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Abstract: Large spacecrafts undertaking long-life mission greatly suféen the nonlinear
fuel slosh when altering the orbit or maneuvering, which leads to the d@segn the per-
formance and even stability of the body attitude control by unintentionallyrgeéng the
huge disturbance thrust. In order to specifically address this solid-liqaighting problem
for a kind of spacecrafts when altering orbit, a nonlinear control methosleldaon Ten-
sor Product (TP) Model transformation is proposed to make a quigkaiese control of the
translational velocity vector and the attitude of the spacecraft. Based onettieed poly-
topic system fronTP model transformatigrthe controller design can guarantee the robust
against the uncertainties and disturbances for all system sets within theldodrhe pro-
posed solution also offers an approximation tradeoff so that both the leaitypof the TP
model and the controller design can be dramatically minimized. The simulasuits for
spacecrafts with practical specification verify that the design method cée tha spacecraft
asymptotically stable and demonstrate the effectiveness of the propogeslen

Keywords: Nonlinear control;TP model transformatignfuel slosh; high-order singular
value decomposition.

1 Introduction

With the booming technology, the large spacecraft is unkdigexgamore and more
complicated applications with various kinds of higher rieginents, which can be
characterized by more on-orbit tasks and longer on-oni¢tiln order to prolong
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the lifetime of spacecraft and improve its stability, a Em@mount of liquid fuel
must be carried. Hence, it will cause the fuel sloshing wherspacecraft alters the
orbit or maneuvers with a partially full fuel tank. As a cogeence, a disturbance
torque on the spacecraft is generated by the fuel slosh. shitid-liquid coupling
system presents the nonlinear and parameter time-varpia@cteristics. With the
continuous consumption of fuel, the torque caused by slodtttze centroid offset
could no longer be ignored for on-orbit tasks because thdteed huge jet thrust
has an enormous impact on the stability of the attitude ogrespecially when the
spacecraft alters its orbit. There are several typicalifaiexperiences, which were
caused by the fuel slosh]f

To analyze and overcome this problem, the modeling is firsigsfificance. The re-
search on the fuel slosh model has two branches. The firssdrased on the three-
dimension models of various type3 B, 4, 5], and the second is focused on planar
models B, 7, 8,9, 10, 11, 12, 13]. As for both of these models, the common purpose
is to take place of the liquid by some masses. Thus, the dysarain be described
in an easier way. In terms of masses stated above, it can therfwategorized into
another two branches. For example, the slosh liquid is etgriv to a single pendu-
lumin[2, 3,5, 6, 8], and the other is using the mass-springing, 10, 11, 12, 13].

The accuracy of both analytical approaches was experitheetaluated to esti-
mate model parameterdq]. Currently, the problem regarding attitude maneuvers
was addressed using different methods, for example, dymemwersion and input
shaping control metho], various feedback control based on PID, linear quadratic
regulator (LQR) and linear quadratic Gaussian (LQG) metf&d/, 8, 10, 15].
Besides, a mechanical model was built based on Computafidnia Dynamics
(CFD) tools to estimate the propellant sloshing efféct][ And a reduced-order
observer was used in the full-state feedbacklif] for the estimation of the slosh
states. The time-varying parameters were also considerfdd]. [16] presented a
computational methodology based on Legendre’s polynan@predict the slosh
and acoustic motion in nearly incompressible fluids in bajfdrand flexible struc-
tures with free surface. [However, most of these method mentioned above just
designed the parameters by rule of thumb so that it was diffiouprovide the
best options. Besides, the computational efficiency isasprominent issue due to
the real-time numerical solving for some methods. Althosgme improvements
have been made for the complicated application, some metstddcannot afford
computational burdens for the spacecraft application lethe spacecratt is sig-
nificantly constrained by the on-board computational resesl Therefore, it is still
desirable to develop a high efficient method in computatiogsources.

The tensor-product (TP) model transformation is an altereavay to solve the
optimized nonlinear control problem in view of the nonlingaodel transforma-
tion [17, 18, 19, 20, 21], which is a numerical method and based on the high-
order singular value decomposition (HOSVIA3[ 24, 25]. Due to its universal
approximation property, the TP model transformation iseljdapplied upon the
original time varying nonlinear system. The resultant maslexpressed in the
convex combination form of the linear time invariant (LThstems. With the
acquisition of the TP model, the subsequent linear comtralesign can be thus
transformed to a convex optimization problem so that it cambmerically solved

— 64 -



Acta Polytechnica Hungarica Vol. 15, No. 3, 2018

based on a set of linear matrix inequalities (LMI). Sincehbtite transformation
and optimization can be carried out off-line in advance, Ti®emodel transfor-
mation method is therefore effective in alleviating thelioe- computation 26].

On the other hand, the number of vertices and approximati@r ef TP model
transformation can be effectively adjusted by varying thenher of retained sin-
gular values. Therefore, it can achieve a trade-off betwaggroximation accu-
racy and complexity J7], which has been already used in many nonlinear con-
trols [28, 26, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41]. Hence, it is efficient
and easy to be implemented.

In this paper, the altering orbit and maneuvering in plamartaken into considera-
tion at the same time with the huge torque in zero gravityremwent. A state feed-
back controller based on Tensor-product (TP) model transdtion is proposed for
the control of the translational velocity vector and théwadie of the spacecraft. By
means of the TP model transformation, the nonlinear slostesymodel is trans-
formed into thepolytopic system, which can be treated as a linear convex-bounded
uncertain system. Therefore, the nonlinear slosh contablpm is accordingly
converted into linear matrix inequality (LMI) problem basen the quadratic Lya-
punov stability theory. The advantage of our solution i tha converted LMI
problem can be effectively solved by convex optimizatiorthmds. In addition,
the proposed controller design method is robust againstricertainties and dis-
turbances since the controller keeps valid for all the systets within the convex-
bounded system obtained by the TP model transformation.

The remaining part is organized as follows. In Section k, thass-spring model is
described and simplified by the elimination of a mass frdf.[ The detailed TP

model transformation for the nonlinear slosh system anmméitaited in section IIl.

Section IV further gives the state feedback controller giesind the solution via
LMI. In Section V, the simulation example is presented tafyehe effectiveness
of the proposed control. Finally, Section VI concludes thpq.

2 The Solid-liquid Model of Fuel Slosh for Spacecrafts

Figure 1
The slosh mass-spring model for a spacecraft

The maneuvering control problem is under study for the spraftewith single fuel
tank in a zero gravity environment during its altering arbBy considering the
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movement of the spacecraft on a plane, the spacecraft cahylsecally described
as a mass-spring model to formulate the dynamics, whictdisated in Fig.1.

In the axisymmetric model of Fid,, two coordinates o0Dxz OXZare established as
the bodyframe and orbit coordinate systemspectively, an@ denotes the attitude
angle between these two frameg, v, are the axial and transverse components of
the velocity of the center of the fuel tank. The tank with fismodeled by the
mass-spring, which has two components, i.e., the fixed ashgarts. The fixed
part has the mass afy, whose moment of inertia i3, and the sloshed part is with
the mass ofm joined to the tank by two springs, whose elastic coefficiangk/2.

A restoring force—ks acts on the massy whenever the relative position to the
z-axiss # 0. The locationd > 0,h > 0 are referenced to the center of the tank.
A thrustF is produced by a gimballed thrust engine as shown in Eigvhered
denotes the gimbal deflection angle and is considered asfdahe oontrol inputs.

A pitching momeniM is also available for the control purpose. There are soner oth
constants in the problem statement such as the rigid stetwsan, the moment

of inertial, the distancé betweerez-axis of the body coordinate and the spacecraft
center of mass located along the longitudinal axis, theadcs#td from the gimbal
pivot to the spacecraft center of mass, and the damping cieeftt of the spring.

Based on the formulation iri{J], the equations of motion can be obtained as

(M4 my) (Y + BVy) +mbB? + my (s6 + 236) = F cosd 1)
(M+my) (V, — Bvx) +mbb +my (§— ) = F sind 2)
16 + my[s(V + Ov,) — h§+ 2588 +mb(V, — Bvy) = M +F (b+d) sind (3)
M ($+ Vz — Bvy — hB — $6) + ks+c6=0 (4)
where

=1+ lo-+mbP +mohd +my(h? + %), m¢ = mo+my.

Because the thrustér is quite large during altering orbit, it is reasonable todgn
the fuel slosh dynamics alongaxis such as the second order termsiij (Be-
sides, it is further assumed that the axial acceleration ¥@r- 6v; is insignificantly
changed since th@ andd vary within a small range compared with the impact from
the thrusteF alongx-axis [LO]. Consequently, the equation df)(becomes,

Vx + OV, = M+ my

Let

] 1 F sind — my (5 s6) .
| =0 M+ F(b+d)sing — my[s(t ) —hs+2s30]
where

_[m+mg mb
D_[ mb I}
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By the transformation fronid, M) to two new control inputéuy, uz), the systerfil)-
(4) can be rewritten as,

V= O (t) + Uy (5)
6=u (6)
§= —w?s— 28 WS+ 62 — ug + hwp (7

wherew? = mil,ZEw = m% w and& denote the undamped natural frequencies and

damping ratios, respectively. Define the state variable[d 8 s $ vZ]T and
the whole system can be formulated by

x= f(xt)+b(xt)u, (8)
where
[ 0
0
f(xt) = $ ~|,and 9)
—w?s— 2§ w5+ sb?
I Bv(t)
[0 O
0 1
b(x,t)=|0 0
-1 h
1 0

With the model built above, the control objective is thus &sidn a nonlinear
controller to accomplish a given planar maneuver. The #duilim statex®d =
(629 0 0 0 ;7 andvg”. Without loss of generalitys” = 0,6°4= 0, so the
equilibrium point isx = X84 = 0, vy = Vi .

3 TP Model Transformation for the Nonlinear Slosh
System of Spacecrafts

This section transforms the nonlinear slosh system of gpafte into thepolytopic
system by using TP model transformation, based on whichah&near slosh con-
trol problem can be converted into linear matrix inequé(itill) problem.

Consider the dynamical system modeled in state-space form
X(t) = A(p(t))x(t) +B(p(t))u(t) (10)
whereu(t) € R' andx(t) € R™ are the input and state vectors, respectively. The

system matrix isS(p(t)) = [A(p(t)) B(p(t))] € R™ ™D wherep(t) € RN is
time varying in theN-dimension bounded spae < RN. Further, the parameter
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p(t) may include some or all elementsxit). Assume that there is a fixed polytope
satisfying

| I
S(p(t) € {S1.%,....S} = {_;ais,ai > O,Zm =1} (11)

where the systent$;, S, ..., S are the vertex systems 8{p(t)). When the values
o; are considered as the basis function®(t)),

|
S(p(t) = _;Wi(p(t))3~

With the approximation o8(p(t)) above, the dynamical systerh() takes the form
|

X(t) = _ZWi(p(t))(AaX(tHBiU(t)) (12)
i=

When the basis functions are decomposed for all dimensiogett@ high order
approximate decomposition, the TP model takes the form as

PR IN N

SPON~ Y Y 3 [ Wain(Pa(t)Si iy = (YEN Wa(pn(t)  (13)

i=1lip=1  ig=1ln=

where the valueg,(t) are the elements @f(t) and normalized as below

In
{vna pn(t) . z Wn,in(pn(t)) - 17Via na pn(t) : Wn,i(pn(t)) Z 0}
in=1

Therefore, the systeni() can be transformed into
- N X(t)
X(t) ~ (ylgn=1wn(pn(t))) u(t)

Accordingly, the remaining objective comes to how to solve tensor and the
vectorwn(pn(t)). Before the detailed demonstration of TP model transfaonat
various types of TP model will be discussed at first in theofelhg subsection.

3.1 The Consideration of TP Model Types

The TP model for a given system is highly dependent on thetagi®on of the

weighting matrices regardless of the permutation of théices and the weighting
functions. If satisfying the sum normalization (SN) and fm@ayative (NN) condi-
tions, which ensure the convexity and are the necessitibe toMI-based methods,
the TP model can be classified into the Normal (NO) type, clogee NO (CNO)

type, the Inverted and Relaxed Normal (IRNO) type, and s@2@h [
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The feasibility of the LMIs solution is verified to be very sdtive to the structure
of the TP model. It is obvious that the NO type is the most idealdidate since it
is as exact as the tight convex hull of the sampled system.eideryit is impractical
to obtain a strict NO result in the case of the limited numbehe vertices. To ad-
dress this issue, itis desirable to obtain a TP model in CN®.tiHowever, the CNO
variant of the TP model is again not unique and different CN@ants suffer from
various degrees of conservativeness. Furthermore, inabe af INO-RNO type,
it is guaranteed that the resultant vertex systems cotitndpin the convex combi-
nation have equal distance to the system m&&(jxt)) in spaceQ. Actually, the
optimization for various types and their proper selectiom ill under discussion
specific to different applications.

This paper focuses on the application of TP model transfdomanto the practi-
cal aerospace control system, which features in the nanlicearacteristics. The
optimization for one certain TP model types is not the matufo Therefore, the
INO-RNO type is applied in this paper to carry out the TP mddahsformation
due to its feasibility.

3.2 The Implementation of TP Model Transformation

By using the INO-RNO type TP model representati@g, [42], the polytopic ap-
proximation can be calculated in the following steps. Assuhe parametep(t)
varies within the bounded spae=[a; by] x[ap bp] x---x[ay bn] C RN,

Step 1) Sampling the given functions over a hyper rectamguid.

Define grid lines ovef) on each vectors to get an N dimensional hyper rectangular

grid. A simplest way is to set the lines evenly spacggh, = an+ bM”‘;af(r‘rh -

1),my, =1 2,... ,Mpn. Then, calculate the system mati®p(t)) using the values

Step 2) Computing the vertex systems matrices.
The HOSVD is executed to decompogéas
7P = KN U, (14)

After the decomposition, the tensasé € R'1</2xxIn e RMnxIn gngd

In = rank,(#P) < My, because of the ignorance of zero singular values. All the
vertex systems$y, m,....m, can be obtained by using the processing according to the
equation {3).

Step 3) Basis system normalization.
NormalizeU, to U, for satisfying the following conditions, which is describley

> Un) =1,

Un,jnkn = 0,

- 69 -



Hengheng Gong et al. Tensor Product Model-Based Control for Spacecraft with Fuel Slosh Dynamics

where 3, is J, dimensional column vector with all entries being 1.

Step 4) Basis function.

The values of the basis functions sampled over the grid p@ah be obtained by
comparing the equations at) and (14)

Waio (Gn M) = (Un)imyi (15)

So far, the TP model transformation is complet®gl,, (gn, My) is used to approx-
imate thewn,(pn(t)) over each subsection so that the bilinear approximation of
S(p(t))is achieved.

4  Slosh Controller Design

Based on the TP model transformation for the nonlinear stystem, this section
presents the corresponding controller design.

Lemma 1. If a common matri® > 0 exists for all vertex systems with the condition
ATP+PA <0r=12... R (16)

Then, the equilibrium of TP model is globally and asympéilycstable.

Theorem 1. Consider the nonlinear syste(8) and its polytopic approximation
(12), if there exist matrixXX> 0 and matricedd, r = 1,2, ... R solving the follow-
ing linear matrix inequalities:

~ XA —AX+M/B +BM; >0r=12,...,R (17)
— XA —AX—XAl —AX+MIBl +BMs+M/Bl +BM, >0,1<r<s<R
(18)

then the continuous system is globally and asymptotictdlyls at the equilibrium
by using the control input:

R
um:—<zmmmwvxmv (19)
r=1

wheref = M, X L.
Proof:

By considering 19), (12) can be rewritten as
R R
X(t) = ; ;wr(p(t))ws(p(t»(Ar —BFo)x(t). (20)

With the assistance of defining a new matéxs = A, — B, Fs, in order to satisfy the
condition ofLemma 1there must havGIsP—i— PG/ s<0,r,s=1,2,...,R However,
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this is a sufficient but not necessary condition. By the dstdid consideration of the
control and calculation time2() can be divided into two components

R R
X(t) = > wr(p(t))w (p(t))GrrX(t) Z z P(t)) (Grs+ Gsr) X(1).

The continuous system is globally and asymptotically stabthe large at the equi-
librium if both parts satisf.emma 1 That is

G/\P+PG, <0, (1)
and
(Grs+Gsr) P+ P(Grs+Gsr) <0, (22)

wherer =1 2,... Randr <s<R

Hence,F; needs to be further determined to satisfy the conditioheshma 1re-
garding a common positive-definite matfx

Define two new variableX = P~! > 0 andM, = F,X, and then multiply the in-
equalities of 21) and @2) on the left-hand side b}, we can get

—XA —AX+M/B +BM, >0, (23)

—XAT — A X — XAl — AX +M] BT + B,Ms+ M B! + BsM, > 0. (24)

By means of the transformation froeguation§21)-(22) to equation§23)-(24), the

design is turned into an LMI probleamy other details could be found i4J]. The

conditions are jointly convex iX andM;. Therefore, the positive-defined matix
andM; needs to be found in order to satisfy the conditions. Nuradlyicthe com-
putation of this problem can be efficiently solved by manyilatde mathematical
tools.

Remark.The main objective of this proposed control is to extend tlaetical appli-
cation of TP model transformation into fuel slosh problensdicecraft. Therefore,
the simple model in]0] was applied. Although its polytopic model can be derived
easily, the corresponding TP model transformation has meneral application in
practice. The design demonstrates the application of TRemahsformation. It is
also effective for the model more complex, e.g., multi-mgmmsng, which gives a
higher accurate model information.

5 Verification with Numerical Simulation

The physical parameters of the spacecraft with fuel slosld Ursthis part are given
in Tablel.
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Table 1
Physical Parameters

Parameter Value Parameter Value
m 30kg F 120N
Mo 50kg b 0.6m
m 20kg d 0.4m
ho 0.1m h 0.15m
k 72N/m c 8N-m
| 500kg- P lo 7.5N - n?

And f(x,t) in (8) can be rewritten a(x,t) = A(x,t)X, where

o 1 0 0 Q@
0 S -0 0 0
AXw%(®)=0 0 0 1 0.
0 s —w? 2w O
0 w(t) O 0 0

So the system8) becomes
X(t) = A(X, w(t))x(t) + Bx(t). (25)

Compared to the equatiarf (10), it is a special case with the constant matBix
A simplified system matrix is chosen so as to reduce the caatipngl burden by

S(p(t)) = A(X,W(t)), wherep(t) = X2, X3, Vx(t).

As the A(x, w(t)) is a state-dependent matrix, this form won’t be accompabjed
an unique solution and there are many matrices matchingjtregien of ¢5). How-
ever, the selection oA(x,t) will affect the controlled results and the computation
complexity. Here, the value &(x,t) depends on three states, i@, sandv(t).

As described in Section lll, the first step is undertaken tofda the states above
over a hyper rectangular grid. Here, give a rectangularigrekperience via many
simulations.

s =-1+0.15, i=12....13
Vyj = 10+ 20, j=1.2,...,20.
0= —2.2+0.2k, k=12...,22

It turns out that the ranks of all the three dimensions areisTby removing all the
zero singular values in the step 2 of the TP model transfoaoma8 vertex systems
are remained,

0 1 0 0 O 0 1 0 0 0
0 -1 22 0O O 0 -1 22 0O O

A= 0 O 0 1 0, A= 0 O 0 1 0,
0 22 -18 -02 O 0 22 -18 -02 O
0 10 0 0 0 390 O 0
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0 1 o0 0 0 0 1 O 0 0

0 095 22 0 O 0 095 22 0 O
As=| 0 0 0 1 0, Avs=| 0 0 0O 1 0,

0 209 -18 -02 0 0 209 -18 -02 0

0 390 O 0 0 10 © 0

0o 1 0 0 0@ 0o 1 0 0 0@

0 -1 -22 0 O 0 -1 -22 0 O
As=| 0 0 0 1 0, As=| 0 0 0 1 0,

0 -22 -18 -02 0 0 -22 -18 -02 0

0 10 0 0 0 390 O 0

0o 1 0 0 0 0 1 0 0 0

0 095 22 0 O 0 095 22 0 O
A=| 0 0 0 1 0, As=| 0 0 0 1 0,

0 -209 -18 -02 0 0 -209 -18 -02 0

0 390 O 0 0 10 0 0
B, g=B.

The coefficient functiongy in equation {9) can be obtained by step 4 with 3 com-
ponents\i; = wsW, W;) as follows.And F, = M, X1 can be accordingly computed

1 1 1
208 208 208
S S S
c © °
So6 So06 So6
2 2 2
o [=)] o
£ £ £
£04 204 E04
k=) k=) k=)
Q [ ()
202 202 202
0 0 0
1 05 0 05 1 0 100 200 300 400 -4 2 0 2 4
s(m) v, (m/s) O(rad)

Figure 2
Three components of; .
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by equationsZ3)-(24).

E._ [0.0394 227069 —0.7180 03030 02137 ]
1= 10.1244 25719 44376 20346 —1.1604]°
E,— [0.0324 —4.9377 —2.9289 —0.6519 14266
2= 10.1129 07964 —3.9113 -0.4062 12638’
F._ [0.1002 4060724 42298 147410 17203
3= 10.2299 107266 157007 348356 21560’
E,_ [0.0933 3784343 20207 137864 29328
4= 10.2184 89377 73511 323958 45811
Eo_ [0.0389 235300 —0.7281 01577 01643
5T 10.1234 44683 44233 17040 —1.2780]°
Fo— [0.0333 —4.0324 —2.8251 —0.4707 14099
6= 10.1143 28825 —3.6701 Q0050 12209~
E_ [0.0997 4069042 42245 145948 16669
[ 10.2290 126282 156873 345060 20383
E._ [0.0940 3792346 21306 139589 29087
8= 10.2196 110320 75916 327891 45341°

By considering the influence of fuel burn into the parametes simulation time is
chosen as 100 s and the altering thrust is stopped at 80 saghis time slot, it is
assumed that the fuel masg andmy are constant. Time responses shown in Big.
to Fig. 5 correspond to the initial conditions & = 0.55rad, 6y = 0, s = 0.1m,

$% =0,vn=20m/s. Itcan be seen from Fi® and Fig.4, the transverse velocity

0 10 20 30 40 50 60 70 80 90 100
Time(s)

0 10 20 30 40 50 60 70 80 90 100
Time(s)

Figure 3

resffonse o@.vf

vz, the attitude anglé, the slof g E6ve 68% the relative equilibrium at zero
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0.1 4

E ot
0
0.1 8
021 b
03 . . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100
Time(s)
Figure 4
Time response of slosh state
1
0.5 1

o(rad)
& o

el L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100

Time(s)

200 L L L L L
0 10 20 30 40 50 60 70 80 90 100

Time(s)

Figure 5
The inputs gimbal deflection angfeand pitching momenii.

andvy increases as an uniformly accelerated motion. During thieadtransfer, the
controller can stabilize the spacecraft within a time astst®15 seconds.

Furthermore, a nonlinear direct feedback controller isettgved for the comparison
in performance such as the response time and overshot, thiésd# which were
summarized and can be referred $) §, 10]. The corresponding direct feedback
controller is designed as follows.

U =— 2000[5 % 10°5v, — 0.002(s— hé)} :

1
~ 10—0.002n2
0.002(hsw? + h$€ + 30 — h6?s)].

Up = [806 + 10008 + 5 x 10 viev+ (26)

The objective of the slosh controller is to alleviate the @&oigfrom the fuel slosh dy-
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T T T T T T T
N — — — FeedBack|
TP

0 10 20 30 40 50 60 70 80 90 100
Time(s)

1 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Time(s)

0 10 20 30 40 50 60 70 80 90 100
Time(s)

Figure 6
The comparison between the direct feedback and TP contrett@re the red dashed curve is
corresponding to the direct feedback control and the bliié soe is for the TP control.

namics. Therefore, the response time (convergence) amstmiés of emphasis, the
former of which determines how fast the controller elimésathe slosh dynamics.
Besides, a slighter overshot (a relative deviation alpiagis) reflects the gradual
mitigation by the controller although the fast responseiiggs accompanied with
the smaller overshot. The performance is plotted and cosalpir Fig.6, which
show that the state (a relative deviation along-axis) gets convergent within 10
seconds and its corresponding overshot is also smalletlleadirect feedback con-
trol. Therefore, the proposed TP model-based control chieae a faster response
in convergence and slighter overshot so that the slosh digsatan be effectively
alleviated.

Conclusions

The paper proposes a numerical TP model transformationpfcesvehicles with
fuel slosh. A state-dependent differential equation idljirdeveloped from the
mass-spring model in zero gravity environment, which isgfarmed into theoly-
topic system and regarded as LMI problem. The advantage of outi@olis that
the converted LMI problem can be thus effectively solved bgvex optimization
methods. Based on the derivednvex-bounded systerthe controller design can
always guarantethe robustness againgte uncertainties and disturbances for all
system sets within the bounds. Besides, this controlleigdes thus insuscep-
tible to the time-varying parameters and coefficients saldeeds to be specially
designed. Furthermore, the proposed TP model transfamatiers an approxima-
tion tradeoff so that both the complexity of the TP model araldontroller design
can be dramatically minimized.
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