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Abstract: In this paper, an identification algorithm for the non-uniformly Wiener systems
with dead-zone nonlinearities is proposed. Firstly, a uniform model of the Wiener system
is reformulated with the help of the lift technique and a switching function. Then, a least
squares based iterative recursive algorithm with variable forgetting factor is presented using
the auxiliary model and iterative method. Simulation results indicate the effectiveness of the

proposed method.
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1 INTRODUCTION

Hard nonlinearity is a common phenomenon existing in
the industrial plants, which includes preload, dead-zone,
saturation, saturation and dead-zone, piecewise-linear and
their composition etc.(Bai, 1998). As input output para-
metric models (I.J. Leontaritis, 1985), how to identify pa-
rameters of this system is a challenging issue. Because this
kind of system cannot be written as a polynomial form.
So the existing methods, such as the maximum likelihood
estimation (Hagenblad et al., 2008), the multi-innovation
stochastic gradient algorithm (Ding, 2013), gradient-based
and least squares-based iterative methods (Ding et al.,
2013), the NARMAX methodology (S.A.Billings, 2013),
cannot be directly used to estimate the parameters. Fur-
thermore, most of the achievements focus on the single-
rate systems and ignore the general multi-rate sampled
characteristics except the dual-rate sampled Hammerstein
systems with preload nonlinearity (J. Chen, 2013; X. L. Li,
2014).

In order to estimate the non-uniformly sampled Wiener
models with dead-zone nonlinearities, an online iteratively
recursive algorithm is proposed in this paper. Firstly, the
Wiener model with hard nonlinearity is transformed into
an analytic form using an appropriated switching function.
Then, an iterative recursive least squares algorithm is
proposed to estimate the parameters of the system directly.
In order to improve the identification accuracy and the
ability of anti-jamming, a variable forgetting factor is
introduced. The proposed algorithm is formulated as a
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recursive form with iterating the estimation of parameters
into information vector.

The paper is organized as follows. Section 2 depicts the
non-uniformly sampled Wiener systems with dead-zone
nonlinear characteristic. Then, the proposed algorithm is
derived in section 3 and the performance of the algorithm
is analyzed in Section 4. Section 5 provides an illustrative
example. Finally, conclusions are summarized in Section

6.

2 PROBLEM FORMULATION

Consider a non-uniformly sampled Wiener system with
dead-zone nonlinearity (shown in Fig.1)

VkT +T)

x(kT + T)L (kT +T)

Fig. 1. The structure of non-uniformly sampled-Wiener
system

u(kT+t,,) u(t) V(1) V(KT +T)

where w(kT + t;—1) and y(kT + T) are the input and
output of the system, §(kT + T) and z(kT + T) are
the input and output of the nonlinear part, respectively.
v(kT 4+ T) is a white noise with zero mean. H, is a
non-uniformly zero-order holder with irregularly sampled
intervals {71, 7,..., Tim }, the input updating frequency is
setas kT+t;_1,5 =1,2, ..., m(to =0, tj = T1—|—7'2—|-...—|-Tj).
P, is the linear dynamic block and St is the sampler with
frame period T := 71 + 7o + ... + Ty, = ty,. Using the lifting
technology, H, is formulated as follows:
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wkT), kT <t<kT +t

u(kT+t1), kT +t1 <t < kT +ts
u()={ )

WkT + to 1), KT+t <t <kT+T

P. is assumed as the state-space model

P )f(t) = A x(t) + Beu(t) @
g(t) = Cx(t) + Du(t)

where x(t) € R™ is the state vector, §(t) € R, u(t) € R
are the output and input of P,, respectively. A, € R**",
B. € R*, C € R™™ and D € R are parameter matrices.
Discretizing Eq.(2) with the frame period T (X. L. Li,
2002; F. Ding, 2009; L. Xie, 2010), the linear part is written
as

m
pICS
GT) = = (kT 415 1)
A(z71) J 3)
=[1 = AGGKD) + Y Bz~ Yu(kT +t;-1)
j=1
with
A(Zil) =l4a1z  fagz 2+ ...+ Qp, 2~ "
B(Z_l) =byo+ bzt bz 4.+ bin, 2z~ "
Bj(z_l) = j1z_1 + bj22_2 + ot b,z ™, =2,3,--,m
where 27! is the backward shift operator: z~lz(kT) =

(kT — T). The hard nonlinear part (shown in Fig.2) is
formulated as

m

h

m,

Fig. 2. The dead-zone characteristic

my(g(kT) —r1),r < y(kT')
0,72 < y(kT) < (4)
ma(G(kT) — r2), y(kT) < 1o

where my and mso are slopes of the corresponding linear
segment. 71 > 0 and ro < 0 are the constants for the
dead-zone points. Since nonlinear parameters is unknown,
a switching function h(-) is introduced (M.C. Kung, 1984)

z(kT) =

0,5(t) >0

L3(1) <0 ®)

h(y(t)) := {
Based on the switching function, Eq.(4) is re-written as
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x(kT) =mih(ry — g(kT))(y(kT) — r1)
+mah(y(kT) — r2)(y(kT) — 12)

y(kT) becomes

(6)

Similarly,
y(KT) =h(r1 — y(KT))y(KT) + h(y(kT) — r2)y(kT)
+ My(KT) — r1)h(ra — g(kT))y(kT)
Substituting Eq.(7) into Eq.(6), then
w(kT) = y(kT) — h(ry — y(kT))y(kT) — h(y(kT)
= r2)y(kT) — h(y(kT) — r1)h(ra — y(kT))y(kT) @®)
+mah(ry — (1)) (H(KT) — r1) + mah(y(
r2)(y(KT) — r2)

The system output is formulated as

(7)

KT)—

y(kT) = x(kT) + v(kT) = y(kT) — h(ri—
y(KT))y(kT) — h(y(kT) — r2)y(kT) — h(y(kT)—
ri)h(re — §(kT))y(kT) + mih(ry — g(kT))(y(kT)—
r1) + maoh(g(kT) — o) (g(kT) — ro) + v(kT)
Define an internal variable
y'(kT) == y(kT) + h(r1 — y(kT))y(kT) + h(y(kT)—
r2)y(kT) + h(g(kT) — ri)h(r2 — y(kT))y(kT)

Yy (KT) is

(10)

Substituting Eq.(3) and Eq.(9) into Eq.(10),
reformulated as
Y (KT) = [1 — A(z")]g(kT) —i—ZB “Du(kT +1t,_1)
(11)
+maih(ry — y(kT))y(kT) + mzh( (KT) = r2)y(kT)
—marih(ri — y(kT)) — marah(y(KT) — r2) + v(kT)

Suppose that the model order n,,n; are known, and
wkT +tj—1) =0, y(kT) =0, v(kT) =0, j = 1,2,...,m
while £ < 0. Define the parameter vector 6 and informa-
tion vector (kT as

0 := [al,ag,...,ana,blo,bu,...blnb,bgl,...,bgnb,...7
Dints -« s Dy, M1, M2, 71, 72) T € RMatmmets
(P(kT) = [_y(kT - T)7 _g(kT - 2T)a AR _g(kT - naT)a
w(kT),w(kT —T),...,u(kT —npT),
u(kT =T +1t1),...,u(kT — npT + 1),

ST — T + 1), - u(kT — npT 4 t—1),
h(ry — g(kT))y(kT), h(y(KT) — r2)y(kT),
—mlh(T1 — fl](kT)) —mzh( (kT) — 7’2)} S Rna+mn,,+5

where the superscript 7' denotes the matrix transform,
Eq.(11) is rewritten as a concise form

v (kT) = T (kT)0 + v(kT) (12)

Once 6 is estimated, parameters of the linear and nonlinear
parts are estimated simultaneously.
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3 THE RECURSIVE ESTIMATION ALGORITHM

The challenge in parameters estimation mentioned in
Eq.(12) is that @(kT) contains the unknown inner vari-
ables y(kT' — iT),i = 0,1,...,n, and unknown parame-
ters my, mo, 71, 72. So the standard recursive least squares
cannot be used to estimate 6 directly. Taking the auxiliary
model into consideration (F. Ding, 2004), an effective
solution is proposed (shown in Fig.3). The auxiliary model

VKT +T)
X
7 F(KT +T)
u(kT +1) un___y@0__y m/ |\ x(kT+T)4 y(kT+T)
H_ P S, > _
e LT Ly e
i )1'2

¢,7 (KT, _Y(kT)

Fig. 3. The Wiener system with an auxiliary model

J(KT) = @a(kT)ba (13)
Gu(kT) := [-y(kT —T), —y(kT —2T), ..., —y(kT—
ngT), u(kT), w(kT = T),...,u(kT — npT),u(kT — T14)

+ tl)? sty
WkT = T + tm—1)]"

w(kT —npT +t1), ..., u(kT — T + ty—1),
c Rna+mnb+1

0(1 ::[a17a27'"7ana7b10ab117' "blnb7b217"'7b2nb)

) . (15)

a 1
s bmiy .y bn,] € Rt

@ (kT) and @, are estimated values of the information vec-
tor and parameter vector in the auxiliary model. At time
KT, the unknown variables (kT — iT) and mq,ma, 71,72

in p(kT) are replaced with the output §(kT — iT) of the
auxiliary model and the estimates m* =1 m5=1 r’f Loph=t
at time KT — T, respectively. Then the parameter vector

is renamed as (ﬁ(kT).

Let O(kT) and 8, (kT) be the estimate of 6 and 6, at time
KT, separately. Minimizing the following cost function

) =>_ (kD) -

i=1

T (kT)0)

In order to improve the tracking performance, a variable
forgetting factor is introduced. Then, an auxiliary model-
based iterative recursive least squares algorithm with
variable forgetting factor (VFF-AM-IRLS algorithm for
short) is derived

O(kT)=0(kT-T+L(kT) [y (kT)-¢" (kT)(kT-T)] (16)

Y (KT)=y(KT)+h(ry ' =G(KT))G(KT)+h(y (kT )~
b1y2 . R
ry DYRTHRGRT )=y~ h(rs ™ —4(kT))y(kT)
L(kT) =P (kT — T)@(kT)

1 (18)

INET) + @7 (KT)P(ET — T)p(kT)]
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(KT) ﬁ[ CLGT)ST(RT)P(KT —T) (19)
S(KT) = [—§(kT — T), —j(kT — 2T, ..., —§(kT — nT),
w(kT),u(kT —=T),...,u(kT — npT),
wkT —T +t1),...,u(kT —mpT + t1), ...,
w(kT =T + t,— 1),..., u(kT — npT + tim—1), (20)
O GOTIOT) GT) ok )3T),
TR = GRT)), —mE T (G (RT) — 5T

where I is an identity matrix. P(k:T) is the covari-
ance matrix, and A(kT) avoids the data being saturated.
When A(kT) is set a small value, the algorithm has a
strongly tracking capability. Meanwhile, the VFF-AM-
IRLS is more sensitive to noise interference, and brings
large variation of parameter estimation, simultaneously.
On the contrary, the large value of A\(kT') leads to a small
parameter estimation error (PEE), less sensitivity and a
slowly convergence rate as well.

In order to increase the convergence rate, improve the anti-
jamming performance, and reduce the PEE, a modified
form of forgetting factor is proposed

oR(kT)

A(kT) = )\min + (1 - )\min)
| [ ROT) = NINT(IE(T)
"\ etkT) =y (kT) — T (RT)AKT — T)

where A(kT') is the forgetting factor at time , Ay, is
the minimum of A(kT), and 0 < Apin < 1. p is a gain
coefficient, which makes A(kT') tend to 1. £(kT) is the error
of output between the system and its estimation. NINT(-)
is defined as the nearest integer. It can be seen that the
magnitude of A(kT) is determined by the prediction error.
When the prediction error increases, it is necessary to
initiate the data discounting mechanism. The bigger £(kT)
is, the smaller A(kT) is, the faster tracking ability of the
algorithm is. Otherwise, the algorithm is not sensitive to
noise and has low PEE simultaneously.

The proposed VFF-AM-IRLS algorithm is summarized as
follows.

Stepl: Let k = 1, set A(0), 4(0) and P(0) as

where 1 is a column vector with appropriate dimension,
whose entries are all 1 and py = 10°.

Step2: Collect {u(kT + tj_1),y(kT) : j = 1,2,...m},
form @, (kT) using Eq.(14), and calculate y(kT) as shown
in Eq.(13). Then separate parameter of mk ! mg L
R~ k=1 from (kT — T) and form @(kT) according to

Eq.(20).

Step3: Calculate y'(kT), MKT), L(kT), P(kT) using
Eq.(17), Eq.(21), Eq.(18), Eq.(19) separately.

(21)

Step4: Update A(kT) on the basis of Eq.(16).
Stepb: Let £ =k + 1, and go to step3.

When A, = 1, the algorithm is simplified to the auxiliary
model-based iterative recursive least squares (AM-IRLS)
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algorithm. When A(kT') is constant, the algorithm is de-
formalized to the auxiliary model-based iterative recursive
forgetting least squares (AM-IRFLS) algorithm.

4 CONVERGENCE ANALYSIS

Lemma 1.Given the VFF-AM-IRLS algorithm mentioned
in Eq.(16)-Eq.(21) and the system in Eq.(12), if $(kT) is
persistent excitation (PE), i.e. exist constants 0 < a <
[ < oo and an positive integer N > n such that the
following PE condition holds:

N—

Z (KT +iT)@

=0

T(kT 44T) <Bl a.s.,k > 0

Then, for 0 < Apin < 1, P(KT) satisfies

(07

)\N.fl
P1(kT) > T —al+ AL PTLH0) —

min 1- Arﬂin

I

Canetti and Espana (R.M. Canetti, 1989), Ding (F. Ding,
2005) proved the Lemma 1.

Let P71(0) satisfies
al 1 — A
p! < —mn 22
0) 2 5o < 22)
Then, for £ > N, Eq.(23) is obtained
N-1
“(kT) > %mli I,
- A min (23)
or P(kT) < Niimnl 0 < Amin <1

min

Lemma 1 displays that P(kT) in the VFF-AM-IRLS
algorithm has the finite upper bounds under the PE
condition.

Theorem 1. For the system in Eq.(12), {v(kT)} is the
independent white noise with zero mean and variance o
under the condition Al, i.e. v(kT') satisfies:

(A2)E[v(kT)] =0
(A3)E[v?(kT)] < 0% < 0

Let E[6(0)|*) = E[|l60) - 0|P] = do < oo, 9(0) is
independent of v(kT), 8(kT) = O(kT) — 0(kT) is the
parameter error vector. Therefore, for £k > N, the VFF-
AM-IRLS algorithm in Eq.(16)-Eq.(21) has the following
upper bounds:

k
E[OKT)I1?] < o 2552 [T A2GT) A P (1 = Aumin) 0
j=1

n(l — Amin)
+ﬁ03 =: fu()\min,kT)

min

The proof of Theorem 1 can be seen in the literature
(F. Ding, 2005; Ding, 2014).

Furthermore, if pq is set as pg = 1‘?‘?"““, the fu(Amin, £T)

can be rewritten:

Copyright © 2015 IFAC

k
_ 1 — Amin
Suins k H G A0 +%03

The measurement input data {u(kT — g7 + t;_1)},9 =
0,1,...,mp,7 = 1,2,...;m,k = 1,2,..., L is collected from
physical systems or experiments, and the output of auxil-
iary model {g(kT — hT)},h =1,2,...,n, is obtained from
auxiliary model, so $(kT) is known and «, § are computed
according to (A1l). Therefore, as k — oo, the error upper
bound f,, (Amin, kT) approximates a finite constant, i.e.

Tl(l - )\mln) 2

N-1 v
Oé>\mln

fu()\minv kT) -

where n = n, + mnp + 5 is the dimension of #(kT") which

is known, and o2 cannot be gained in practice. So, o2 is

replaced with its estimation 62

%)

MH
Mh

"(iT) iT)d(LT))?

z:l
5 AN EXAMPLE

The non-uniformly sampled Wiener system (shown in
Fig.1) was expressed as follows:

i B]‘(Z_1
- W

y(kT) +ZB )

U(kT + t]‘_l)
(24)

u(kT +tj_1)

A(z71) =1-1.5292"" +0.74082 2
Bi(z71) = 0.1234 + 0.068992 7" + 0.015382 2
By(z71) = 0.042127" 4 0.085062 2

and the parameters of dead-zone nonlinearities were m; =
1.2,my = 1.1,7; = 0.8,79 = —0.9. Then the parameter
vector was obtained

0 =[ay, az, bio, b1, bra, ba, bag, m1, ma, 71, 72"
=[—1.529, 0.7408, 0.1234, 0.06899, 0.01538, 0.0421,
0.08506,1.2,1.1,0.8, —0.9]"

Take m = 2, = 1s, 79 = 1.5s, then ty = 0s,t; = 1 = 1s,
to = 1+ = 2.5s =T In this case, u(kT) and u(kT +1;)
were taken as PE signal sequence with zero mean and unit
variance. When the noise variance o2 = 0.1, the VFF-
AM-IRLS (with p = 2, Apin = 0.95) algorithm was used
to estimate the parameters of system(24). The parameters
estimation and their errors § = ||@(kT) — 6]|/||6]| x 100%
were shown in Table 1. It could be seen that the PEE
became smaller with quantity of data increasing, and
tended to be stable after 1000 periods.

Table 1 The VFF-AM-IRLS estimates and errors with

0?2 =0.1
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k 100 200 500 1000 2000 3000 4000 true

a1 -1.21378 -1.24413 -1.49611 -1.50554 -1.54760 -1.53978 -1.53572 -1.52900
as 0.48726 0.52605 0.70172 0.71649 0.75210 0.74718 0.74498 0.74080
bip 0.05866 0.13211 0.12628 0.12494 0.12301 0.12239 0.12164 0.12340
b11 -0.01754 0.12587 0.08638 0.06998 0.06579 0.06819 0.06775 0.06899
b1z 0.09026 0.09825 0.00070 -0.00571 0.00179 0.00647 0.00804 0.01538
ba1 0.01073 0.02086 0.03497 0.03579 0.03919 0.04044 0.04055 0.04210
bao 0.13136 0.16383 0.10563 0.09253 0.09067 0.08808 0.08707 0.08506
miq 0.75316 0.81348 1.14586 1.22548 1.20082 1.20274 1.21126 1.20000
mo 0.81880 0.89518 1.08917 1.12283 1.14096 1.12416 1.09914 1.10000
r1  0.57820 0.84796 0.77022 0.80268 0.77708 0.78057 0.79090 0.80000
ro  0.08136 -0.55251 -0.86628 -0.88968 -0.90779 -0.89092 -0.86527 -0.90000

6(%) 45.85271 25.56411 3.51762 2.05729 2.05862 1.36170 1.48340 0.00000

In order to test the performance of VFF-AM-IRLS algo-
rithm, ¢ against k were shown in Fig.4 with different Apnin
and p. Without forgetting factor, the method was stable
during the estimating process. However the accuracy was
lower, as shown in Fig.4 with the blue solid line (PEE
was about 9%). Introducing the variable forgetting factor,
the algorithm had fast convergence velocity. As a result,
the estimated precision was improved greatly, as shown
in Fig.4 with the green dosh-dot line (PEE was nearly
2%). Moreover, with p increasing, the convergence rate
was more sensitive, and there was an evident wavelike at
the early state of the estimation (shown in Fig.4 with the
purple dot line).

- = =% =09,p=2(VFE-AM-IRLS)|
P=3(VFF-AM-IRLS)
=2(AM-IRLS)

Fig. 4. The parameter estimation errors § versus k

Set 02 = 0.1 and 0.2, the result was presented in Fig.5.
It revealed that the estimated parameters were unstable
with a larger o, while VFF-AM-IRLS algorithm had high
ability to eliminate interferences as well as accuracy.

6 CONCLUSIONS

A VFF-AM-IRLS algorithm is developed for a non-
uniformly sampled Wiener systems with dead-zone nonlin-
earities. The proposed algorithm can estimate the system
parameters directly by using the auxiliary model method
and iterative method. Moreover, a variable forgetting fac-
tor is introduced to improve convergence velocity and anti-
jamming ability. The simulation results demonstrate the
effectiveness of the proposed algorithm. The method can

Copyright © 2015 IFAC

W0 1500 2000 2500 3000 3500 4000 0500 1000 1500 2000 2500 3000 3500 4000

k 2
(2) VFF-AM-IRLS 6°=0.1 (b) VFF-AM-IRLS 6°=0.2

00 1500 2000 2500 3000 3500 4000 )
k

500 1000 1500 2000 2500 3000 3500 4000
k

(¢) AM-IRFLS 0°=0.1 (d) AM-IRFLS 6°=0.2

Fig. 5. The comparison of the true and estimates of the
VFF-AM-IRLS and AM-IRFLS with different o

be extended and used for other hard nonlinear Hammer-
stein, Wiener or Hammerstein-Wiener systems, other non-
uniformly sampled systems, and multivariable systems.
However, the selection of Ay and p is very challenging
and worth further investigate.
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