ROYAL SOCIETY
OPEN SCIENCE

rsos.royalsocietypublishing.org

L)

Research

updates

Cite this article: Zhang S, Wang DQ, Liu F.
2018 Separate block-based parameter
estimation method for Hammerstein systems.
R. Soc. open sci. 5: 172194,
http://dx.doi.org/10.1098/rs0s.172194

Received: 13 December 2017
Accepted: 22 May 2018

Subject Category:
Computer science

Subject Areas:

computer modelling and
simulation/mathematical modelling/systems
theory

Keywords:
parameter estimation, Hammerstein systems,
separate block, least squares

Author for correspondence:
D.Q. Wang
e-mail: dqwang64@qdu.edu.cn

THE ROYAL SOCIETY

PUBLISHING

Separate block-based
parameter estimation
method for Hammerstein
systems

Shuo Zhang', Dongging Wang'? and Feng Liu?

1College of Automation and Electrical Engineering, Qingdao University, Qingdao,
266071, People’s Republic of China

2(ollaborative Innovation Center for Eco-Textiles of Shandong Province, Qingdao,
266071, People’s Republic of China

3Department of Industrial Engineering, University of Texas at Arlington, TX 76019, USA

DQW, 0000-0001-8856-4289

Different from the output-input representation-based
identification methods of two-block Hammerstein systems, this
paper concerns a separate block-based parameter estimation
method for each block of a two-block Hammerstein CARMA
system, without combining the parameters of two parts
together. The idea is to consider each block as a subsystem
and to estimate the parameters of the nonlinear block and
the linear block separately (interactively), by using two
least-squares algorithms in one recursive step. The internal
variable between the two blocks (the output of the nonlinear
block, and also the input of the linear block) is replaced by
different estimates: when estimating the parameters of the
nonlinear part, the internal variable between the two blocks
is computed by the linear function; when estimating the
parameters of the linear part, the internal variable is computed
by the nonlinear function. The proposed parameter estimation
method possesses property of the higher computational
efficiency compared with the previous over-parametrization
method in which many redundant parameters need to be
computed. The simulation results show the effectiveness of the
proposed algorithm.

1. Introduction

Nonlinear systems are widespread in practical fields [1-5] and
theory study [6-10]. Among various nonlinear models, block-
oriented nonlinear structures are frequently used due to their
flexibility combining nonlinear elements with linear elements, and
flexible expressions of the nonlinear parts and/or linear parts
[11-14].
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Figure 1. The Hammerstein CARMA system.

For two-block Hammerstein systems with a nonlinear part plus a linear part, almost all the works
reported in the literature aim to get the output-input representation of the systems, and perform
a parameter identification based on the output-input expression. The two blocks of Hammerstein
systems are always coupled together and can be cast into various input-output models, such as over-
parametrization models, bilinear models, linear-in-parameter models. Different models induce different
identification methods. From the output-input representation, we can estimate the parameters of the
nonlinear block and the linear block. The identification methods include: the over-parametrization-
based method [15-18], the iterative method [19-23], the blind identification method [24-26], the key term
separation method [27-29], the hierarchical identification method [30-33] and the maximum likelihood
method [34-37], etc.

Hammerstein systems consist of a nonlinear static block followed by a linear dynamic block, see
figure 1.

Previous identification methods are based on an output-input representation of Hammerstein
systems.

y(t) = LIN(u(®))].

The investigated method in this paper is based on two separate block representations of Hammerstein
systems.
The model of the nonlinear block,

Model 1: x(t) = N[u(t)],

and the model of the linear block,
Model 2: y(t) = L[x(t)].

We perform two least-squares algorithms on these two models, respectively. When identifying Model 1,
the internal variable x(t) is replaced with its estimate, computed from the linear block (Model 2); when
identifying Model 2, the internal variable x(t) is replaced with its estimate, computed from the nonlinear
block (Model 1).

The rest of the paper is organized as follows. Section 2 shows the separate block-based least-squares
identification algorithms for two blocks of the Hammerstein system. Section 3 provides a numerical
example for the proposed algorithms. Finally, the concluding remarks are provided in §4.

2. The separate block-based least-squares identification method

Let us introduce some notation. ‘A =: B’ stands for ‘A is defined as B’; the symbol I (I,;) stands for an
identity matrix of appropriate size (n x n); z represents a unit forward shift operator: 27 x(t) = x(t — 1);
Z(t) stands for the estimate of z at time #; the superscript T denotes the matrix/vector transpose; tr[M]
represents the trace of a square matrix M.

The input nonlinear and output linear functions of a Hammerstein CARMA system in figure 2 are
expressed as

x(t) =slu®] =) cxsilu(®)], 1)
k=1
and
A@)y(t) = B)x(t) + D(2)v(t), (22)

where u(t) and y(t) are the system input and output, x(t) is an internal variable, v(t) is stochastic white
noise with zero mean; the input nonlinearity s is modelled as a linear combination of basis functions
Sk, 1¢ is the number of the basis functions; the linear block is a CARMA model, A(z), B(z) and D(z) are
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Figure 2. The Hammerstein CARMA system.

polynomials in the unit backward shift operator z1 (zfly(t) =y(t — 1)), and defined by

AR):=1+mz 4z 2+ +a,z7™,
B(2):=1+biz ' +bpz 2+ + bz ™,

D@):=1+diz ' +dpz 2 + - +dp,z ™.

Assume the orders n,, np, ng are known and y(t) =0, u(t) =0 and v(t) =0 for t <0.

2.1. The model of the linear block

Let y1(f) = y(f) — x(t), then from the y — x linear relationship in (2.2), we get

y1(t) =b1x(t = 1) + box(t —2) + - - - + by, x(t — np) —amy(t — 1) —apy(t —2) — - -+ — ap, y(t — ny)

+dyu(t — 1) +dav(t —2) + - - + dp,v(t — ng) + v(t)
=0}, ()0 + v(t),

where
(Ph(t) = [_y(t - 1)/ ey _y(t - na)/ x(t - 1)/ oo ,X(f - I’lb),

v(E=1),...,v(t — nyg)]T e Ratmtna

. T
.= [al,az,. . .,ana,bl, .. .,bnb,dl,dz,. .. ,dnd] € Rn“+nb+nd.
Define a least-squares quadratic criterion function
t

R®) =5 Yln) - o0

i=1

2.3)

The internal variable x(f) and the noise term v(t) in the information vector ¢;,(t) are unknown, the solution
is to replace them with their estimates, the estimate of x(t) is computed from the nonlinear part, by

replacing c; with its estimate ¢;(t),
an(t) = (s [u())] + ca(t)sa[u()] + - - + Cn, (D)5 [u(t)],
the estimate of v(t) is computed by
3(t) = y(H) — In(t) — (DO (H),
then the estimate of ¢;,(t) is written as

@h(t): [_y(t - 1)/ . /_y(t - nﬂ)/&N(t - 1)/ . lj\CN(t - nb)/ ﬁ(t - 1)/ . /ﬁ(t - nd)]T'

(2.4)
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2.2. The model of the nonlinear block

From the x — u nonlinear relationship in (2.1), we get
x(t) = cr51 [u(t)] + caosa[u(®)] + - - - + cn 5 [u ()]
=ol(t)c. (2.5)
where
9s(t) = [s1[u(®)], sa[u()], . .., sp [u(t)]]T € R,

c:= [cl,cz,...,ch]T e R".

Define a least-squares quadratic criterion function

t

(€)= 5 D Ix() — o (el 26)

i=1
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x(t) as an output of the nonlinear block, can be derived from the function (2.2) of the linear block,

A
()= G~ p o )

Let a;(t), Bi(t) and ai(t) be the estimates of a;, b; and d; at time ¢, the estimates of A(z), B(z) and D(z) at time
t are

Alt,2) =14 a1z +ap(t)z 2 4 - + iy, (D2,

B(t,2) =14 bi()z " + ba()z 2 4 -+ + by, (D2,

D(t,z) =1+ di(Hz " + dy()z 2 + - -+ + dyy, (Hz ™.

replacing A(z), B(z) and D(z) with their estimates A(t, z), B(t, z) and D(t,z), and v(t) with 9(t — 1) in (2.7);
then from the linear block, the estimate of x(t) can be written as,

A(t, 2) D(t,z) ..

W)= v = 5 =) (28)

2.3. The separate block-based least-squares method for two blocks

By using a standard least-squares method, minimizing the cost functions J;(#) with respect to § and
replacing y1 (i) and ¢y, (i) with their estimates 1(i) and ¢,(i) in J1(f), we can obtain the separate block-
based least-squares algorithm for the linear block of the Hammerstein CARMA system as follows:

0())=0(t — 1) + Li(®)[{1 () — @ (DOt — 1)], 2.9
Ly(t) = Py (t — Dey(O[1 + of (OP1(t — Dgy()] 7, (2.10)
Pi(t) =[I - Li(h, (DIP1(t — 1), P1(0) =pol, (2.11)
o) =[—y(t = 1),...,—y(t — ng), AN(E—=1),..., Zn(E—mp), D(t—1),..., 0(t — ng)]T, (2.12)
nt) =yt —in(t—-1), (2.13)
BN (D)= g (DE(), (2.14)

() =y(t) — N () — @y (DO (D), (2.15)

and 0(t)=[a1(0), ..., 4, (1), 51(), . .., by (D), d1 (D), . . ., d, (D] (2.16)
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Figure 3. The flowchart of computing the estimates é(t) and &(t).

Minimizing the cost function J»(c) with respect to ¢ and replacing x(i) with its estimate X1.(i) in J2(c), we
can obtain the separate block-based least-squares algorithm for the nonlinear block as follows:

and

&) =&(t — 1) + Lo()[xL() — of (D2t — 1)], (217)
Ly(t) = Pa(t — Do, ([1 + 9J (P2 (t — Des()] ', (2.18)
Py(t) = [I — Ly(t)g] (H]Pa(t — 1), P2(0) =pol, (2.19)
os(t) =[s1[u(®)], s2[u(®)], .. ., su [, (2.20)
() = ‘;((;;)y £ — g ((tt;)v(t —1, 2.21)

&) =[e1(0), &), ..., & B (2.22)

The computation process of the separate block-based least-squares algorithm is summarized as follows:

(1) To initialize, let t=1 and 6(0) = Loy tny+n4/P0, €(0) =15, /po, P1(0)=pol, P2(0)=pol, v(t)=0,
X(t) =0, u(t)=0, y(t) =0, for t <0, pg = 10°.

(2) Collect the input—output data u(t) and y(t), and form ¢;(t) and ¢,(t) using (2.12) and (2.20),
respectively.

(3) Compute 1(t) using (2.13), L1(t) using (2.10) and P1(t) using (2.11), Ly(#) using (2.18) and Px(f)
using (2.19).

(4) Update the parameter estimate 9(t) using (2.9).

(5) Compute x(f) using (2.21).

(6) Update the parameter estimate ¢(t) using (2.17).

(7) Compute Xy (t) and 0(t) using (2.14) and (2.15).

The flowchart of computing the parameter estimates 9(1‘) and ¢(t) using the separate block-based least-
squares algorithm in (2.9)—(2.22) is shown in figure 3.
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Table 1. The parameter estimates and errors.

!t (1) at) bi(t) by(t) &) &(t) 0 (1) 8 (%)
0.102 100 1.55751 0.90665 —0.52257 0.69811 0.66850 0.9160 1.24310 0.35475 3.14282

iz iado sy BioBasniaposeorsos

3. Results

Consider the following Hammerstein CARMA system

A(z)y(t) = B(z)x(t) + D(z)v(t),
x(t) = cyu(t) + cou®(t) + c3u(f)
= 0.65u(t) + 0.90u(t) + 1.25u°(t),
A@)=1+mz  +apz 2 =1+1552"1 +0.90z72,
B(z)=1+biz~' + bz 2=1.00 — 0.50z"" + 0.75z72,
Diz)=1+diz ' =1+030z""1,
a=[ay,a]" =[1.55,0.90]",
b=[by,by]" =[-0.50,0.75],
d=d; =0.30,
c=[c1, ¢, c3]" =[0.65,0.90,1.25]7,
0=[a",b",d"|".

In simulation, the input {u(t)} is taken as an uncorrelated persistently excited signal vector sequence
with zero mean and unit variance, and {v(t)} is taken as a white noise sequence with zero mean
and variances o2 =1.00> and o2 =3.00>. Applying the proposed separate block-based least-squares
algorithm to estimate the parameters of this system, the parameter estimates and their errors are shown
in table 1. The estimation error of the parameters is

SR )2 LiE) — B2 AF) — el12 J08 — A2
s;z\/””(t) all* + [1b(t) — b||* + |&(t) — cl|= + | d(¢) — 4|l « 100%.

lall + blI? + [cl? + 4]

From table 1 we can get: (1) the parameter estimation errors become (generally) smaller and smaller
with the recursion t increasing; (2) the parameter estimates converge to their true values as the noise
variance becomes small.



4. Conclusion

This paper concerns a separate block-based parameter identification method for each block of the
Hammerstein CARMA system, without forming the whole output-input representation of the system.
The idea is to consider each block separately as a subsystem in the Hammerstein system and to estimate
the parameters of the nonlinear block and the parameters of the linear block separately (interactively), by
using two least-squares algorithm in one recursive step. The internal variable between the two blocks is
replaced by different estimates: for estimating the parameters of the nonlinear part, the internal variable
is computed by the linear function; for estimating the parameters of the linear part, the internal variable
is computed by the nonlinear function.

The proposed simple parameter estimation method possesses property of the higher computational
efficiency compared with the previous over-parametrization method in which many redundant
parameters need to be computed, and can be extended to systems with more blocks [38] and networked
dynamic systems [39,40], etc.

Data accessibility. The data from this article are available from the Dryad Digital Repository: (http:/ /dx.doi.org/10.5061/
dryad.k49ht50) [41].
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