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Abstract: This paper studies a new type of control framework for dynamical stochastic systems,
called statistic tracking control. Non-Gaussian systems are considered and the tracked objective
is the statistical information of a given target probability density function (PDF). Following
neural network approximation to the performance function, the concerned problem is transferred
into the tracking of given weights. Different from the previous related works, the time delay T-S
fuzzy models with the exogenous disturbances are applied to represent the nonlinear weighting
dynamics. Meanwhile, the generalized PI controller structure and the improved convex LMI
algorithms are proposed to fulfil the tracking problem. Furthermore, in order to enhance the
robust performance, the peak-to-peak measure is applied to optimize the tracking performance.

1. INTRODUCTION

Non-Gaussian variables exist in many complex stochas-
tic systems due to nonlinearity which may posses asym-
metric and multiple-peak stochastic distributions (Wang,
2000). For non-Gaussian systems, mean and variance are
insufficient to characterize the stochastic properties. On
the other hand, motivated by several typical examples
in practical systems, a group of control strategies that
control the shape of output PDF for general stochastic
systems have been developed (Wang, 2000; Yue&Wang
2003; Shalom&Li, 2000; Forbes, 2004; Guo&Wang, 2005).
This novel control framework has been called as stochastic
distribution control. In this paper, we present a new type
of stochastic tracking control framework for non-Gaussian
systems called statistic tracking control (STC). Different
from both the conventional stochastic tracking (Astrom,
1970) and the output PDF tracking problems (Wang, 2000;
Guo&Wang, 2005), the goal of control here is to ensure
that the statistical information of the system output is
made to follow that of a target PDF. In comparison with
previous works, the main results obtained in this paper
have two features. Firstly, since the mean and variance are
two commonly used control objectives for Gaussian sys-
tems, our control objective is a reasonable generalization
for non-Gaussian systems. Secondly, the obtained statistic
tracking will eliminate the constraints widely seen in the
B-spline approximation for the PDFs (Wang, 2000).

In recent years, fuzzy technique has been widely and suc-
cessfully used in nonlinear system modeling and control.
The well known T-S fuzzy model (Takagi&Sugeno, 1985;
Tanaka, Ikeda & Wang, 1996) was recognized as a popular
and powerful tool for approximating a complex nonlinear
system. Recently, T-S fuzzy model has been applied to
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complex nonlinear models, for example, descriptor system
(Taniguchi, Tanaka & Wang, 2000), time-delay nonlinear
model (Cao &Frank, 2000; Lee, Jeung & Park; 2001) and
stochastic system (Wang, Daniel & Liu, 2004). In the liter-
ature, various techniques have been developed for stability
analysis of T-S fuzzy systems (Tanaka, Tkeda & Wang,
1996; Wang, Daniel& Liu, 2004; E.Kim, H. Lee, 2000).
On the other hand, the T-S fuzzy model has also been
studied for the nonlinear tracking control problem (Ying,
1999; Tseng, Chen & Uang, 2001; Zheng, Wang & Lee,
2002). In (Ying,1999), feedback linearization technique
was proposed to design fuzzy tracking controller. Variable
structure control approach has been applied to solve the
tracking problems for T-S fuzzy systems (Zheng, Wang &
Lee, 2002). A simple observer-based fuzzy controller was
developed in (Tseng, Chen & Uang, 2001) to reduce the
tracking errors in terms of LMI approach.

Similar to the PDF tracking control problem, after using
NN approximation theory for the performance function, it
is shown that the STC design problem can be transformed
into a tracking problem for the weighting dynamics. Dif-
ferent from the previous works (Wang, 2000; Guo& Wang,
2005), the T-S fuzzy models are firstly utilized to describe
the nonlinear weighting dynamics that can not be modeled
exactly, which represents a significant extension to the
previous results. In this paper, a robust tracking problem
is studied for the T-S fuzzy weighting model where there
exist non-zero equilibriums, time delay and exogenous
disturbances. Meanwhile, a generalized PI controller can
be obtained through improved LMI algorithms such that
the stability, tracking performance for the target weighting
vector or the dynamic reference model and robustness
are guaranteed simultaneously. Furthermore, in order to
enhance the robust performance, the peak-to-peak mea-
sure is applied to optimize the tracking performance which
generalizes the corresponding result for linear systems with
zero equilibrium (Scherer & Weiland, 2000).
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2. FORMULATION OF STC PROBLEM

For a dynamical stochastic system, denote u(t) € R™ as
the control input, n(t) € [a,b] as the stochastic output,
whose conditional PDF is denoted by ~y(y,u(t)), where y
is the variable in the sample interval [, 3]. It is noted
that v(y,u(t)) is a dynamic functional of y along with
the time variable ¢. In the previous works, the PDF
tracking problem has been studied with some effective
design algorithms (Wang, 2000; Shalom&Li, 2000; Forbes,
2004; Guo&Wang, 2005). B-spline expansions have been
used to approximate Y(y,u(t)) or /v(y,u(t)) and the
control objective is to find w(t) such that ~(y,u(t)) is
convergent to the target PDF g(y).

The idea results from a simple observation. It is well known
that mean and variance can characterize the stochastic
property of a Gaussian variable. Generally, the moments
from the lower order to higher order can decide the shape
of a non-Gaussian PDF. In addition, entropy has also been
widely used in communication and control theories as a
measure of the average information contained in a given
PDF (Yue&Wang, 2003). Thus, the PDF tracking can be
achieved via tracking the statistical information, which
motivated the so-called STC problem.

To illustrate the design algorithm, in this paper we con-
sider a special STC problem. The considered performance

index is ff 5(7y, u(t))dy, where
(7, u(t)) = Quy(y, u(t)) In(y(y, u(?))) + Q297 (y, U(t)zl)
where @)1 and @2 are two parameters. In (1) the integral

of the first term is the entropy and that of the second term
is the mean of the output PDF respectively.

Based on the previous PDF control theory, we construct
B-spline expansions to approximate §(y, u(t)) as follows

(v, u(t)) = Cly)Vo(t) +e(y, 1) (2)

Cly) = [Bi(y) .- Ba)]  Vot) = [v1(t) ... va ()] (3)
B;(y) ( =1,2,-- ) are pre-specified basis functlons and
vi(u(t)) = v(t), (z = 1,2,---,n) are the corresponding
weights. e(y,t) represents the bounded modeling error.

Assuming z—:( t) can be replaced by (y,t) = C(y)wo(t),
where w(t) can also be regarded as an unknown pertur-
bation. Hence, (2) can be rewritten as

o(v,u(t) = Cy)Volt) + Cly)wo(t) = CY)V (L) (4)

Based on (1) and (4), for the target PDF we can find the
corresponding weights which can be denoted as V,(t). That
is, 8(g, u(t)) = C(y)V4(t). The tracking objective is to find
u(t) such that o(y, u(t)) — 6(g,u(t)) = C(y)e(t) converges
to 0, where e(t) := V() — V,(¢)

3. PI CONTROLLER DESIGN BASED ON T-S
FUZZY WEIGHTING MODEL

Once B-spline models have been made for the performance
function, the next step is to find the dynamic relationships
between the control input and the weight vector. However,
most published results only concerned linear precise mod-
els, it is noted that a linear mapping cannot change the
PDF shape of the stochastic output, which confines the
practical applications. Recently, the T-S fuzzy model has

been proved to be a very good representation for a certain
class of nonlinear dynamic systems in control systems and
signal processing. So we consider the nonlinear weighting
dynamics which could be described by the following T-S
fuzzy model with r plant rules:
Plant Rule i: If 61 is ;1 and - - -
V(t) = ApiV () + Fo; V7 () + Boriu(t)

+Booiur (t) + Eol‘w(t) (5)
where V(t) € R" is the independent weighting vectors,
u(t) and w(t) represent the control input and the ex-
ogenous perturbation respectively. V,.(t) = V(t — 7(¢))
represents the time delay weighting vectors, and wu,(t) =
u(t — 7(t)) is the control input with time delay term.
Agi, Foi, Bo1i, Boo; and Eg; are known coefficient matrices
with compatible dimensions. 6;(z) and p;; (¢ = 1,- -
or,j = 1, -+, p) are respectively the premise variables
and the fuzzy sets, r is the number of If-Then rules, and p
is the number of the premise variables. The time-varying
delays 7(t) satisfy 0 < 7(¢) < 5 < 1.

and 6, is p;p, then

By fuzzy blending, the overall fuzzy model is inferred as

Z h AO’L

+Boziur (t) + Eoiw(t)) (6)
where 6 = [01,---,0,], w; : RP — [0,1],i = 1,---,r is the
membership function of the system with respect to plant
rule 4, and h;(0) = w;(0)/ > i_ 1wz( ). It is obvious

> hio
i=1

Based on the above mentioned T-S fuzzy model (6), we in-

+ FOZV-,-(t) + Bouu(t)

troduce a new state variable z(t) := [V (¢), fot el
Then the following augmented system with disturbance
w(t) and reference input V() can be established as

Zh t) + Fix,(t) + Briu(t)
+Bgiu7(t) + E-w(t) + HVy)
(1) Zh ) + D;w(t))
(t) = ¢(t)7 t e [-7(t),0]

where z(t) is the controller output, and

_ |40 0 _ | Fo: O ~_ | Bou
Ai_[[ 0] Fi—{o 0] Bh—[ 0

o) - (5] u-5

To solve the tracking problem for weight vectors, a direct
application of PI control strategy would lead to
Plant Rule j: If 61 is uj; and - - - and 6, is y;p, then

t

Zh J(Kp;V(t)+ Ky / e(r)dr)  (8)

0
where Kp; and K 1; are controller gains to be determined.

With such an augmented system (7), tracking problem can
be further reduced to a stabilization framework because
the PI controller can be formulated by

ult) = Yo hOK ). K =

[Kpj K] (9)
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Remark: It should be pointed out that although some
nonlinear tracking approaches have been provided in the
last decade, less results can be applied to the above T-
S fuzzy model. They do not consider non-zero equilib-
rium and exogenous disturbance simultaneously. In the
following, we will perform LMIs with convex algorithms to
achieve the above control objectives. On the other hand,
it is noted that B-spline expansions and weight modeling
procedures result in modeling errors and uncertainties
which were ignored previously (Wang, 2000; Guo& Wang,
2005). In this paper, the uncertain vector w(t) comprises of
two parts; perturbation within T-S fuzzy weighting model
(5) and modeling error in PDF approximation denoted
’LUO(t)

4. MAIN RESULTS
4.1 Peak-to-peak performance

L, performance index is the measure used to describe the
level of disturbance attenuation, which is also called peak-
to-peak performance(Scherer & Weiland, 2000).

Definition: The peak-to-peak control gain for a nonlinear
system is defined by supj. . <1//2()[/co- The peak-to-peak
control problem is to find controller u(t) such that the
peak-to-peak gain is minimized or satisfies

Sup|juf o<1 12(t)[loe < ¥

OF SU llz() oo
Po<||w||<oo [w(t)] 0

(10)

< 72, where v is a given constant.

Since V,(t) is a known vector, we denote yq := ||V, (t)]2.
The following result provides a criterion for the L, perfor-
mance problem of the unforced system of (7), which also
generalizes the corresponding result for linear systems with

zero equilibrium (Scherer & Weiland, 2000).

Theorem 1 : For the known parameters u;(i = 1,2,3) ,
a > 0 and v > 0, suppose that there exist S, P > 0 and

fori=1,---,7r,7=1,---,7 such that the following matrix
inequalities
sym(ATP)+u2P+S PF, PE; PH
FI'p -1-3)8 0 0
T <0
E; P 0 —puil 0
HTP 0 0 —uil
(11)
1
p2pP 0 ~(cr+cf)
0 (v=p3— syl (D +Df) | >0 (12)
1 1
F(Ci+Cy) D+ D) 71
al P
B R
0 Leryer
S(CF +C5)
0 (y — axl w1 i(D;‘F + D]T) >0 (13)
1 1
5(07+Cj) §(D1+Dj) ’)/I

are solvable, then the unforced system (7) is stable, and
SUPO< ||| <oo ||||w((t))||‘\: < ’}/2 holds.

4.2 Peak-to-peak tracking performance
Considering the state feedback control with PI controller
structure, substituting u(t) = Y°7_, h;(0)[K;z(t)] into (7),
we can get
-
+(F; + BgzK )
Zh
The followmg results provide a solution for the considered

nonlinear tracking control problem with disturbance at-
tenuation performance.

(O)[(A; + BriK;)x(t)

. () + Eyw(t) + HV, (1))
) + D;w(t))

(14)

Theorem 2: For the known parameters u;(i = 1,2,3),
a > 0 and v > 0, suppose that there exist § > 0, Q = P!
and for s = 1,---,r,5 = 1,---,7 such that the following
matrix inequalities

I1;; F,Q+ ByR; E; H
QF! +RIBj, —(1-3)QSQ 0 0
BT 0 21 0 | < 0 (15)
HT 0 0 —pil
where
I;; = sym(A;Q) + sym(By R;) + piQ + QSQ
KQ 0 C(cr+cr)
0 (v = 13 — pgya)l (D} + D) | >0
1 1
5Ci+CQ 5(Di+ Dy) 71
(16)
ol 1
[Id>o
Q 0 @§+¢>
(v — axl )T §(DiT +DT) | >0 (17)
1 1
§(Ci+cj)Q i(Di + Dy) I

are solvable, the closed-loop system (14) is stable and satis-
fies both limy ooV (t) = Vg and supo<|jw|<oo H‘w((t))‘\hz <72

The PI control gain K; can be solved via R; = K;Q

4.8 Peak-to-peak tracking based on referemnce model

In this stage, a dynamic reference model is considered here
as a part of the target model whose output V,,, (t) converges
to V4 (t) as t — oo. It is supposed that the reference vectors
Vin (1) satisfy
Vm(t) = Amvm(t) + Br (18)
where A,,,, B,, are constant matrices of appropriate dimen-
sion and r is a constant input. The considered problem is
transformed into a dynamic tracking for error vector
er(t) = V(t) = Vin(t) (19)
Based on system (5, 18), we redefine a new state variable
t

o(0)i= V7 (o), [ ¥ r)ar, VA

0

(20)
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Then the new T-S fuzzy weighting model can be trans-

formed as
-

i(t) = Z hi(0)(A;z(t) + FyZ.(t) + Bysu(t)
) (21)

Based on the T-S fuzzy model (21), the new PI control
strategy can be formulated as

u(t) =Y hi(O)K;E(), K;=[Kp;, Kr;,0]  (22)
j=1

Substituting (22) into (21) yields
3(6) = 32 0i(0) S s (O)[(A; + BuiK; )t
i=1 j=1

+(F; + B2 K;)Z, (t) + Eiw(t) + Bpr] 23)

(
Theorem 3: For the known parameters u;(i = 1,2,3
, ¢ > 0 and v > 0, suppose that there exist S =
diag[S, S1] > 0, Q = diag|Q,Q:] = diag[P~',P;"'] > 0
and for ¢ = 1,---,r,57 = 1,---,7 such that the matrix
inequalities (24-26) are solvable, then the T-S fuzzy model

(21) is stable and satisfies both lim;—,V (t) = V5, () and

supOS”w”Sm% < ~2. In this case, the PI control

gain K can be solved via R; = K;Q, and S = QsQ,
S1= Q15 Q1.

5. AN ILLUSTRATIVE EXAMPLE

Suppose that the statistical information can be approxi-
mated using the square root B-spline models described by
(2) with n =3, y € [0,1.5] and for ¢ = 1,2,3

o J|sin27y| y € [0.5(i — 1);0.51]
Bi(y) = { 0 y €[0.5(5 —1);0.55] i#j

For simplicity, in the simulation it is supposed that the
target PDF can be denoted as

(27)

(y —a)?

Yg (y) = mbexp(_ 22 )

where a = 0.5+ Inv27 + LT b = 1. From (1), it can be
obtained that

21 (VeiBi(y)) = Quyg (1)In(v4(y)) + Q279 (y)
where Q1 = 1, Q2 = 1. As a result, we have

(28)

S0, [ (Blw)dy) = (-5)(1+ n2at) +a (29)

Owing to ffooo B;(y)dy = % i =1,2,3, it can be shown
that the reference weights corresponding to the target
statistical information of the target PDF satisfy the con-
dition ¥3_,(V,;) = 1.7. As such, the reference weights
can be denoted as V, = [0.3 0.6 0.8]7. Consider a T-
S fuzzy model with exogenous perturbation, together with
the ¢ = 1,2. The model parameters are omitted here to
save space.

sym(A;Q) + sym(By; R;) + S + 13Q HQv F,Q+ Boi K 0 E; 0
TQlHTT . sym(AmQ1) + St + 13 Q1 0o 0 0 Bn

QFT + KTBL, 0 —(1=p)S S PN

0 0 0 —(1-88% 0 0

EF 0 0 0 —u3l 0

0 BY 0 0 0 —pil
) ) )
#Q 0 0 5(QCT +QcT)
1
0 13Q 0 S(QiCT; + Qi CF))
11 2T (25)
0 0 (v=w3 —psr)I 5(Di + D)
1 1 o
| 5(GQ+CQ) 5(CLiQ + Q) 5(Di+ Dj) yI |
] ) )
Q 0 0 S(Qcr +qch)
1
ol T T 0 o) 0 ~(Q:1Cf; + @Q:1CT)
llQ0]>o, 27 T s (26)
I 00Q 0 0 (v = azn@m)l  5(Df + Dj)
1 1 1
_i(CiQ‘i‘CjQ) 5(011‘@-&-01]‘@) i(Di + D) ~yI |
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weighting vectors
o o o
o

Fig.1 Responses of the weighting vectors

3D mesh for the performance function

sample value time

Fig.2 3D mesh plot of the performance function

In this example, we choose Gaussian functions as our
member functions, which are

—(x 2
cap(=22h)

eap(ZEzH ) | eqp(=z %)

Through solving the LMIs (19-23), the PI control gains
can be computed as follows
36.5 —4.2 34 479 =52 4.5
Kpy = [—2.2 42.7 —2.31 K= [ 2.5 52.0 1.1 ]
—1.6 —5.7 35.5 —4.2 —5.3 45.8

17.1 =1.9 —0.2 23.0 —3.5 —2.0
Kpy= |12 169 —15|, K5 =] 3.9 221 —1.1

M; =

2.5 —0.5 18.6 3.3 09 225

Fig 1 is the responses of weighting vector and shows the
performances of tracking. Fig 2 shows the 3-D mesh plot
of the statistic performance function.

6. CONCLUSION

This paper considers the robust tracking problem for the
statistic information of non-Gaussian processes by using
generalized PI controller. B-spline neural networks and
T-S fuzzy model are applied to formulate the tracking
problem. Compared with the previous works, the main
results here have three features: 1) The T-S fuzzy model,
as a system identifier, is first applied into STC problem.
2) Exogenous disturbances, non-zero equilibrium and time
delay are all considered in the T-S fuzzy model tracking
control. 3) Using the LMI methods, multiple control ob-
jectives including stabilization, tracking performances and
robustness can be guaranteed simultaneously.
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Appendix A. PROOF FOR THE THEOREM 1

Proof: Defining a Lyapunov function condition as
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Si(z(t),t) =« (t) Pa(t) + ="(8)Sz(8)ds  (30)
t—7(t)
Obviously it can be seen that
djtl = 227 (t) Pi(t)+2T (¢)Sz(t)— (1—7(t))xL (t) Sz (t)
= Z hi(@)at () Yia(t) — (1 — 7(t))a] (t) Sz (t)
+2Zh (t)PFyx,(t) + || pow(t)]|?
sV ()1 — Zh | iEZ-TPw(t) — pw(t) |°
=1
| - HTPa(t) — V(1) |
M3
< Zhi(g)CT(t)‘I’iC(t) + lp2w®)|® + p3ya (31)
where =
=T, A w= | 0 D]
T, =AlP+PA;+ S+ 2 PE EfpP+ 2 PHHTP (32)
3

Based on Schur complement formula, (11) implies that for
any w(t) satisfying ||[w(t)||ec < 1, ®; < —u2P hold. With
(31), it can be seen that

dSy(z(t),t)

b7 < —piaT () Pa(t) + p3 + p3ya

where 13yq can be considered as a known parameter. Thus,
w <0, if 2T (t)Px(t) > py?(u3 + pdyq) holds. So
for any x(t), it can be verified that
2T (1) Px(t) < max{xl P, uy (43 + piya)}
[ml| = sup (@)

—T

which also implies that the unforced system (7) is stable.
From(34), we get 27 (t)Pxz(t) < xl Px,, or 2T (t)Px(t) <

152 (p3 + p3ya). Defining n(t) = [o”(t), 0" ()]", H;
[CZ»DA and Hj = [Cj,Dj], we have

[=(t)|I> = 2’” L SE_ ki) (0)nT () H Hyn(t)
v _yhihgn™ (8)(H; + H;)T (H; + H;)n(t)

(33)

(34)

Combining with (12), it can be seen that
1 1
0 (v —p3 — pzya)l
1 [rch+cf
& Lot ot
which guarantees under 7 (¢ )Pa:(t) < py 2 (13 + p3yq) and
[lw(t)]|oo < 1 that

][C+0D+D] >0

1
;Hz(t)ll2 < (13 + p3ya) + (v = 3 — piya)w” (Huw(t) =
(35)
On the other hand, from (13), it can also be shown that
P 0

0 (v —axl a1

1 [ch+cr

4y DT + DT
Similarly to the above proof, under 27 (¢t) Pz (t) <
and |Jw(t)|le < 1, we can get

}[CJFC D;+D;]>0

T
T, Prm

1
~lz)|? < aaganm + (v — azg@n)w’ (w(t) =~ (36)
~

Hence, the L; norm of the unforced system is less than ~2.

Appendix B. PROOF FOR THE THEOREM 2

Proof: Based on Theorem 1 and Lyapunov-Krasovskii
function condition (30), we can get

ddil = 227 (1) Pi(t) + 27 (£) S (t) —

<Zh Zh ¢T(t)

(1= 7)a7 (t) Sz (t)

)¢ (1) + ln2w®)I* + p3ya (37)

where C =[x T(t), 2I(#)]T and
0 _ =i PF; + PByK;
47|\ F'P+K!'Bj;P —(1-p)S

Hij = sym(A?P) + sym(KjTBlTiP) + 5

1 1
+—PEEIP+ —PHH"P (38)
Ha H3

Based on Schur complement formula, we can get

2
. —piP 0
Q”<{ 0 0}

So for any w(t) satisfying ||w(t)||cc < 1, it can be seen that

dS (x(t),1)

o <t (OPe) + s+ paya (39)

Similarly to the proof of Theorem 1, it can be seen that
(34) still holds for the closed-loop system, which implies
that (14) is still stable in the presence of w(t) and V. Sim-
ilar to Theorem 1, it can be claimed that the closed-loop

system satisfies the peak-to-peak disturbance attenuation
performance from LMIs (16-17).

For a couple of w(t) and Vj, we suppose that ¢;(¢) and
¥2(t) are two trajectories of the closed-loop system corre-
sponding to a fixed initial condition. Define o (t) := 91 (t)—
¥2(t), the dynamics for o(t) can be described as

T

= ) hihj[(A; + BuKj)o(t) +

i,j=1

(F; + Bai K)o, (t)]

(40)
Similar to (30), Lyapunov function can be constructed as
¢

= o’ (t)Po(t) + o7 (B)So(B)ds

t—7(t)

Sa(o(t),1) (41)

Hence it can be seen

dSy(o(t),1)

—5 < —puiol (t)Po(t) < —pii Amin(P)|lo(t)]|?
where Ay (P) is denoted as the minimal eigenvalue about
P. Tt can be verified that ¢ = 0 is the unique asymp-
totically stable equilibrium point of the system (40). It
means that the closed-loop system (14) also has a unique
asymptotically stable equilibrium point. It can be con-
cluded that limy—.o & ([) e(7)dr) = 0, which shows that
limi—oo V() = Vy(1).

11569



