1 3

2x2
€ #*?2,

From Section 3.2, the controller becomes:
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Figure 1.

States and outputs for
the diagonal case
(non-zero initial
conditions and unity
feedback)

Figure 2.

Controller parameters for
the diagonal case
(non-zero initial
conditions and unity
feedback)
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Figure 3.

Evolution of the
time-varying gains for
the diagonal case
(non-zero initial
conditions and unity
feedback)

Figure 4.

States and outputs for
the diagonal case
(non-zero initial
conditions and feedback
gain K = —10[)
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Figure 5.

Controller parameters for
the diagonal case
(non-zero initial
conditions and feedback
gain K = —10[)

Figure 6.

Evolution of the
time-varying gains for
the diagonal case
(non-zero initial
conditions and feedback
gain K = —10[)
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u&&@=B”w@PﬁWﬂm&@+%@%@H&@M$®+%@w,

. . 1

¢ﬁa)=0un==—zg5rlwamT@zx

Dy, (1) = o(t) = mﬁﬂ%ngP&& 1)
. 1
Dy, (1) = —mg LywuT»BT, or

. 1

() = — ——T5 1 os(wOu T )BT 65()

a(t)

It = —aw,2a v,2), T;'(o) >0

T
)PT(y,z), ) >0 (22)

F;l(t) _ P2 (a Wo(z)> <8 Wo(z)

0z 0z
[ () = —wdw'®), T3t >0

where matrices 6,(t) € #%2, 6(t) € B>, (1) € %%, T1(t) € #*?,
Ty(t) € #*2, T's(t) € #**. The normalization factor

a(t) = \/ 1+ Trace[I %) + Ty %) + T3 )] > 1.

The ideal values becomes in this case

. -1 0 ) 2 4 . 0.2727 —0.4545
6 = 6 = s = .
1 0o -1 3 1" 3 0.0909 0.1818

A similar study to the one conducted in Section 4.1 was performed here for the
general case.

Figures 7 and 9 show the behavior of the controlled system using the
proposed design methodology for the general case, for plant initial conditions
y1(0) = =1, y92(0) =1, z1(0) = —1.5 and 25(0) = 0.5. Controller parameters
initial conditions were all set to unity and the best values for I.C. adaptive gains
were sought by trial and error. These turn out to be
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Figure 7.

States and outputs for
the general case
(non-zero initial
conditions and unity
feedback)

Figure 8.

Controller parameters for
the general case
(non-zero initial
conditions and unity
feedback)
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The corresponding results are presented in Figures 7-9.

Again, the influence of the feedback matrix gain was explored, increasing it
to K = 10 — I. The results are shown in Figures 10-12, where an important
improvement in the system behavior is observed since the control range is
reduced. No important variation in speed convergence is reached.

In all the simulations, states as well as outputs go to zero as f goes to infinity.
Controller parameters tend to some constant values.

5. Conclusions

In this paper, we introduce time-varying gains in an adaptive controller that
renders a MIMO non-linear system, with linear explicit parametric dependence
and expressed in the normal form, locally feedback equivalent to a passive
system. Time variations of adaptive gains are designed in such a way that local
stability is preserved for the cases of matrix A, diagonal and of general form.
This feature allows the designer to improve the transient behavior of the
resulting adaptive system, conversely to the case where constant adaptive
gains are used. The methodology proposed to design the controller makes use
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Figure 9.

Evolution of the
time-varying gains for
the general case
(non-zero initial
conditions and unity
feedback)
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Figure 10.

States and outputs for
the general case
(non-zero initial
conditions and feedback
gain K = —10/)

Figure 11.

Controller parameters for
the general case
(non-zero initial
conditions and feedback
gain K = —10[)
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of passivity and geometric concepts, and it is an extension of the results
proposed by the authors in the work of Duarte et al (2002). The proposed
controller was also applied and evaluated in models of MIMO dynamical
systems. The controller proved to have a good performance, when compared
with other approaches reported in the literature.

Note

1. A system (7) is locally zero-state detectable if there exists a neighborhood X of 0 such that,
for all x € X, W(®(t,x,0)) = 0 for all = 0 = limy—P(¢,x,0) = 0. It is said to be locally
zero-state observable if there exists a neighborhood X of 0 such that, for all x € X,
WP, x,00=0forallt =0=x=0.

References

Byrnes, C.L, Isidori, A. and Willems, J.C. (1991), “Passivity, feedback equivalence, and the global
stabilization of minimum phase nonlinear systems”, IEEE Trans. Automat. Contr., Vol. 36,
pp. 1228-40.

Castro, R. and Duarte, M.A. (1998), “Passivity equivalence of a class of SISO nonlinear systems
via adaptive feedback”, Proceedings of the VIII LatinAmerican Congress on Automatic
Control, Vina del Mar, Chile, Vol. 1, pp. 249-54.

Duarte, M.A., Castro, R. and Castillo, A. (2001), “Adaptive passivity of nonlinear systems using
time-varying gains”, Dynamics and Control, Vol. 11 No. 4, pp. 333-51.

Adaptive
passivation

1367

Figure 12.

Evolution of the
time-varying gains for
the general case
(non-zero initial
conditions and feedback
gain K = —10))




K
32,9/10

1368

Duarte, M., Castro, R. and Castillo, A. (2002), “Direct passivity of a class of MIMO nonlinear
systems using adaptive feedback”, International Journal of Control, Vol. 75 No. 1, pp. 23-33.

Fradkov, A.L. and Hill, D.J. (1998), “Exponential feedback passivity and stabilizability of
nonlinear systems”, Automatica, Vol. 34, pp. 697-703.

Hill, D.J. and Moylan, P. (1977), “Stability results for nonlinear feedback systems”, Automatica,
Vol. 13, pp. 373-82.

Kanellakopoulos, 1. (1993), “Passive adaptive control of non-linear systems”, Int. J. Adaptive
Control Signal Processing, Vol. 7, pp. 339-52.

Kaufman, H., Bar-Kana, 1. and Sobel, K. (1994), Direct Adaptive Control Algorithms: Theory and
Applications, Springer-Verlag, New York.

Kokotovic, P.V., Krstic, M. and Kanellakopoulos, 1. (1997), “Backstepping to passivity: recursive
design of adaptive systems”, Proc. of 31st IEEE Conf. on Decison and Control, Tucson,
Arizona, pp. 3276-80.

Krstic, M. and Kanellakopoulos, 1. (1995), Nonlinear and Adaptive Control Design, Wiley,
New York.

Lin, W. (1995), “Feedback stabilization of general nonlinear control system: a passive system
approach”, Syst. Control Lett., Vol. 25, pp. 41-52.

Lin, W. and Shen, T. (1999), “Robust passivity and feedback design for minimum-phase
nonlinear systems with structural uncertainty”, Automatica, Vol. 35, pp. 35-47.

Ljung, L. and Soderstrom, T. (1985), Theory and Practice of Recursive Identification, The MIT
Press, Cambridge, MA.

Narendra, K.S. and Annaswamy, A. (1989), Stable Adaptive Control, Prentice-Hall, New York.

Sepulchre, R., Jankovic, M. and Kokotovic, P.V. (1997), Constructive Nonlinear Control,
Springer-Verlag, London.

Seron, MLA., Hill, D.J. and Fradkov, A.L. (1995), “Nonlinear adaptive control of feedback passive
systems”, Automatica, Vol. 31, pp. 1053-60.

Su, W. and Xie, L. (1996), “Robust control of nonlinear feedback passive systems”, Syst. Control
Lett., Vol. 28, pp. 85-93.



