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Abstract

This paper deals with the control of a nonlinear experimental
Hchlcopter system By using the fuzzy-model-based control ap-
proach. The fuazy, model of the experimental helicopten system
¥ constructed from the ariginal nonlinear dynamic ogquations in
{Hc form of an afMino Takagi-Sugeno (TS} fuzzy system. In order
to design a feasible switching-type fuzzy-model-based controlier,
the TS fuzzy syslem is converted to a sett of uncertain linear
systems, whichl is used as a bask framework to synthesize the
fuzzy-model-based controller.

1 Introduction

This paper deaks witld tHe fuzzy control of an experimontal he-
Kcopter system in our control engineering laboratory, The re-
seancll and experdmental works arc hased on the experimontal
HeBicopter system willl 2 degree-of-lreedom (DOF) in motion,

Jpb(t) + Bpp(t) = Ry Fa(Vp(t)] — Meg(hsin(p(t))
+Racos(p(t))) + Gplry (Ve (), p(t))
Jy§(@) + Byp(t) = By Fy(Vy (1)) + Gulro(Vo(8))
M

where p(t] is the pitch angle relative to the horizontal axis
and y(t) is the yaw angle, in which reference is not relevant
and the positive direction is definad by the counter clockwise
(CCW) looking from the above view. Let the state vectar and

input vector be z(t) = ﬁp(]t) ylt)  »t) g(t)]‘ and u(t) =

t
E\/’n(t) V;,(t)] , then the TS fuzzy system can be constructed
as follows:

Plant Rules:
RY: IF z,(t) is about —M, THEN £(#) = Arz(t) + Biu(t) + di
R?: TF = (+) is about M, THEN &(t) = Aax(t) + Boult) + da

2
whichl is manufactured by Quanser Ino. [I]. Although this cx-
perimental bicReopler sywlem i not a real system bur a simplifiad where
one, it contains most madn Alanacteristics of the roal helicopter
system, i.c., intrinsie instabilities, Dighly nanlinearitics, and the oo 0 1 0 T '] o 0 1 0‘
cross-coupled dynamics. Diue to tMese dillienltias, for a control 0 0 0 1 | o 0 0 1
engineer, the control of the experimontal hiclicopter systom s dif- A1 — Mega _Bp = . s
- 0 -3 0 —18.831 0 0 ©
ficul yet chiaBlenging at thie tochinical standpoint and montally, 0” 0 0” _ L;E | o 0 0 0
{axing. L gy J
o 0 I 0 } oo o 1 0l
" 0 0 0 1 0 0 0 1
. . ) A= _ Mggb _Bp =1 »
2 Fuzzy Modeling of the Experimental Pl S (; 125030 0 0 0
. L 0 0 0 -—71 0 0 0 0
Helicopter System wd L -
0 0 0 g
The cxperimenta) Helicopter system consists of a main hody of 0 0 0 0
3y oy Bi=By= | RpKpe _Kpy | = )
tbe Bcleopter whicl is equipped witll two DIC mators and a hase A - ’? 49708  -—-0.3257
whichl supports the main body of thie Beleopter. The hdlicopter _f‘_rm 5-’-!—,;13 L—-O.SASG 2.4703
Ty .
system Has two propellers driven by DIC! motors. The main pro- o o 0 0
peller and tHe tafd propeller anc used to conirol the pitch angle 0 \ o 0 0
and the yaw angle of the main body of the cxperimental heli- ) =  Moges| = _1a5898| dy = _ M.gh8 —0.003
copter system, respectively. Spatial molions with 2 DIOF anc Ip 0 (:”7’ 0
measured as nelative degrees from tHe indtial valucs using two a
cencoders which ane attachled on the main body and the basc, = T 6 0 0
respectively. a1 0 of
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and the membership functions are

_ asin(zi () + 8) — d(z1(t] + B)
Li(zi(t)) = (a- b)(l'lat) + 8] 4
a(z1(t) + 8) — asin{z; (t) + 8)
(a~b)@:(D) + B) '

Talar(t) =

the stiate-space equation of the TS fuzzy system (2) of the
ceperimental hielicaptor system is denoted hy

2

#(0 = m(2(EN0(A + Di Fe(t)Fay Yelt) + Bia(t)) + d{a(2(8))) ,
=1

)]

where Dy = Dy = [0 0 0.6291 o]t, By = En =

[io0663 0 o 0]. and Fi())*Fu(t) < 1 i=1,2.

3 TFuzzy Controller Design

Throughout this paper, the roference signal to be tracked is the
oulput n(£] gencrated by flie exogenous system given below:

u(t] = Fult) @

»(f) = Ga(t) )]

whiere w:(£] 6 3F 3 tlie state of) the exogonous system and r(t) €
37 & the oulput to be Lrackod by thie output of the TS funzy
system (2). Bt & assumed thar () is uniformly bounded for
praclical reasons.

Piroblom 1 Delarmine ¢ 1'S fuzzy-model-based ocontrol input
(k] which stabilizes the planl describied by the offine 1'S fuzzy
system (2) and brachs the reference s{gpzal vector r(t) such that
the tracling error

LORES TG
Yx(L) ~ Cu(l)

{6)
goes to zero s b — 6.

First, consker the following non-attine TS Muzay swstem, in
whicli the offsct terms in consequent panta of the Miazy rules arc
fgnored)

Rue i
I0 2 (&) & F{ and -+ and zn(t) & F}
2(6) = A () + B;u(6)

TIIEN 7 o
wej = Cn(1)

Loi=1423-.q, (T
The case of thie atine TS fuzzy system wil) be disoussed later in
this section.
T onder: to achieve the control objective, lere, we establish an
error dynamie system. Al new stale vector & defined a3,
¢ (e) = (] ~ (),

r=W12...,¢ (,8)

where 13 & a sohstion to e following matmix equations:

& SR OTE

The matrix equations (9) are assumed fo be solvable. To solve
(9), fallowing assumption nmst. bo satisfied [2].

Assumption 1 4ssume thal

A B;

a 0] —ntp (10)

nank_[
so that the motrir equations (9) is saluable. This assumption is
satisfied if each nominal subsystem. in the sat of umcertain linenr
systems (3) is controllable and the number of outputs ia less than
or equal to the number of the inputs, i.e., p <m.

Assuming that. T; and L; have been found to satisfy (9), oon-
sider the switching-type fuzzy-modol-based tracking control law
of the following form:

q
ut) = Y m(z(ONLiw(t) + Ka((t)) (11)

i=1
where K} remains still to be found.
Using the newly defined state {(¢), tho global dynamics of
tha closed-loop system of (7) with the control law. (11) is easily
obtained and given by

g
G(e) = 3 mula(t)) (A: + B Ki + D:F;(t) (B + EinKi)) C(2)

i1
oft) = C¢(t). (12)
Associated with (12), define the cost function as follows:
s
7= [ ez @3)

The main result on the tracking of the non-affine TS fuzzy
system (7) with the fuzzy-model-based controller (11) is summa-
rized in the following theorem.

Theorem 2 If there exist symmetric pasitive definite matrices,
Wi, a symmetric positine definite matriz, Q, and maotrices, M;
suck that the following LMIs are saiisfied, then the 1'S fuzzy
systern (7) is asympitotically stable, and the output of TS fuzzy
systam (7) can track the reference signals r(t) via the switching-
type fuzzy-model-Hased caniroller (11) with the guaranteed-cost
(£3).

l v * * *
N —0)
Wi e x e @
'EHW/{ + EjoM; 0 —€il *
-1
D} 0 0 -
i=1,2,...,q

where
W, = Wi AL + A,W; + MEBE + BiM;,

and W; = I:’i_l, A = K,-P{'l, and * denotes the fransposed
elements in the symnretnio positions.
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Proof: 1t follows directly from Thearcny 1 in [3] with setting
AA; =0, and AB; =0.

Next, let us define the intcgral of the state whiak is generated
Yy thic following differential equation:

Erlt) = y(t) = Calt) (1)

The augmented state-space representation is constructed by
appending the integral of the state z7{t) to the state z(t). The

augmontcd stiate equation of of the affine TS fuzzy system (2) is
{Men

a
Ea(t) = D i(a(t))(Aaizalt) + Basualt) + dai) ,

(16)
i=1
Ya(t] = Caza . (17}
where,
2“(£J= ::({:l * at = A O‘BxP 1
.'-7-'1'.(” C Opxp
: By D d x
Baiz[i ! } ' dgi ™ ! * }, Ca:Y:C Opxp]'
“nxm LVp%1

a
#a(t] = 3 | 2i(2(E])00 Aas + Das Fai(t}Eair )zalt)
e

+ (Bai + DaiFai(t) Eai)ua(t] + da(n(26£)))). (18}
Clonsider {le following state vector
Call] = za (6] — Tasw(t),

im1,2, g (19)

whicte Tap & a solution Lo tHe following matrix equations

é—’“ai P %Tcn" _ 5'1‘.1; a F
iCe 0} lL;f lio If|G

and
o Ty
lmi = Ei'lk,x}

Tere, 15 & a solutdon of the oquations in (9) and Ty; is obtained
by solving

v i=T1,2,-00 09

Cly=1%F, =12 ,q

Now, eonsider the switdfing-type Integral Aizzy-model-based
control law of thie form

(3
ua () =Y Jmi (20 (Liw(l] + Kida(t))

(20}
#=3
Uking (20}, thic controlied system & given by
A
Calt] = E 1 (2{0)) (Aai + Bai Ko
#2213 .
+ DaiFai(t) (Eaiy + Em‘lf\.aij.} Ca U) +da (I"(‘:(f“l

(21}

e = Cata(l) = )
Ea(l) = Taei(t] = {’} - {i"']m@) -

whicre Ca(l] = >
Wy b

(S| a .

! P el T, PRI A =g 8

(k) — »{f) wr(f)

1y

Thoeorom 8 If there exist symmabric posilive definils malrices,
Wai. & spnimalric posilive definils malriv, Ja, and malrices,
M; such thnt ihe following DMUs are satisfied, then the affine 1\S
fuzzy system (2) is uniformdy wlabile, and the oulpul of 18 fuzzy
system: (2) can track the reference signaks »(L] via the swilching-
type fuzey-miodel-hased condroller (20) wath the guaranteed-oosb
Jo = fo"‘ Ca{t)8QnCa(t)dt and the amall error, vrmutions.

W * > *
Was -Qat
Wi G . <o @
BaitWei + FasaMai 0 —e;] *
: -1
: D, 0 0 -l
‘ i=12....q

where
Y; = ‘VhiA;i + Aai Wi + A’{,:«,’B;i + Bpi Mai,
and Wey = Pa“il, M; = KaP5Y, and * denotes the transposed

wi
elements in the symmelric positions.

4 Conclusions

Tn this paper, we have discussad the modeling and cantrol of
the oxperimental helicopten system with 2 DOF in motion by
using the fuszy-model-based control approach. The fuzay, model
of the experimental helicopter system is derived from the orig-
inal nonlincar dynamic equations, which is represented as the
affine I'S fumzy system. The obtained TS fuzzy systems is fur-
ther rearranged to give a set of uncertain linear systems. Based
on the developed alternative representation technique, the out-
put tracking problem as well as the stabilization problem are
formulated in the 1M format and solved by a convex optimiza~
tion technigne. During the design procedure, a control strategy
for tha affine T'S fuzzy system was also nigorously studied and

proved that admissible control performance is guaranteed.
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