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Abstract

This paper proposes the design of a simultaneous order estimator and state observer for non-integer time-varying order
linear systems. Several lemmas and theorems pertaining to the stability of variable order systems are provided first. Next, a
theorem proposes an order/state estimator for linear variable order systems. Then, a simulation study is presented to verify

the theoretical results.
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1 Introduction

Differential equations involving derivatives of quanti-
ties are the most common tools for describing dynamic
events. A generalized version of calculus involves non-
integer order for differentiation or integration, namely
the fractional order or non-integer order calculus [3].
Fractional order calculus, mostly developed in the 19*
century, was considered a theoretical topic until recently
when the increased flexibility, generality, and degrees
of freedom in non-integer order differential equations
proved them powerful in better describing certain real-
world events as compared to integer-order differential
equations. Interesting applications of such dynamics
with real or even complex order have been reported in
modeling, physics, and engineering [17,14]. The non-
integer order dynamics have been used to model the
memory in electronic devices [11], viscoelastic damping
[35], the human’s ability to forget and remember [30],
and properties of tissue [28].
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1.1 Prior Art in Variable Order Dynamics

The order of a non-integer order system is not limited
to be a constant. It can vary depending on time, the
states of the system, or even has its own dynamics. The
concept of variable-order calculus was first developed in
[20]. Afterwards, the topic was studied from different as-
pects. In [8], the variable and distributed order operators
and their properties are studied. Variable order deriva-
tive and its numerical approximation are investigated in
[33]. The variable order derivation operator is redefined
in [23] for better accuracy in cases where the variable
order is not a continuous function of time. This opera-
tor is used in [24] to form a switching order derivative
operator. The problem of existence and uniqueness of
the response of variable order differential equations has
been studied in [16] and [37]. Extensions for the concepts
previously introduced for traditional dynamics, such as
variational calculus [12,31] and the Noether’s theorem
[13] have been also proposed for variable order dynamics.
From the application sight of view, some evidences have
been reported to relate the order of derivation to some
physical quantities [21,25]. The main interpretation of
the order is the memory. Such memory can belong to a
physical system. In [26], a study has been done to com-
pare the effect of constant order versus variable order on
the ability of a system to be influenced from the past,
which is in fact, relating the memory of a system to its
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order. Order is used to measure the memory of a sys-
tem in [5]. The word memory can also be related to the
human’s mental ability to remember. It is shown in [32]
that the order of an emotional dynamical system and
the human’s memory are strongly related. In [29], it is
proven that the variable order of derivation is consistent
with variable-length memory. Variable-order dynamical
systems are used in [29] to explain emotional behaviors
of human caused by the effect of memory on context.
There are some other applications and interpretations
for the non-integer order. In [36], the non-integer order
derivation operator is used to improve the image quality
by means of using spatial non-integer order derivative
instead of integer order one for edge preserving and vary-
ing the order with respect to the location of each pixel.
Describing state dependent viscoelasticity by the vari-
able order [28], describing two-dimensional cable equa-
tions [2], describing diffusion and sub-diffusion in differ-
ent cases [4,27], and explaining the behavior of ladders
and nested ladders [25] are some other application of
variable order dynamic systems.

1.2 Summary of Contributions

Since the order is a key characteristic of a non-integer
order system, for having a precise model describing spe-
cific dynamics, it is vital to estimate it with an accept-
able level of precision. In most previous works involv-
ing variable order dynamics, the order is assumed to be
known [4,2]. Some researchers have tried to propose an
estimation scheme for the order of a non-integer order
system, assuming a constant order. In [7], the order
is treated just like other system constant parameters in
the estimator which is not a real time approach. A nu-
merical method is used in [34] to find the constant order
of a non-integer system. In [22], a discrete technique is
used to estimate the constant order of a system using
Kalman filter. In [15], an adaptive estimation process is
introduced to estimate the constant order of non-integer
commensurate order systems. The approach proposed in
the current paper differs from the above in the following
aspects:

1. While the order is supposed to be constant in [15],
the order is allowed to be varying with time in this pa-
per. This is a significant useful generalization. In fact,
even when the order is a function of the states, it can
be considered as an implicit function of time. Hence, the
method proposed in this paper can be utilized in all cases
involving varying order dynamics.

2. A definite convergence proof is established in this pa-
per, guaranteeing that the estimation error for both or-
der and states can be made arbitrarily small.

3. While the prior art only deal with the order and other
system parameters, here, a state observer is designed for
the cases where the states of the systems are not avail-
able and only the output can be measured.

4. Theorem 1-3, which act as intermediate results to
prove the main result in Theorem 4, are useful for sta-

bility analysis of variable order systems and introduced
for the first time in this paper.

5. Based on item 4 above, the order/state estimator pro-
posed in Theorem 4 for variable-order systems includes a
Luenberger-type state observer for regular integer-order
systems. This means that the wealth of existing meth-
ods on observer gain selection, noise attenuation, etc.
can be easily extended to the state observer part of the
order/state estimator of a variable-order system.

6. The method presented in [15] is designed for the sin-
gle input single output systems, described in frequency
domain. However, the novel method proposed here can
be used in multi-input multi-output cases, as well.

The main achievement of this paper is a powerful esti-
mator for the variable order of any linear system in a
compact temporal interval [0 T, even when its states
are not available. The estimator can be used to deter-
mine if a system is of constant or variable order or even,
whether it is of integer or non-integer order. The esti-
mation process is done in a real-time manner, so it can
be used in adaptive control or model predictive control
based approaches. Moreover, for the design of the pro-
posed estimator, some new lemmas and theorems are
proposed that are very useful in determining some of the
most important properties of variable order systems in-
cluding their stability. It is noteworthy to mention that
the algorithm works for any given T' < oo. Hence, de-
pending on the studied problem, when the final time is
free, T' can be set large enough to provide the required
time for the convergence.

The rest of the paper is organized as follows: In Section
II, several definitions related to the non-integer order
field and the problem statement will be presented. Sec-
tion III is dedicated to proposing the adaptation rules
for estimating the order and the states. After presenting
some new and useful lemmas and theorems, the state ob-
server will be designed and combined with the order es-
timator to build a comprehensive order/state estimator.
In this Section, a case study is considered through a sim-
ulation study to show the effectiveness of the suggested
methods. Finally, Section IV concludes the paper.

2 Preliminaries

Definition 1 The definition of modified initialized left
non-integer variable order derivation with respect to time
in the sense of Caputo is

« t —« T
§Da(t) = iy Jo (¢ — 7)7O La(r)dr + (1)
0<alt)<L,¥t>0

(1)

where T'(.) is the extension of the factorial function to the
non-integer arguments:

I'(z) = /000 r*~le " dr (2)



Ve (t) = m[gc(t —7)7*® L y(7)dr is a decaying
function capturing the effect of the values of the signal
x before ¢ = 0, supposing that x begins from —c < 0
[9,18]. The use of this time varying initializing function
is necessary to avoid discontinuity.

Definition 2 The inverse of the variable derivation op-
erator is the variable order integration operator of the
same order, could be interpreted as

« t a(t)—
o7 2(t) = riy Jo (0 = 1) O a(n)dr (3)
0<alt)<L,¥t>0
In fact;
§ DO V() = x(t) (4)

Definition 3 Generally speaking, a non-integer order
dynamic system is a set of coupled non-integer order
differential equations in which the derivation operators
could be of different orders [1].

DDy (1) = fr(21(8), -, a(t), u(t))

Here, 0 < o; < 1,7 =
u = [uy (t) ua(t) ...
vector, and y = [y1(t) y2(t) ... yq(t)]T € R is the out-
put vector. The set of differential equations described in

(5) is equivalent to the following set of Volterra integral
equations [6,10,19]:

1,2,...,n are the orders and
up(t)]T € RP is the exogenous input

! t -7 )7L (e (1), u(T))dT
Jr1“(@1(75))/0 (t—7) fi@(7), u(r))d
; t . ai(t)—1\gyi dr. i = n
* F(ai(t))/o (t=7) Ui (r)dr, i =1,2,...,

System (5) can be written as

§ DD (t) = F(a(t), u(t)), y(t) = g(x(t)) (7)
where x = [z1 29 ... xn]T € R"™ is the state vector,
F(z,u) = [fi(z,u) falz,u) ... folz,u)]T, and a(t) =

[a1(t) as(t) ... an(t)]” is the order vector. When all
the orders are the same function of time (i.e., a;(t) =
as(t) = -+ = an(t) = aft)), the system is said to be
commensurate order. Additionally, when F is linear with
respect to z and wu, and g is linear with respect to x,
we have a Commensurate Linear variable order system

described as

§D*Ox(t) = Az(t) + Bu(t), y(t) = Cx(t) (8)

In this paper, we will focus on systems of the form (8)
and suppose that the order in (8) is unknown. Also, we
will assume that the states of the system (8) are not
available. The system is supposed to be at rest in ¢ < 0.
By the phrase “at rest” we mean that when ¢ < 0; 1. all
the states and their derivatives are equal to zero. 2. Since
we are dealing with a variable order system, the order
is considered to be equal to zero. Considering these hy-

xr 0 «
potheses v ( ) = #(t))f_c(t_ﬂ ) Ly (r)dr =
f_c Sx(T)dT]| = 0. We will de51gn an or-

dr(r
der /state estimator for such a system.

3 Adaptive Order/State Estimation
3.1 Main Results

Although the order can be considered a parameter of the
system (8), it can be deduced from (6) that the relation-
ship between the response of the system and the order is
complicated. Hence, the order estimation is not as easy
as the estimation of the other parameters of the system.
Fortunately, we can compute the partial derivative of the
system response with respect to the order. Consider the
following integral equation as a definition for z;(t, 8):

wwm=m+ﬁ§mlw—ﬂw*vmm (9)
Then,
9z¢(t.B) _ w(B®) [* B(t)—1
95 FW@LA@ A
1 ! n — T — T B(t) 1
*Hmmél“ )t 1) ﬂlw>
where

= %ln r (11)

Hence, when the history of f in [0 t) and the value of 8
at ¢ is known, the above derivation can be computed.

Lemma 1 Suppose that x and & are defined as

et
x@—A—T@@TJHd

. B t (t _ 7_)d(t)—l
z(t) = /o 7F(d(t)) f(r)dr



Then, the value of x — & could be evaluated according to
the following equation:

s 8Zf(t76) ~ ~AN2
v—i= AR (e @)+ K@) - (13)

where z¢ is defined according to (9).

Proof Define H(t,,53) = (¢t FT(;B) . Since H is contin-

wous and analytical with respect to 8 when 0 < f <1

and 0 < 7 <t, and %’Z, %;{ are both bounded in this in-
terval, the Taylor Series Expansion Theorem can be used

to rewrite the above formula as:

v— @ /Ot <(t F(T)“““ (¢ F(T)d(tH)f(T)dT

a(t) a(t))
:/t (w| (a— @)
0 B e

0*H(t,, R
+ THETD) o= aP) (s
(14)
for some o € [min(a, &) maz(a, &)]. Since the values
of a and & are not related to the integration variable, T,
it can be deduced that:

v-i=(a-a) [ HEEO s

15)
YO2H(t, T, B) (
+a—d2/7” o f(T)dT
(—ap [ EEER, o)
Consequently,
t

. azgﬁ’mbzd (a—&) +K(t)a—a)? (16)

where 2L tm|ﬁ, can be computed through (10) and

t o T,
K(t) = [y ZHE0)|  f(r)dr.

Lemma 2 Suppose that t belongs to the closed bounded
interval [0 T and f is continuous. Then, in (16) K is
bounded.

Proof Since f is continuous (and so is |f]),

cording to the Extreme Value Theorem, |f| attains
a mazimum in this interval, here defined as Mjy.
The functions T(B),v¥(8),¥'(8) = %gj) are all
bounded in 0 < B(t) < 1 and H > 0. Further-
more, the integrals fOt|H|d7', fot lin(t — 7)H|dT and

fg |In?(t — T)H|dTall converge for V3(t),0 < B(t) < 1

/\H|d7 /HdT %

tf*“’(l—ﬁ( Din(®) 4 <1

t
B2(H)T(B(¢)
/O ‘ln(t — T)H|d7' = 2+tﬁ(t>(ﬂ((t)ln)(t),1) .
por(se)
/ (e — e — O (L B0 — 250)in(0)
- BOT(3(0))
Now, it should be noted that based on the definition of H,
OH
£ (—(B) +In(t — 7)) H

O H , OH
5 =—Y'H+ (- @b(ﬂ)Jrln(th))aﬁ

= —'H +¢*(B)H — 2¢(B)In(t — 7)H + In*(t — 7)H
Hence, for a given T, there is a bound Mg (T)

such that f(f %b:aokh < My . Therefore,

O?H(t,,B)
K= | [ PEEEO ]
t a2
0“H(t, T,
g/ |M|B I ldr < MMy = My
0
implying that K 18 bounded.
Lemma 3 For any szgnal x, for which the non-integer

order derivative § Dz exists, as long as that the signal
is at rest in t < 0,we have:

6§DV (@ (t)a(t)) < 22T (1) D Wa(t)  (17)
Proof We have to show that
2T (5 D Oa(t) - §DPO T (a(t) =0 (18)

It is straightforward to compute the left hand side term
using integration by parts:

2z ()CDB“) (t) - CD’B(”(% ()(t))

= /0 (t—7) (m(t) — m(T)) I dr
t — T

e
i

+2$T\I,I() \I,r m )

1

(19)
Since x is supposed to be at rest int < 0, so is v7x

and the initializing functz’ons both vanishes. The term

16(2)@ fo (é(tl);((gi)l dr is always non-negative, be-

cause T'(1 — B(t)) and (t — 7)°D*! are non-negative
when 0 < B(t) < 1 and 0 < 7 < t. At 7 = 0,

2
the first term N (t)) (g(ct(i);)ai(;),? ) s equal to



2
1 (2(t)—2(0))
TA-B) IO

which is also non-negative be-

cause 0 < B(t) < 1. However, there is a singularity in
this term at T = t, where H’opital method is used:

lim <W> . <d‘i(x(t) _x(T))2>
Tt (t — T)*ﬂ(t) = %(t _ T)_B(t)
= (2($(t) - x(q-)) dfl(:)ﬂ(t)(t . T)ﬁ(t)+1> ~0

(20)
Hence, (19) is non-negative and proof is completed.

Corollary 1 For the positive definite function V =
T Pz with a Hermitian positive definite matriz P, the
inequality turns to § DPM) (27 Px) < 22T P§ DP Mg,

Proof The proof is straightforward using the result of
the recent Lemma and the change of variable z = P%x,
where P% is a Hermitian positive definite matriz such
that P:P% = P.
2T Pr=aTP:Pzx=2"2
=S DPWO (2T pr) = §DPO(2T2)

< 27§ DPW 5 = 2xTP%OCD’B(t)(P%x)

=27 P3P DAy
§DBW (2T Pg) < 22T PSDPO g and this completes the
proof.

Thus,

Theorem 1 (Lyapunov Stability of Variable Order
Systems) Consider a variable order system gDﬁ(t)m =
f(z),0 < B(t) < 1,Vt and the system is at rest int < 0.
Suppose that V > 0 is a positive definite scalar continu-
ous function of x such that V(z) =0 <= x = 0. Then,
the origin of the system is stable in the sense of Lya-
punov if § DP® (V) < 0 in a non-empty domain A C R™
containing the origin. Additionally, if $ D (V) < 0,
the origin is asymptotically stable.

Proof The condition V(x) = 0 <= x = 0 implies
that because x is at rest in t < 0, V is also at rest
and OV (t) = 0. Since {DPO(V) < 0, we can write
§DBO(V) = —w(t),w(t) > 0,Vt. Hence, using Volterra
integral equation, the values of V' at any time t can be
calculated:

V(z(t)) = V(2(0)) — %/{) (t —7)PO=Yy(r)dr
1

L [ o1V
gy, O e

= V(z(0)) - m/{) (t —7)PO =Yy (r)dr
(21)

The terms F(ﬂl(t)),(t — )OO and w(r) are all
non-negative for 0 < 7 < t,0 < B(t) < 1,Vt. So,

V(z(t)) < V(2(0)),Vt . The rest of the proof is similar
to the proof of Lyapunov stability for traditional integer
order systems:

Suppose that 1 > 0 is given. Pick r € (0,r1] such that
B, = {z,||z|| £ r} C A. Define Vipin, = min V(x).

lzl=r

Choose p,0 < p < Vipin. Because of the continuity of V,
the set ®, = {x € B,,V(x) < p} is not empty. If ro is
chosen in a way that ||z(0)|| < ro implies that (0) € ®,
(which is possible due to the continuity of V' and the fact
that V(x = 0) = 0), since V(z(t)) < V(x(0)) < p, then,
z(t) € ®,. So, V(x(t)) < Vinin, t.e., always x(t) € B,.
As a result, x cannot escape from the ball B,. So, for
any giwen 1, (Jz(0)]]| < ro) = (l=@)|| < r < r1) and
the Lyapunov stability is proven.

For the asymptotic stability, it should be shown that
for any ro > 0, there is a T such that for t > T,
x € Bp, = {z,||z]| < re}. For the sake of contra-
diction, suppose that x ¢ B,,,Vt. Hence, since the
sufficient conditions for Lyapunov stability hold, x
belongs to the compact set By, — B,,. In the case
that §DPW(V) is strictly negative, there is a posi-
tive constant p where —w(t) < —u,Vt implying that:

V = VielO) - iy [, -0 el
< Vi@l0) = 07 |, (6= "0 ar
_ Y (t— T)B(t) S

VEO)+ 5@ < B0) ) —o
B po tPW
= VO~ 5300) 50

Letting t — oo, we will face a contradiction. V is sup-

posed to be positive inside B,,, however, V(z(0)) —
%% — —o00 ast — 0o. Hence, it can be deduced

that there is a positive value T for which x € B,,,t > T,
i.e., the origin is asymptotically stable.

Remark: Other properties such as ultimate bounded-
ness, inverse Lyapunov test for instability, etc. hold be-
cause in traditional integer order case, these properties
are all based on the fact that V(¢f) < 0 implies that
V(z(t)) < V(x(0)). Here, as shown during the proof,
§DPOV < 0 implies the same.

Theorem 2 (Stability of Linear Variable Order Com-
mensurate Systems) A sufficient condition for the stabil-
ity of the linear system § Dz = Ax is that A is Hur-
witz. In this case x — 0 ast — oo.

Proof Consider the Lyapunov function V(x) =
%ITPI, P > 0. According to Lemma 3,

1
§DPOY = 5gz)ﬁ“)(:sTP;z:) <zT§PDPWz  (22)



where
2T P§DPO g = 2T P Ax
1 1
=3 (xTPA:E + xTATPm) = ixT (PA + ATP):U
(23)

If A is Hurwitz, the algebraic Lyapunov equation PA +
AT P = —Q holds for a positive definite matriz Q. So,

SDPOYV < —2TQx <0 (24)

Now, according to Theorem 3,V > 0 and gD'B(t)V <0,
the system is stable in the sense of Lyapunov. Also, since
gDﬁ(t)V is strictly negative, the system is asymptotically
stable and x — 0 as t — oo.

Theorem 3 When A is Hurwitz, the system § D?M g =
Az + v,2(0) = x¢ is BIBO stable and as t — oo this
system is equivalent to § DP®x = v, 2(0) = 0.

Proof Consider the Lyapunov function V(z) = a7 .
Obviously,

SDPOYV < 2T DO g = 2T (Ax +v)
1 1
< LT (A ATz 1 ol ol = — 2T Qx + o] o]

< Omin(Q)ll2* + N1z [[o]]

(25)
where 0.min(Q) is the smallest singular value of the ma-
trix Q and Q relazes the algebraic Lyapunov equation
(PA+ATP = —Q) with P = 1. Since Q = —(A + AT),

Omin(Q) = 20min(A). Therefore, for ||z|| > %,

§DBMV is negative. So, the states will remain in the
bound ||z|| < % Also, as long as ||v|| is bounded,
so is ||z|| and this implies BIBO stability.

Moreover, the variable order derivation operator is lin-
ear. So, superposition condition holds and the response
can be divided to the zero state and zero input responses.
Accordingly, the response of the main system is the sum
of the responses of two systems § DPDx = Az, 2(0) = x
and § DAy = v,x(0) = 0. Based on Theorem 2, the
response of the former goes to zero ast — oo implying
that in the steady state, the main system is equivalent to
§DBM g = v, 2(0) = 0 and this completes the proof.

Corollary 2 Suppose thatx = Olf(t) (Az)+w,w(0) =0
and A is Hurwitz. Then, ast — 0o, x — w.

Proof Based on the Volterra equivalent integral, after
applying the operator gDﬁ(t) on both sides of the above
equation, using (4) we have § DPMy = Az + v, zq =
0, where v = gDﬁ(t)w. Now, since A is Hurwiz, the
previous Theorem implies that as t — o0, gDﬂ(t)x =
v=§DF®w, 2(0) = w(0) =0, or, z — w.

As the final result of this paper, the next Theorem
presents the order/state estimation of a commensurate
variable order linear system with unavailable states in
the compact interval [0 T for any given T

Theorem 4 Consider the linear commensurate variable
order system § D*®x = Az + Bu with unknown order
0 < a(t) < 1 in the compact interval t € [0 T| with
la(®)]] < M and only the output y is available. Sup-
pose that the pair of (A, C) is observable and L is chosen
such that A — LC is Hurwitz. Then, the following esti-
mation approach guarantees that the estimation error is
ultimately bounded and could be made arbitrarily small.

SDYi = Az + Bu+ L(y — C#), = Ci

. 0z, (t,
d:789”<%é$ﬁ6)|ﬁa>TcT(y—27)»7>0 (26)

o(1) = Az(7) + Bu(r) + L(y(1) — CZ(7))
where sgn(.) is the sign function.
Proof According to the Volterra integral we can write:

z— 2= (2(0) -

>

(0))
t —r a(t)—1 X
+/0 (“ 0 (A~ LOYw - 2)

(
(t_T)a(t)—l (t_T)&(t)—l .
e e )¢>d7
(27)

with an approach similar to the one used to prove Lemma
1:

0zy(t, .
£ PO ey KO-
where K(t) = [Ki(t)... K,(t)]T and 82%(;’5)|ﬁ:d are

both n x 1 vectors. According to the solution existence of
variable order systems [16], & is continuous. Therefore,

if w is continuous, so is ¢ and according to Lemma 2,
K;i(t) < oo fori=1,..,n and 0 < t < T. Using the

0z4(t,8) A
%5 ‘ﬁ:d (OL - a) +

Volterra integral and defining w =
K(t)(a—a)?,

x-i«:wﬂfg((A—LC)(x—@)) (29)

Now, define V(&) = 4(a — &)%. Sincey — § = C(z — 2)



we have:
) 0z (t,
V(a) =d(a—a) - vsgn(%(ﬂﬂ)g_a)TCT(y —9)
0z (t, T
=dla—a&) — 'ysgn<¢8(ﬁ6>|ﬁd> CTC(x —2)(a — &)

Substituting x — & from (29):

v§<ﬂOWMmQA—Lm@~wDH+M>a—@

- 'yCngn(aZ%(; & |B:a>T (32%(;, & |ﬁ:&) Cla—a)?

+AICTCIE @)l — af®
(31)

Define n(t) = sgn(a%(tﬁ | Q)T( t6)|ﬂ a) which

is non-negative for all t. Now, the negative term is split
and all the terms are grouped as follows:

v§{<wowmm0ALm@>fDH+M>M&H

7mwmw2adﬁ}

+ {7|C||2||f(( Mlor = &]* ~ *17( NCI e ~ allz}

(32)
In the above, the groups are identified by {}.
1. The first group is negative in the following interval:

2|12 ((A—LC) (z—w)) H

n

loe = &ll > e +

According to Corollary 2, ast — oo, in (29) x — w and
OIta((A - LC) (a: — :fc)) — 0, i.e., for any given eg > 0
there is a value Ty such that HOI? ((A —LC)(z— 50)) H <

€o fort > Ty. The value of Ty is dependent to the poles
of (A — LC). If L is designed in a way that Ty << T,

then |jo1? ((4 = LC) (2 - ) )|

onte (0 T).
2. The second group is negative when |

~ 0 almost everywhere

2IIKH

As long asn > 0 (i.e. the positive value 19 exists such

that n > 1), since ||K|| is bounded there is a positive

real number Mf( such that ||a — &|| < 53— implies that
K

llov = afl < 5=

2HKH )
Hence, for t > Ty, V is negative inside the interval

,mfﬁ\éug < |la = @& < 5if= almost everywhere on t €
K
[0 T1.

This implies the locally ultimate boundedness of the er-

. y . 2M ~
ror. In fact, since V < 0 in TlcTE < o = @, as soon

as a — & tends to leave the area || — &|| < —2M it is
ymollC]l

pulled back inside, thus the error remains bounded with
mazimum bound of W

Accordingly, if the initial condition is properly chosen,
the estimation error can be made arbitrarily small. The
convergence speed is related to the matriz A — LC'. Also,
according to (28) and (29), for a given € > 0, there is an
€1 > 0 such that if |ja — &|| < €1 then ||z — &|| < e. It
means that vy can be chosen in a way that ||z — 2| < e.
So, the state vector and the order can both be estimated
with desired levels of precision.

Conszder the above interval with the lower bound B, =
WOHCHQ and the upper bound By = % It should

be noted that as long as By, < By the aforememfioned

interval is never empty i.e. for v > there exist a

2HC H2
region such that if the initial condition is chosen inside
it, the adaptation rules converge to an estimation with
bounded error. Also, larger v leads to smaller ultimate
bound. So, large enough =y ensures the convergence with
an acceptable error. Moreover,

1. For the constant order case where M = 0, if the initial
value is properly chosen, the estimation error asymptot-
ically converges to zero.

2. As K — 0, the upper bound tends to infinity i.e. the
estimation error will be globally bounded.

3. Since {&,n(t) = 0} is not an invariant set for the sys-
tem (i.e. it does not yield’a = 0,Vt), so the trajectory
will leave this set. Hence, this case can be neglected in
stability analysis.

4. Although the proposed method requires temporal com-
pactness, the final time T can be arbitrarily chosen. Ac-
tually, for any given value of T < oo, the proposed algo-
rithm works in the interval [0 T). Hence, the only con-
straint we are dealing with is T # oo, which from the
practical sight of view does not cause a problem.

Theorem 4 implies that for simultaneous estimation of
the order and the states, a set of two combined systems
should be used, one for estimating the order and the
other for estimating the states. These two systems are
in a high level of interaction with each other. The block
diagram shown in Figure 1 illustrates this concept.

3.2 Simulation Study

As the first simulation study, consider the following case
study (33) which is an unstable multi-input multi-output
system. We aim to estimate the order and the states
while only the input and output vectors are available.
Figure 2 and 3 show the simulation results. Clearly, the
figures show that although the main system is unstable
method works properly and the ultimate errors for esti-
mating both the order the states are small enough. This
verifies the effectiveness of the method proposed in The-
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Fig. 1. The simultaneous order/state estimator block dia-
gram
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Fig. 2. The actual and estimated order.

orem 4.

1— e—O.lt
‘o Lanh(o.l(t - 16))]]
aft) = 0.7 — 0.2¢" %% sin(0.5¢)

(03 01 0.1 1 0
A=|-01-02 04 |,B=1|2 1 (33)

0.3 —0.5 —0.1 —92 1

] 0.30  0.20

10 0
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00505
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In the second simulation study, an additive measure-
ment noise is also taken into account. Consider the fol-

z1 and 21
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Actual

&

— = Estimated

State#1

25

Time
To and To
5.
Actual
—-— Estimated
o
=+
j)
<
n
25
Time
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—-— Estimated
o
+
Q
<
n
5 10 15 20 25

Time

Fig. 3. The actual and auxiliary states. top: x1 vs. £1, middle:
To VS. T3, bottom: x3 vs. T3.

lowing system.

S DOy (t) = Az(t) + Bul(t)

y(t) = Cx(t) + v, v ~ N(0,0.01)
u=1-e"sin(0.6t)

at) = 0.7670'“(0.5608(0.515) +0.7)

0.3 —0.1 1 (34)
A= B=
0.2 —04 2
0.1138
C = [1 0.5] L=
—0.4234
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Fig. 4. The actual and estimated output for a noisy system.
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Fig. 5. The actual and estimated order for a noisy system.

where v is a white Gaussian noise. The only available
signals are the input and the noisy output. Figures 4-6
show that the proposed algorithm effectively estimates
all unavailable signals even in the presence of noise.

4 Conclusion

This paper solved the unknown order estimation prob-
lem for non-integer order systems, in combination with
designing a state observer for such systems. The suffi-
cient conditions and the designing procedure of the esti-
mator were introduced as well as the convergence proof.
As the simulation studies show, even in the presence of
the measurement noise, the presented method works and
leads to an acceptable estimation error. Because of differ-
ent applications of variable order dynamics, the results
of this paper could be used in a number of applications
especially for estimating the order which is supposed to
be known is most of the previous works.

During the process of designing the estimator, some
lemma and theorems were proven about the topic of non-

z1 and 21

— Actual
351 —-— Estimated

State #1

251

Actual
—-— Estimated

State#2

Fig. 6. The actual and auxiliary states for a noisy system.
top: 1 vs. 1, bottom: x2 vs. Za.

integer order system, which, to the best knowledge of
the authors, have not been reported before. These re-
sults can be used to investigate the stability properties
of the variable order systems.

Future works in this topic may be done pertaining to
extending the presented results in order to design an or-
der/state estimator for nonlinear variable order system
or designing an adaptive order/parameter /state estima-
tor for variable order linear systems. Also, as a more
general case, a method can be designed to estimate the
order vector of an incommensurate order system.
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