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Abstract This paper focuses on the iterative identification problems for a class of Hammerstein
nonlinear systems. By decomposing the system into two fictitious subsystems, a decomposition
based least squares iterative algorithm is presented for estimating the parameter vectors in each
subsystem. Moreover, a data filtering based decomposition least squares iterative algorithm is
proposed. The simulation results indicate that the data filtering based least squares iterative
algorithm can generate more accurate parameter estimates than the least squares iterative algo-
rithm.

Keywords Data filtering - Least squares iterative - Model decomposition - Nonlinear system

1 Introduction

The block-oriented nonlinear systems are popular used for modeling and analyzing nonlinear
problems in various aspects of our society, such as chemistry processing [1,2], energy harvesting
systems [3], signal processing [4-6], predictive control [7,8] and system identification [9,10]. For
decades, many approaches have been studied on the system identification and parameter esti-
mation for linear or nonlinear dynamics systems. The approaches not only can be applied
to obtain the mathematical models of the systems [11] but also play an important
role in analyzing the controlled dynamics systems [12,13]. For example, Hagenblad et al.
derived a maximum likelihood identification method for Wiener models [14]. By the key-term
separation principle, Voros solved the parameter identification problem of nonlinear dynamic sys-
tems with both actuator and sensor nonlinearities using three-block cascade models [15]. Based
on the least squares principle, Hu et al. derived a recursive extended least squares algorithm for
identifying Wiener nonlinear moving average systems [16]. By using the polynomial nonlinear
state space approach, Paduart et al. identified a nonliear system with a Wiener-Hammerstein
structure [17]. By using the maximum likelihood method, Sun and Liu offered an APSO-aided
identification algorithm to identify Hammerstein systems [18].
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The model decomposition technique can be used to separate a large-scale system into several
subsystems with small sizes and to enhance the computational efficiency [19,20]. Recently, Zhang
proposed a three-stage least squares iterative identification algorithm for output error moving
average systems using the model decomposition [21]; Bai and Liu presented a normalized iterative
method to find a least squares solution for a system of bilinear equations by using the decom-
position technique [22]; Wang and Ding separated a bilinear-parameter cost function into two
linear-parameter cost functions and derived a least squares based and a gradient based iterative
identification algorithms for Wiener nonlinear systems [23].

The filtering technique has been proved to be effective in parameter estimation [24,25] and
state estimation [26]. Recently, Zhao et al. studied a maximum likelihood method to obtain the
parameter estimation of the batch processes by employing the particle filtering approach [27];
Ding et al. used the filtering technique to derive a recursive least squares parameter identification
algorithm for systems with colored noise [28]; Wang and Tang presented a filtered three-stage
gradient-based iterative algorithm for a class of linear-in-parameters output error autoregressive
systems by using the model decomposition and the data filtering technique [29].

By extending the methods in [21,30] from the linear systems to an input nonlinear output error
autoregressive (IN-OEAR) system, this paper studies its iterative identification problem. The
objective is to decompose a bilinear-parameter system into two fictitious subsystems by using the
model decomposition and to present a least squares based iterative algorithm for the IN-OEAR,
system. Furthermore, using an estimated noise transfer function to filter the input-output data
of the system to be identified, a data filtering based least squares iterative algorithm is presented.
Compared with the least squares iterative algorithm, the filtering based least squares iterative
algorithm can achieve higher estimation accuracy. The proposed algorithms differ from the least
squares or gradient based iterative algorithms for Hammerstein nonlinear ARMAX systems using
the over-parameterization method in [31] and from the decomposition based iterative least squares
algorithm for output error systems based on the partitioned matrix inversion lemma in [32].

Briefly, the rest of this paper is organized as follows. Section 2 gives the identification model
of the IN-OEAR systems. Section 3 presents a least squares iterative identification algorithm
by using the model decomposition. Section 4 derives a filtering based least squares iterative
identification algorithm for the IN-OEAR systems. A numerical example is provided in Section 6
to show the effectiveness of the proposed algorithms. Finally, we give some concluding remarks
in Section 7.

2 System description

The typical block-oriented nonlinear models include Hammerstein models (a nonlinear static
block followed by a dynamics linear block), Wiener models (a linear dynamics block followed by
a static nonlinear block), Hammerstein-Wiener models, and Wiener-Hammerstein models. Here,
we consider a Hammerstein nonlinear system with colored noise in Fig. 1,

V)= Z g a(t) + (o). (1)

u(t) = f(u(t)), (2)

where y(t) is the measured output, w(t) is the disturbance with zero mean , u(t) and u(t) are
the input and output of the nonlinear block, respectively, and A(z) and B(z) are polynomials in
the unit backward shift operator =% (2 1y(t) = y(t — 1)):

A):=1+a1z ' +az 2 +... +a,, 2z ",
B(z):i=biz 7 +boz 2 4. by, 2
Assume that the order n, and ny are known and y(t) = 0, u(t) = 0 and v(t) = 0 for ¢ < 0.

The output of the nonlinear block is a linear combination of the known basic functions f;(x) and
unknown coeflicients o;:

u(t) = arfi(u(t)) + az fo(u(t)) + ... + am fm(u(t)) = f(u(t))a,
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Fig. 1 The Hammerstein nonlinear system with colored noise

where
a:=[ag,as,. .., an]" € R™,
F(6)) = [ (), Fou(D)) -, ()] € BT

The basic functions f;(*) can be the known order in the input or the trigonometric functions.
For the system with colored noise, the disturbance w(t) can be fitted by an autoregressive
process

wlt) = . Q
or a moving average process
w(t) = D(2)v(t),

or an autoregressive moving average process

where v(t) is the white noise with zero mean and variances o2, C(z) and D(z) are polynomials
in the unit backward shift operator =1 [33]:

Cz)=14crz 7t +eaz 2+ +cp 2™,

D(z):=1+diz ' +doz™? + .. A dp,z "

This paper assumes the disturbance to be an autoregressive process, and the proposed algorithms

can be extended to the other two cases.
Define an intermediate variable:

(4)

Define the parameter vectors and the information vectors as

ay by a1
az ba €2
a:=| . e R", b:= : eR™, c¢:= : € R,
_arlba b7.lb Cn,
[ f(u(t—1))
-2
pyee | D |
| Flult )
P (t) =[xt —1),—z(t —2),...,—z(t — ny)]" € R",
p ()i =[—wit—1),—w(t —2),...,—w(t —n.)]" € R".

From (3) and (4), we have
w(t) =1 - C)]w) +v(t)
=—cquw(t—1)—cw(t—2)—...—cpw(t —ne) +v(t)
=T (t)e +v(t), (5)
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w(t) =[1 — A(2)]z(t) + B(z)u(t)

=—qz(t—1)—ax(t—2)— ... —ap, 2t —ng) + b1 flult — 1))+ baf (u(t — 2))
FooiF b, flut —np)) e
=, (t)a+b"F(t)a. (6)
The output y(¢) in (1) can be expressed as
y(t) = x(t) + w(t) (7)
=pr(t)a+b"F(t)a+ pi(t)e + v(t). (8)

This is the identification model for the Hammerstein nonlinear system.

3 The decomposition based least squares iterative algorithm

It is worth pointing out that model (8) contains the product of the parameters b of the linear
part and « of the nonlinear part. The pair 8b and /3 leads to the same input-output relation
for any nonzero constant 3. In order to ensure identifiability, we assume that ||a|| = 1 and the
first entry of the vector v is positive, i.e., a; > 0. Although we can use the Kronecker product
to transform the bilinear parameter identification problem to a linear parameter identification
problem [34,35], the dimension of the resulting unknown parameter vector increases, so does the
calculation load. Here, we decompose this system into two fictitious subsystems: one containing

the parameter vector 6 := {Z], and the other containing the parameter vector 9 := [ﬂ Let

au(t)

k=1,2,3,... be an iterative variable, 9k(t) = {qk(t)} and 1A9k(t) = {é )
i

b (t)
of @ and ¥ at iteration k. Define two fictitious outputs:
yi(t ) y(t) — pp(t)e (9)

§(t>a +b F(t)a+ (1),
©1(1)0 + v(t),
Ya(t) == y(t) —¢a(t)a (10)

=b"F(t)a+ ¢, (t)c+ v(t),

= @5 ()0 +v(?),

} be the estimates

or(0)= | £ol | e ro,

sty = | £ O] <

Opt a set of data from j = t— L+1 to j =t (L denotes the data length) and define two quadratic
criterion functions:

R = > [120)— ()9

j=t—L+1
Based on the least squares principle, letting the partial derivative of J; (0) and Ja (1) with respect
to 8 and ¥ be zero, respectively, we can obtain the following least squares iterative algorithm:

—1
t t

o= > ei)ei() Y ), (11)

j=t—L+1 j=t—L+1
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- 1 -1
t t

D)= D (i3l Y wa(ia(h)- (12)

j=t—L+1 j=t—L+1

Substituting (9) into (11) and (10) into (12) gives

- 1 -1

0t =| Y. @ei@)| D @@bl) - il (13)
|j=t—L+1 | g=t-L+1

t)=1 D eles()| D e(ll) - ei(al. (14)
j=t—L+1 j=t—L+1

The difficulty is that the right-hand sides of (13) and (14) contain the unknown parameter vectors
c and a, the information vectors ¢4 (t) and ¢, () contain the unknown parameter vectors a and b
and the unknown intermediate variables x(t —4) and w(t —i), so it is impossible to compute 85 (t)
and 95 (t) by (13) and (14) directly. Here, the solution is based on the hierarchical identification
principle [36]. Let wy(t —4) and 25 (¢t — ¢) be the estimates of w(t — ) and z(t — i) at iteration
By @ap(), @u(t), @1 4(1), and @y (1) be the estimates of @, (), @u(t), @, (1), and y(t) at
iteration k and define

(,ADa’k<t) = [—.’i’k_l(t — 1), —.’f’,‘k_l(t — 2), ceey —.f?k_l(t — na)]T S Rn“,
cfon’k(t) = [—UA)kfl(t — 1)7 —’uA)kfl(t — 2), ey —ﬁ)kfl(t — nc)]T c Rnc,

Prrl)i= {F(f)adi@(t)} SR

R F™ ()b (1)
t) = N

SDZ,k( ) |: (pn,k(t)

From (6), we have x(t — i) = @X(t —i)a + b" F(t — i)a. Replacing ¢, (t — i), a, b and « with

their estimates @, ;. (t — i), ax(t), bx(t) and & (t) gives

] € Rmtne,

Bt = 1) = Gt = Daw(t) + by (DF(t — ) (1),
From (7), we have w(t —i) = y(t —i) —x(t — 7). Replacing x(t —¢) with @x(t —4) , we can compute
the estimate of w(t) through:

w(t —i) =yt — i) — & (t —9).

Replacing the unknown ¢ and ¢ (t) in (13) with their estimates ¢ _1(t) and @, ;. (t), the unknown
a, py(t) and @, (t) in (14) with their estimates ax(t), @ ,(t) and @, ,.(t), we can summarize the
decomposition based least squares iterative (D-LSI) algorithm for estimating 8 and ¥ as follows:

- 4-1

0i(t) = Z @1 () P1 k() Z @1:DWG) — eard)er—1()], (15)

j=t—L+1 j=t—L+1

. t 71 t

D)= 1| D @orli)®540) > @onyl) — @nr(iax)); (16)

| j=t—L+1 ] j=t—L+1
qoa,k(t) = [_‘%kfl(t - ]-)7 _‘%kfl(t - 2)7 BRRE) _‘%kfl(t - na)]T7 (17)
‘)bn,k(t) = [712}16—1 t— )a 7wk—1(t - 2)a B 7wk—1(t - nc)]T7 (18)
@1.5(t) = [Pa i (), &g () FT(1)]", (19)
Poo(1) = b (DF (1), @5 1 (D], (20)
Bt — i) = @L (t — Daw(t) + b () F(t — )aw(t), i=1,2,...,n4 (21)
gt —j) =yt —j) —ax(t —34), 7=1,2,...,nc (22)
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Si(u(t ;)) Sa(u(t ;)) - fm(u(t ;))
Pt = f1(U(t: -2)) fz(U(t:— ) - fm(U(tf -2)) | (23)
Si(u(t —np))  fo(u(t —np)) S (u(t —np))
an(t) =05,(t)(1: ny), (24)
bi(t) = 0k (t)(na + 1 : g +np), (25)
o = sgn[d @k(t)(lzm) . 26
k(t) = sgn[d (2)( )]\|1§k(t)(1:m)|| (26)
To initialize the D-LSI algorithm, the initial value 8 (t) = {Zogﬂ is generally taken to be a
0

nonzero vector with by (t) # 0, éx(t) is taken to be a vector with ||é(t)|| = 1, and &g(t) is taken
to be an arbitrary real vector. The initial value of intermediate variables wg(t — i) and & (t — )
are taken to be two random numbers.

4 The filtering-based least squares iterative algorithm

Using the polynomial C(z) (a linear filter) to filter the input-output data, the model in (1) can
be transformed into two identification models: an input nonlinear output error model with white
noise and an autoregressive noise model. Multiplying both sides of Equation (1) by C(z) yields

C(2)y(t) = ig; C(2)a(t) + v(t). (27)

Define the filtered output y¢(t) and input g (t):
yi(t) = C(2)y(t)
=yt)+ayt—1)+cylt —2)+... +cpy(t — n),
ag(t) :=C(2)u(t)
= C(@)[arfi(u(t)) + azfa(u(t)) + ... 4 cm fm (u(t))]
= a1g1(t) + a2g2(t) + ... 4+ amgm(t),

where

g;(t) == C(2)fj(u(t)), 7=1,2,...,m.

Define an information matrix:

gl(t - 1) 92(t - 1) gm(t - 1)
1(t—2 o(t — 2 m(t — 2

) = g(t: ) g(t: ) g(t: ) —
g1(t - ny)  ga(t - ny) ... gml(t - np)

Then Equation (27) can be rewritten as

(t) = ST (t) + (1),

Define an intermediate variable:

Then we have

ze(t) = [1 — A(2)]¢(t) + B(2)ue(?)
=i ()a+b"G(t)e, (28)
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where
<Aaf(t) = [7$f(t - 1)v 7$f(t - 2)3 teey 7xf(t - na)}T € R™.
The filtered output y¢(¢) can be expressed as

ye(t) = we(t) + v(?)
=pf(t)a+b"G(t)a + v(t). (29)

Define a fictitious output and two quadratic criterion functions as

y3(t) :=ye(t) — i (t)a

=b'G(t)a+ v(t),

J5(0) = > [u(j) — 3(5)6]°,

j=t—L+1
Ta(e):i= Y [ys(h) — 10l

j=t—L+1
where
Ps(t) = { g(ff)t()l] € R+, (30)
p,(t) =G (t)b e R™. (31)

Minimizing the criterion functions J3(6) and Jy(e), and letting the partial derivatives of J3(6)
and Jy(a) with respect to @ and a be zero, respectively, give the following iterative algorithm
to estimate € and a:

Out)=1| D @3(i)eili) > es(iuh), (32)
| j=t—L+1 | =t-L+1
()= > @i()ei() > ealiysli)
_]:thJrl ] j=t—L+1
=1 > @)eil) > eu(lw() — ef ()al. (33)
| j=t—L+1 | =t-L+1

However, the polynomial C(z) is unknown, so are the filtered output y¢(t), the filtered input
u¢(t), and the filtered information matrix G(t). Thus it is impossible to obtain the estimates
0 (t) and éy(t) by (32) and (33). Here, we need to compute the parameter estimation vector
ep(t) = [e1.1(t), é2k(t), ..., én, x(t)]" firstly, and then use the estimated polynomial Cy(t,z) :=
L+ ¢ p(t)z o r(t)z72 + ..+ Cn,k(t)27" to filter y(t), u(t) to obtain the estimates gk (t),
tig 1, (t) and Gy (t).

According to (5), define a quadratic criterion function:

t
Js(e) = D (i) —euli)e.

j=t—L+1
Minimizing the criterion functions J5(¢) gives the iterative estimate of ¢:

-1
t t

) =1 > @.li)enli) > ealiuwll). (34)

j=t—L+1 j=t—L+1

We can find that the right-hand side of (34) contains the unknown information vector ¢, (¢) and
intermediate variable w(t). Similarly, replacing the unknown ¢, (t) and w(t) in (34) with their
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corresponding estimates @,, ;(t) and w(t), we can obtain the least squares iterative algorithm
for computing the estimate ¢x(t) as follows:
—1

a) =1 D @url)@hrl) > @urli)ie(), (35)
j=t—L+1 j=t—L+1

P (t) = [0p—1(t = 1), =1 (t = 2),..., —Wp_1(t —n.)]", (36)

g (t — 1) = y(t — i) — @i p(t — D)an_1(t) — by 1 F(t — i)a_1(t). (37)

Using the obtained estimate ¢;(t) to construct the polynomial
Cr(t,2) =14 é1p(t)z ™ + ()22 4+ .o+ &, ()27

to filter y(t) and u(t) gives the filtered estimates @ x (t) and g  (t):

Jok(t) = Cr(t, 2)y(t)
=y(t) + eyt — 1) + e x Oyt —2) + ... + én k(Oy(t — ne),
tig 1, (1) = Ci(t, 2)(t)
= Ci(t, 2) (61,1 (£) fr () + Aok (8) f2 (u(t)) + . . + G i (8) Fom (u(t))]
= a1(t)g1,6(t) + G2k (D) g2,k(t) + - - - + Qm,k () Gm k(2),

where §; 1 (t) can be computed by

95.6(t) = Cr(t, 2) f;(u(t))
= fi(u(®)) + vk (@) fi(ult = 1) + éan(8) fi(w(t = 2)) + .. + &,k (8) f (ult — ne))-
Let @y 1 (t) be the estimate of ¢;(t) and define

Cfaf,k(t) = [7i'f7k»_1(t - 1), 7Zi'f7k_1(t - 2), e 7i'f7k»_1(t — na)] € R",

From (28), we have z¢(t — i) = ¢} (t — i)a + b"G(t — i)a. Replacing the parameter vectors a, b
and a with their estimates ag(t), by (t) and éuy(t) at iteration k and the unknown ¢ (t — i) and
G(t — i) with their estimates @y ;. (t —4) and G (t — 1) , respectively, the estimate 2 x(t —4) can
be computed by

Bt = i) = @rp(t = Dan(t) + by (DGt — i)au(1).
According to (30) and (31), we define

buslt)i=| g, bk ] e,

Pai(t) = G (1)bi(t) € R™.

Replacing ¢5(t) and y¢(t) in (32) with their estimates @5 ;. () and g¢(t), replacing @, (t), y(t)
and ¢¢(t) in (33) with their estimates @, (t), 9¢(t) and @y ;(t), respectively, we can obtain the
following data filtering based least squares iterative algorithm by using the model decomposition
technique (the F-D-LSI algorithm for short):

-1

0i(t) = Z @31 P3.(7) Z P31 (1) 08,k (F), (38)
j=t—L41 J=t—L+1

P i (t) = [@14(t), &p_, (DG (D)7, (39)

¢f,k(t)_[ l'fk 1(t—1) —ffk 1(t—2),...,—i‘ﬂk_l(t—na)}T, i:1,2,...,na, (40)

Tp g (t — i) = @p (t —i)ar(t) + by ()G (t — i)éu(t), (41)

Gy (t) = Z @46 P11k () ‘ Z Pk (NGek(F) — @r i () ar ()], (42)
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P1(t) = Gr(B)bi (1), (43)
ng(t— 1) g27k(t— 1) gmk(t 1)
. §17k(t—2) ggﬁk(t—2) gm k(t—Z)
k() = : : : (44)
Gt —m) Gl —m) Gt — 1)
95,6 () = fi(u(t)) + 1,k (t) fj(u(t = 1)) + 2,6 () f(ult = 2)) + ... + En, k() f5 (ult — nc)), (45)
Gek(t) =y(t) + e eyt — 1) + Cax(Dy(t —2) + ... +Cnk (t) (t —ne), (46)
-1
)= > @url)@nrli) > eur)ik(), (47)
j=t—L+1 j=t—L+1
an,k(t) = [_wkfl(t - 1)7 _ﬁ)kfl(t - )7 , — W 1<t - nC)] ) (48)
wk(t_j):y(t_j)_(tbz,k(t_j)dk 1(t) ()F(t_j)dkfl(t% J=12,...,n (49)
Pan(t) =[—Tp-1(t — 1), —Zp_1(t — 2),..., ka_l(t —na)l", (50)
Tp(t — 1) = [@ar(t — 1) FOFT(t—1)]0k(t), i=1,2,...,n4, (51)
Al =1)  folu(t=1) ... fm(u(t 1))
filu(t=2))  fau(t —2)) S (u(t —2))
F(t)= : : : ; (52)
Attt =m) falut—m) ot = m)
ap(t)=04,(t)(1: ny), (53)
bi(t) = 0r(t)(na +1: ng +ny), (54)
o ak(t) Slt) — &
en(t) = [01 k(1) C2n(t), - 7Cnc,k(t)}T7 (56)
Ok(t) = [0, (1), & (1), & (0] (57)
o A _ I ho(py _ | Go(t)
To initialize the F-D-LSI algorithm: let £ = 1, and set the initial values: 6¢(t) = {IA)S(t)]
be any nonzero real vector with by(t) # 0, éo(t) be an real vector with ||éy(t)| = 1,

¢o(t) be an arbitrary real vector, &; o(t —i), Zo(t —i) and Wy (t —¢) are random numbers,
9r.0(t —i) = 1/po, po is taken to be a large number, for example py = 10°. The flowchart
of the F-D-LSI algorithm for computing 6y(t), é(t) and ¢ (t) is shown in Fig. 2.

5 The F-D-LSI algorithm with finite measurement data
On the basis of the F-D-LSI algorithm, this section simply gives the data filtering based least

squares iterative algorithm with finite measurement data. Letting ¢ = L, from J3(0), Jy(c) and
J5(c), we have

)= Z[yfu) — 3(7)01%,

L
Jr(@) = () — #f (ta — @] () al?,

J

—

=Y [w(j) - pali)e.

L
Jj=

—

Applying the similar way of deriving the F-D-LSI algorithm and minimizing the criterion func-
tions Jg(0), J7(a) and Jg(c), we can obtain the F-D-LSI algorithm with finite measurement data
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( Stjrt )

Collect {u(i),y(i): ¢ =0,1,...,L — 1}, give e

]

Initialize: k = 1, give Oo(t), &o(t), ao(t),
r,0(t — 9),&1,0(t — 1), Zo(t — 1), and wo(t — 1)

!

Collect u(t), y(t), compute F(t)

I

Construct @y 1, (1), ¢y k (L), Pa,k (1), Wr(t)
Update ¢(t), compute g; (%), Gy (t)

I

Construct @3 4 (), Jr,k(t)

!

Update 8} (t), construct Par(t)

!

Update &y (t)

!

Compute & i (t), Zx(t), normalize éuy(t)

k=k+1

Obtain the estimate @y (t)

!

t:=t+1

Fig. 2 The flowchart of the F-D-LSI algorithm for computing 0y (t), é(t) and & (t)

for estimating ék, &y, and ¢ as follows:

L -1y
O =12 @ar(N@5u ()| D @ar(i)ir(), (58)
Pox(t) = [@Ls(t), &r 1 GL(D)T, t=1,2,... L, (59)
QADf)k(t) = [—;i‘ﬁk,l(t - 1), —Cf:f,kfl(t — 2), RN —:,fff’kfl(t - na)]T, (60)
iex(t) = @rp()an + b, Gi (), (61)

-1

L L

a= Y GNP | D Par()lier(i) — @ x(d)ax], (62)
j=1 j=1

P k(t) =G ()by, (63)
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quk(t— 1) 5:12’]“@_ 1) ... Qm,k(t_ 1)
Gut) = gl,k(f -2) 92,k(t: -2) ... gm,k(jt —2) 7 (64)
gLkt —ny) Gor(t—np) ..o Gmr(t —np)
Gk(t) = fi(u®)) + e fi(ult = 1)) + Cop fi(ult —2)) + ... + én i fi(ult —ne)), (65)
Uek(t) =y(t) + erpy(t — 1) + Capy(t —2) + ...+ Cn wy(t —ne), (66)
L -y
CL = @ k(1) Pnx () ZSbn,k(j)wk(j)v (67)
i=1 =1
Pui(t) = [—0p—1(t — 1), —p_1(t — 2),..., —Wp—1(t — nc)]", (68)
Wi (1) = y(t) — @1 p(t)ar—1 — by_ F(t)éy,_1, (69)
Par(t)=[Tp1(t = 1), =Zp1(t = 2), ..., =Zp—1(t —na)]", (70)
i (t) = (s (1), 6 F (1)]0), (71)
filut=1))  fo(u(t—1)) ... f(u(t—1))
filu®=2))  folult=2)) ... fm(u(t—2)
) | | | , (72
filu(t —mnp))  fa(u(t —np)) ... frm(ult —np))
ag =0k (1: ny), (73)
b =04 (14 ng : ng + np) (74)
aue = sgnféu, (1 )]Hakll b = Gy, (75)
ék: [61 k,Cg kyeoos Cnc,k]T, (76)
ék = [ékvé‘zv éﬂ . (77)

The flowchart of computing the parameter estimate O, in the F-D-LSI algorithm in
(58)—(77) with finite measurement data is shown in Fig. 3.

The F-D-LSI algorithm can be used to identify input nonlinear systems (Hammer-
stein nonlinear systems). The typical example is the first-order water tank system
in Fig. 4, where u(t) is the valve opening, u(t) is the water inlet flow, and y(¢) is
the liquid level, the transfer function of the linear dynamical block has the form of
1:?; ;1,1 . The nonlinearity of the valve can be approximately fitted by a polynomial
or a linear combination of the known base functions and the disturbance is an au-
toregressive process w(t) := le,lv(t), v(t) is white noise. The diagram of the water
tank setup is shown in Fig. 5. Thus, the proposed F-D-LSI algorithm can be applied
to such a system.

6 Example

Consider a Hammerstein nonlinear simulation model as follow:

B(2)

1
y(t) = AG) u(t) + @v(t)a
a(t) = aju?(t) + aou®(t) = 0.80u?(t) 4 0.60u>(t),
Alz)=1+ a1z Ty agz*“’ =1+0.38271 +0.42272,
B(z)=bz ' + ng =0.752"1 —0.33272,
Cz)=14ciz7' =14+08527",

6 = [0.38,0.42,0.75, —0.33, 0.80, 0.60, 0.85]".

In simulation, the input {u(t)} is taken as a persistent excitation signal sequence with zero mean
and unit variance, and {v(t)} as a white noise sequence with zero mean and variance o2, the data
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( Stjrt )

Collect {u(t),y(t):t=1,2,...,L}, give e

]

Initialize: k = 1, give 09, o, Jg,0(t — 1),
Zg,o(t — 1), &o(t — ¢), and wo(t — 7)

!

Compute F(t)

I

Construct @y 1, (1), ¢y k (L), Pa,k (1), Wr(t)

!

Update ¢, compute g; (t) and G (t)

I

Construct @3 4 (), Jr,k(t)

!

Update 8}, construct Pai(t)

!

Update &y,

!

Compute & 1 (t), Zx(t), normalize &y,

k=k+1

16k — Op_1|| > e?

Obtain the estimate ék

. w

Fig. 3 The flowchart of the F-D-LSI algorithm with finite measurement data for computing @y,

u(t) a(t)

Fig. 4 An experimental setup of a water tank system

length L = 1000 and L = 2000, respectively. Applying the D-LST algorithm in (15)—(26) and the
F-D-LSI algorithm with finite measurement data in (58)—(77) to estimate the parameters of this
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o(t) [
1+clz*1

14a12—1

u() || bon |3 J\ y(t)
‘ 1 @ >

Fig. 5 The diagram of the water tank setup

system, the parameter estimates and their estimation errors & := ||@, — 6]/||0|| with different
data length L are shown in Tables 1-2, the F-D-LSI parameter estimation errors with different
noise variances o2 are shown in Fig. 6, the parameter estimation errors of the two algorithms are
plotted in Fig. 7.
When the noise variance o2 = 1.002, iteration k = 15, the D-LSI estimated model is given by
y(t) = 0.76582z71 — 0.31992z2 alt) + 1 o(t)
14 0.38788z~1 + 0.3775222 1+0.85828z~1 ’
a(t) = 0.77549u>(t) + 0.63137u(t),
the F-D-LSI estimated model is given by
y(t) = 0.773542~1 — 0.3114022 alt) + 1 ;
1+ 0.39827z~1 4 0.403852~2 1+ 0.858392—1
a(t) = 0.79551u>(t) + 0.60594u>(t).
For model validation, we use a different data set (L. = 1000 samples from ¢ = 2001 to 3000)
and the estimated models obtained by the D-LSI algorithm and the F-D-LSI algorithm. The
predicted outputs and the true outputs are plotted in Fig. 8 from ¢ = 2001 to 2100 and Fig. 9
from ¢ = 2001 to 3000. Using the estimated outputs to compute the average output errors:

(),

1

1 [ 3000 o 2_ E

51 = 1500 j:%;m[ym — @] =00550784,
1 [ 3000 o 2_%

be2 = T555 j;zojm[y@) —50)*| =00548344,

where {1 (t) is the predicted output given by the D-LSI model, g2 (%) is the predicted output given
by the F-D-LSI model, and y(t) is the true output.

045 7]
04t .
035} i}

03| i

0.25} o2 = 3.002 6% =2.00 6%=0502 A

0.2 b

2

015 i

0.1 B

0.05 R

Fig. 6 The F-D-LSI estimation errors § versus k (L = 2000)

From Figs. 6-9 and Tables 1-2, we can draw the following conclusions.
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Table 1 The parameter estimates and errors versus iteration k (o2 = 0.502, L = 1000)

Algorithms | k a1 a2 b1 bo a1 a9 c1 (%)
D-LSI 1 0.02094 -0.03204 0.74481 -0.55602 0.77692 0.62960 0.00093 63.84914
2 0.43473 0.42385 0.77060 -0.33095 0.79820 0.60240 0.73608 7.77756

3 0.33152 0.34580 0.77836 -0.38595 0.79127 0.61147 0.84967 6.64827

4 0.33904  0.36807  0.77330 -0.37870 0.79340 0.60870  0.85005 5.22390

5 0.35427  0.38317  0.77291 -0.36665 0.79227 0.61017 0.85142 3.86301

10  0.35876 0.38411 0.76986 -0.36141 0.79072 0.61218 0.85202 3.51741

F-D-LSI 1 0.04618 -0.02019 0.75006 -0.57505 0.88337 0.66748 0.61513 39.88773
2 0.35925 0.45558 0.76516 -0.37960 0.76723 0.61844 0.77757 6.37890

3 0.30853 0.36912 0.75579  -0.38307 0.78741 0.62341 0.84159 6.45868

4 0.37483 0.39413 0.75879  -0.34759 0.78024 0.62273  0.85002 2.70707

5 0.37107  0.40813 0.75494  -0.33713 0.78356  0.62274 0.85211 2.00202

10  0.37561 0.40488 0.75717 -0.33660 0.78353 0.62138 0.85277 1.99342

True values 0.38000  0.42000  0.75000 -0.33000 0.80000 0.60000 0.85000

Table 2 The parameter estimates and errors versus iteration k (02 = 0.502, L = 2000)

Algorithms | k al as by bo ai s c1 6(%)
D-LSI 1 -0.01200 0.00614  0.72453 -0.55148 0.77936 0.62658 -0.00384 63.79498
2 0.46302 0.45050 0.74061 -0.29910 0.79530 0.60622 0.75542 8.11391
3 0.33566 0.35793  0.76113 -0.36301 0.78854  0.61498 0.85624 5.23040
4 0.36287 0.39897 0.75618 -0.34691 0.79055 0.61239 0.85650 2.22579
5 0.38124 0.40648  0.75569 -0.33352 0.78855 0.61497  0.85919 1.56941
10 0.37432 0.40012 0.75440 -0.33702 0.78826 0.61534  0.85936 1.87768
F-D-LSI 1 -0.00063 -0.00294 0.73928 -0.57364 0.88889 0.66575 0.57716 41.60456
2 0.37176 0.46262 0.75183 -0.36609 0.76951 0.61516 0.77109 6.24188
3 0.31375 0.38596  0.74718 -0.37215 0.79236 0.61911 0.84758 5.34710
4 0.37879 0.39422 0.75172  -0.33997 0.78415 0.61771 0.85527 2.23945
5 0.38252 0.42147  0.74641 -0.32178 0.78701 0.61801 0.85822 1.54725
10 0.38485 0.41473  0.74928 -0.32332 0.78753 0.61631 0.85903 1.48614
True values 0.38000 0.42000  0.75000 -0.33000 0.80000  0.60000 0.85000
0.7
06} .
0.5 i
04 D-LSI F-D-LSI
[2=]
03} .
0.2 B
01} <
0 Il Il
0 5 10 15

k

Fig. 7 The parameter estimation errors § versus k (02 = 1.50%, L = 1000)

— The parameter estimation errors are becoming smaller (in general) as k increasing — see Fig. 6
and Fig. 7.

— Under the same data length, the parameter estimation errors become smaller as the noise
variances decrease — see Fig. 6.

— Under the same noise variances and data lengths, the F-D-LSI algorithm can generate more
accurate parameter estimates than the F-LSI algorithm — see Tables 1-2 and Fig. 7.

— The F-D-LSI algorithm can generate accurate parameter estimates after only several iterations
— see Tables 1-2.
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True output / Predicted output

4}

L L L L L L L L L
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
t

Solid line: y(t); cross: g1 (t); dots: §2(t)

Fig. 8 The true output and predicted output from ¢ = 2001 to 2100 (o2 = 1.002, k = 15)

True output / Predicted output

-4

6} i

L L L L L L L L L
2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000
t

Solid line: y(t); cross: §1(t); dots: g2(t)

Fig. 9 The true output and predicted output from ¢ = 2001 to 3000 (02 = 1.00%, k = 15)

— The predicted outputs are very close to the true outputs, so the estimated model can capture
the dynamics system well — see Figs. 8-9.

7 Conclusions

This paper presents a least squares iterative algorithm and a filtering based least squares iterative
algorithm for IN-OEAR systems by using the model decomposition technique. Compared with
the D-LSI algorithm, the F-D-LSI algorithm has higher estimation accuracy. The simulation test
validates the effectiveness of the proposed algorithms. The proposed algorithms can be extended
to study the parameter estimation problem for dual-rate sampled systems and non-uniformly
sampled systems [37-39] and Wiener nonlinear systems [40].
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