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State and Parameter Estimation for a Class of Nonlinearly
Parameterized Systems Using Sliding Mode Techniques

Kangkang Zhang' Bin Jiang!, Xinggang Yan?, Zehui Mao' and Jun Shen!

Abstract—1In this study, a class of nonlinear parameterized
systems is considered where the unknown parameters are
parameterized nonlinearly. A stability criteria for time-varying
systems is developed based on Perron-Frobenius theorem, and
used for designing observer gains. A particular sliding mode
observer with an update law, which can ensure that the sliding
motion is driven to origin in finite time, is designed to estimate
states and unknown parameters without estimation errors. The
developed result is applied to a three-phase inverter system
used by China high-speed trains to verify the effectiveness.

I. INTRODUCTION

State and parameter estimation for a dynamical systems
has been a central theme not only in observer issues but
also in control issues. For example, state and fault parameter
estimation is the most important component for fault diag-
noses and fault-tolerant controls, which provides the essential
information for making fault detection and isolation decision
and also provides basic signals for fault compensation and
tolerance. The usage of state and parameter estimation in
fault-diagnose and fault-tolerant control areas refers [1], [2],
[3], [4] and [5]. In addition, state and parameter estimation
is also used for many practical systems, such as high-speed
railways [6] and aircrafts [7].

State and parameter estimation for the class of nonlinearly
parameterized systems remains a relative unexplored field.
Most of existing design techniques are restricted to systems
that are linear in the unknown parameters. Through work on
nonlinearly parameterized systems remains rare, Annaswamy
and co-workers have done excellent work such as [8], [9]
and [10] on state and parameter estimation for nonlinear-
ly parameterized systems using adaptive techniques. Their
developed estimation techniques use Min-Max approach to
yield the global minimum value of the objective quadratic
function. In [11], a simple and modular design is introduced
to construct an update law which asymptotically inverts a
nonlinear equation. An uncertainty set-update approach is
proposed for adaptive estimation of unknown parameters in
[12].

For decades, sliding mode approaches have been applied
for state and parameter estimation widely [13], [14] and [15].
The paper [13] presents a state and unknown fault parameter
estimation method using equivalent output injection signals
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in sliding mode observers. In [14], the unknown inputs,
which is a class of unknown parameters, is estimated using
high order sliding mode observers. It should be pointed out
that the unknown parameters appear in the system linearly in
these two papers, and nonlinearly parameterized systems are
not considered, which is also the current state of most papers
that using sliding mode techniques to estimate states and
unknown parameters. While, [15] develops a sliding mode
observer with an adaptive law to estimate states and unknown
parameters for a class of nonlinearly parameterized systems.
In the considered nonlinear terms of [15], only measurable
signals such as system outputs and inputs are included,
however, system states are not covered, which restricts its
applicable. On the other hand, [15] does not provide the
method to design the observer gain that ensures the stability
of the sliding motion. The main difficulty to design this gain
is that the sliding motion is a time-varying system. In this
study, the authors are motivated by [15] and would develop
more general results about state and parameter estimation for
a class of nonlinearly parameterized systems using sliding
mode techniques.

In this study, a stability criteria for time-varying systems
is developed based on Perron-Frobenius theorem, which is
then used for observer gain design. A particular structure
of sliding mode observer with an update law is designed.
Specifically, the sliding motion is added a discontinuous
function associated with system outputs, which can ensure
that the sliding motion is driven to origin in finite time,
and states and unknown parameters are estimated without
estimation errors.

Notion: For a square matrix A, A(A) represents the one
eigenvalue of A and p(A) represents the spectral radius of
A. For any matrix A € R"™"™, A > 0 (A < 0) means
that A is a strictly positive (negative) matrix, and A > 0
(A <0, A>0, A<0) means that all the elements of A
are positive (negative, nonnegative, nonpositive). In addition,
E, € R™™ and Z,, € R™ represent a n-dimension square
matrix and n-dimension vector with all elements being one.

II. PRELIMINARIES AND ASSUMPTIONS
A. Preliminaries

A matrix M € R™ ™ is called a Metzler matrix if all
off-diagonal elements of M are nonnegative. The following
lemmas are presented to summarized some properties of
Metzler matrices.

Lemma 1: [16] Suppose that M € R™*™ is a Metzler
matrix. Then



o (Perron-Frobenius) The spectral radius p(M) is an
eigenvalue of M, and there exists a nonnegative eigen-
vector x # 0 such that Mx = p(M)z.

e Given a € R, there exists a nonzero vector x > 0 such
that Mx > ax if and only if p(M) > «a.

Lemma 2: [17] Suppose that M € R"*" is a Metzler

matrix. Then the following statements are equivalent

e M is a Hurwitz matrix;

. p(M) < 0;

e Mz < 0 for some z € R", x > 0.

Lemma 3: Suppose that M € R™*™ is a Metzler matrix
and M = @ — BI for some positive constant 8 and some
nonnegative matrix (. Then the following statements are
equivalent

e M is a Hurwitz matrix;
. B>p(Q).

Proof: The representation M = ) — BI implies that
every eigenvalue of M is of the form A(Q) — 5 where \(Q)
is one eigenvalue of (). Based on properties of nonnegative
matrices, p(Q) is an eigenvalue of @) (see Theorem 8.3.1
in [18]). Every eigenvalue of M lies in the disc {z € C :
|z 4+ 8] < p(Q)}. Therefore, M is a Hurwitz matrix means
that the real part of every eigenvalue of M is negative which
implies that 5 > p(Q). Also, 8 > p(Q) can ensure that the
real part of every eigenvalue of M is negative which means
that M is a Hurwitz matrix. Hence, the result follows. H
The the following lemma will be derived from Lemma 3.

Lemma 4: Let Z € Z C R"™ "™ be a matrix variable
where Z = {Z € Rnxn|Z — Z()| < A} with Zy = Z(;r €
R" ™ being a Hurwitz matrix and A € R}*". Construct
a matrix M which has same eigenvalues with Zy and is
represented by M = Q — BI where 8 = p(Zy) and QT =
Q>0.1If

o Qij > n||Alls for all i > j,

e 8> p(Q) + 124,
then

o the matrix M is Metzler and Hurwitz,
o there exists a Metzler and Hurwitz matrix M and an
orthonormal matrix 7" such that the matrices T ZT <

M.

Proof: Since the matrices Zy and () are symmetric by
their definition, there exist two orthonormal matrices 1, €
R™™ and Ty € R™™ such that T, ZoT, = Ty, MT)y;.
Then there exists an orthonormal matrix 7' = 7,7}, such
that ||S|o =1and M =T Z,T.Forany Z € Z, T ZT =
T (Z, + )T where 1 € R™*" and —A < II < A. Then

T'ZT =M+ T'IT =Q+T'1IT — BI.
In light of [|TTTIT o0 < nl|Allso>
T'IT < n||All E

Then,
T'ZT <M

where M

= Q — BI + n||A|| o Ex. Thus, the first condition
that Qij >

n||Alle for all 4 > j can guarantee that

Q + TTIIT > 0 which means that M and M are Metzler
matrices.
From Theorem 8.1.2 in [18],

&%Z Qi <p(Q) < f?f"é%z%'
Then
.
<
pQ+T'IT) < Q%ZQUH%IIAHOO
= p(Q)+n2||AHoo-

Therefore, based on Lemma 2, the second condition that
B > p(Q) + n?||Al| ensures that M and M are Hurwitz
matrices. [ ]

Remark 1: The existence of Metzler and Hurwitz matrix
M implies the stability of the systems @ = T'Z(t)Tx
where Z(t) is pantagrated by the interval Z = {Z(t) €
R ™ Z(t) — Zo| < A} with Zy = Z; € R™ ™ being a
Hurwitz matrix and A € R}*™ (See corollary 2.4 in [17]).
Therefore, Lemma 4 provides a stability criteria for time-
varying systems Z = Z(t)z.

B. Assumptions

Consider a nonlinear system with nonlinearly parameter-
ized nonlinear terms described by

& = Az+ f(z,u,0) + Dd, (D
y = Cz (2

where © € X C R™(X is the state space), u e Y C R™ (U
is an admissible control) and y € ) C RP () is the output
space) are state variable, inputs and outputs, respectively,
d € R represents the lumped disturbances and uncertainties
which is norm bounded by d, i.e. ||d|| < d; A € R, C €
RP*™ and D € R7*™ are constant matrices with C being full
row rank and D being full column rank, and § € © C R"
are unknown parameters.

The objective of this study is to design a dynamical
system and an update law such that the corresponding error
dynamical systems converge to origin in finite time by using
sliding mode techniques. In addition, the local case will be
addressed in this study, however, the developed results can
be extended to global case directly.

Assumption 1: The pair (A, C) is observable.

From Lemma 1 in [15], system (1)-(2) satisfies Assumption 1
and output matrix C is full row rank implies that there exists
a nonsingular matrix 77 such that in the new coordinates
z = Tz, system (1)-(2) can be described by

21 = (A1 —LA3) =

+(Ay — LA+ (A1 — LA3) L) 29

+/1(21,y,u,0) + D1dy, 3)
20 = Asz + (As+ AsL) zo

+fa2 (21,9,u,0) + Dada, 4
y = Caz (5)



where z; € R"7P and z, € RP, the square matrix Cy is
nonsingular, the pair (A;, A3) is observable, the gain matrix
L € R("=P)*P ig chosen such that A; — LAs is Hurwitz,

and A0
Dy | _
5| i,
where f; € R* P and D; € R(»~P)*4,

Suppose that z; € Z; in new coordinate. Two assumptions
on f1(-) and f2(-) are given in the following.

Assumption 2: The nonlinear function vectors f(-) and
f2(+) are differentiable Lipschitz continuous, and have
bounded Jacobian matrices with respect to 6 for § € O,
z71€ Zi,yeYand u €U, ie.,

gg%gsﬂﬁﬁs—<& ©)

Also, there exists a continuous function Z(-) € R"*P such
that for any (z1,y,u,0) € 21 X Y xU x ©

(ﬁé<0 (7)

Using the differential Mean Q/alue Theorem (DMVT), it fol-
lows from (6) in Assumption 2 that the differential function

f(z1,y,u,0) — f(z1,y,u,0) (0 € ©) is proportional to 6 —
with bounded proportion matrix, i.e.,

fl(zl7y7u79) - fl(zlvyau7é) = Fl(t)(e - é)v

F, <F(t) < F. (8)
Analogously,

f2(zl7y7ua 9) - f2(217ya u7é) = FQ(t)(e - é)7

Fy < Fy(t) < F. 9)

Assumption 3: The nonlinear function vector fi(-) is dif-
ferentiable Lipschitz continuous, and have bounded Jacobian
matrices with respect to z; for z; € 21,0 €0, y € ) and
u €U, i.e.,

of

Gl S 87 < Gl
It follows from Assumption 3 that
fl(zl7y7u7é) - f1(217y3u7é)
G, <Gi(t) <Gy
ITIT. MAIN RESULTS

A. Error Dynamical System Formulation

(10)

= Gl(t)(zl — 21),
(11

For system (3)-(5), construct the following dynamical
system
2 = (A —LAs)%

+(Ay — LAy + (A; — LA3) L) Cy 'ty

+f (zlyut9> + K, (12)
2y = Az +(Ay+ A3L) 5 — K(y — 1)

Y f (zlyuﬂ) + kv, (13)
7 = Caz (14)

where the gain matrix K is chosen such that A4+ A3 L+ K Cs
is symmetric negative definite, which is always exist because
C5 is nonsingular. The function v is defined by

v =Cy 'sign(y — 9), (15)

and the gains k is a positive scalar and K» € R(=P)XP to be
determined later. The vector 6 develops along the following
update law:

é = E() (A3z1 + <A4 + A3 )C{ly

f (él,y,u,ﬁ) oy y) + Ko (16)

where = € R"™P is a designed parameter which satisfies
Assumption 2 and K19 € R"*P is to be determined later.

Lete; =21 — 21, e =0 — 6 and ey = 2o — 25. Since 6
is a constant vector, ég = —6. From (16) and by comparing
system (3)-(4) with dynamical system (12)-(13), the error
dynamical system is obtained by

él = (Al — LAg) er + Fl (t)eg
+G1(t)€1 —|—l)1d—[(1V7 (17)
g = EAzer + =2 (Fa(t)eg + 02) — Kpv, (18)
é2 = A3€1 +(A4+A3L+K) €9
+F2(t)69 + 52 + ng — kgl/. (19)
where F; and F5 are given in (8) and (9) respectively,
62 = f2 (élvyauaé) 7f2 <Zlay7u7é)' (20)

The continuity of f5(-) for 2, € Z; provided in Assumption
3 can ensure that §, are norm bounded, that is there exists
a constant do such that

[|62]| < ba. 21)

For error dynamical system (17)-(19), consider a sliding
surface

S ={(e1,ep,e2)|ea = 0}.

From the structure of system (17)-(19) and the definition of
the sliding surface (22), it follows that the sliding motion
associated with the sliding surface (22) is governed by
subsystem (17)-(18).

(22)

B. Stability Analysis of Sliding Motion

Firstly, introduce a new orthogonal coordinate-
transformation matrix TQT such that e, = T2T e1p where
e1p = col(er,ep). The sliding motion (17)-(18) in new
coordinates can be written in a compact form as

ém = Amem + m + 6 — K (23)

where e,, € R"PT" A, = T,V A1gTs, nm = Ty Digd,
Om = T 619 and K,,, = Ty K19 with

Al—LA3+G1() F1()

Ay = —_ =(.
} - 8@

—
;_4

K
Kig = Ko} Dyg = {

[1]



From ||d|| < d, there exists a 7, such that ||| < .
Also, from (21), there exists a d,, such that ||5,,] < 0,
From (6) and (7) in Assumption 2, it follows that there ex1sts
an interval constraints A;g such that A9 € A9 where

Ao = {A1p € R""|A1g — Ao| < Ao} (24)

with A9 = A] € R™™ being a Hurwitz matrix and A €
R *™. Now the matrix M which has the same eigenvalues
with Ag is constructed by M = @ — SI where 8 = p(Ap)
and Q =Q" > 0.1f > p(Q) + (n —p+7)?[|Asg||o for
any @ with Q;; > (n —p + 7)||A1p]|eo for all > j, then
based on Lemma 4, M is a Metzler and Hurwitz matrix, and
there exists a Metzler and Hurwitz matrix M satisfying

Ap <M (25)

where M = Q — BI + (n — p + 7)||Al|oc&n and M is a
Metzler and Hurwitz matrix.
Then, the following theorem is ready to be presented.
Theorem 1: Suppose that Assumptions 1-3 hold and
sup{||Z(-)F2(t)||} < oo, if there exists a gain L such that
B > p(Q) + n?||Agl|le for any Q with Q;; > n||Ag||e for
all ¢+ > j, then subsystem (17)-(18) is ultimately bounded,
and ey ultimately converges to the sphere B which is given
later.
Proof: Choose a candidate Lyapunov function V =
e;;Pmem for (25) where P,, = P;n'— > 0. Then
‘71 = €, (ATP + P, Am) Se, + 26 Pmnm

+2¢,) Prbm — 2e P K v
e; (MTPm + PmM) em + Zelenm
+2¢,) Prbm — 2¢) P Kpv.

IN

(26)

Let Q, = —(MTP,, + P,M) and « is a small scalar
satisfying Amin(Qar) — @[ Pnll > 0, which always exists
for Hurwitz matrix M. Then it follows from (26) that

Vl < —/\min(Qm)HémH2
+2len || Pl (T + 6 + /Pl Eom])
< —Omin(@m) = all P l)llenml®
Jr0‘71||1:)m||71(7_7m + 0 + \/i)HI(m”)2

Thus, the vector e,, will ultimately converge to the sphere

B represented by
o 2 ailupmHil(ﬁmJFSmJF\/I;”KmH)Q
B=1leml” < :
Amin(@m) — || P |
27)
From Lemma 4, T is an orthonormal matrix, ||73|| = 1 and

llerg]] < |lem]|- Hence, e1p will also ultimately converge to
the sphere B. [ |

C. Reachability Analysis

Consider a system given by

(71m + 0 + [ Km[V/P) Lo, €m(0) = |em(0)].
(28)

&m = Me,, +

Then for €,,;, 2 = 1,---,n — p+r, which is the ith element

of e,,,
dlem| sign (ems) €mi
dt g m me
n—p-+r
S ( “|6m1‘+ Z z]|em3|
- J=1,j#i
Tm + Om + | Km|[v/P
n—p-+r
< M lems| + Z Mij |em|
=LA
T + Om + [ Km VP (29)
Due to Dt ‘emi (t)| = limsup ‘e'mi(t‘i’h)}l*le”ﬂ(t)‘ —
; h—0%+
hm sup = ftJ” £ |emi (s)|ds where Dt denotes the Dini

upper-rlght derivative, by using integral mean value theorem,
it follows from (29) that

n—p-+r
DV emil < Miilem:| + Z Mij |em;]
=L
+"777L + 67” + ||I(’HLH\/]3 (30)
Then, based on Comparison Principle in [19],
lemi()] < €mi(t), llem@)] < [[Em (D)l (31)

From Assumption 2, there exists a positive constant F5 such
that || F2(t)|| < Fa. Then it follows from (31) that

1Az, F2()]ero]| < ([[As]l + Fa)[em]- (32)

Note that || Dod|| < ||D2||||d|| < || D2]|d. Choose a candidate
Lyapunov function Vo = ej es. Then the time derivative
along subsystem (19) is presented as follows

V2 = 6;(A4 +A3L+KCQ)62

+6;(A361 -+ Fg(t)eg + 52 + ng) — kgeglj.

If the gain k3 in (14) is chosen to satisfy ko > ko, where

oy = ([ 4s]| + Fo)llem| + 02 + [|D2|d + = (33)
. 1

with @ being a positive constant, then V5 < —wV,*> which

shows that the reachability condition holds and thus the error

system (17)-(19) is driven to sliding surface (22) in finite

time and maintains on it thereafter.

After sliding motion occurs, é2 = e2 = 0. It follows from
(19) that

[Ag, Fg(t)]elg = kgl/ — 52 — ng (34)
Choose the gain matrix K, as
K = Pp'[As, F2] kg (35)



where k1g is a positive scalar. Substituting (34) and (35) to
(26), it follows that

Vi < el (MT Py, + Pu) ey + 26 P (ilm + 0m)
—2¢,) [As, Fo(t) + (Fo — Fa(t))] " k1ov

< —e;Qmem + 2emTPm(77m +0m)

—2(kov — 89 — Dod) " k1pv

—2¢ [As, Fo — Fy(t)] " kiov

—Amin (Qm) |lem|> — 2pk2k10

+2(02 + | D2l|d + |lem || A3]])/Dk16
+2[lem | Pl (7 + 61m)

IN

where A3 = [As, Fo — Fa(t)]. Since |len|| < [|&n]], it
follows that

Vi < = min(Qm)llem | — 2pkakig
+ 2 [P (Tin + 61
+2(02 + || D2||d + [|€m][As])v/Pk16-
Denote (,, as a scalar which satisfies that (,, = (52 +

| Dolld + ||€m ||| Az]]). Then if ky and kig are chosen to
satisfy that ky > ks, and k19 > k;, respectively where

Gm g 2lemllll Pl (i +0m)
\/}3’ 10 \/ﬁ(kZ _ 5m) ’

then there exists a small positive constant € such that V<

_Awmin(@m) s o [ Amin(@m)ey,3 .
N (P Vi—e< =2 i (P V,?. Therefore, ey is

driven to e19 = 0 in finite time and maintains zero thereafter.
Then, the following theorem is ready to be presented.
Theorem 2: Supposed that Assumptions 1-3 hold, error
system (17)-(19) is driven to the sliding surface (22) in
finite time and maintains on it thereafter, furthermore, after
this sliding motion occurs, error subsystem (17)-(18) is also
driven to col(ej,ep) = 0 in finite time and maintains zero
thereafter, if ko > max(kqy, ko) and k1p > ko where ko,
k45 and k,, are given in (33) and (36) respectively.
Proof: The result is straightforward obtained from
above analysis and omitted here. [ ]

EQQ = (36)

IV. SIMULATION

Consider the state-space model of the three-phase inverters
used in China high-speed railways described in [20]. Let
T1 = Vod, T2 = Voq, T3 = iLd> T4 = LLq WhETE Upg, Vogq,
ird, 14 represent positive-sequence and negative-sequence
voltages and currents, respectively. The state-space model is
given as follows:

i =

Az + f(z,w) + Bu + Dd,
= Cz

where x = col(x1, z2, x3, 24). The nonlinear term g(x, w) is
given by

f(x7W) = [LUI‘Q’ —WT1,WTy, _wz?)}—r

where w represents the operating frequency of the inverter,
and also is the parameter to be estimated in this simulation.
The system matrices are presented as follows

1
0 0 & 0
0 0 0 &
A = 1 r / 7D:I47
T o1 - 0
S T
T o0 0
0 0 0010
Bo=E o ’02{0001]
Vac
_O Ldf

where 7 = 0.144€, Ly = 1.417 x 1073H and Cy = 6.0 x
1073F and V. = 3600v. The disturbance d is set by d =
20sin(500t). Based on [15], the coordinate transformation
matrix 7y = I4. Then z; = col(x1,x2), 22 = col(xs,x4)
and y = 2zo. The nonlinear terms f;(z,w) = [wry, —wxy]"

and fy(z,w) = [,wzq, —wz3]". Thus,
o _ [ e | %[
Ow -1 | Ow —xz3 |’
Oh _ [ 0 w
621 - —w 0 ’
The nonlinear function Z(-) = [—ys2, y1]. Based on the prac-

30

T3

20 —— iy

10

-10

Fig. 1. State estimates

tical experience, w € [0,1000]H 2, 1,22 € [~1000, 1000]v
and x3,x4 € [720(1, 200]A. Then, Fy, Fy, F5 and F, in
Assumption 2, and G1, G; in Assumption 3 can be obtained
based on [21]. From Theorem 1, it can be calculated that

[ 5017 0
L = | 0 5017 |°
[ —0.8165 0.4082  0.4082
T, = 0 —0.7071  0.7071 |,
| —0.5774 —0.5774 —0.5774 |
[ —3.1171 04234  0.4234 ]
M = 0.4234 —3.1171 0.4234 | x 108
0.4234 04234 —3.1171 |
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Fig. 2. Parameter estimates

Then, K, Ky and ko are chosen based on Theorem 2.
Figs. 1 and 2 illustrate the estimates for system states and
parameters. This simulation shows the effectiveness of the
proposed approach.

V. CONCLUSIONS

This paper has developed a state and unknown parameter
estimation technique for a class of nonlinear systems with
nonlinear parameterization. A new stability criteria for time-
varying systems has been proposed and used for designing
observer gains. A particular sliding mode observer with an
update law, which can ensure that the sliding motion is
driven to origin in finite time, has been designed to estimate
states and unknown parameters without estimation errors.
Furthermore, the unknown parameters and system states exist
in the nonlinear terms simultaneously. The developed result
has been applied to a inverter used by China high-speed
railways.
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