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Abstract: In this paper, a design of an adaptive observer for linear parameter varying
(LPV) systems is proposed. This observer must be able to estimate simultaneously states and
parameters. The estimated parameter vector is used to compute the scheduling functions and
thus interpolate the local linear models. Its conditions of existence and stability are given and
its design is obtained in terms of a set of linear matrix inequalities (LMI). The efficiency of the
proposed approach is illustrated by an academic example.

Keywords: adaptive observer, LPV model,generalized dynamic observer.

1. INTRODUCTION

The estimation problem has been a challenging and open
problem since the knowledge of the state variables is
important for process supervision and control. Unfortu-
nately, the information of the entire state is not always
available due to economic or physical reasons. A solu-
tion for these issues is the design of observers which are
able to reconstruct signals based on measured variables
and a dynamical model which describes the behavior of
the system (Luenberger (1964)). The observer design for
nonlinear systems is often a difficult task in comparison
to linear systems. However, there exist some approaches
to approximate the nonlinear behavior of the system as
the LPV approach introduced by Shamma and Athans
(1991) and Shamma and Cloutier (1993). This kind of
systems depends on time-varying parameters which are
commonly available. The LPV system can be reformulated
in a convex linear combination of linear time-invariant
(LTT) systems when the bounds of parameters are known.

Commonly, the observer design assumes that the param-
eters of the system are known. This fact is not always
true in a practical mean, because unknown parameters are
encountered frequently in physical systems and these ones
can introduce uncertainty in the observer design obtaining
an inaccuracy reconstruction of the state variables. In
this case, the adaptive observers are an efficient solution
to solve this problem due to its characteristic of jointly
estimates parameters and states. In the literature, two ma-
jor approaches have been developed to face the design of
adaptive observer. These approaches are essentially based
on the following points: the unknown parameter vector
is deduced from the stability analysis of a state observer
and the convergence property of the parameter error is
obtained by the persistence of excitation type constraint,
consequently, a parameter adaptation law is proposed.
Many contributions deal with this approach as in Zhang
(2002); Cho and Rajamani (1997); Alma et al. (2018);

and an augmented system for which the adaptive observer
design is elaborated. In this case, the system dynamics are
augmented with the dynamics of its unknown parameters
as in Nagy-Kiss et al. (2015); Bezzaoucha et al. (2013);
Srinivasarengan et al. (2018).

More recently, the study of a new dynamic observer, called
generalized dynamic observer (GDO) has been introduced
for linear time-invariant systems Gao et al. (2016), descrip-
tor systems Osorio-Gordillo et al. (2016) and LPV systems
Pérez-Estrada et al. (2018). This observer is based on Park
et al. (2002); Marquez (2003), where the principal idea is
the introduction of additional dynamics in the observer
and the degrees of freedom added to the structure, with
the purpose of achieving steady state accuracy and to im-
prove robustness in estimation error against disturbances
and parametric uncertainties. The obtained results from
Pérez-Estrada et al. (2018); Osorio-Gordillo et al. (2016)
generalize the existing results on the PO, the PIO and the
dynamic observer (DO) and compare their performances.
It is shown that the GDO has better behavior compared
to the PIO and PO in the presence of uncertainties in the
system.

The contribution of this paper is the design of an adaptive
observer for LPV system which is endowed with the GDO
properties. An academic example is shown to illustrate the
effectiveness of the proposed scheme.

Lemma 1. Consider two matrices X and Y with appropri-
ate dimensions, a time varying matrix A(¢) and a positive
scalar €. The following inequality is verified

XTATH)Y + YTADX <eXTX +e'YTY (1)
for AT(t)A(t) < I.

2. PROBLEM STATEMENT

Consider the following linear system subject to time vary-
ing parametric uncertainty 6(t)
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(1) =A(0())z(t) + B(O(t))u(t) (2a)
y(t) =C(t) (2b)
with A(6(t)) = Ao + 772, 0;(t)A;, B(O(t)) = Bo +

i, 05(t)B, 0;(t) € [0, 03] and ngy is the number of
unknown parameters. z(t) € R™ is the state vector,
u(t) € R™ the input vector, y(t) € RP represents the
output vector. §(t) € R™ is a time varying parameter,
non measurable but bounded, hence, it can be written as

0;(t) = u}(9 ()0 + M?(Q‘(t))ajz (3)
where it = %00 g g2 = SO0y
Wy = i 01 = e system (2) can

be reprebented in a polytoplc form where the parameter
0(t) evolves inside a polytope represented by r = 2m¢

vertices.
Z i (0

y(t) =Cr(t) (4b)

with i (0()) = T2, (05(0)) and A; = Ag+302, 074,
B; = By —|—Z"9 GkBj where k is equal to 1 or 2 depending
of the partition of the j** parameter (1 or p3). Ao, Bo, 4

(t) + Biu(t)) (4a)

and B; are known matrices with suitable dimensions. Now
let us consider the following adaptive dynamic observer for
system (4)

B = m(O®)N.

C(t) + Hyv(t) + Fiy(t) + Jiu(t))

(5a)

Z i (0 C(t) + Liv(t) + Myy(t)) (5b)

= Z pi(0(1) (Ko i(Ca(t) — y(1) + (1)) (5¢)

L(t) =P¢(t) + Qy(t) (5d)

where ((t) € R?% represents the state vector of the
observer, v(t) € R% is an auxiliary vector, Z(t) € R™ is
the estimate of x(t), §(t) € R™ is the estimate of 0(t).
The matrices Ni7 Hi7 Fi, Ji; Si; Lz', Mi7 Q, Koﬂ' and (67
are unknown matrices of appropriate dimensions.

In order to facilitate the comparison between system (4)
and adaptive observer (5), the system can be written with
scheduling functions depending on the estimated state vec-

tor adding and subtracting S°7_, 1 (A(t))(Asz(t) + Biu(t))

such that
)=t

T

D (ma0(1)) — (1)) (A (1) + Biu(t))  (6)

=1

(t) + Biu(t))+

Now, let us define:
AA(t) = Z(M(G(t)) — pi(0(1)Ai = ZaTa(t)Ea  (7)
AB(t) = (ni(0(t))

i=1

—wi(O)B; = ZpVp(H)Ep  (8)

91(2) 0
where ZA:[Al...Ar], \I/A(t): s
0 (O)Tn
él(t)lm 0
Zp=[Bi... B, ¥p(t)=1| =+ - |,
0 o b0l
Ea=1[ln ... I,,]" and Eg = [Lm, ... I, ]".

6i(t) = pi(0(t)) — pa(6(t)) for i = 1...7 and due to the
convex property implies that —1 < §;(¢) < 1. Therefore
the matrices W4 (t) and ¥ (t) have the following property

U Wat) <I, Up)TUp(t) <I, 9)

which it is used to bound the time varying difference be-
tween the known and estimated scheduling functions. With
the previous conditions, the system (4) is represented as
an uncertain system with scheduling functions depending
on state estimated vector:

Zuz ((Ai + AA))z(t) + (B: + AB(t))u(t))
(10a)
y(t) =Ca(t) (10Db)

For the sake of simplicity, the following notation is used
Doy b =20y a(0(1)).
Let T € R%*™ be a parameter matrix and considering

the transformed error e(t) = ((t) — Tx(t), we have its
derivative given by

ZMNE

(Jz - TBZ) ( )

+ (N, T + F;C —TA;)x(t) + Hyv(t)
—TAA(t)z(t) — TAB(t)u(t))

(11)
By using the definition of €(t), equations (5b) and (5d)
can be written as

Z“z (Sie(t) + (SiT + M;C)z(t) + Liv(t)) (12)
() fPE( )+ (PT + QC)z(t) (13)
If the following conditions are satisfied
N, T+ F,C—-TA; =0 (14)
Ji—=TB; =0 (15)
ST+ M;C=0 (16)
PT+QC=1 (17)

the equations (11)-(13) are reduced to the following system

0] -5 | (3 (8] + [ ]anoeo
—— ! —

o(t) Ay »(t) Fy

{‘OT] AB(t)u(t)) (18)
and the estimation error is written as
e(t) = &(t) — z(t) = Pe(t). (19)

Let us define the parameter estimation error as 6(t) =
6(t) — 0(t). The dynamics of this error is given by



iﬂi(Ko,iCPdt) +if(t) + cib(t) — O(t)) (20)

i=1

e
—~
o~
~—
I

3. OBSERVER PARAMETERIZATION

In this section, it will give the parameterization of the
algebraic constraint (14)-(17). Let E € R%?*" be any full

row rank matrix such that the matrix ¥ = {g} is of full

column rank and let 2 = [Iéf] . Conditions (16) and (17)

can be written as:

S M; | |T| _|0
palle)-ln]
The necessary and sufficient condition for (21) to be

consistent is that R ({ IO ]) CR ([g}) or equivalently

rank [T] = rank =n.

C
C 0
I

On the other hand, since rank {g} = n, there always

exist matrices T € R2*"™ and K € R%*P guch that
T + KC = E, which can be written as:
(T K|Q=FE (22)

and since rank(Q):rank[%} The general solution to
equation (22) is given by:

[T K] =EQ" — Yi(Ins,y — QO (23)
From equation equation (23) we deduce that
T=T -ViT, (24)
K=K, - YiK; (25)
where T, = EQF {Ig LTy = (T — Q00 |7,

0
Ip
an arbitrary matrix of appropriate dimensions.

By inserting the value of matrix T given by equation (22)
into condition (14) we obtain

K — Em[ } Ky = (Insp — QOF) “)] and Y7 is
p

N,E + K;,C = TA; (26)
where K; = F, — N;K and (26) can be written as:
[N K] =TA; (27)

Since matrix ¥ is of full column rank, the general solution
to (27) is given by:

[N; K;| =TAST — Zi(Inyp — 2ET) (28)
and by inserting the value of matrix T given in (24) into
equation (28) we obtain

Ni=N1,; —Y1No; — Z;N3
K=K ;- Y1Ky; — Z;K3

IQO

where Nl,i = TlAiEJr |: 0

}, Ny = ThbA, Xt {180 :|7
Ny = (I o) [ o | gy =maxt| 9
3—(qo+p_ ) 0 | 1,0 — 4144 Ip’

Ky; = ThA Xt {2}} Ky = (Ijo4p — B5F) {19,,] and
Z; are arbitrary matrices of appropriate dimension. As
matrices N;, T, K, K; are known, we can deduce the
matrix F; as:

F,=Fy;,—Y1Fy,; — Z;F; (31)

where Flﬂ' = TlAiEJr |:IK:|, Fgﬂ' = 1_'2141'2+ |:§{:|, F3 =
p p
K
(In+p - ZE+) I, ] :

On the other hand from equation (22) we obtain:

o)=L

replacing equation (32) into the equation (21) we get:

S; M; I, —K © 0
P Q 0 I, I,
Since matrix ¥ is of full column rank and

Iy ~K17" _ [Ig, K
0 I 0 I,

(33) is given by:

Si Mi1 _ ([07wr [Uis ety [0 K
Pl (][t —ee) [ 1
where U ; and U, are arbitrary matrices of appropriate

dimensions.
Then matrices S;, M;, P and @ can be determined as:

(32)

(33)

} the general solution to equation

S; = *UlviNg (34)

M; = =U, ;F3 (35)

Pyt [Igo ] — UN; (36)

Q=x" [?} — Uz F3 (37)
p

The estimation error (19) shows that e(t) — 0 when
e(t) — 0, i.e., the error e(t) is independent of the matrix
P. Then, without loss of generality, we can take Uz = 0 to
obtain P =+ | 100 | and @ =2+ | K|
0 I,
In order to deal with the uncertain term, by considering
the system (10), observer error dynamics (18) and parame-
ter estimation error dynamics (20), we obtain the following
augmented system

B(t) = D i (®:()B(1) + &i(Hw(t)) (38a)
eo(t) = P1B(1) (38h)
x(t) u(t)
e(t)
wher t) = @) |, wt)=[0®) |, et)= |71,
ere ﬂ( ) g(t) ( ) G(t) 0( ) {H(t)]
A + AA(Y) 0 0 0P 0
(1) = A 15— Y Py = )
210 Fy 0A(t> E%KMC\BJQ%Z] 3 P {0 0 1}




B;+AB(t) 0 0 o ‘
Gi(t) = F/AB({) 0 0 |, Ay, = [Nm 0Y1N27z 8}7
0 (67} —1

Z; H; N3 0
P=[PO0], i{U”Li] andAg{o‘O’ _[}.

4. OBSERVER STABILITY ANALYSIS

2
sup % < T'2. Based
weLy—{0} 2
on the parameterization and the stability analysis, the
following Theorem gives the stability conditions which
allow the determination of all observer matrices.

For w # 0, we must satisfy

Theorem 1. System (38) is asymptotically stable with an

2

attenuation level I', such that sup lll‘e"((:))“llgz < I'? if
weL,—{o} 12

there exist parameter matrices Y;, Xo = X' > 0, X; =

[Xn X12
X1 Xis
'3, T2 with appropriate dimension. ¥, A, A2, @; and K,
which satisfy the optimization problem (39) under LMIs
(41)

} > 0, X2 = XJ' > 0 and diagonal matrices I'?,

min (39)
X0,X1,X2,21,A2,T2,I'2 T2
Iy, <9I, fork; =1,2,3 (40)
_He{XoAi} 0 0 XoB;
0 I, NTLPTCTE, 0
0 F,;CPN?TJ‘T al+aLT 0
BT X 0 0 -T2
0 0 al 0
0 0 -x7T 0
0 PNTLT 0 0
0 0 I 0
ME4 0 0 0
Z% Xo 7 0 0
0 0 0 M Ep
L ZTXo u7 0 0
0 0 0 0 MET XoZsy 0 XoZp
0 0 NI+tPT 0 0 I 0 I3
a —X2 0 I 0 0 0 0
0 0 0 0 0 0 XEL 0
-T2 o0 0 0 o0 0 0 0
0 -T2 0 0 0 0 0 0
o o -1 o o o o o |<0WD
0 0 0o -I 0 0 0 0
0 0 0 0 -\I 0 0 0
0 o0 0 0 0 -xI o0 0
0 0 0 0 0 0 Xl 0
0 0 0 0 0 0 0 =Xl |

where H2 = Nz;TJ‘WlTQZA — NngllleAa
My = NI*WiThZp — NIL*X1/T Zp

Iy ; = Ny (X1 N1 i —WiNo + Ny X1 — Ny ,WNS T

with Y = X;'W1, a; = Xy '@ and K, ; = X5 'K

According to the elimination lemma (Skelton et al.

(1997)), the matrix Y; is parameterized as
Y, = X{ WBYKCH+ 2 - BfB.2CC)  (42)

with

Ki =R'BIACE(CACT) ™ + 82 p(CA,CT) /2 (43)

Si =R —R7'BFIA; — ACE(CTACTYTICA)BRTY
(44)

A =BRI'Bf —Dy)"t >0 (45)

where matrices C;, C,, B; and B, are any full rank matrices
such that C = C;C, and B = B;B,,

—He{XoAi} 0 0 XoBi
0 He{X1A; ;} YT, X 0
0 X2Y2,7; Xoay + a;-TXQ 0
BT X, 0 0 -T2
0 0 ol X 0
0 0 -Xx7T 0
D; = 0 P 0 0
0 0 I 0
ME4 0 0 0
ZiXo  ZHFfXy 0 0
0 0 0 A2 Ep
| ZEXo  ZLF[X: 0 0
0 0 0 0 MEY XoZa 0 XoZp 7
0 0 P 0 0 Xi1FpZa 0 X1FyZp
o —Xo 0 I 0 0 0 0
0 0 0 0 0 0 XEL 0
-r? o0 0 0 0O 0 0 0
0 -T2 0 0 0 0 0 0
0 0 I 0 0 0 0 0 (46)
0 0 0 -I 0 0 0 0
0 0 0 0 —\I 0 0 0
0 0 0 0 O -MI 0 0
0 0 0 0 O 0 —XoI 0
0 0 0 0 O 0 0 —Xol

Yo, = [KoiCPO,B=[0-10000000000]",
C=[0A20000000000], ¢ is an arbitrary matrix
such that ||¢|| < 1 and R > 0.

Proof. Consider the following Lyapunov function

V(B(t) = B(H)"XB(t) >0 (47)
. Xo 00 X1 X2
with X — lg )(()1 )?j >0, X; = [Xﬂ XlJ. Tts

derivative along the trajectory of (38) is given by
V(B(1) =Y (BT (1) (@] X + X@:)B(1)
i=1
+w (e OXB(E) + BT () X&(Hw(t)  (48)

Now let S = V(B(t)) + €T (t)eo(t) — T2wT (t)w(t), then we
have

a2 G ]

O;

(49)
with T'? = diag(I'%,T3,T%).
We can deduce that if ©; < 0 then S < 0. It implies that

V(B(t) < P2l (Hw(t) — e (t)eo(t) (50)
By integrating the two sides of this inequality we obtain
/ V(B(t)dt < / 1207 (£ (1) dt — / T (B)eo (t)dt
0 0 0
(51)



or equivalently
2 2
V(00) = V(0) <T* w(®)ll3 — lleo(®)ll3

leo®Z _ 2
e <

By applying the Schur complement to ©; < 0, we obtain
the following inequality

oTX + X, X¢; PT

(52)

For the zero initial condition, it leads to

(%) -T2 0| <0 (53)
P, 0 —I
which can also be written as
[ He{Xo(A; + AA(t))} AAT()F] X, 0
(%) He{X1(A1,; — YiA2)} Y7 Xo
(%) (%) He{X2a;}
(%) (*) (*)
(%) (*) (*)
(%) (*) (*)
() (*) (*)
L () () ()
Xo(B; +AB(t)) 0 0 0 07
X1 FfAB(t) o o PT o0
0 Xgai —X2 0 I
12
AR A o)
0 0 -T2 0 o0
0 0 0 -1 0
0 0 0 0 —I

where Yy ; = [K,;CP 0].

It is noted that there exists time varying terms in the
previous inequality whereby based on Lemma 1, it will
obtain the upper bound of each one.

By using the definitions (7) and (8) the inequality (54) can
be decomposed into the following terms

Qi+TH)+T"(t) <0 (55)
where
[He{Xo(A; + AA(t))} 0 0
(%) He{X1(A1,; — Y;A2)} Yg,iXQ
() (%) He{X2a;}
(%) (*) (+)
(%) (%) ()
I (*) (%) ()
XoB; 0 0 0 07
0 0 o PT o
0 Xooy —Xo2 0 [
—F% 0 0 0 0
0 -T2 0 0 0
0 0 -T2 o o
0 0 0 —-I 0
0 0 0 0 —I |
and
[ Xo0Za ] [ER]" [ XoZs ] [ 0]
X1FrZa 0 X1FyZp 0
0 0 0 0
T
TO=| o |w0| |+ o |[wo|®
0 0 0 0
0 0 0 0
i 0 ] | 0 L 0 i L 0]

Using Lemma 1 on T (t) + TZ(t), there exists positive
scalars A\; and Ay such that

[ XoZa ][ XoZa 1" T[ELT
X1FiZa | | X1FpZa 0
0 0 0
T +TT(t) < A7? g 8 o 8 x
0 0 0
0 0 0
o || o | L 0 |
rET7” C XoZg 1T X0z 1% T[T o077 077F
0 X1FiZp | | X1FsZp 0 0
0 0 0 0 0
0 _ 0 0 ET ET
o |t 0 0 ta |y 0
0 0 0 0 0
0 0 0 0 0
L0 | o ]l o | Lo | o]
(56)

The quadratic entries of the previous inequality can
be handled by Schur’s complement. Consequently, the
inequality (55) becomes

[He{X0.A;} 0 0 XoB;
0 He{X1(A1,; — Y;A2)} YT, Xo 0
0 XQYQJ: Xoa; + OzZTXQ 0
BT X, 0 0 -T2
0 0 al' X, 0
0 0 -xT 0
0 P 0 0
0 0 I 0
ME4 0 0 0
Z% Xo ZiFf X1 0 0
0 0 0 AoEp
ZEXo ZEFF Xy 0 0
0 0 0 0 MEY XoZa 0 XoZp
0 0 PT 0 0 X1FfZs 0O X1FsZp
@ —-X2 0 I 0 0 0 0
0 0 0 0 O 0 XEL 0
-rZ o0 0 0 O 0 0 0
0 -T2 0 0 O 0 0 0
0 0 -1 0 0 0 0 0 <0 67
0 0 0 -1 0 0 0 0
0 0 0 0 —X\I 0 0 0
0 0 0 0 O -l 0 0
0 0 0 0 O 0 —XoI 0
0 0 0 0 O 0 0 Aol |
which can also be written as

)T
where B=[0—-10000000000]",
C=[0A0000000000], X, = X;Y; and D; is
represented by (46).

According to the elimination lemma, the solvability con-
ditions of equation (58) is reduced to:

cTp,c™T <o (59)

5. ILLUSTRATIVE EXAMPLE: DC MOTOR

In order to illustrate the previous results, let us consider
the physics-based model of a DC motor which considers
an electric equivalent circuit of the armature and the
rotor free of charge. The parameters of the DC motor are
presented in Liu et al. (2000). Its dynamics is described by
the following state-space representation



ﬂw—fﬁp‘?]aw+ﬁyuw (60)
- 0
y(t) =Ca() (61)

where z(t) = [Zv((t t))} . It is assuming that the electric resis-

tance is an unmeasured time-varying parameter therefore,
the DC motor model can be considered as an LPV system
where the scheduling function () = R(t) € [0, 1.2]Q2. The
system (60) is rewritten as

@(t) =(Ag + 0(t)A)x(t) + Bue(t) (62a)
y(t) =Ca(t) (62b)
0 —Xa] _ _1 1
e[y ] A (48] o= [ oo
The input variable v, = 6V. The initial condition for
the system is z(0) = [0,0]%, the initial condition for the
observer is 2(0) = [0,0.4]7 and the initial condition of

the estimated parameter is 6(0) = 0.The observer gains
are obtained by solving the LMIs of the Theorem using
YALMIP toolbox. The obtained results are depicted in
the following figures.

[ S— —)

0 1 1 1
o] 10 20 30 40 50 60
Time

Fig. 1. Real and estimated states

-0.1 I I I
(o} 10 20 30 40 50 60
Time

Fig. 2. Real and estimated parameter

— 1t

0.2 L L L
[o] 10 20 30 40 50 60
Time

Fig. 3. Scheduling functions

From the depicted figures (1)-(3) we can note that there
exist acceptable state and parameter estimations.

6. CONCLUSION

In this paper, we consider the joint estimation of states and
parameter for linear parameter varying (LPV) systems.
Its conditions of existence and stability are given and its
design is obtained in terms of a set of linear matrix in-
equalities (LMI). In order to illustrate the efficiency of the
proposed approach, an academic example was presented.

REFERENCES

Alma, M., Ali, H.S., and Darouach, M. (2018). Adaptive oberver
design for linear descriptor systems *. 5144-5149.

Bezzaoucha, S., Marx, B., Maquin, D., and Ragot, J. (2013). State
and parameter estimation for nonlinear systems: A Takagi-Sugeno
approach. Proceedings of the American Control Conference, 1(2),
1050-1055.

Cho, Y.M. and Rajamani, R. (1997). A systematic approach to adap-
tive observer synthesis for nonlinear systems. IEEE Transactions
on Automatic Control, 42(4), 534-537. doi:10.1109/9.566664.

Gao, N., Darouach, M., Voos, H., and Alma, M. (2016).
New unified Hoo dynamic observer design for linear sys-
tems with unknown inputs. Automatica, 65, 43-52.  doi:
10.1016/j.automatica.2015.10.052.

Liu, X.Q., Zhang, H.Y., Liu, J., and Yang, J. (2000). Fault detection
and diagnosis of permanent-magnet dc motor based on parameter
estimation and neural network. IEEE Transactions on Industrial
Electronics, 47(5), 1021-1030. do0i:10.1109/41.873210.

Luenberger, D.G. (1964). Observing the state of a linear system.
IEEE Transactions on Military FElectronics, 8(2), 74-80. doi:
10.1109/TME.1964.4323124.

Marquez, H.J. (2003). A frequency domain approach to state
estimation. Journal of the Franklin Institute, 340(2), 147-157.
doi:10.1016,/S0016-0032(03)00017-6.

Nagy-Kiss, A., Schutz, G., and Ragot, J. (2015). Parameter es-
timation for uncertain systems based on fault diagnosis us-
ing TakagiSugeno model. ISA Transactions, 56, 65-74. doi:
10.1016/j.isatra.2014.11.022.

Osorio-Gordillo, G.L., Darouach, M., Astorga-Zaragoza, C.M., and
Boutat-Baddas, L. (2016). New dynamical observers design for
linear descriptor systems. IET Control Theory € Applications,
10(17), 2223-2232. doi:10.1049/iet-cta.2016.0431.

Park, J.K., Shin, D.R., and Chung, T.M. (2002). Dynamic observers
for linear time-invariant systems. Automatica, 38(6), 1083-1087.
doi:10.1016/S0005-1098(01)00293-X.

Pérez-Estrada, A.J., Osorio-Gordillo, G.L., Darouach, M., Alma,
M., and Olivares-Peregrino, V.H. (2018). Generalized dynamic
observers for quasi-lpv systems with unmeasurable scheduling
functions. International Journal of Robust and Nonlinear Con-
trol, 28(17), 5262-5278. doi:10.1002/rnc.4309.

Shamma, J.S. and Athans, M. (1991). Guaranteed properties
of gain scheduled control for linear parameter-varying plants.
Automatica, 27(3), 559-564. doi:10.1016/0005-1098(91)90116-J.

Shamma, J.S. and Cloutier, J.R. (1993). Gain-scheduled missile
autopilot design using linear parameter varying transformations.
Journal of Guidance, Control, and Dynamics, 16(2), 256-263. doi:
10.2514/3.20997.

Skelton, R.E., Iwasaki, T., and Grigoriadis, D.E. (1997). A Unified
Algebraic Approach To Control Design. Series in Systems and
Control. Taylor & Francis.

Srinivasarengan, K., Ragot, J., Aubrun, C., and Maquin, D. (2018).
An adaptive observer design approach for a class of discrete-time
nonlinear systems. International Journal of Applied Mathematics
and Computer Science, 28(1), 55-67. doi:10.2478/amcs-2018-
0004.

Zhang, Q. (2002). Adaptive observer for multiple-input-multiple-
output (MIMO) linear time-varying systems. IEEE Transactions
on Automatic Control, 47(3), 525-529. doi:10.1109/9.989154.
URL http://ieeexplore.ieee.org/document/989154/.





