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Abstract

This paper considers the combined parameter and state estimation problem of a bilinear state space
system with moving average noise. There are product terms of state variables and control variables in
bilinear systems, which brings difficulties to parameter and state estimation. By designing a bilinear
state estimator based on Kalman filter and using input-output data to estimate the state, a hierarchical
multi-innovation stochastic gradient (i.e., H-MISG) algorithm based on the state estimator is proposed
to jointly estimate unknown states and parameters. In addition, compared with the hierarchical
stochastic gradient algorithm, H-MISG algorithm introduces the innovation length parameter, makes
full use of the system input and output data information, and improves the accuracy of parameter
estimation. Numerical simulation examples verify the effectiveness of the proposed algorithm.

Key words: Bilinear system, Multi-innovation identification, Kalman filtering, Parameter
estimation, State estimation

1. Introduction

The implementation of control strategies mainly relies on the accurate mathematical model of a
system. System identification is the theory and methods of establishing the mathematical models of
systems [1, 2, 3, 4, 5|. The basic method of the current common identification algorithm is to transform
the identification problem into a parameter estimation problem by establishing the parameter model of
a system [6, 7, 8]. This kind of algorithms can better solve the identification problem of linear systems
or intrinsically linear systems, but it is more difficult to apply to intrinsically nonlinear systems [9, 10,
11]. However, the models in the real world are not strictly linear. They show nonlinear characteristics
more or less [12, 13]. Therefore, more and more nonlinear phenomena and nonlinear models have
attracted people’s attention.

Nonlinear systems widely exist in people’s production and life. With the development and progress
of human society, more and more nonlinear phenomena and nonlinear systems have attracted wide
attention from researchers. The discovery of chaotic phenomena is hailed as “One of the Three
Great Discoveries of the Twentieth Century”. At present, the research on nonlinear theory is in the
development stage. Establishing models describing nonlinear phenomena and nonlinear systems is the
basis for studying nonlinear problems [14, 15, 16, 17]. Linear system identification theory has become
mature, but the general linear model is actually an approximate mathematical description of the real
system obtained after some nonlinearities are ignored or replaced by linear relations. With the rapid
development of science and technology, control systems are becoming more and more complex, and the
requirements for control accuracy are getting higher and higher. Systems with complex nonlinearities
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cannot be approximated by linear models, so the study of nonlinear system identification theory has
very important practical significance [18, 19, 20, 21].

The study of bilinear systems began in the 1960s, and has received extensive attention and rapid
development since the 1970s, becoming one of the more mature branches in the study of nonlinear
systems. Bilinear system has some characteristics of variable structure system, so it has certain
adaptability [22, 23]. For the situation where the control variable is restricted (that is, the size of
the control variable must be within a certain limit), the stability condition expressed in frequency
domain language has been found. Bilinear systems have better controllability than linear systems
[24]. Even if the control variables are restricted, the system may still be fully controllable. Some
sufficient conditions for the system to be fully controllable have been obtained. The use of dynamic
programming or maximum value principle has been able to solve some of the optimal control problems
of bilinear systems, such as the fastest control, the most fuel-efficient control, and the optimal control
of discrete bilinear systems and stochastic bilinear systems. There are many practical examples of
bilinear system theory. For example, optimal control of nuclear fission and heat exchange processes in
nuclear power plants and nuclear power plants, population prediction and control, etc.

Combining the gradient search with the hierarchical identification principle and the multi-innovation
identification theory, this paper intends to study recursive identification algorithms for the bilinear
state space model with moving average noise. On the basis of gradient search, this paper aims to
use useful information of system accuracy to update the collected data to identify bilinear systems.
Therefore, this paper studies a H-MISG identification algorithm to realize joint parameter and state
estimation and reduce the influence of colored noise on parameter estimation. The main contributions
are summarized as follows. Compared with the previous work in [25], the proposed algorithm gives
the joint state and parameter estimation to improve the convergence speed, and gives the convergence
analyzes to ensure the stability of the algorithm.

e A moving average noise identification model is derived for bilinear state space systems. By
introducing the length of new information, expanding the identification of new information,
fully mining useful information from the available measurement data, by extending the new
information, rolling and reusing information, to make up for the impact of lost data and improve
system parameter estimation accuracy.

e A state estimator is designed to obtain the system states on the basis of the Kalman filtering, and
a state estimator-based multi-innovation stochastic gradient algorithm is proposed to estimate
the unknown system parameters by the hierarchical identification principle.

The rest of this paper is organized as follows. Section 2 derives the identification model of bilinear
state-space systems with moving average noise. Section 3 proposes the stochastic gradient algorithm
using the hierarchical identification principle. Section 4 derives the multi-innovation stochastic gra-
dient algorithm as a comparison. Section 5 gives the state estimation for bilinear systems. Section 6
gives the convergence analysis. Section 7 provides two examples to verify the effectiveness of the
proposed algorithm. Finally, some concluding remarks are given in Section 8.

2. System description and identification model

First of all, let us introduce some notation. “X := A” stands for “A is defined as X”; the symbol
I (I,)) means the identity matrix of appropriate size (n x n); z denotes a unit forward shift operator
like zxp = xp41 and 2z~ 'z, = x,_q; the superscript T symbolizes the vector/matrix transpose; ’lE}k
denotes the estimate of ¥ at time k; 1,, represents an n-dimensional column vector whose entries are
all 1.

Consider a bilinear state-space system in the observability canonical form:

Tpy1 = Az + Bxpuy, + fug, (2.1)
=hx; + 2.2
Yk Ly C(Z) Uk, ( )



where @y, == (214, T2k, ..., Tnk]" € R" is the state vector, u; € R and y;, € R are the control variable
and output variable, and A € R™*", B € R™*" f € R™! and h € R™" are the system parameter
matrices and vectors,

[0 1 0 e 0]
0 0 1 - 0
A= : : : U eR™" aq;e€R, i=1,2...,n,
0 0 0 e 1
| On A4p—-1 Aap—2 -+ a1 |
by fi
bo f2
B:= ‘ c Rnxn7 f — ‘ c Rnx17
by, fn

h:=[1,0,...,0] € R*™,

w 1= gg))”k is the measurement noise with C(z) := 1+ 127t + 0272 + ... + ¢,z " and D(z) =

L+diz7 +doz™? + ...+ dp, 27", E[v] = 0, E[v]] = 02, E[ugv;] = 0, t # i. Without loss of generality,
this paper makes the following assumptions. The dimension n of the system state vector is known,
ug =0, ¢, = 0, yr = 0 and wy, = 0 for ¢ < 0. The bilinear system in (2.1)—(2.2) is observable and

controllable.
The system in (2.1)—(2.2) is written as

L1 k41 0 1 o -~ 0 1k b fi
L2 41 0 0 1 0 Tk by )

: = : : SR : + I |, (2.3)

Tr—1 k+1 0 0 0 1 Tr—1,k bn_1 frn-1
T, k+1 an Ap—1 ap—2 - ai T,k bn fn
D(z)
=11,0,...,0 — V. 2.4
Yk [ ) ) ]wk + C(Z) Uk ( )

From (2.3), we have the following relations:
a:i7k+1 = xi+17k + biwkuk + fiuk, 1= 1, 2, e, = 1, (25)
Tpk+1 = QTk—pn + bpTrug + frug.
Multiplying both sides of (2.5) by z~¢, and summing it for i = 1 to i = n — 1 yields:
Tk =QTp_p + brxp_qup_1 +boxp_sup_o+ ... + by 1 TE_pp1Uk—nt1 + DT _pUL_p
+flug_1 + four_o + ... + frUp_n.
Define the parameter vector ¥, ¥y, ¥y, ¥2 and the information vector ¢, i, @y, Poy ks Doy as

=lay,as,...,a,]" € R",
9y = [b1, b, ..., by)" € R,
'ﬁf = f17f27"'7fn]T 6Rn7

[
[
'192 = [61,62, A ,Cnc,dl, d2, .. ,dnd]T S Rnc+nd,
d)a,k; = [flfk_l, Tp—2,--- wTk—n]T € Rn?
2
D g = [Th1UE—15 -+ - Tkt 1Uk—nt 15 ThnUk—n] € R™,
¢f,k: = [Uk_l, Uk—2y -+ 7uk‘—n]T S Rn)
¢2,k = [—U)k_l, —Wk—2y++vy TWk—n,y Vk—1, V-2, - - 7vk‘—nd)]T S Rnc+nd'
Mathematically, Equation (2.4) implies that:
, D)
=z —

Yk =T1,k ) k



=000as + 9y o +0;0s s + 93¢0 + vk
=Yak + Yok T Yfk T Wk

The output y;, is decomposed into the following identification models of the system in (2.1) and (2.2):
ya,k - 02¢a7k + Uk,
Yok = Uy Gy j + Uk,

Yik =93¢k + Uk,
wy, =05 Pg . + Vg

o~ o~ o~ o~

2.6)
2.7)
2.8)
2.9)

The proposed parameter estimation algorithms in this paper are based on this identification model.
Many identification methods are derived based on the identification models of the systems [26, 27,
28, 29, 30| and these methods can be used to estimate the parameters of other linear systems and
nonlinear systems [31, 32, 33, 34, 35] and can be applied to other fields [36, 37, 38, 39, 40] such as
chemical process control systems.
Remark 2.1: Previous study has developed an expectation maximization algorithm for state space
systems with time delay [41]. While, due to the removal of state variables, the calculation burden
is heavy and state estimation is not considered. Besides, less work is focused on theoretical analysis
of the performance of the proposed method. This leads us to explore a new combination of state
and parameter estimation methods and provide theoretical analysis to prove the convergence of the
proposed algorithm.

The purpose of this paper is to acquire estimates of unavailable parameters and states of bilinear
systems using measured information. In view of the state space identification model with moving
average noise, this problem will be solved in the next section.

3. Hierarchical stochastic gradient identification algorithm

This section presents an hierarchical stochastic gradient (H-SG) identification algorithm for the
considered system by decomposing the identification model into several sub-identification model-
s based on the negative gradient search and the hierarchical identification principle. Let ¥, :=
[&1,k,5{2,k, - 7dn,k]TA7 Do = (b1 g bo g, bnk]™, O = [fie, fors- s fnkl™ Dok = [CLr, Copy- -,
Cro oy A1y A2 oy - - -, dy, 1] " denote the estimates of the parameter vectors 9, i, b i, V1, P2 at time k.
The estimates of the intermediate variables are used to improve the parameter estimation algorithm:
]T

D1 = (Bl T 1UE—1, B—2Uk—2, - -+, Bl 1 Ukt 1> ThnUk—n> Uk—15 - - - s Uk—n] >

~ . R . R T
¢27k; T [_wk—17 —Wk—2y- -y =—Wk—n>Vk—1,VE-2,--- 7Uk—nd] .

By means of the negative gradient search, we derive the H-SG parameter estimation algorithm for
estimating the parameters of the bilinear system:

~

5 . Dok T
ﬁa,k - 19(1,14—1 + CL’k [ya,k - ﬁa,k_lcﬁa,k]: (310)
a?

Pk =Tap—1 + || arl. (3.11)
a)a,k = [i'k—la ‘%k—27 v 7i'k—n]T7 (312)
3 5 Do AT 3

ok =y -1 + m[yb,k — Dy 1P el (3.13)
rok =Tkt + byl (3.14)
B = [T 11, - -, B 1 U1 Bl U] (3.15)
Opr =051+ Tfik[yf,k =V 195l (3.16)
ik =T+ bl (3.17)



QAl)f,k: = [uk—la Uf—25 - - - 7uk—n]T7 (318)
W bok; .  ar 4

Vo =V -1+ a[wk — Dy 5 1Pa); (3.19)
rok=rak-1+ bl (3.20)
<2>2,k = [~Wg—1, —Wk—2; -+ s ~Whk—np, V=15 Vk—2; - - - » Vk—ny) " - (3.21)

The steps of computing the parameter estimates of the nonlinear sandwich system using the proposed
H-SG method in (3.10) to (3.21) are as follows:

1. To initiate: Let k = 15 let ro0 = 1, rp0 = 1, rpo = 1 and ry o = 1, {9@,0 =[a1,0,42,0,.-,0n0]" =

1./po, Obp = [51,9,52,9, e 75n,p]T = 1,/p0, 950 = [fr.o.f2.00--+ fuol® = 1n/po, P20 =

[6170, 6270, R 7énc,07 d170, d270, R ,dnd70]T = 1n/p0, Py = 106, 1,, € R"™ with element 1. Set the

estimation accuracy e.

Collect the observed data up and v, form c}.’) 7. using (3.18).

Compute &52,k using (3.21), form éba,k using (3.12) and form qAbbJ{ using (3.15).

Compute 74k, 7ok, 7fk and rop using (3.11), (3.14), (3.17) and (3.20), respectively.

Update the parameter estimates D1, Dy, @ﬁk and 9y, using (3.10), (3.13), (3.16) and (3.19),

respectively.

6. It ||1A9a,k _@a,kH > &, Hl{gb,k _@b,kH > &, Hl{gf,k _{9]”716” > &, ||1A92,k _{92,k|| > ¢, then k:=k+1 and
go to Step 2, else terminate the computation process.

Al

Remark 3.1: For the dynamic sampling data of nonlinear systems with moving average noise, the
proposed H-MISG identification algorithm can capture the real-time information of the system to
be identified. Complex nonlinear systems with time delays are solved by gradient search to obtain
variables that cannot be measured by internal parameter estimation. It should be noted that the
H-SG identification method only uses the current time base and cannot supplement the high-precision
parameter estimation. In the next section, we will extend the identified regression new information
vector to the new information matrix, reuse the data information, improve the convergence speed of
the identification algorithm, and improve the accuracy of parameter estimation.

4. Hierarchical multi-innovation stochastic gradient identification algorithm

The main idea of hierarchical identification is the principle of hierarchical identification based on
identification model decomposition. Hierarchical identification is different from subsystem decompo-
sition identification methods. It can not only solve the problem of large-scale systems with a large
amount of calculation, but also solve the identification problems of complex identification models,
including the hierarchical iterative solution of the Lyapunov matrix equation and the Sylvester matrix
equation.

In the recursive formula of parameter estimation, we use more measured data and information
to deduce a parameter estimation algorithm with high estimation accuracy. Dynamic batch data is
designed and expressed in yi, Yx—1, - - ., Yk—p+1, Where the length of dynamic data is p, and the current
time is k. Obviously, dynamic data can be regarded as a window data with width p, and these dynamic
data will be updated over time. The data window contains not only the current time data, but also
the previous data. Compared with the dynamic observation data used in the stochastic gradient
algorithm, the dynamic window data can obtain more system dynamic information.

Define the stacked information matrix

aT,k Ya,k
z,k‘—l NXPa Ya,k—1 D
D, (pa, k) = ) eR y Yo(par k) = . € RPe,
aT,k—pa-i-l Ya,k—pa+1



[ Dy Yb.k
Dp i Yb,k—1
(bb(pl” k) = b7-k ' € Rn2><pb7 Yb(pb7 k) = . S pru
_¢;)F,k—pb+1 Yb,k—pp+1
L Yrk
P11 nx Yfk—1
(I)f(pf7k7):: . €R pfv Yf(pka) = . 6Rpf7
_¢}7k—10f+1 Yfk—pp+1
[ Wi Vg
WE—1 Vk—1 ) .
W (pe, k) := . e R Vi(pi,k) = . e RPi, 4=ua,b,f, 2.
L Wk—pa+1 Vk—p;+1

From Equations (2.6)—(2.9), we have

Ya(paa k) = 02q)a(paa k) + V(paa k),
Yb(pb7 k) - 0g¢b(pb7 k) + V(pb7 k)u

Y i(pr k) =07®s(ps k) + V(ps, k),
W (p2, k) =0, ®a(p2, k) + Va(p2, k).

Then, the following recursive relations are given by

ap = ak-1 — HakPa(Pa k)Y a(Das k) — 9% 1 ®a(pa, k)], (4.22)
Dk = Op o1 — Ho,k Po(pos k) [Y 5 (Py, k) — 9511 o, k), (4.23)
Dy =0rh-1 — typp® (s, )Y f(pg k) = F o1 @1 (ps, k)], (4.24)
o =21 — H2kPa(p2, k) [W (p2, k) — 93 1 ®o(pa, k). (4.25)

where fi4 5, ok, fifr and po ) are the step-sizes.

However, these recursion formulas in (4.22)—(4.25) cannot be accomplished for the reason that
there are unknown internal variables xy_;, Tp_jur—; (i = 1,2,...,n), —wp—; (j = 1,2,...,n.) lying
in the information vectors @, 1, @y 1, @i and @q . In order to accomplish the parameter estimation
algorithm, we use the estimated values to replace the unknown variables which can be participated in
the recursive computation.

By using the window data with length p, the innovation scalars are expanded into the innovation
vectors as follows:

AT ~
Ya,k — ’l?%,k—l(:?a,k
§ Yak—1 — ¥ ,k—1¢ -1
Eo(pa k) =Y alpask) — 004 1 Balpuk) = | " kot ,
T

Ya,k—pa+1 — ﬁak 1¢ak —pa+1

Ypk — ﬁ%k 1¢bk

R Yb,k— 1—19bk Bpp 1
Ey(py, k) =Y p(pp, k) — 9y 11 Py (0, k) = : ' :

~ T ~
Ybk—py+1 — 1917 k 1Pb k—py+1

Yrk — J;k 1¢f,

. Yfk— 1—19fk 1¢f,k 1
Ef(ps k) =Y s(ps.k) = 95 1 ®s(ps. k) = : ;

~ T ~
Yfk—pr+1 = Opr1@Prkprt1



/\T A~
Wk — "?gr,k—lf?z,k
A Wek—-1 -9 ke— ¢ k—
Es(pa, k) i= W (pa, k) — 93 11 ®2(pa, k) = PR

A~ T A~
Wk—pyt1 — Vg k192 k—pot1

Let {9@,1@, '[91),;@, 9 Fks '¢A92,k denote the estimates of f?a, @b, @f, 9y at time k, respectively. Finally,
we propose the H-MISG algorithm for estimating the parameters of the nonlinear state-space system,
as follows:

2 e (i)a as k
Doy =Dos + 2B g ), (4.26)
a,k
AT A
Ea(paak) :Ya(paak) - 0a,k—1q)a(paak)7 (4'27)
Ya(paa k) = [ya,k, Yak—1y--- 7ya7k‘—pa+1]T7 (428)
Tak ="Tak—1 1 ||(I’a(pa7 k)||27 Ta,0 = 1, (429)
i’ll(paa k) = [¢a,k7 ¢a,k—17 SRR (ba,k—pa—l—l]v (430)
Bae = k1, Bk k] (4.31)
9, =[a1,0a0,...,a4,)" € R", (4.32)
R . &, (py, k
D=1+ MEb(pb, k), (4.33)
E(py, k) =Y b (pv, k) — Dy 5,1 (01, K), (4.34)
Y 4 (Dos k) = [Yo ks Ub k=15 - - - > Ybk—ppt1) 5 (4.35)
ok =7 k-1 + | ®o(pp, k)|, 750 = 1, (4.36)
q)b(pba k) - [d’b,ka ¢b,k—17 SR ¢b,k—pb+l]7 (4'37)
G = [Br1Uk—1,- - s Bl 1 Ukt 1, Bh—nUk—n] " (4.38)
Dy = [b1,bs,....b,)" e R, (4.39)
R R S (ps.k
V=01 + %Ef(pfrk)a (4.40)
/\T A
Ef(pr, k) =Y j(ps k) = Op 1@ s(py. ), (4.41)
Y i (0p k) = [Yr ks U1, U hpytt] s (4.42)
ik =rrr-1+ [®s(pr. k)2 rro =1, (4.43)
Qr(ps k) =Dsp: Pri—1s-- - Pri—ppi1ls (4.44)
&f,k = [Uk_l, Uk—2; - - - 7uk—n]T7 (445)
I =[f1, far ., fn]" €R, (4.46)
R . &y (po, k
Vo =V —1 + %lﬁ (p2, k), (4.47)
Eo(pa2. k) = W(pa, k) — Dy 1 @a(pa. k), (4.48)
W (p2, k) = Wi, Wk—1, - . ., Wr—py+1]", (4.49)
o =ran-1+ [ ®2(p2, k)%, r20 =1, (4.50)
Lo (p2, k) = [Po s Do i1+ P2 k—potils (4.51)
¢2,k = [_wk—ly _wk—Qa ey _wk‘—nc) Vk—1,--- 7vk—nd]T7 (452)
Yo =[1,¢0,...,¢n,,d1,da,. .. dp,|" € RWTT, (4.53)

The proposed H-MISG parameter estimation algorithm for nonlinear state space systems in this article
can be applied to fields such as chemical process control systems, transportation communication



systems and so on. The computational steps of the H-MISG algorithm in (4.26) to (4.53) for estimating
the parameters of the nonlinear state space systems are illustrated as follows.
Algorithm 4.1:

1. To initiate: Preset the recursion length L, preset the innovation length p, set the initial values
re0=1,1m0=1,170=1and rog =1, 19a0 = 1,/po, 19170 = 1,,/po, 19f,0 =1,/po, 1920 = 1,/po,
Py =10, 1,, € R” with element 1. Set an estimation error ¢.

2. Collect the measured data ug and y and form the stacked output vectors Y o (pa, k), Y(pp, k),
Y ¢(py, k) and W (po, k) using (4.28), (4.35), (4.42) and (4.49), respectively .

3. Compute q’)ak, q’)b i ¢fk and ¢, & using (4.31), (4.38), (4.45) and (4.52), respectively.

4. Form the information matrices <I>a(pa, k), <I>b(pb, k), <i>f(pf, k) and <i>2(p2, k) using (4.30), (4.37),
(4.44) and (4.51), respectively.

5. Compute the innovation vectors E,(p., k), Ey(py, k), E¢(ps, k) and Es(p2, k) using (4.27),
(4.34), (4.41) and (4.48), respectively.

6. Compute 7, bk, 7fk and ro ) using (4.29), (4.36), (4.43) and (4.50), respectively.

7. Update the parameter estimates 1A9a,k, '[91),;@, '¢A9f7k and '[927;€ using (4.26), (4.33), (4.40) and (4.47),
respectively. If [0, 1 —q k1]l > &, |9 —Dp 1]l > &, 915D 51| > € and |92 —Da 1] >
g, then k := k + 1 and go to Step 2, else terminate the recursion procedure and obtain the
parameter estimates.

Remark 4.1: The proposed H-MISG identification algorithm uses the dynamical batch data with the
window width p to calculate the parameter estimates of the nonlinear state space system. Compared
with the H-SG identification algorithm, the H-MISG identification algorithm introduces more data to
the recursive estimation and can obtain higher parameter estimation accuracy [42].

5. The state estimator for bilinear systems

It is generally appreciated that the Kalman filtering is considered to be one of the most popular
state estimation algorithms for linear state space systems. While, the state estimation of nonlinear
state space systems is much more complicated. Aiming at this difficulty, some algorithms are proposed,
comprising the modified Kalman filter, the particle filter and the extended Kalman filter. In this
section, we transform the bilinear state space model into a linear time varying model and design a
Kalman state estimator with time variant gains to obtain the system states.

Define A, j, :== A+ Buy,. By rearranging the bilinear state space model with moving average noise
n (2.1)-(2.2) yields:

Ty = Ay Ty + fug,

D(z)

=h
Yk T+ B Vks

which may be viewed as a “linear time varying state space model”. If the parameter matrix A, j and
the vector f are available, and the input output data w; and ¥y are known, then the state estimates
are acquired on the basis of the Kalman filtering:

L1 = Au s i + fur + Lk[yk — hx) — 19;(2)2 k] (5.54)

L, = AukthT [O’ + thhT] , (555)

P = AukPkAg’k — LthkA;k, P(1)=1,, (5.56)
where &y, 1= [Z1 4, 2k, ..,Tn k" € R™ are the state estimates, Ly € R" is the optimal gain vector,

Py € R™™ is the state estimation error covariance matrix.
The current difficulty is that the parameter matrix A, , and vector b are unavailable. Consequently,
the state estimation in (5.54)—(5.56) cannot be achieved. The solution is that using the parameter



estimates a; 1, sz and flk in {9[171{, {9“7 @f,k and 192,/& constructs the estimates Ak, Bk and fk of A
, B and f as

0 1 0 - 0
0 0 1 e 0
Ak = : : : i : )
0 0 0 |
| Qnk An—1k Qp—2k - a1k |
i o
A b27k - f2,k
Be=| |, fr=|".
_i)n,k fn,k

Then, the estimate Au k of A, can be acquired by Au o= Ak + B rur. Replacing A, and f in
(5.54)—(5.56) with their estimates A,  and f i, and replacing the unavailable information vector ¢,
the parameter vector ¥ in (5.54)—(5.56) with their estimates ¢2 , and s k yield:

1 = Ay p@n + Frug + Lilye — hiy — 93¢0, (5.57)
= A, Pih"[0> + hP R, (5.58)
Py = Au,kPkAZ,k - LthkA;k. (5.59)

Equations (5.57)—(5.59) form the Kalman state estimator for bilinear systems to calculate the estimate
;. of the state vector xy. The methods proposed in this paper can combine other identification
approaches [43, 44, 45, 46, 47, 48] to study the parameter estimation problems of different systems
with colored noises [49, 50, 51, 52, 53] and can be applied to other literatures [54, 55, 56] such as
signal modeling and communication networked systems.

The system states and parameters can be interactively estimated through the bilinear state observer-
based H-MISG identification algorithm.

6. Convergence analysis

In order to analyze the performance of the proposed method from the view of theory. In this
section, the convergence of the proposed H-MISG parameter estimation algorithm is analyzed.
Lemma 6.1. Assume that the nonnegative sequences Si, (i, and &, meet the following inequality

Sk < Sk—1 + G — &k,

and "7 (< 00, then Y 7, & < 0o and & — 0, Sk, is bounded.

The proof is easy and omitted here.

In order to analyze the convergence of the derived H-MISG algorithm, the following assumption is
imposed for the nonlinear state-space system in (2.1) and (2.2).
Assumption 6.1. The disturbance vy, is a white noise sequence with zero mean and variance o2, that
is, E[vg] =0, E[v,%] =0, Elogvs] =0, k # 0. If rog, Tok, ¢k, T2 in the H-MISG algorithm in (4.26)
d [P (pa,k)|? 0 [P (po, ) |12 0

to (4.53) satisfies 74 — 00, rpp — 00, T — 00, T2 — 00 an o , "

2
II‘I’fT(J:J; MIE 0, II‘I’z(pzl; )12
conditions. There exists an integer N and the positive constants A,, Ay, Ay and Ay independent of k

such that the following strong excitation (SPE) condition holds:

— 0. This shows that the observation data satisfy the persistent excitation

szl o(par ki + )&, (Par k + 1)

T[l,k-‘r‘]l

> A, a.s.
J1=0



2T .
b(pln k+ ]1)(I)b (pb7 k+ ]1)
Tbvk"’_]l

> NI, a.s.

— ®(py.k +jl)(i);(pf7 k+j1)
Tf k451

> A, a.s.

A . ~ T .
Do(p2, k + j2) Py (p2, k + jo)
7‘27]@_!’_]2

> Mol a.s.

j2=0

Theorem 6.1. For the nonlinear state-space system in (2.1) and (2.2) and the derived H-MISG
algorithm in (4.26) to (4.53), under the above Assumption, the parameter estimation error given by
the H-MISG algorithm converges to zero.

Proof. Refer to the method in Reference [17, 57, 58] and define the parameter estimation vectors
{9ak = ﬁak — 1, ﬁbk = 19bk — Yy, ’l9fk = ﬁfk — 19f, ﬁgk = 192k — 5. Subtracting ¥,, 9%, 19f, D)
from both sides of Equations (4.26), (4.33), (4.40), (4.47) respectively gives

A % (i)a as k
ﬁa,k = ﬁa,k—l + LEa(paa k) - ﬁa
Ta,k
% (i)a as k ¥
=0 k-1 + %[—Ya(pa, k) + A(pa, k) + V (pa, k)], (6.60)
~ R &, (py, k
Ty = Opp—1 + MEb(pb, k) — 9
R &y (py, k). -~
= Bues+ P F )+ )+ V1, (6.61)

> pr.k
Ofp =0 p—1+ %Ef(pfak‘) — Uy

e (i)f(pfak)

o (=Y 4 (ps. k) + Alpg, k) + V(b K], (6.62)

7"27
. P k -
= ﬁg,k_1 + %[—W(}?g, k) + A(pg, k) + Vg(pg, k)] (663)
where
Y o(pask) = @0 (00 k)Dajomts Alpask) = [@0(pas k) — Ba(pa, k)"0,
Y (s, k) i= @, (05, k)00 i1, Alpp, k) := [®4(pp, k) — @y(pp, k)"0,
~ o _ .
Y i(ps, k)= ®s(pr, k)Osr—1, Alps, k) :=[®s(ps, k) — ®s(py, k)] 0y,
W (p2, k) := &4 (pa, k)99s—1,  A(p2, k) i= [®2(p2, k) — Pa(p2, k)] "2

Taking the norm of (6.60) to (6.63) yields

R e éa pmk Y,
B0 l? = i1+ PP )+ A k) + V)P

Tak“‘rak 1

~ 2r a
= ||fl9a,k—1||2 HY (paa )H2 + AY (pa, k’)[A(pa, k) + V(pa, k)]
7"

ak a,k

W[HA@M B+ IV (s HIZ + 2V () A, )]

a1l —

1 - 27,
1Y o &)1 + 22V (9, ) [A Py k) + V (pa, K)]
T

[l,k CL,k

10



W[HA@M BIR + [V (o, DI + 2V (s ) Ao ), (6.64

- - 1, 2
190,411 < 195 111> = ¥ B + =5 (i K) A1, ) + V(i )

b,k b,k
D, (pp, k)|
AR DI A )R + 1V 1 I+ 2V 01D A ),
b,k
3 2 3 2 [ 24 2fkl
19 7.kl1° <19 f k-1l —W—kHYf(Pﬁk)” o2 Yf(pf7k)[A(pf7k)+V(pf7k)]
’ f7
D(ps, k)|
M[HA(W B2+ [V (o7 B + 2V (g, k) Ay K],
Ttk
~ ~ 1 ~ 209 b1 .~
924" < Paie-all® = = IW b, W+ =5=W " (b2, KA (P2 ) + Va(p2, )]
2,k
a2 DI ) 2 oyt A
7[” (D2, B)[|* + |Va(p2, k) ||* + 2V 3 (2, k) A(p2, k)]
2,k

Assume that vy is a white noise with zero mean and variance o2, [P0 — Parl Va is bounded with

€4, which means that [|A(pa,k)||? < paca, and {9a7k_1, f’a(pa,k‘), @a(pa,k), Tak, and A(pg, k) are
uncorrelated with vg. Taking the expectation of both sides of (6.64) and using the Assumption give

% 0 Yna mk 2 (i)a mk 2
BBl < BllBas ]~ B [%] +E M] ol +el (669)
a, a,k
Similarly,
B _ 1Y 3 (00, )| o
B {1B012) < B9y 5 ) — B | 2@ g M][ Wo? + &), (6.66)
i bk rb,k
N B} Y +(py, k)12 @ (py,
B0 4l < B9 ) — B | IV 2@ERIE N IR0 DI oy oy (6.67)
| "'f.k fk
} N LW (92, k) || Dy (po, k)2
B[ 4]1%) < B9[] — E M] +E M] [pa(0® + <)) (6.68)
| T2k Tgk
Note that the sum of the last term on RHS from ¢ = 1 to oo is finite,
N [ ®a(pas K| N || ®a(pas k)|
ZH (192 )l [pa(a2+sa)]<Z”T iplr )kll pa(0? + 24)]

- F_ Ta(loo)] [Pa(0® + 24)] < o0,

ZL" T R DL Ll S,

Tb k = Tbk—1Tbk
[1 L }[p( 24 )] <
=|1- b(o b 00
74(00)
o - o0
®(ps, k ®(py,
ZH f(p2f )|| U +a ZH fpf f(a2+af)]
=1 "fk = Trk 17’f,
[1 ——— ][ (0 +¢5)] <
—= — p ag & o0
re(o0)] Y d
&4 (po, > || @2 (po,
Z” 22 D 02 4 ey < S 1222 I
T2k = T2k—1T2k

11



= |1 i e e <o

Applying Lemma 6.1 to (6.65)—(6.68), we can conclude thatNEH|’t~9a7kH2], E[||1~9bLkH ], EH|"9ka ], E[l[92,x]1°]
are bounded, which are denoted by Ca, Cy, Cy, Gz and E[[ 0[] < Ca, B[l 954l?) < Co. E[[|91]1%) <
Cy, E[|92,]?] < Cq, and
Y o(pa, k
Z e = (6.69)
Ta,k
Y 2]
[Z ¥ 2] _ .
b,k ]
7 -
[Z ST Pf= = (6.71)

ZHWm, ||] | 672)

According to the above relation, we can obtain

A p 7k+21 .
19a,k+j1 a k + Z 2 a(paa k + Zl)a

=1 Ta,k+iq

Dy (pp, k+1
Do oy = Do + Z bpb—l)Eb(pb,k‘ + i1),

=1 L) k‘-i—zl

Pr(pr, k+iq
Of i =Ofk + Z L)Ef(pf’ k+ i),

7/1 1 Tf,k‘-i‘ll
Do(p2, k +io .
192 Ko —’192 E+ Z T)Eg(pg, k+ 22).
) 2

io=1
. - - - - - ~ ~ -7 ~
Since Yo(pa, k) = @4 (0as k)Das—1, Yoo, k) = @, (05, K)Ops—1, Y(ps, k) = @ (py, k)0s k-1, and
W(pg, k) = @;(pg, k)’&g’k_l, and the above equations, we have

J11

2 p ,k+'ll .
ﬁa,k—l—jl—l ak+ Z “ a(pmk"’_zl)a
Ta,k+i1
i1=1
Ji—1
Dy (py, k + i1
D ot ji—1="Dp ), + Z —)Eb(pb,k + 1),
=1 rbk—l—ll
Ji—1
i’ pr k411 .
O hji—1 =0k + Z L)Ef(pf,kJrll)’
Zl 1 Tf7k+ll
Jj2—1
Dy (p2, k + iz
Do kijp1 =02k + —)E2(p2,k+22)
ia=1 T2k+lz

Synthesizing the above equations gives

Jji—1

i L o | okt |

&, (park + 1) 90k =Y a(Pa, k + j1) — 4 (par bk +51) Y % Eq(pa:k +1i1),  (6.73)
=1 aktiy

o7 s - . < T R By k + 1) :

By, (po, ke + j1) 0 = Yo (o k + 1) — 4 (pp.k + 1) D TEb(pb, k+ 1), (6.74)
=1 Jk+i1

12



. . e R ®y(pg ki)
®(ppk+ )0k =Y s(pp.k+ 1) — Bplpp,k+ 1) > —— 1t

Ey(pk+i),  (6.75)

i1=1 vak‘i‘il
AT L~ ~ . AT . 2] é’g(pg,k—l—ig) .
By (po, k + j2) 02 = Yo (p2, k + j2) — Ry (p2,k +2) D —,  Balprktia).  (6.76)
ia=1 Rti2
Taking the norm of both sides of (6.73)—(6.76) yields
Do ®a(Pa: b+ 1) (P + j1)Da
-1
Pask +1i .
<2V a(pa, k + 51|17 + 2”‘1’ (pas k4 50|12 Z Tl) a(Pas k +11)]?,
11=1 @ "

é:k‘i’b(pb, k+ jl)‘i’:(pb, k+ j1)0 x

P, Db, k+ i1
<2V y(po, k + 50)I” + 2@ (oo, k + 50) || Z —)Eb(pb, ki),

Tb,k+i1
i1=1
~T 2 AT L~
G Pr(pr b+ 51)Pp(0s, b+ 51)0yk
Ji—1
'1’ pr, k+1i1) )
<2V s (ps b+ )1+ 21@ 5 (s, k+ )11 D #Ef(PfakJrll)HQ,
i1=1 ’ 11
19;k‘i>2(p2, k4 ja) @y (o, k + Ja) o 1
j2—1
Do (p2, k + o
< AW (pas e+ o) + 2, b+ ) 2] S T)Ez(pz,k‘w)\lz
io=1 +i2

Divide 7q k41, Thktjis Tfk+j1s T2,k+jos DOth sides of the above equations and sum for j; = 0 to
j1=N—1,jo=0to jo =N —1 and use the SPE condition in the Assumption. Then, we have

2 = pa,k+]1)79ak(i’a(paak+j1){9a,k
Aa ”ﬁa k” Z r ]
]1:1 a’7k+.71
(2 Va(pas b+ 502 4l Pa(pa, b + 1), - 4D, (pas k + 31|12, -
1Y a(pa, k + j1)| @0 (pa, k + 51| 3 2, Y Palpa, b+ 1)l 312
< : + : [P a+ji 111" + : [l
jlzl L T[l,k-‘r‘]l T[l,k-‘r‘]l Ta7k+.]1
N—-1T =~ . S .
~ 211 (o, k + 1) |12 4l @o(po, k + 1) 4)| @y (py, k + j1)|?
Ao |9 ]1* < + : [y 9,2
et} Tb k451 Tb,k+j1 Tb k41
N—-1T =~ . S .
- /Y s(ps, k+50)I1° | 4®p(ps, k43D - 4|4 (ps, ke + 51)|?
MlB g l® < Loh 2 + LD 19 f sy || + =L 19
=l T f k441 T ki1 T f k441
N-1T = . S . 2 .
~ 2|W(p2, k + j2)||* 4[| ®2(p2, k + j2)|*, = 4||®2(p2, k + j2)|1? |, =
Nalldos < 3 |2 N, Aieepork )75 ey A2l kT I o)
i1 L T2, k+jo T2, k+jo T2, k+j2

Taking the expectation and the limit yields

N-—1 ~ . 2 .
. - 1 2|Y o(pas k+ 30> | 4®1(pas k + 1) 2
hmEﬂkzé—hmE[ ’ + Vg botii—1
o0 [H a, H ] )\a Parpol j; Taktin Taktir H a,k+71 H
4||® pask +30)1? =
+ ” a( a J )H H'&a,kH2]
T[l,k-‘rjl
% . 2 ¥ . 2
< lim E 2||Y o(pa, k + 51)|] +8C\\‘I’a(pa,k+,71)|! 7
t—00 T[l,k-‘rjl Ta7k+j1
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. e 21 < 1
Jim E[[|d]7] < lim E

2/|Y 4 (pp, k + 51)||? n 8C||®y(py, k + 1)
Tb,k+j1 Tb,k-i—jl ’

2(Y ¢ (ps. ke + j1)|? N 8C||® s (ps, k + 1)
Tf -+ Tf k4 ’

. 3 21 < 1
Jim Eff[97 4[] < lim B

2|W (p2, k + ja)||? n 8C||®2(p2, k + ja2)|I?
T27k+.72 T27k+.]2

. 3 21 < 1
Jim E[[924]?] < lim E

According to the Assumption 6.1 and Equations (6.69) to (6.72), we can conclude limy_,, E[|[944]|%] =
0, limyy o0 B[|[9p1]%] = 0, limy_so0 E[||01]?] = 0, limy_s00 E[[|02,4]|?] = 0. This completes the proof.

The proposed approaches in the paper can combine some mathematical tools and identification
methods [59, 60, 61, 62, 63, 64, 65] to study the parameter estimation issues of other linear stochastic
systems and nonlinear stochastic systems with different structures and disturbance noises [66, 67, 68,
69, 70, 71] and can be applied to literatures [72, 73, 74, 75, 76, 77, 78] such as paper-making systems,
information processing, engineering systems and so on.

7. Examples

Example 7.1: In this section, the simulation example is provided to illustrate the efficiency of the
proposed algorithms. Consider the following second-order bilinear state-space model:

. [0 L], [-006 007 ] o [-070]
1= 0.07 002 |7F 0.16 —0.07 | F"* 143 | &
yr = [1, OJxk + 0.12wi_1 + 0.08vk_1 + vg.

The parameter vector to be identified is

¥ = [a1, az,bi1, b2, ba1, bag, f1, f2, ¢, d]"
= [0.07, 0.02, —-0.06,0.07,0.16, —0.07, —0.70,1.43, —0.12, 0.08]T.

In simulation, the initial values may be is randomly set [79]. The input {uy} is taken as an independent
persistent excitation signal sequence with zero mean and unit variance, and {vx} as a white noise
sequence with zero mean and variances o2 = 0.10% and o2 = 0.30%, w;, = 0.12w;_1 + 0.08v;_1 + vp.
The input and output signal vs t are shown in Fig. 1.

true inputs
o
§

1 1 1 1 1 1 1 1 1

-5
1000 1020 1040 1060 1080 1100 1120 1140 1160 1180 1200

5 T T T T T T T T T

true outputs
o

_5 1 1 1 1 1 1 1 1 1
1000 1020 1040 1060 1080 1100 1120 1140 1160 1180 1200
k

Figure 1: Simulated input—output data
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Figure 2: The H-MISG estimates versus k with 0% = 0.10?
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Figure 4: The H-MISG estimation errors § versus k with o2 = 0.10?
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Table 1: The parameter estimates and errors with o2 = 0.10°

P k 100 200 500 1000 2000 3000

1 az = 0.07000 -0.03874 -0.02983 -0.01697 -0.01143 -0.00529 -0.00191
a1 = 0.2000 -0.08393 -0.06923 -0.05593 -0.04931 -0.04183 -0.03822
b11 = —0.06000 -0.16508 -0.16704 -0.16936 -0.16788 -0.17115 -0.17196
b12 = 0.07000 -0.22008 -0.22229 -0.22384 -0.22531 -0.22954 -0.22887
ba1 = 0.16000 0.40183 0.40764 0.41847 0.41959 0.42124 0.42159

baa = —0.07000 0.39409 0.41120 0.42619 0.42955 0.42991 0.42956
f1 =—0.70000 -0.43757 -0.44347 -0.45382 -0.45840 -0.47066 -0.47320

fa =1.43000 0.82878 0.86275 0.90474 0.91906 0.93747 0.94657
5 (%) 56.45408 55.52851 54.32412 53.80386 53.01530 52.59829
2 az = 0.07000 0.07284 0.07716 0.07827 0.07772 0.07920 0.07851
a1 = 0.2000 -0.03630 -0.02557 -0.01535 -0.01195 -0.00776 -0.00701
b11 = —0.06000 -0.17001 -0.16748 -0.17287 -0.17072 -0.17580 -0.17332
b12 = 0.07000 -0.15187 -0.15709 -0.15747 -0.15272 -0.15725 -0.15449
ba1 = 0.16000 0.42306 0.42376 0.41685 0.40146 0.39596 0.38935

baa = —0.07000 0.47303 0.47874 0.46655 0.45267 0.44411 0.43809
f1 = —0.70000 -0.47864 -0.49345 -0.50881 -0.50848 -0.52650 -0.52706

fa = 1.43000 0.94879 0.98670 1.00222 0.99711 1.00676 1.00880
5 (%) 52.43595 51.16194 49.78256 48.96976 48.03535 47.50741
8 az = 0.07000 0.10455 0.09973 0.08342 0.07380 0.07280 0.07052
a1 = 0.2000 0.00107 0.01782 0.01525 0.01181 0.01524 0.01717
b11 = —0.06000 -0.11335 -0.09657 -0.09370 -0.06477 -0.07001 -0.05992
b12 = 0.07000 0.15807 0.14580 0.10597 0.11255 0.08974 0.08719
ba1 = 0.16000 0.28190 0.26207 0.23962 0.18824 0.17705 0.16098

baa = —0.07000 -0.12640 -0.09145 -0.07431 -0.08839 -0.06541 -0.06641
f1 =—0.70000 -0.72333 -0.71092 -0.74056 -0.70067 -0.72560 -0.71450
fa = 1.43000 1.39266 1.41005 1.43234 1.37918 1.39726 1.38895

5 (%) 11.16175 8.66556 6.42328 4.67386 3.15042 2.92926

Applying the H-SG identification algorithm in (3.10) to (3.21) and the H-MISG identification
algorithm in (4.26) to (4.53) to estimate the parameter vector ¢ of this bilinear system. Figs. 2—
3 show the parameter estimates ajj, ag k., b11 s b12 o b21 s b22 s fl ks f2 ks Cl, (ik versus k with
02 = 0.10%. It can be observed that the parameter estimates reach their true values as k increases.

T T T T T

0.6 -

05 ]
MISG, p=2

04 r A

03 T

0 500 1000 1500 2000 2500 3000

Figure 5: The parameter estimation errors § versus k with o2 = 0.102
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Table 2: The parameter estimates and errors with o2 = 0.3

p | k 100 200 500 1000 2000 3000

1 az = 0.07000 0.06086 0.07631 0.09878 0.10988 0.12121 0.12754
a1 = 0.2000 0.01213 0.03329 0.05602 0.06741 0.08018 0.08685
b11 = —0.06000 -0.15103 -0.15509 -0.15849 -0.15816 -0.16201 -0.16363
b12 = 0.07000 -0.22926 -0.23307 -0.23550 -0.23681 -0.24157 -0.24098
ba1 = 0.16000 0.40575 0.40698 0.41748 0.41865 0.41980 0.42014

baa = —0.07000 0.39671 0.41092 0.42438 0.42727 0.42770 0.42703
f1 =—0.70000 -0.42036 -0.42878 -0.44117 -0.44628 -0.45943 -0.46267

fa =1.43000 0.84181 0.87031 0.91033 0.92425 0.94208 0.95057
5 (%) 55.70579 55.00000 54.02931 53.63435 53.01350 52.69224
2 az = 0.07000 0.22110 0.23113 0.23865 0.24152 0.24549 0.24651
a1 = 0.2000 0.09497 0.11063 0.12972 0.13703 0.14402 0.14682
b11 = —0.06000 -0.16409 -0.16176 -0.16680 -0.16477 -0.17029 -0.16836
b12 = 0.07000 -0.15286 -0.15732 -0.15632 -0.15111 -0.15549 -0.15303
ba1 = 0.16000 0.42922 0.42550 0.41825 0.40397 0.39869 0.39169
baa = —0.07000 0.46649 0.46800 0.45540 0.44254 0.43466 0.42837
f1 = —0.70000 -0.47842 -0.49335 -0.50681 -0.50645 -0.52446 -0.52605
fa = 1.43000 0.96023 0.98890 1.00317 0.99955 1.01070 1.01211
5 (%) 52.79990 51.85075 50.79058 50.12199 49.32363 48.85753
8 az = 0.07000 0.30275 0.29294 0.28311 0.26852 0.26643 0.26373
a1 = 0.2000 0.12827 0.14833 0.15975 0.15841 0.16527 0.17024
b11 = —0.06000 -0.09519 -0.07462 -0.07708 -0.05004 -0.05716 -0.04766
b12 = 0.07000 0.15836 0.15182 0.11504 0.11896 0.09486 0.09225
ba1 = 0.16000 0.32832 0.29355 0.27141 0.21805 0.20480 0.18532

baa = —0.07000 -0.13995 -0.11417 -0.08772 -0.09785 -0.07227 -0.07463
f1 =—0.70000 -0.73506 -0.71578 -0.74569 -0.70731 -0.73333 -0.72206

f2 = 1.43000 1.38266 1.37866 1.41963 1.37098 1.39191 1.38052
5 (%) 20.80451 19.26749 17.85088 16.32625 15.86152 15.79511
The parameter estimates and errors & = |9, — 9||/||9¥| x 100% with different o are shown in

Tabs. 1-2 and Fig. 4 and the parameter estimation errors § versus k are shown in Fig. 5 with p = 1,
p = 2, p = 8, respectively. It can be observed that the parameter estimation errors ¢ of the H-MISG
identification algorithm become smaller with p increasing, and errors § approach to zero fast if p is
large enough as well as the data length tends to infinity.

8. Conclusion

This paper presents a H-MISG identification algorithm for identifying the parameters and states
of bilinear systems. Compared with the H-SG identification algorithm, the H-MISG identification
algorithm can improve the accuracy of parameter estimation because of the introduction of new infor-
mation length parameter and the full use of system input and output data. Then, a state estimator
is proposed to identify bilinear state-space systems. The combined parameter and state estimation
is based on the layered principle. The simulation results show that the proposed H-MISG identifica-
tion algorithm in this paper based on the state estimator works well and can reduce the influence of
colored noise on parameter estimation. The proposed identification algorithm for bilinear stochastic
systems in this paper can be extended to MIMO (multi-input and multi-output) bilinear systems and
can be applied to other control and schedule areas [80, 81, 82, 83, 84, 85, 86| such as transportation
communication systems [87, 88, 89, 90, 91, 92, 93] and process control systems and so on.
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