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ABSTRACT In this paper, the robust controller design problem of uncertain multi-input multi-output
nonlinear non-minimum phase system is discussed. The nonlinear system is suffering from both uncertainty
and input delay, so the controller design is difficult. The traditional stable inversion controller is utilized
and extended to uncertain case. An integral of past control input is constructed and fuzzy logical system is
utilized for approaching the unknown state matrix and input matrix. Then a robust adaptive control strategy
is presented. Finally, a numerical simulation on vertical takeoff and landing aircraft is given to show the
effectiveness of the proposed method.

INDEX TERMS Nonlinear non-minimum phase, fuzzy logical system (FLS), parameter uncertainty,

unmodelled dynamics, input delay.

I. INTRODUCTION

The dynamic characteristic of a practical servo system is
often viewed as a linear function, while the real dynamic
characteristic is really complex. From receiving the control
order to providing a regular control input, the running time of
the servo system, which is usually called input delay, is not
considered in most situation. For an actual system, the pro-
cessing speed is limited, so the input is usually time delay,
besides, the nonlinear dynamics of the servo is complex, this
can also cause time delay in input. Time delay of input may
affect the control performance or even lead to unstability
of a real system, so we must take it seriously in controller
design [2], [3], [8].

Control for input delay system has been widely discussed
for linear continuous system [37] and discrete-time system
[29]. But unfortunately, most of the real system are nonlin-
ear, so designing a controller for input delay nonlinear sys-
tem is more significative. T-S model based fuzzy controller
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is an efficient way for this problem, and has been widely
researched [9], [15], [33]. Obviously, the more complex the
built T-S fuzzy model is, the better the approximation result
is. But when the T-S model is complex, a feasible solution
for the T-S fuzzy model is hard to be get [4]. To reduce the
conservative of the designed controller, diffeomorphism coor-
dinate transformation (DCT) based controller design meth-
ods are proposed for input delay nonlinear system. Through
choosing appropriate DCT, the original nonlinear system is
simplified, and then, lots of controller design strategies, like
back-stepping method [23], [34], [35], sliding mode control
[32] and adaptive neural network method [18] are proposed
for the input delay nonlinear system. It is noteworthy that,
the methods for input delay nonlinear system directly are
all based on an assumption that, the nonlinear model can be
completely linearization, or its internal dynamics are stable.
When the internal dynamics is unstable, the above methods
will lose effectiveness [4].

The internal dynamics of a lot of practical systems are
unstable [S]-[7], so the controller design of such a kind of sys-
tem is worthy to be studied. The minimum nonlinear system
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can be converted as an inverted triangle form, and then, some
powerful nonlinear control approach can be utilized directly
[4]. Butif it is non-minimum phase, the inverted triangle form
cannot be got, then the traditional power nonlinear control
strategy will lose efficacy. In this case, the control design
becomes complex and challenging, and some novel control
design strategy is needed.

The output tracking control of non-minimum phase system
has been widely studied, and ideal internal dynamics (IID)
based controller method is a widely used [10]. By choosing
appropriate DCT, the partially linearized dynamics and the
internal dynamics can be constructed. After computing IID,
a state tracking control problem can be constructed, then a
nonlinear stable inversion controller can be constructed [4].
The IID based control strategy can track a given command
exactly, and guarantee the closed-loop stabilization mean-
while. But the IID based controller is based on an exact
model, and the parameters are all supposed to be time-
invariant. When the parameters are uncertainty, or the nonlin-
ear model is not exact known, IID based method is unsuitable.
For a practical system, the exact nonlinear model is difficult to
be got, and uncertainty parameters and unmodelled dynamics
are always in existence, so the designed controller for it must
be robust.

As an efficient and frequently utilized way, fuzzy logic
system (FLS) can approximate a smooth nonlinear function
accurately [25], [27], so it has been widely used to iden-
tify and control unknown nonlinear systems, such as time
delay nonlinear system [16], [28], output control of nonlinear
system [26], nonlinear hyperbolic PDE systems [20], input
nonlinearity nonlinear system [17] and fuzzy fault-tolerant
control for stochastic system [22], [36]. Considering the ben-
efits of it, FLS is adopted in this paper in order to deal with
the unknown uncertainty and unmodelled disturbance.

Motivated by the reasoning above, control design of uncer-
tain input delay MIMO nonlinear non-minimum phase sys-
tem is considered here, and a FLS based control design
method is discussed. The original nonlinear dynamic is lin-
earized firstly, and IID of the nonlinear system is computed
based on the chosen diffeomorphism coordinate transforma-
tion. Then a state tracking model is constructed, in which the
system uncertainty and unmodelled disturbance is included.
The constructed internal dynamics model adopted here is not
a standard form [13], instead, is a common form. The input
in a standard form is disappeared in the nonlinear expression,
so the controller design is simple. While the common form
is more complex, and the controller design is also difficult.
Unfortunately, standard form is hard to be get, so a con-
troller for nonlinear system with common form ID is more
important.

The model of vertical takeoff and landing aircraft (VTOL)
is non-minimum phase and the control design has been stud-
ied and a lot of results can be get in literature, such as
the robust control of VTOL [24], [30], [31], fault tolerant
control of VTOL [1] and so on. But the robust output tracking
control for VTOL with both uncertainties and unmodelled
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disturbance has not been completely solved. In this case,
an adaptive robust controller design method is considered in
this paper, and a numerical simulation is listed to confirm its’
effectiveness.

The main feature and contribution of this paper is:

(1) A robust controller is designed for input delay MIMO
nonlinear non-minimum phase system.

(2) Not only parameter uncertainty and unmodelled
dynamic, but also input delay are considered in this paper.

(3) The stable inversion based nonlinear controller for
exact nonlinear non-minimum phase system is extended to
input delay and uncertain case.

A nonlinear model which is suffering from input delay
is listed in section 2, together with the control objective
of the paper. The controller design method is proposed in
Section 3. Numerical simulation is developed in section 4,
and we summarize this paper in Section 5.

Il. PROBLEM AND OBIJECTIVE
A. MODEL DESCRIPTION
For an input delay nonlinear system

= f) + goult — 1)

y=h@)=[y,y. - yml (1)
where x(t) € R”, u(t — t) € R™, 7 is time delay which is
already known and u(r — 7) = 0if t < 7.y € R™ is system
output. Assuming that xo (x = 0, u = 0) is a balance point
of (1), and its’ relative degree is r, r < n. Then (1) can be
input/output linearized, and:

W = Fi(x) + Giu(t — 7)

o = Fin(@) + G0t — 1)
n=s(cnul—r1)) (@)
r; is the differential order of y;, and r1 + o + --- +

rm = r.n € R"" is the internal state, ¢

/ 1 n17
[)’1, Vis "0 y(lr]_ ), V2, y,g?”_ ) represents the

external state, s(g,n,u(t —t)) represents the nonlinear
expression of internal dynamics. Then the partially linearized
system (2) is
¢ =Acg+Bv=A g+ B [F(x)+ Gx)ut — 7)]
n=s(s,n,ult — 1))

= s(5, 1, V)
= s(c, 0, (F(x) + Gu(r — 1)), 3)
where
F() = [Fi(x), F2(0), - Fad]",
Gk) = [Gi(), Go@), -+, Gu®) ],
A 0 -~ 0
0 A, --- 0
Ag=| . . . . ’
00 ... A,

|rxr
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Bg = . . . k)
_O 0 m _1lrxm
(010 ---0
001 ---0
A= )
00 .1
000 - .
L |rixri
[0
0
Blz (l=172’ am)
- |r,~><l

B. CONTROL OBJECTIVE

For a real system, the given reference trajectory y? is smooth
and bounded, then the IID of the original system can be
computed according to output regulation [14], stable system
center [21], and noncausal stable inversion [12] methods.
Based on IID, a state tracking control problem is built:

é=Ae+ B [F(x) + Gt — 1) — y4 + d] ., @

where ¢ = [el. el e = ¢ — ¢l ¢y = - n?,
d(l1 d(r—1 d(rm—1 .
¢l = [y‘f, Vi g T L s the
reference trajectory and it’s (r — 1) order differential, ¢ rep-
T
d d m
resents IID of (1), and y?) = ylm), yz(rz), Y )l
represents r order differential of the given command, d is the

linearization error,

A- O B
A= s , B= S,
|:An1 Avﬁ] |:B;7i|

as(g,m,v)

Agt = B |g:0,n=0,v=0 )
A 9s(s, n, v)

n2 = 87) |g:0,r;_0 v=0 »
ds(s, n,v)

B, = 0 | ¢=0.1=0,v=0 ,

where v = F(x) + G(x)u(t — 7). Since F(x) and G(x) are
uncertain, the expression of (4) should be improved as:

¢=(A+AA e+ (B+ AB)
X (v—yd(r) +d>, (5

where AA is uncertain part of matrix A, and AB is uncertain
part of matrix B. Because of the existence of AA and AB,
the control design method proposed in [12] is unsuitable,
let alone the unmodelled dynamics and input delay . In this
case, the control goal of (5) is: Find a robust controller which
can guarantee the stability of (5) under unmodelled dynamics,
unknown matrices AA and AB, and input delay .
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IlIl. MAIN RESULT

Because of the existence of input delay 7, controller design
cannot be carried out directly for (5), so a transformation is
needed. Defining

t
ep = / u(z)dz (6)
1—T
then a new error defined as
es = e+ (B+ AB) G(x)ep (7)

is constructed.
Assumption 1: Through out the running time, e, is always
bounded, and can be described by

lepll = ppe.

where p,, is a known positive scalars.

Remark 1: For the designed controller, u(¢) can be viewed
as the function of system states. If the controller is designed
appropriately, it should be bounded. In this case, as the finite
time integral of u(?), e, is bounded.

From (4) and (7), the derivative of e; is

aG(x)

¢y =é+ B+ AB) [ e+ G(x)ép}

Considering (4) we can get
és=(A+ AA)e+ (B+ AB)
x [F) + Goun) + N@) =0 +d| @)

where
G (x) . G 1m(x) .
P
aG(x) ) .
N@x)= = : : e, (9
Gy (x) . 0Gmm(x) .
x ... x
oxT oxT

Remark 2: From (9) we can see that, N(x) is determined
by G(x). Since G(x) is unknown, N (x) should be also viewed
as an unknown function of x.

Since parameter uncertainties and disturbances always
exist, the controller of such a system should be, not only
a robust controller for AA and AB, but also an identified
method for unmodelled dynamics in F(x), G(x) and N(x).
As an universal approximation, fuzzy logic system (FLS) has
good approximation effect, so it is utilized here. The FLS
adopted in this paper has the same form of [11], then the
output of FLS can be wrote as

3 =6/ 5@,

T
T _ 1 g2 . oM

where 9]. = [Qj 9]- Gj ]

& (%) is basis function. By training QJ.T and £}), F(x) G(x)

and N (x) can be replaced by fuzzy sets:

F1(x16f)

Fa(x16f)

are adaptive parameters,

F(x|0r) = = §r(x)0r,
F(x|0f)
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[ Gri(x16g) -+ Gim(x]6y)
G(x]0g) = : . : = &¢(x)bg,
_Gml(xleg) : Gmm(x|9g)
[ Ni(x|6,)
N(x|6,) = : = &n(x)0n,
| Nm(x16g)
where
[ 6
0
O = {pz )
6
& () 0 0
0 & (x) 0
§r(x) = ) ,
: .0
| O 0 - & (x)
egn 9812 Gglm
Qg _ eg.zl eg.zz eg.zm ’
_egml eng e egmm
£ (x) O 0
0 Eu@) - 0
";:g(x) = . . s
. 0
B 0 0 .- Egm(x)
6
0}11
9}’1 = ’:12 k]
_enm
[ &) 0 - 0
0 énz(x) e 0
En(x) = ) )
: : . 0
| O 0 - &K

Based on the FLS expression, (8) can be replaced by

és = (A+ AA)e+ (B+ AB) (F(x|9f) + G(x10g)u
AN |0m) — 3/ + F(x) — F(xl6p)

+N(x) — N(x|0p) + G(x)u — G(x|6)u + d)

For the adaptive training parameters, assuming the optimal
value of them are

6/ = argmin ‘F(x) — F(x]6f)

07 = argmin ‘G(x) — G0}
6y = argmin [N (x) — N(x|6;)|

Then a FLS based robust controller is constructed:

(—F G169 =N x16,)+y"+Ke+up+-us )
(10)

U= ———
G(x10g)
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where K and uy,, us; will be discussed in the following part.
By substituting (10) into (8), we can get a new tracking
expression:

6, = (A+ AA) e+ (B + AB) [Ke + & (0

+&o()Fqu + &) + up + ug
+AF + AM + AGu +d] (11)

where AF = F(x) — F(x]0f), AG = G(x) — G(x|6;), AN =
N(x) = N(x167), 6y = 6F — 07, 6y = 05 — 64, 0, = 0 — 6.

The following assumptions are listed for AA, AB and
AGG™(x6,):

Assumption 2: G(x|0,) is invertible.

Assumption 3: || AGG™! (x|9g)H < kg, kg is already
known scalar and kg < 1.

Assumption 4: The uncertain matrices AA and AB are
bounded and AB = BAH, ||AH|| < kg < 1, where kg is
a known scalar.

Assumption 5: Define Mj(x) = eSTP (B+ AB)
(AF + AG + AN + AGG™(x|6y)) (=F(x|6p) + y/© +
Ke) — el PBR™'BT P (B + AB) G(x|6,)e,

—el P[(A + AA) + (B + AB)K] (B + AB) G(x|6)ep.
Mp(x) is unknown and bounded, which means that,
IMAOIl < (oo + p1 llell) | BT Pel|, where po and py are
unknown scalars.

Remark 3: For areal system, G(x) is invertible. As a fuzzy
approximation of G(x), G(x|6,) should also be invertible.
So Assumption 2 is reasonable.

Remark 4: When the value of G(x|6,) is close to zero,
the computing of G(x;\eg) becomes an ill-conditioned inverse
problem. This problem should be taken seriously, but a lot of
results, such as Newton algorithm [38], iterative refinement
method [39], can be used and referenced.

Remark 5: AG = G(x) — G(x|9g*), so AG is bounded.
From Assumption 2, G(x|6g) is also bounded. Then
G| (x]6¢) is bounded and the product of AG and G| (x10g)
is also bounded. So Assumption 3 is reasonable.

Remark 6: Since the parameter uncertainty and unmod-
elled dynamics in practice is bounded, the derived uncertainty
matrices AA and AB are bounded. The input matrix B is full
columnrank,so AH = (BTB)_l BT AB, and AH is bounded.
So Assumption 4 is reasonable.

Remark 7: From the expression of Mj;(x) we can see
that, AF, AG and AM are approximation errors which can
be viewed as a small amount, G(x|0,) is bounded, and F'(x|6y)
is Lipschitz, ¢, and Ke are all functions of tracking error e,
so Assumption 5 is reasonable.

Theorem 1: If Assumption 1-4 is hold, and there are matri-
ces P, K, and scalars €4, €p, satisfying

P>0,e4>0,e >0
P(A+BK)+(A+BK)'P+0Q
+22  (AA) el + A2, (AB) gk 'K

max max

+ (8;1 +g§1) PP+PB (p*21+R*1) BTP<0, (12)
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where Q > 0 is a given matrix, R is a given control gain and
p is prescribed attenuation index, then (11) is stable under the
following robust controller

1

up = R BT pe 13
" T 2+ x6) (1 +«p) (1)
oo + o1 llell T
=2 sgn®B’P 14
Us 11 r0)® sgn(B" Pe) (14
po and p; are estimates of pg and p;, and
O = vy ©&/ (x)B" Pe (15)
Ogy = v Oui(1)(e PB)i& (x) (16)
OF = yu®&] (x)B" Pe (17)
fo = qo BTPeH (18)
A= ar llell [B7Pe| (19)

where ® = (1 + A2, (B) (1 + k5)ppPG)-
Proof: Choosing a Lyapunov function for system (11)
as

1 (R T
V= selPe+ ﬂef b+ gt (974,)

1 - 1
+=—06,6, + — ,oo(t)—i- ,01 (t)

27, " 2q0
where yr, Vg, ¥n, qo and qi are given scalars SIHCC 9f =
ef’ 9g = egv 911 = 9,,, pO = _,00 and Pl = _Pl,
differentiating (11) we have
N 1, | R
Vo= gE Pt e Po = 8 = (674,)
1 T~ 1 ~T A 1 ~T A
——0, 60, — —pg po — —P1 P1
Vn q0 q1
= el P[(A+ AA) + (B+ AB) K] ¢
—el P[(A+ AA) + (B+ AB) K] (B + AB) G(x|6,)e,
+el'P(B+ AB)(I + AGG™ (x|6))uy,
+el'P(B+ AB) (I + AGG™ (x]6,))u;
+el P (B + AB) (AF L AN + AGG*l(xwg))
X (—=F(x|6f) — N(x[6,) + y*) + Ke)

1 7= 1 7=
——p4 Po — —P] b1
40 Q1

~ 1 .~
+el P (B+ AB) & (x)0f — —0/ 6
Vr
- 1 U
+el P (B + AB) £,(x)f,u(t) — i (egT eg)
8

~ 1 .~
+el P (B4 AB) &,(x)6, — y—enT 6n
n
+e'P(B+ AB)d
Since

AATP 4+ PAA < sA AATAA + ¢ ' PP
(AA) eal + ¢, 'pp

I/\

max
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PABK + K" AB"P < egK" ABT ABK +¢5' PP
A2 (AB) egKTK + 5 ' PP,

then

P[(A + AA) + (B+ AB)K]
+[(A+ AA) + (B+ ABK|' P
< P(A+BK)+ A+ BK)'P
422 (AA) eal +22.. (AB)epKTK
+ (e +e5') PP
Since || AGG 1(x|9g)|| <kg <1, ||AH| < kg < 1, and

up R'BT Pe,

m
up (I + AGG™(x16,))" (B + AB)T Pey
+el'P(B+ AB)(I + AGG™ (x|6))uy,
< ¢! PBR' BT Pe;
—e! PBR'BTP (B + AB) G(x|6,)e,,
From Assu;nption 4, Mp(x) is bounded, u =
B <1+KG><1+/x)§:ﬁ?”)flll+w>papp)Sg”(B "Pe), and
lesl = [le + (B+ AB) G(x|6p)ep ||
< (I + M3a B) (1 + kB)pGpp) lell
po = qo [BTPe]

(BTPe

o1 = qillell
SO
ul (I + AGG™'(x16,))" (B + AB)T Pey
U
+Mp(x) — —py po — — Py P1
q0 q
A |
< (po — o) HBTP€H — —P0P0
q0
R |
+(pr el = pr llel) |8 Pe| = iy
<0
Also form Lemma 1 of [19],
[dT (I + AH)T BT Pey + T PB (I + AH) d]

< p*d" (4 + AH)T (I + AH)d + p~2e! PBBT Pe
< (1 4+«p)*p*d"d + p~2e! PBB Pe;

So
V< %e [P(A +BK)+ (A +BK) P+ 32 (AA) eal
Fhx (AB) epK K + (5" +e5") PP
+PBR'BTP + p*QPBBTP] es
+%(1 +kp) oo’ w
+% [éfTsz(x) (I + AH)T BT Pe,
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T - 1 T

el PB (I + AH) &) | - i
f

1 i
+5 [uT(t)GgT 7 () (I + AH)T BT Pe

T ~ 1 T
+e PB (I + AH) gg(x)egu(t)] i (9g eg)

Ve
From (15), éfT = y(1 + 22, B (1 + «p)pcpp)] +

«kp)e! PBEf(x), and

eI PB (I + AH) & (x)
< (1 + 22 (B) (1 +kp)pGop)(1 + kp)e” PBEs(x)

SO
; 1 .pa
e/ PB(I + AH) & (x) — —0] 6 <0
4
Similarly,
T ~ 1 T
eI P (B + AB) sy0)fu(t) — —1r (078,) =< 0
Ve
T ~ 1 T
e; P(B+ AB) &, (x)0, — —0,,0, <0
VYm
from (12) we have
. 1 1
V< —EeSTQeS + 5(1 + kp)’p2dTd

Since d is bounded, for e, if

o/ (1 +kp)dTd
\/)\min(Q)

14 < 0 is always hold. Then for the Hy, performance,
we have:

llesll =

v ., 1oy
/ el Qeyd < el (0)Pey(0) + —87 (0)F;(0)
0 Yr
1 e
ot (eg (O)Gg(0)>
1 NT ) 2 i T
+—7 (0)0,,(0) + p* | d"dar.
VYm 0

The proof is completed. |

Remark 8: Theorem 1 gives the designing method for
input delay non-minimum phase system, but it seems a little
complex. Actually, inequation (12) can be easily solved by
LMI toolbox of MATLAB, while ( 15), (16) and (17) can be
easily approached by FLS toolbox of MATLAB. So relying
on existing MATLAB toolbox, Theorem 1 is easily to be
implemented.

For facilitating the application of the proposed method,
an overall block diagram is given in Figure 1.

In order to ensure the adaptive parameters 6y, 8, and 6, to
be bounded, the projection algorithm is utilized here to amend
the adaptive law (15), (16) and (17). Assume the constraint
sets 0, ¢ and 2, are specified as f £ {Gf |||9f || <oy }
Qg £ {egij | }th]” =< O'gij} and €, £ (O 110l < om },
i=12,---,m;j=1,2,---,m), respectively, where oy,
ogij and o, are all positive constants and can be arbitrarily
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Input delay non-minimum phase nonlinear system (1)

| input/output linearization

]

‘ Internal dynamicsi?‘ ‘ External dynamics é"
T T

v

State tracking System (4)

v v ¥
Input delay Unknown nonlinear function Unknown matrices
r F(x).G(x).N(x) A4.AB
Y \J ¢
Integral FLS based controller Robust controller
(6) (15)-(19) (12)-(13)
v v L

Robust fuzzy controller (10)

FIGURE 1. Implementation process of the proposed controller.

specified. Thus, the adaptive law (15), (16) and (17) can be
modified as

67 |* & )BT Pe

yr(1 + ) | & (x)B Pe — 2
|1

It ;)" = of
and sz(x)BTPe >0
(1 + kp)é/ (x)B" Pe
otherwise
7e(1 + kp) (7 PB); w(DEL ()
[ (" PB) w8 )
. |64
Oeil = If H9gin2 = Ogij
and (" PB) uj(1)g};(x) > 0
ve(1 +«p) (e PB), uj(DE ] (x)
otherwise

Ym(1 + kB) (s,ﬁ (x)BT Pe

If 601> = om
and &' (x)BT Pe > 0
Ym(1 + kB)&T (x)BT Pe
otherwise

_ 116m]1? &, (x)B Pe
16511

IV. SIMULATION RESULTS

A numerical simulation example on VTOL is considered,
and the nonlinear expression of VTOL is adopted here and
a sketch of VTOL is given in Figure 2. The nonlinear expres-
sions are listed here:
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0 0
U, kgtl (1) —sinxs &(t)cos xs
. t—
g 0 0 uy(t — 1) 21
cosxs &(t)sinxs uy(t — 1)
0 0
e, 0 1
The output of the plant is
.',Y'
y g, (1)
yr=x1, Yy2=21i3
and through input/output linearization, (21) can be simplified
as:
X1 X2
. Uy | &(t) cos x5¢p — sinxsy
52 (t) ben B X4
7 X4 —1 4+ cosxs¢y + &) sinxsgn
A § b 0 0
—sinxs e(f)cosxs | (u1(t — 1)
FIGURE 2. Reference frame of VTOL. 0 0 w(t — 1)
cosxs &(t)sinxs

X1
X2
o | =r@ s e =1+ o) (20)
Xs
X6
where
X2
0
=151
X6
0
0 0
—sinxs &(t)cosxs
w=| 7" 0
§X) = cosxs &(f)sinxs
0 0
0 1
c=[a ]

The physical means of the above nonlinear expression can
be founded in [10], and &(t) = 0.5 + 0.1 sinxs. ¢ and ¢ are
additional unknown dynamics. Then (20) can be replaced by

)'Cl X2

X &(t) cos x5¢p — sinxsy

x| X4

x4 | 7 | =14 cosxssy + e(t)sinxssn
X5 X6

X6 9]
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What is with mentioning, (20) is a common form, and the

internal state is
_ | %5

[ e@)cosxsgr — sinxsg
Flx) = | —1+cosxsgy + &(2) sinx5§2} ’

and

—sinxs &(t) cosx
Glx) = | cosxs5 8((1‘)) sinx55i|
s(g, m, (F(x) + G(u))
X6
= sin x5
-0+ 50

0 0
+ | cosxs sinxs
e(r) @)

Based on the analysis of [31], (21) is non-minimum phase.

For the construction of IID, here we utilize the method pre-

sented in [21], and in calculation, & is assumed to be constant

and chosenas & = 0.5. ThenIID n¢ = (¢, n{)T £ (x4, xHT
can be constructed by solving the equation below:

Fx)+GGxu —1)) (22)

i+ e + con? = — (Plffd + Pode)

where ¢ = 1, ¢1 = 2, x4 = (0, 1)T(y‘f cos r}‘f + (1 +
j}g) sin n‘lj — n‘f ), Pg and P are gain matrices, and the solving
details can be found in [31].

Remark 9: For an uncertain input delay nonlinear system,
IID is also computed by the exact model (20) with a constant
coupling coefficient ¢ and r = 0, {; = 0, and ¢ = 0, since
IID is a ideal state for internal dynamic which we want.

Reference trajectories yﬁ’ = Rcos(wt), yg = Rsin(wt) are
chosen for simulation here, and R = 1, w = 0.1. The given
trajectories and IID are shown in Figure (3).
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Defining states error as
d d
€1 =JY1 — Y =X1 — X
. d - d
€ =Yl =Yy =X2—X

AB =
e3 =y2—y‘3i=x3—x§1

SO O~ O
ol N eleX=]

. d .d . .
€4 =2 = V4 =X4— Xy COSX5 COSXs Sinxs  sinxs
d d - -
es =M1 — N =X5 — X5 L ¢ 0.5 £ 05 -

e = M2 =1y = X6 — ¥ The initial states x(0) = [ 1.5, 0, 0.5, 0.2, 0.28, 0],
then e(t) = 0.5 + 0.2sinxs, the disturbance caused by wind ¢;
é e and ¢; are chosen as ¢ = 0.2 cos xs, > = 0.2 sin x5, the input
& e delay 7 is already known and T = 0.15. The initial value for
&3 e ¢, 6, and 0, are all set to be “17.
e | T (A4 AA) ey +(B+ AB) (23) Step 1: For the approximating of unmodelled dynamics,
és es membership functions in FLS are chosen as x5 and ¢(¢), and:

Jp1 = exp [—0.003 (xs — 0.01)2]
XS L

T
x (F(x) + Gt — 1) — [ e y§(2>] )
5

where - 5
Jps = exp[—0.003 (xs +0.01) ]
X5

é6 €6
jps = exp|—0.003 (x5)2]

Jp1 = exp | —0.003 (2(r) — 0.2)2

(=N eieiNe)

=)

COS X5

S R, OO OO

’ [jo = exp [—0.003 (e(t) — 0.5)2]
iy = exp[—0.003 (e(r) - 0.7)2]

S O OO OO O oo ooo

. and the corresponding fuzzy rules are:

REJD: If x5 is I:"};S and &(7) is FL, Then y is Filj, where i =
1,2,3;j = 1,2,3; 1 = 1,2,---,9. Then F(x), G(x) and
N (x) can be replaced by &¢(x)0r, &,(x)0g, £, (x)0,.

Step 2: From (23), Amax (AA) = 0.036, Amax (AB) = 0.71,

h1e) 00 kg = 0.5, kg = 0.3, pg = 0.29, pg = 0.79. Choosing 2 =
T 9xs  oxg 1 x 10721, R = diag(20,20), ¢4 = 0.2, e5 = 0.2, p = 0.1,

. the control matrix K can be constructed and

K — |:2.11 742 092 275 —12.45 —8.96i|

AA =

SO OO0 O oo~ OO0O

(el Nele N

S DO OO0 O oo ocoo
[l eNeBeNe)

092 275 —-082 —135 —3.58 —257

- o O O

0 Step 3: The disturbance d(¢) are chosen the same as [10],
sin x5 and the parameters in theorem 1 are chosen as yy = 1000,
L 05 05 J Ye = 10, yin = 10, go = 100, and g; = 100.

n OO o =0 S OO OoOO O ooooco -~

(@}
o
>
N
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The proposed controller is marked as ujr, and is carried on
VTOL suffering from input delay, uncertainties and unmod-
elled dynamics together with a classical stable inversion
controller u; proposed in [4]. Simulation results are given
in Figures (4-7), the given path and the controller response
path are given in Figure (6 ). See the tracking performance of
ug in Figure (4), (5) and (6), a tracking error appears, while
the tracking error of u;r always keep remarkably small, then
we can say that, the control effect of u;r is much better.
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FIGURE 8. The estimation of py and p;.

Figure (7) is the input of u;r and uy. The estimation of pg
and p; are also given in Figure (8).

V. CONCLUSION

The controller design of input delay uncertain MIMO nonlin-
ear non-minimum phase system is discussed in this paper, and
a FLS based controller is proposed. By input/output lineariza-
tion, the expression of the nonlinear system is simplified, and
then IID is constructed. Based IID, a state tracking problem
is built. By defining a integral of past input, the input delay
is transformed into a simple one, and then FLS is adopted in
this paper to approach the uncertainty and unmodelled distur-
bance. Then the FLS adaptive fuzzy controller is constructed.
Finally, a numerical simulation on VTOL is carried to test the
good performance of the proposed strategy.

The uncertainty adopted in this paper is a norm bound
uncertainty, and the priori information of them are assumed to
be known. This is certainly not suitable for all real situations
and will cause conservatism to the designed controller.

Further work is needed to design an online estima-
tion method for the parameter uncertainty and unmodelled
dynamics, and get a better robust controller. To testify the
validity of the proposed method thoroughly, a real flight test
of VTOL with the proposed control strategy is also need in
the future.
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