Proceedings of the 2016 IEEE
International Conference on Robotics and Biomimetics
Qingdao, China, December 3-7, 2016

Adaptive Immersion and Invariance Continuous Finite-time Control of
Hypersonic Vehicles™

Chao Han, Zhen Liu, Xiangmin Tan and Jianqgiang Yi, Senior Member, IEEE

Abstract— A novel nonlinear multi-input/multi-output adap-
tive continuous finite-time control system for air-breathing
hypersonic vehicles with parametric uncertainty is proposed
in this paper. The control system is based on the frame of
backstepping design and time-scale separation principle to
decouple the high-order vehicle model into two first-order
and one second-order subsystems. For the first-order subsys-
tems, controllers combining fast terminal sliding mode control
(TSMC) with adaptive immersion and invariance (I&I) are
designed. For the second-order subsystem, the controller is
a combination of non-singular TSMC and adaptive I1&I. The
finite-time stability of each subsystem is analyzed by Lyapunov
theory. Simulation experiments are conducted to demonstrate
that the control system has the feature of fast and accurate
tracking to attitude and velocity commands.

I. INTRODUCTION

Hypersonic flight makes many things possible, such as
economically reusable space shuttle, faster global travel
and prompt global strike. Since the 1950’s, breakthroughs
have been made in scramjets which obtain oxygen from
atmosphere [1]. Therefore, air-breathing hypersonic vehicles
(AHVs) have gained sustained attention and extensive re-
search, because AHVs, powered by scramjet, enable hy-
personic flight with much more load compared to rocket-
powered aerocraft [2]. However, it’s a great challenge to
design control systems for AHVs due to their special con-
figuration and complex dynamics [3]. To make those incred-
ible civilian and military applications realities, numbers of
research work have been done about AHVs [4].

AHVs are fast time-variant, strong coupling and high
nonlinear system with significant uncertainty and flexibil-
ity. These properties make conventional linear flight con-
trol methods performance degraded. Thus nonlinear con-
trol methods have become the research focus. In [5], a
MIMO adaptive sliding mode controller is designed based
on feedback linearization framework for a generic hypersonic
vehicle. In [6], a nonlinear robust adaptive controller is pro-
posed for AHVs using the so-called nonlinear sequential loop
closure approach which is an application of backstepping

*This work was supported by National Nature Science Foundation
of China under grant No0.61421004 and No.61273149, and NDBSR
No.B1320133020.

Chao Han is with the Institute of Automation, Chinese Academy of
Sciences, Beijing, China and University of Chinese Academy of Sciences,
Beijing, China (e-mail: hanchao2013 @ia.ac.cn).

Xiangmin Tan and Jianqiang Yi are with the Institute of Automation, Chi-
nese Academy of Sciences, Beijing, China (e-mail: xiangmin.tan@ia.ac.cn;
jianqiang.yi@ia.ac.cn).

Zhen Liu is with the Institute of Automation, Chinese Academy of
Sciences, Beijing, China (Corresponding author to provide phone: +86
01082544639; e-mail: liuzhen@ia.ac.cn).

978-1-5090-4363-7/16/$31.00 ©2016 |IEEE

method in essence. These two control frameworks, feedback
linearization and backstepping, are the mainstream schemes
of hypersonic vehicle control system design.

As far as we know, seldom work refers to AHV finite-
time control until now. Compared with Lyapunov stability,
finite-time stability is characterized by faster convergence,
higher control precision and stronger robustness to model
uncertainties and disturbances [7]. It makes great senses to
apply finite-time stability theory to the robust and adaptive
control system design of AHVs. In [7], the definition of
finite-time-stable equilibrium is given and Lyapunov finite-
time stability theory is established, which are theoretical
foundation of finite-time control system design. The most
active methodologies for finite-time stabilizing controller
design are homogeneous system theory [8] and terminal slid-
ing mode control (TSMC) [9]. Finite-time stable controller
design based on homogeneous system theory derives from
such a theorem that a homogeneous system is finite-time
stable if and only if it is asymptotically stable and has a
negative degree of homogeneity [8]. The method involves
many complex mathematical concepts and is difficult to
apply to nonlinear systems with uncertainty and adaptive
control systems, because it’s an intricate work to determine
whether they are homogeneous. Therefore, its application is
confined to simple linear systems, for example, the double
integrator. By contrast, TSMC is more understandable and
widely used. Different from conventional sliding mode con-
trol, TSMC not only can reach sliding surface in finite-time,
but also can make states reach the equilibrium point in finite-
time by designing the nonlinear sliding manifold.

Like conventional linear SMC, TSMC is robust to matched
model imprecision, and meanwhile has the disadvantage of
chattering which must be avoided in the high-performance
control systems. The most studied approach to overcome
the shortcoming is to combine SMC with adaptive control
method. Recently, adaptive immersion and invariance (I&I)
approach [10] attracts much more attention compared to
Lyapunov adaptive method. The design of I&I adaptive
estimators is independent of the controller design, which
provides a structured design procedure of the control system.
Further the I&I approach will introduce a cross-term of states
and estimation errors which makes the stability analysis
easier [11].

In this paper, an adaptive 1&I TSMC system is designed
for AHV to achieve states finite-time stable. In the next
section, the AHVs’ model and related preliminary is intro-
duced. The detailed design procedure of the control system
is expounded in Section III. The simulation results and
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its analysis are stated in Section IV. The last section is
conclusions of the paper.

II. HYPERSONIC VEHICLE MODEL AND PRELIMINARY

A. Hypersonic Vehicle Model

Assuming a flat Earth, the longitudinal dynamics of flex-
ible AHVs can be described by [6]

V = (T'cosa — D)/m — gsin~y (1a)
h=Vsiny (1b)
¥ =(L+Tsina)/(mV) — (gcos~y)/V (lc)
&=—(L+Tsina)/(mV)+Q+ (gcosy)/V  (1d)
Q= M/I,, (le)
fi; = —2Ciwini — wini + Niy i = 1,2, 3. (1)

And the approximate expressions of the aerodynamic forces
and moments, namely, thrust 7', lift L, drag D, pitch moment
M and generalized forces N;, are

T ~ gS[Cr, () + Cr (o) + Cim)|

L~ QSCL(OQ 67 77)

D =~ gSCp(a,8,m) )
M = 27T + GeSCur (o, 8,m)

N; ~ qs(NﬁQaQ+Nﬁa+Nfcac+NE+Nﬂn),z‘:1,2,3,

where g = 1pV2, and

Cr.s(a) = c¢’a 34 cWa? P 4O
Cr(a) = Cia® + C3a? + Cra + C
Chr(a,8,m) = Ciha +0Ma+ch“;5 + O +Ch+Cim
Cr(a,6,m) = cLa+c55 +C¢6.+CY + C' 3
Cp(a,d,m) = C5 o + Cla + C 62 + Cles,
+c 252 + G 6.+ CP + Clin
c;=[c;*,0,C?,0,C7°,0], j =T,M,L,D
N = [Ni”l,O,NF,O,N;]B,O],i =1,2,3,
Where 6 = [667 6C]Ta n= [7717 771) N2, 7;]27 ns, 7'73}T
This model consists of five rigid-body state vari-

ables * = [V, h, v, a, Q]T, six flexible states n =
(01, 11, N2, 12, 3, 13]7 and three control inputs u =
[6,6e,0.)T, which affect flight states through aerodynamics
forces and moments. The controlled output is selected as
y = [V,h]T. And the reference command is denoted by
Yref = [Vie, hre]T. The main relevant variables and param-
eters above are given in Table I.

TABLE I. Nomenclature

V' Vehicle velocity q Dynamic pressure

h Flight altitude P Air density

¥ Flight-path angle S Reference area

« Angle-of-attack c Mean aerodynamic chord

@  Pitch rate 2T Thrust moment arm

o) Fuel-to-air ratio m Vehicle mass

dc  Elevator deflection Iy,  Moment of inertia

dc Canard deflection ni ith generalized elastic coordinate

The model described above, is used for simulation to
validate the performance of control system. For control

system design, the model is simplified from the following
two points [12]. First, the flexible dynamics are removed
and their effects are taken as internal disturbances. Then, the
canard is ganged with the elevator as 6, = k..d., where the
coefficient k.. is a negative constant [13].

It’s assumed that all aerodynamic coefficients, i.e., C’('),
CI(\;[), Cg) and Cq(i) are uncertain which are modeled as C; =
C;(1+ ACj), where C7 and AC; are nominal value and
uncertainty respectively. In the paper, a maximum variation
for each coefficient is set within 40%, namely, |AC;| < 0.4.
The control object is to achieve finite-time stable tracking of
velocity and altitude reference trajectories in the presence of
significant parametric uncertainty.

B. Preliminary

Consider the following nonlinear second-order system

r1 = T2
{ b2 = f(@) + g(@)u = 91 (2)701 + pa(@) 00

where & = [21, 5], f(z) and g(x) can be linear paramete-
rized and g(x) # 0, ¢1(x) and @a(x) are known vector-
functions while 6; and 05 are unknown constant vectors
with proper dimensionality. The problem is to design an
adaptive 1&I non-singular TSMC law to make the origin of
(4) globally finite-time stable.

According to the adaptive 1&I method [12], let the esti-
mates of 6; and 0, as él + 81 and ég + 32 respectively.
The additional terms (3 and 3, afford extra design degree
of freedom for shaping the dynamics of estimation errors

which are R
z=0+p03-0, ©)

where z = [27,27]", 6 = [67,6%)", B = [87,8%]"
and 6 = [07,67]"
Select the non-singular terminal sliding surface as [14]

s =1+ ky a5, ©)

where k; > 0 and o1 = p/q, p and ¢ are positive odd
integers and ¢ < p < 2g¢. It indicates that when s = 0, z;
and zo will converge to zero in finite-time. Replacing the
unknown parameters of (4) with their estimates, the control
law can be designed as

k1 2—aq
_i‘«rZ

—As—ka|s|“?sign(s) —
07 (62 + B2)
Substituting (7) into the system (4), one can get the closed-
loop system

ol (6:+51)

O]

u =

X1 = X2
R 8
do = —§x§_a1 —dT2 —As— ka|s|*? sign(s) ®)

where @ = [ (x)7, cpg(sc)Tu}T
Substituting (7) into the time derivative of (6), the dyna-
mics of the sliding surface can be written as

s=a [—@Tz — As — ko|s|*? sign(s)] , )
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where a = 71 x5! ~tand a > 0 for 25 # 0. Substituting
(9) into the derivative of (5) yields the dynamics of the
estimation errors

z':é— g—’f{a [?Tz+)\s+lc2|5|°‘2 sin(s)] } (10)

Then, by the adaptive 1&I method, the adaptive law could
be designed as

0 — g—f {a[Xs + ka|s|** sign(s)] }

g—f =rd
where 7 is a positive definite diagonal matrix with proper
dimensionality. Substituting (11) into (10), the dynamics of
the estimation errors can be rewritten as

. T
z=—ar®d z,

an

(12)

Below, the stability of the closed-loop system and finite-
time reach of states will be proved. Define a Lyapunov
function candidate

W(s,z)zls + = xl Tp=lg, (13)

by Young’s inequality, whose derlvatlve is
. 2
W< —a BASQ 4 ko] %/\_1 (@Tz) } <0.  (14)

Obviously, W is negative semidefinite, therefore the function
W' is non-increasing and bounded. An invariant set of the
closed-loop system is

E:{(s,z)\xg:0ands:O,45Tz:O}. (15)

The trajectory of the closed-loop system cannot stay on the
line x5 = 0 unless x; = 0. In another word, the closed-
loop system cannot reach and stay on xo = 0, except for
the origin. Therefore, the invariant set (15) can be further

reduced as
E’:{(s,z)|s:0, quz:O}. (16)

According to the LaSalle’s invariance principle, it yields
limg o0 (s,@Tz) = 0. In another word, the closed-loop
system, whose phase portrait is shown as Fig. 1, is asymp-

totically stable.
[ .Jo,.po\
\»zu.“m ; ; ; Ty

s=0

Fig. 1. Phase portrait of the closed-loop system

From the above conclusion that the state s is asymptot-
ically stable, one can get that ss < 0 if s # 0, namely,
$sign(s) < 0 if s # 0 which leads to

a [—@Tz sign(s) — Als| — k2|s|a2} <0 (17)

As explained before, a = 0 (z2 = 0) cannot make the states
stop. Thus (17) can be rewritten as

—&" zsign(s) — A|s| — ka|s|*? < 0. (18)

Then, there must exit a constant b, which 0 < b < 1,
satisfying

—&" zsign(s) < b(\|s| + ka|s|*?). (19)

To show the finite-time stability of the state s, choose
another Lyapunov function candidate W5 = |s|. One gets

Wa = §sign(s) < —a(l — b)A|Wa| — a(1 — b)ka|W2|*2.  (20)

According to the Lyapunov finite-time stability theory, the
state s is finite-time stable.

Therefore, the proposed adaptive I&I non-singular TSMC
method achieves the finite-time stability of the states of the
system (4) and asymptotic stability of the unknown param-
eters’ estimation. It will be applied to the altitude control of
HSV in the next section to evaluate its performance.

III. CONTROL SYSTEM DESIGN

A. Velocity Subsystem Controller

Let the velocity tracking error be V. = V — V. Sub-
stituting the expressions of 7" and D and the aerodynamic
coefficients into (1a), one gets the dynamics of the velocity
tracking error as

V = @02t + 911611 — gsiny — Vi, 1)

where 81 € R 60y» € R?* are vectors of uncertain
parameters and
_GS 3. 2 . . 2
Yvi = [oz cos a, " COS (v, L COS @, COS O, —Q™, — Q4
2
62,5, -1

6w = [CF,C.CF, CF, G5, CB, Gl + k.G

]T

OB + kel O8]
pv2 =qS cos a [043,042,047 1]T /m
ov. = [Cp Cp g, ¢ !
0y and Oy, are regarded as unknown constants required
to estimate online with 9\/1 +By1 and 0V2 + By respectively

according to the adaptive 1&I approach. Define the estimation
erTors as

zZy = év + By — v, (22)
T 4 ar 1T
where zy = [2{}, zl,] . Ov = 67, 6%, , Bv =
[BV1, 5XT/2} and Oy = [6,, 67,]
Design the sliding surface as
sv =V 4+ AT+ kv |V|*V sign(V), (23)

where A\y,ky > 0 and 0 < ay < 1 are constants to be
designed. Assuming sy = 0, one could get the control law
as - . _
vV — kv |V]*V sign(V) + gsiny
+ Vieg — 9T, (81 + Bv1)
0v2 + Bz

(24)
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Substituting the control law (24) into (23), the velocity
tracking error dynamics can be rewritten as

V=—®Uzy — AvV — ky|V|*V sign(V), (25)
where &y = [ol,, pl,9] T Substituting (25) into the
derivative of (22) yields the dynamics of the estimation errors

%VV [@Vzv+Avv+kV\V|aVSIgn(V)]. (26)

Zv =

By the adaptive 1&I method, the adaptive law can be de-
signed as

oy = ﬁV [A V 4k [V sign(V)]
aﬂj/ = Tv@v
av

where ry = diag [rv1 Ioxo, rvalsxal, Tv1 > 0 and ryn > 0.
Substituting (27) into (26), the dynamics of the estimation
errors become

27

ZV = 71’\/4%/@52\/. (28)

The asymptotic stability and finite-time stability of the
closed-loop control system can be demonstrated by Lya-
punov function candidates W (V, zy/) = %Vz + 1Ay and
Wy = |V| respectively, which is similar to the procedure
shown in Section II. One can get the state is finite-time
stable and Q‘T/zv is asymptotic stable.

B. («, Q) Subsystem Controller

Substituting the aerodynamic forces and moment into the
(1d) and (le), the dynamics of («, () subsystem is written

as ' '
a=Q—7%
. T T , (29)
Q = ©20q20. + ©10q1
where 61 € R, g2 € R are uncertain parameters, and
_gS 3 2 3 2
por=7— [zr¢a’, zrda”, zréa, zr¢, zra’, zra’,
yy
ZTOC,ZT,ECMQ,EQ,E]
601 = [Cp' C, €97, €, €3, CF, CF, O,
OL2 (8%
Cir , Ciir, Ol |
Q2 =GeS /Iy, 0q2 = Cyi + kecChy.

The estimates of 8g1 and 8¢, are define as éQl + Bao1
and 62 + B2 respectively. Thus the estimation errors are

zg =0 + Bq — 0q, (30)

where zg = (251, zQz] 6o = T[OQl, BQﬂ , Bo =
(841 Bos] and 6 = [63,, 60),]

The adaptive 1&I non-singular TSMC method introduced
in the Section II can be applied to this second-order subsys-
tem. First, define e; = o —ayer and e3 = €1 = Q — ¥ — Cuyef.
Through a variable substitution, the original system (29) can
be transformed into a form of integral chain

€1 = e
(3D
= 0420020 + 951001 — H — Girey.

The AOA is an intermediate virtual control variable here. The
demanded AOA is defined as o,y which will be generated
by the outer-loop of the altitude subsystem.

Then, select the terminal sliding surface as

sq=e1+kgren?, (32)

where kg1 > 0 and ag1 = p/q, p and ¢ are positive odd
integers and ¢ < p < 2¢q. The controller is designed as

k 2—« P .
—29hel " — hqalso|*@? sign(sq)
—AQSqQ — cPCTgl (éQl + ,3Q1) + 4+ Grey
0e = ;o (33)

5o (ém + 5@2)

where Ag, kg2 and ago are strictly positive constants.
Substituting (33) into the derivative of (32), the dynamics
of the sliding surface is

S =aq [—4%ZQ—>\QSQ—7€Q2|SQ\“Q2 SigH(SQ)] (39
where @ = [p0;, Phade ] and ag = 72 €5 Sub-
stituting (34) into the derivative of (30) ylelds the dynamics
of the estimation errors dynamics

0
zZo= 9@ aBQ [aQ(QTZQ+)\Q3Q+kQ2\SQ|OQ2 51gn(3Q))]

(35)
Therefore, the adaptive 1&I law are designed as
B 0 o
Og = 8§Q [aQ()\QSQ+kQ2|SQ‘ QQSlgn(SQ))]

© ., (6
9Bq =rqdP
D50 e®q

where rq = diag(rgiliix11,7g2) and Q1,72 > 0.

Substituting (36) into (35), the estimation errors dynamics
can be rewritten as

2q = —arq®oPL2q. (37)

With the control law (33) and adaptive law (36), the state
a will converge to .. in finite-time and the adaptive terms
d%zQ converge to zero asymptotically.

C. (h,

This subsystem is comprised of (1b) and (1c). It’s obvious
that there is no uncertainty between the flight altitude h and
the FPA ~. To capitalize on that, the common practice is
to convert altitude command h,.; to FPA command v,y
directly by a PI controller [15]. The PI controller is practical,
but its performance is not good in the whole flight envelop
of AHVs, existing apparent contradiction between rapidity
and accuracy.

An integral TSMC is adopted here to achieve precisely
finite-time tracking in the command conversion. First, Design
the sliding surface as

~) Subsystem Controller

~ t -~ ~ ~
sh=nh —|—/ ()\hlh + kpi|h|*H sign(h)) dt, (38)
0
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where h = h— hrey 1s altitude tracking error and Ap1, kp1 >
0, 0 < ap; < 1. Choose a fast terminal sliding mode type
reaching law, one gets the command conversion controller

;L - )\hliL — khllil‘ahl sign(ﬁ)
— Ah2Shp — kh2|8h‘ah2 sign(sh)

v ;o (39

Yref =arctan

where the function arcsin has been replaced by the function
arctan to avoid singular value.

With this operation, the (h,~) subsystem which originally
is a second-order system is simplified to a first-order system.
So the fast TSMC used in the velocity subsystem is applied
herein. And the following design procedure is similar to that
of the first subsystem.

Let the FPA tracking error be 7 = v—",.f whose dynamics
is

¥ = 9032&/201 + 902;1&/1 - % = Fref 5 (40)

where 0., € R10, 0.2 € R are uncertain parameters and

Pt :Lf/ [66, 1,a3¢ sin a,a2¢sin a, agsin a,
¢ sin a,a3 sin a,a2 sin o, asin a, sin a]
3 2
0,1 =[C° + kecOpe, CL, O3 05,03,
C7,Cr, Ct, O, O7]
@12 =qS/(mV), 6,2 =C%.

The estimators are define as 0A.yl + B,1 and 972 + B2
respectively. Thus the estimation errors are

2, =0,+06,—0,, (41)
h _ v ,t1T g _ [gr. gr1% _
where zy ; [zwh sz] > Yy T [ y1» 72} > ﬂ’Y -
(851, B3] and 0, = [67;, 67,]
The control law is designed as
A — k31 sign(§) + & cosy
et = + Yrer — ‘le(e’yl +B1) . (42)

é’yQ + ﬁ'y2

where A, ky >0and 0 < oy < 1.

As mentioned before, the AOA is an virtual control
variable. According to the time-scale separation principle,
in series system, like the altitude subsystem, the tracking
errors of the inner-loop is assumed as zero when designing
the outer-loop controller. Differentiating (41) yields

; ;0 . ey e~
2y, =0, — aﬁ; [sﬁfzﬂ, + M+ kY A s&gn(’y)} . (43)
The I&I adaptive law is selected as
B 0 . ey e x
6, = 220 (A5 + ks 517 sign(9)
o L@
813')’ = @
a;;/ YEY

where r, = diag [ry1110x10, 2] and 71,742 > 0. Substi-
tuting (44) into (43), the dynamics of the estimation errors
are written as

2y = —1, B, P 2, (45)

With the controllers (40) and (42), the tracking errors h and
4 reach zero in finite-time. And slgz7 is asymptotic stable.

By now, the design of the entire adaptive 1&I TSMC
system is accomplished. It has been demonstrated that every
subsystem is finite-time stable and there is no coupling
between each other, thus the whole control system is finite-
time stable.

IV. SIMULATION

Simulation experiments are conducted to verify the control
system designed in Section III. The initial conditions are
set as [12]. To increase fidelity, the dynamic characteristics
of actuators are taken into account [12]. The reference
commands are set as step signals, which will be filtered
by second-order prefilters [6], in velocity and altitude with
amplitude of 2153.6 ft/s and 15000 ft respectively, which is
a relatively aggressive maneuver.

Two representative simulations are studied here. One is
conducted on the nominal model, namely without parameter
uncertainty, to validate the tracking performance of the
control system. The other is performed with significant
parameter uncertainty to assess the robustness. The results of
the first simulation are shown in Figs. 2 ~ 5. Fig. 2 illustrates
the velocity and altitude tracking errors reach zero fast and
accurately, which indicates the proposed adaptive 1&I TSMC
has good tracking performance. Fig. 3 shows the PFA and
AOA could track the respective virtual control inputs well.
The response of flexible modes and actuators are shown in
Fig. 4 which indicates the flexible modes are stable. And
the control outputs not only meet the amplitude and rate
constraints set up before, but also are continuous and smooth
without saturation. So the designed controllers are physically
feasible. Fig. 5 shows the 1&I adaptive estimators are stable
and convergent to zero.

0 200 400

& A b o n

0 200 400
Time (s)

0 200 400
Time (s)

Altitude Tracking Error (ft) Velocity Tracking Error (ft/s)

Fig. 2. Response of the velocity and altitude

f

S
d

FPA Tracking Error (deg)

0 200

reference

°

AOA Tracking Error (deg)
b L e - om

200 400
Time (s)

Fig. 3. Response of the FPA and AOA
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Flexible Modes (ft/slugs®®)

N

100 200 300 400

Time Derivative of
Flexible Modes (ft/slugs®®)

5
0 100 200 300 400 0 100 200 300 400
Time (s) Time (s)

Fig. 4. Response of flexible modes and actuators

0 50 100 15 200 250 300 350 400
Time (s)

Fig. 5. Response of the adaptive terms

The second simulation results are listed as Fig. 6~7. Here
a uncertain condition of AC;, = ACtr = —40% and ACp =
ACy = 40% are considered, which means a 40% decrease
in the lift and thrust while a 40% increase in the drag and
pitch moment. Note it’s a quite tough situation for flight
control. Compared to the first case, there is little degradation
of the tracking performance. In Fig. 6, tracking performance
of the velocity and altitude is still fast and accurate, and
their initial tracking errors are only slightly bigger than Fig.
2. The intermediate variables and flexible modes are stable
shown by Fig. 7.

Velocity Tracking Error (ft/s)

0 100 200 300 400

-10

Altitude Tracking Error (ft)

0 100 200
Time (s) Time (s)

300 400 0 100 200 300 400

Fig. 6. Response of the velocity and altitude with uncertainty

= 1

> PA
g

=05

<

o

i

5
0 100 200 300 400 0

FPA Tracking Error (deg)

reference.

3

AOA (deg)
-
y
\!
:
AOA Tracking Error (deg)

0
0 100 200 300 400 100 200 300 400
Time (s) Time (s)

Fig. 7. Response of the FPA and AOA with uncertainty

V. CONCLUSIONS

In this paper, a continuous adaptive I1&I TSMC system is
designed for AHVs to achieve finite-time stability of states
with parameter uncertainty. The control system, a combi-
nation of adaptive I&I theory and terminal sliding mode
control methodology, is characterized by structured design
procedure, strong robustness to disturbance and parametric
uncertainty and finite-time convergence of states. To begin
with, the AHV model is decomposed into several first-order
and second-order subsystems by backstepping and time-scale
separation principle. Then, for each first-order subsystem, a
fast TSM controller combined with I1&I adaptive estimator
is designed to make the finite-time tracking a reality. For
the second-order subsystem, an adaptive 1&I non-singular
TSM controller is designed. Last, simulation results indicate
the fast and accurate tracking performance of the designed
control system in the present of parameter uncertainty.
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