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Abstract

In this paper, an observer-based sampled-data controller of linear system is proposed for the wave energy converter.
Based on the sampled-data observer, the controller is design. In the closed-loop system with controller, it obtains the
norm inequality between the continuous-time state variable and the discrete-time one. Using the norm inequality, suffi-
cient condition is derived for the asymptotic stability of the closed-loop system and formulated in terms of linear matrix
inequality. Finally, the wave energy converter simulation is provided to verify the effectiveness of the proposed technique.
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1. Introduction netic algorithms and the convex optimization approaches.
However, there were no studies of the observer-based
sampled-data controller for the wave energy converter.

Recently, according as the renewable energy has at—I thi the ob based led
tracted much attention, the wave energy which is one of the | 1!S Paper, We propose the observer-based sampled-
ata control technique for the linear system. For the

renewable energies and its converter are continuously st led-dat wroller desi desian th led

ied. The wave energy converter which is generated by t [[‘npeb -data cor:jrober eS|gn, v(\;e ef'glrll € sample d

vertical motion of the wave has bright prospect, because t g'a observer and observer-based controfier 1S proposed.
sed on the closed-loop system with observer and the

wave energy is a stable and rich energy source. Howevet, _ . ) . -
£ troller, it obtains the norm inequality between origi-

as the wave energy converter is generated in the sea, | i i tat iabl dits di toti
analog control or estimation of the wave energy convert continuous-time state variable and Its discrete-ime one.
ufficient conditions are investigated for the asymptotic

is not possible. So, the remote digital control or estimatio o ) L
technique is necessary in the wave energy converter stability of the state variable and the estimation error. In
' c}Pe sense of Lyapunov, their constructive design condition

The sampled-data control technique which is one tedin t i i i litv. By si
the digital control techniques has obtained remarkabf(g Présented n terms otlinear matrixinequailty. By simu-
tion for the wave energy converter, it shows the validity

results[1, 2, 3, 4, 5, 6, 7, 8] and can be classified into fe )

categories. The typical technique is to design the digitacﬂ]c th? proposgd techm.ques. . ]

controller of the discrete-time system using the discretiza- 1hiS paper is organized as follows: Section 2 describes

tion of the original analog system. But, this technique is to&€ linear system and the observer-based controller of inter-

hard to apply into multifarious systems such as the nonlir2St: The stability condition for the closed-loop system with

ear system and the time-delay system. sampled.—data output is prpposed in Sectu_)n 3. I|_‘| Section 4,
To solve the above problem, many studies have been pr%_nume_ncal exam_ple is given for illustration. Finally, the

gressed. In [2, 3, 4], the sampled-data fuzzy controller gonclusions are given in Section 5.

converted into a time delay controller in the continuous-

time sense. Chang[5] and Lee[6, 7] presented the global

intelligent digital redesign (IDR) methods based on the ge- 2. Preliminaries
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where z(t) is the state variableu(t) is the input vari- Proposition 3.3. In (4), there exists some constant> 0
able; andy(kT) is the sampled-data output variable forsuch that

€ kT.kT +T), k € Z>0; T € Ry is a given sam- 2(t) 2(kT)
pling period; A, B andC' denote nominal system matrices ‘ L(’f)] H <9é LUCT)} H (%)
with appropriate dimensions.
Based on the system (1), we consider the observer-baséfere
sampled-data controller in the following form: §=(1+ T”(I)H)BHAHT’
: N N BK —-BK
H1) = A5() + Bu(t) + L(y(0) ~ (1) N
g(t) = g(kT) = Cx(kT) )
The main result is summarized in the following theorem.
u(t) = u(kT) = Ki(t) J

Theorem 3.4. If there exist some symmetric and positive
wherei(t) is an estimation of state variablB,and K are  definite matrices” and@, some matriced/ and N, such

the observer and controller gains, respectively. that the following LMIs are satisfied, then the state variable
Consider the estimation error as follows: and estimation error (4) are asymptotically stable.
_ A -T7'Q * * *
elt) = a(t) — (1), ®) . e -
—1
Substituting (2) into (1) and (3), we obtain the following 0 0 -TQ fl
closed-loop system: 4 0 0 0 -T—pP
T'Q+ V¥ —BM AQ 0
#(t)] _[A+BK —BK ] [z(kT) 0 T-'P+Q 0 PA
ey | 0 A—LC| |e(kT) v —-BM AQ 0
0 Q 0 PA
n A 0] |z(t) — z(kT) (@) - i
0 Al le(t)— T) * * * *
* * * *
The objective of this paper is to obtain the stability con- * * * *
dition of the closed-loop system (4). * * * *
-T7'Q * * * <0 (6
_ 0 -T-1p * *
3. Main results 0 0 -T71Q *
0 0 0 ~T7'P |
To guarantee the stability of the closed-loop system (4yyhere
we need the following lemmas and proposition.
v =AQ + BM,
Lemma 3.1 ([9]). Given any function vectar, matrix P = O =PA — NC

PT 0, andty, t; € Rwith ¢, < ts, we have _ _
and x denotes the transposed elements in the symmetric

ty positions
( ) P(/to x(T)dT) Proof. Consider the exact discretized model of the closed-
loop system (4) in the following form:
T
< (ty - to)/ z(7)" Pz(r)dr. X(KT +T) =x(kT)
kT+T
[ exhT) + A ~ X(kT))de
Lemma 3.2. [10] Given constant symmetric matric@g, wr @)
O and L of appropriate dimensions, the following inequal-
ities where
_ [=(kT)
0>0, N+LTOL <0 X(kT) = e(k;T)} )
, . . _[A+BK -BK
are equivalent to the following inequality 0= 0 A LC} ,
N LT -0~ L (A 0
o [ E < i
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Based on the discretized model (7), we consider Lyg is the density of sea watey; is the gravitational accel-

punov functional candidate as follows: eration; A is the area of the buoyi3 is the magnetic flux
T density;V is turns of the coil,L is the coil length.
V(x(KT)) = x(kT)" Px(kT). 8 As shown in this system, there is no external disturbance.

Then, if the difference of (8) is the negative value, th@lt means that th? seawave do.es not affect the wave energy
-~ : - converter. That s, this simulation shows the stability of the
closed-loop system (4) satisfies an asymptotic stability b

Proposition 1. The difference of (8) becomes Wave energy converter without sea wave.
The parameter values of the ocean wave energy harvest-

AV (x(kT)) ing application are determined in Table 1[13].

= x(kT + T)" Px(kT + T) — x(kT)" Px(KT) (9)
Table 1: The parameter values of the ocean wave energy
Substituting (7) into (9) and using Lemma 1, we have harvesting application.

AV (x(kT)) Paramete Value Parametef Value
KTAT T M 1344:g M, 119.5:g
< T/ ((TI + O)x(KT) + A(x(t) — X(kT))> 0 1030kg/m® g 9.8m/s2
kT
1 A 4.86m2 B 1.41
X P((TI + O)x(kT) + A(x(t) — X(kT)))dt N 30 L 2.64m
1 [kT+T .
T T X(KT)" Px(kT)dt Using LMI (6), the observer and controller gains are ob-
1 [kTHT tained:
- — t) — x(kT))T t) — x(kT))dt
7l O= XD — X (k1)) K = [24500 —0.4764]
M T 28.2599
+ T/kT (OX(KT) + A(x(t) = x(kT))) L= {48.1007} .
X Q(@x(kT) + Ax(t) — X(kT)))dt (10) The time responses of the ocean wave energy harvesting

application and its observer are shown in Fig. 1 and 2, and
By using Lemma 2 and denoting = KQ andN = PL, the time responses of the estimation error are shown in Fig.
the equation (10) is equivalent to the matrix of LMI (6).4 and 5 withT" = 0.02. As shown in these figures, we can
Thus, if the LMI (6) is satisfied, we can obtain the controknow the performance of the observer-based sampled-data
gain K and observer gait to stabilize the linear system controller.
with sampled-data output. The proof is complete. O

03

Remark 3.5. This paper deals with the observer-based
sampled-data controller for the linear system using the dis- oz}
cretization. Because an analog system can be perfectly
converted to the digital system in the linear system, the oz
digital controller design for the discretized model is more
simple than proposed method. But, in the nonlinear sys% oisr
tem case such as the fuzzy system, the proposed method §s
more valid.

|aeem:

displ
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4. Simulation

Consider an ocean wave energy harvesting
application[12] with a linear permanent magnetic -oos; : ‘ ‘ ‘ ‘ ‘ ‘ ‘ :
generator in the following form: time

[:icl(t)] _ { 0 1] [xl(t)} N [ 0 ] () Figure 1: The displacement of the buoy and the observer:

9 (t) Mpipl?ﬁ 0] [22(t) %jfj\g original (solid), observer (dotted)

wherez; (t) is the buoy displacement;(t) is the buoy ve-
locity; M is the mass of the buoyy/, is the added mass,
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Figure 2: The velocity of the buoy and the observer: origi- Figure 4: The estimation error of the velocity
nal (solid), observer (dotted)

0035 for digital control of chaotic sysems|EEE Transac-
tions on Fuzzy Systemsl. 1, pp. 394—408, 1999.

[2] H. K. Lam and F. H. F. Leung, “Sampled-data fuzzy
. controler for time-delay nonlinear systems: fuzzy-
model-based LMI approachJEEE Transactions on

. System, Man and Cyberneticsv®l. 37, no. 3 pp. 617—
629, 2007.
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[3] H. K. Lam and W. K. Ling, “Sampled-data fuzzy con-
i troller for continuous nonlinear system$&ZT Control
Theory Applicationvol. 2, no. 1, pp. 32-39, 2008.
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[4] H. Gao and T. Chen, “Stabilization of nonlinear sys-
‘ ‘ ‘ ‘ tems under variable sampling: a fuzzy control ap-
fime proach,”|EEE Transactions on Fuzzy Systend. 15,

no. 5, pp. 972-983, 2007.

Figure 3: The estimation error of the displacement
[5] W. Chang, J. B. Park, Y. H. Joo and G. Chen, “Design

of sampled-data fuzzy-model-based control systems by
using intelligent digital redesignJEEE Transactions
on Circuits and Systemsol. 49, pp. 509-517, 2002.

5. Conclusion

In this paper, the observer-based sampled-data controller
has been designed for the wave energy converter. TH& H. J. Lee, H. B. Kim, Y. H. Joo, W. Chang and
sampled-data controller is designed using the sampled-data J. B. Park, “A new intelligent digital redesign for T-
observer and sufficient condition for asymptotic stability of S fuzzy systems: global approachZEE Transactions
the closed-loop system is designed in the linear matrix in- on Fuzzy Systemeol. 12, pp. 274284, 2004.
equality format. Using the wave energy converter system,
it has been shown to prove the advantage of the developed H. J. Lee, J. B. Park and Y. H. Joo, “Digitalizing a
technique. fuzzy observer-based output-feedback control: intelli-
gent digital redesign approachEEE Transactions on
Fuzzy Systemsol. 13, pp. 701-716, 2005.
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