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Abstract - Integral sliding mode approach is extended to arbitrary-order sliding modes. As a result
any high-order sliding-mode transient dynamics can be chosen, the transient time can be prescribed
in advance as a function of initial conditions. The resulting controller is robust and capable to
control the output of any smooth uncertain SISO system of a known permanent relative degree. The
control smoothness can be deliberately increased without loss of convergence.
Index Terms- high-order diding mode, robustness, output feedback control, finite-time stability
[. Introduction

Sliding modes are used to control uncertain systems keeping a properly chosen constraint by
means of high-frequency control switching. Let the constraint be given by the equation s = 0, where
s is the output of an uncertain single-input-single-output (SISO) dynamic system. Then the

standard sliding-mode control of the form u = - ksign s solves the problem, if the relative degreeis

1, i.e if § explicitly depends on the control u and k %ﬁ > 0. Featuring robustness and high

accuracy [6, 28], the standard sliding mode usage is however restricted due to the chattering effect
caused by the control switching [9, 10], and the necessity of the relative degree to be 1.

A number of approaches [27, 11] were developed to withstand the dangerous chattering effect.
High-order sliding mode (HOSM) approach suggests to treat the input u of the system as a new state
variable, using its time derivative @ as a new control [2, 16, 5], thus increasing the relative degree

and hiding the switching in the control derivative. HOSM [16, 19, 20] is applicable with arbitrary

relative degree r, i.e. when u explicitly appears for the first time in s and %s(” is separated

! The main results of this paper were presented at the Scientific Workshop V'SS 2004 [16].
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from zero. The corresponding finite-time-convergent controllers (r-sliding controllers) [17, 19, 20]
produce control being a bounded discontinuous function of s and its real-time-cal culated successive

S (r-1)

derivatives 8 , &, .., . The control is predefined for any r, and provides in finite time for

keeping the equalitiess = ¢ = ...=s"™

= 0 (the r-diding mode [16-20]). The lacking derivatives
can be produced by the recently proposed robust exact finite-time-convergent differentiators [13, 17,
19, 24, 25] generating output-feedback controllers [17, 19, 20, 21]. The approach provides aso for
higher accuracy with discrete sampling [15, 19].

Some redlization problems of higher-order sliding modes are caused by the complicated structure
of the transient process, which is difficult to monitor with r > 2 [8, 15, 19, 21, 22]. Another specific
problem concerns the above smoothing-control procedure, which supposes the control derivative to
be treated as a new control. Due to the control interaction any applied (r + 1)-diding controller is
effective only in some vicinity of the (r + 1)-sliding modes = § = .. = s” = 0. The global
convergence is so far assured only for the transfer from r = 1 to r = 2 by a suitable controller
modification [16].

The above issues can be resolved eliminating the transient process. The corresponding technique
is known for the (standard) 1-sliding mode, is called integral sliding mode and has a lot of
successful applications [29, 30]. The idea is to construct such a smooth function S(t, x) of the
relative degree 1, which equals zero at the initial point, and provides for the solution of the original
problem, if S(t, X) © 0 is kept. Contrary to that approach its r-sliding generalization proposed in the
paper, introduces the function S of the relative degree r and the equality S(t, X) © 0 iskept in ther-
dliding mode. As a result, any transient dynamics can be prescribed to HOSM, the transient time
can be chosen as a function of initial conditions. The semi-global convergence is assured when the
control smoothnessisrisen artificially increasing the relative degree.

I1. The problem statement and theintegral r-sliding mode conception

Consider adynamic system of the form



¥ = a(tx) + b(txu, s =s(t,Xx), (1)
wherex1 R", a, bands: R™ ® R are unknown smooth functions, uT R, n can be also uncertain.
The task is to establish and keep the equality s = 0. All differential equations are understood in the
Filippov sense [ 7], which means that discontinuous dynamicsis acceptable.

The relative degree r of the system is assumed to be constant and known, which means [12] that
the control appearsfirst time explicitly in the rth total time derivative of s and

s =h(tx) +gtxu, )

Q)

where h(t,x) =s (r)|u=0, g(t,x) =4 s are some unknown functions. It is supposed that

Q]

0<Knt Ls“£Ky, sl lEC ©

for some K, Ky, C > 0. Tragectories of (2) are assumed infinitely extendible in time for any
L ebesgue-measurable bounded control u(t, X). It is not required, but often needed in practice that the
system be weakly minimum phase.

The above problem statement is standard and is solved by known r-sliding controllers [19 - 22]

u=ay,(s, $, .., s(r'l)), (5)

which actually solve the problem for the differential inclusion s”1 [- C, C] + [K.,, Ky,]u instead of
(2), (3). Here Y, is a bounded discontinuous function. Only the control gain a > 0 needs to be
adjusted for the concrete values of C, K, Ky, providing for the finite-time convergence of the
inclusion trajectories to zero.

Suppose that it is needed to avoid the uncertainty of the transient process, and/or some transient
time restrictions or maximal admissible values of the coordinates during the transient are required.

Let these requirements be fulfilled by atransient trgjectory s(t, x(t)) =j (t), which means that

j (t)=st), E(t)=8t) .. j t)=s""

(to), j®)=0 witht3 t, (6)
where t, and t; > t, are respectively theinitial and the final times. Alternatively, some dynamics

s"=2" =v@z 1,..27) Pt)=5"). i=0,..r-1 (7)
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can be required. Here and further, for the sake of brevity, s(t) is written instead of s(t, x(t))
whenever the ambiguity is avoided.

Standard integral sliding mode. A stable polynomia mi™* + d, M + ... + d,, is chosen, and the

(r-1) . (r-1) r2 . (r-2)
- -] )+

auxiliary function S=s +d; (s .. +d_ (s -j)isintroduced. Alternatively,
S=s" Vg, P-4 .. +d., (s - 2, if (7) isto be maintained. The problem is solved
by means of the 1-dliding-mode control u = -k(t, X) sign S. Theoretically, the equality S = 0 is kept
from the very beginning and forever. In practice, nevertheless, any initial measurement error will
lead to asymptotic convergence only. Moreover, the control inevitably depends on all derivatives of
s and is, therefore, not bounded. The final accuracy is proportional to the sampling timeinterval [].
Integral r-sliding mode. Let | (r'l)(t) be a Lipschitz function, then amost everywhere it has a
globally bounded derivative | (r)(t), and the new output S(t, X) = s(t, X) - j (t) satisfies conditions (2),
(3) with some changed constants K,,,, Ky, C > 0. Alternatively, S = s - zis taken, if (7) is to be
maintained with any globally bounded function V. Thus, S © 0 can be kept by the controller u =
aY (S, & .. S(r'l)), and the considered problem is solved by means of a globally bounded control.
Due to the finite-time convergence of the controller, any small initial measurement error is
practically immediately compensated. The accuracy |s(i) - (i)| £g ™ s provided, t being the
sampling timeinterval,i =0, ...,r - 1[].

The lacking derivatives of s can be calculated on-line by means of the robust exact
differentiators [13, 19, 24, 25] with finite-time convergence. Since they require the boundedness of
s(r), their convergence is global in the case of the bounded r-dliding control, and the inequalities of
the form |S(i)| £m """ are assured with the sampling noise of the magnitude e [21]. Only loca
convergence takes place in the case of the above standard integral-sliding-mode approach.

I11. Applications of high-order integral sliding modes

Transient time assignment for r-sliding mode. Introduce few notions to be used further. Denote



§=(5,8,..,s")", ds=(k's k¢, ks")"
The linear transformation d,: R ® R iscaled the homogeneity dilation [1]. A function f(S) is
caled r-sliding homogeneous with the homogeneity degree (weight) m if the identity f(d, $) =
kmf(é) holds for any s and any positive k. Controller (5) is called r-sliding homogeneous [20] if
theidentity Y,($)=Y,(d,S) holds for any § and any positive k. In other words, Y,($) is a
homogeneous function of the weight O.

Let the (r-1)-smooth function j (t) satisfying (6) be represented in the form

=00, fO=cralt-t) . toat-t) ®
Parameters ¢; are now to be found from the conditions (6), (7) after t; is assigned. As a result, the
functionj turns out to be afunction of t and initial conditions é(to) . Obvioudly, any constant value
of the transient time t; - t, requires unacceptably large control values in order to steer the trajectory
to the r-dsliding mode from far distanced initial values and leads to very low convergence rate if
é(to) is close to zero. Thus, let t; - t, be a continuous positive-definite r-sliding homogeneous
function of theinitial conditions é(to) of the degree 1, i.e.

t-to=T(S(ty)), "k>0 T(dS)° kT($). (9)
In particular, the choice t; - t, = T(5(ty)) =1 (Is(to)l ™+ 18 (to)] "+ ... + s ) ") is valid,
where p isthe least common multipleof 1, 2, ...,r,and | >0.
Theorem 1. Conditions (6), (8), (9) define a unique function j (t, é(to)). With sufficiently large a

the controller

N . I
u=aY,s §,... s, s x= 1s(t,X) - (t,S(to)), to ELEL;

" 1s(tx), tst (10)

establishes the globally finite-time-stable r-sliding mode s °© 0 with the transient time (9). The

equality s(t, x(t)) =] (t, é(to)) is kept during the transient process.



Proof. The Theorem actually means that the parameter a can be taken independently of the initial

conditions, which follows from the global boundedness of the function ﬁﬂtr?j (t,sr). The proof is

based on afew Lemmas.

Lemma L. Thefractionss™/T™(4),i=0, ..., r, are uniformly bounded for all $1 R’

Proof. Consider the values of the function x($) = s /1™ on the homogeneous sphere W = { $

[T(S) = 1}. Obviously W is a closed set. Its boundedness follows from the continuity and
homogeneity of T($ ), and from the equality T(0) = 0. Thus W is compact, which implies the
boundedness of the continuous function x(s ) on W. The function x($ ) has the homogeneity degree
0, which means that it is invariant with respect to the dilation (13), i.e. x(d,S ) © x($) is kept for
any k > 0. Since there is always m> 0 such that T(d,,$ ) = 1, the function x(s$ ) is globally bounded.
n

Differentiating (8) obtain

. [o] - i .
i = —(t-t) £ =0, ...
,-6:10 jpat-it

Let T(S(t)) be the right-hand side of (13), and §(tp) * 0. Denote F; = f "(tg) = ilc,. Taking t =

obtain from (6)

r! L i
(- TD"ME, i=0,..,1. (11)

Lemma 2. Equations (11) can be solved for F; = Fi(é(to)). The functions F; ($) are r-dliding

homogeneous of the degree - i, and the expressions |F; (S )Ti( $ ) | are uniformly bounded.

Proof. Solving the equations for F;, obtain that F; can be found recursively as
Fo=(-T)"s(to),
- -1
Fi=(T)'[8(t)-r (T Fol, ...



ISl 1l u
Fi=(T)"' (I)(t) = (-T)" I+JF a,1=0,..,r-1,
,8:‘0 Jz(r-lﬂ)' '

F, =0.
Thus, equations (11) are satisfied by some functions F;(S ) continuos everywhere except the origin
$ = 0. Applying the homogeneity dilation and taking into account that s and T are homogeneous
functions of the weight r - i and 1 respectively, obtain that Fj(é) are a'so homogeneous of the
weight - j. Due to the continuity of F,(S ) on the compact set T = 1 obtain the global boundedness
of the homogeneous function F; ($ )T i(é ) of the weight O (see the proof of Lemmal). n

Lemma 3. Conditions (6), (8), (9) define a unique function j (t, é(to)), such that the expressions

i O, 8t)) T (8(t0)) are globally uniformly bounded with t, £ t £ t.(8(ty)), i = O,

Functions | (i)(t, $) are homogeneous functions of the weight r - i with respect to the extended
homogeneity dilation d: (t, $) a (kt, d,$).

Proof. Asfollows from the Taylor formula

@0 _ t-t (t-'[)r"'l o .0 o
£, $(tg)) = F +Fy 10+ +F_1ﬁ,|—0,...,r-l, (t, $(t))° 0. (12)

By virtue of the trivial inequality |t - to/T £ 1 and Lemma 2, changing i to j, obtain that
f G)(t, é(to))T'j(é(to)) are uniformly bounded witht-t, <Tandj =0, ..., r. Asfollows now from
the formula

9, 8= & Jg(lr—irj)l('T(Sr(to)))r'i”f(j)(t,g(to)), =0t (13
j=0 '

(.) (r-i)

(t, s(to))lshomogeneousandj (t, é(to))T (s(to))lsglobally bounded. n

The Theorem follows now from Lemma 3 withi=r. n

The calculations of the coefficients F;( S (tp)) areeasily performed by computer in real time at the

moment t,. Afterwards, the real-time calculation of | (r)(t, é(to)) is performed according to (12),



(13). The corresponding formulas are listed in the simulation Section for r = 4.
Suppose that sampling noises are present being bounded L ebesgue-measurable functions of time

of any nature, and sampling is carried out with some sampling intervals. Suppose that the noise
. 0] (r-2)/r (r-1)/r
magnitudes of the measurements of s, 8, .., s’ do not exceed bye, be 7, ..., be
respectively with some constants by, ..., b;,> 0 and the rest of derivatives be estimated by means of
the (r - th order differentiator [] with a proper parameter set. Let also sampling intervals not

exceed t = €' > 0. Then, as follows easily from Theorem 2 in [20], under the conditions of

Theorem 1 the inequalities |s| < gt'= g |8 | < gt = g’ ", ... 8" < g.qt = g€ are

established with some positive constants g, ..., ¢.; independent of e > 0.

Rising the control smoothness degree. Choose some integer k > r and consider 4" as a new

control. The new relative degree is k. Introduce the function j satisfying the conditions

j (k-1) (k-1)

(t).] O=-1) (Co+Cult-to) + .G (t-1) ) (14)

(k-1)

j (to) = S(to), . (tO) =S

t-to=T(S(ty), & (t)), .. S (ty), T(S, &, ... 8" )0 T(k's, k™8, .. ks"?), (15

where k >0 and T is continuous and positive definite. Let the bounded feedback control be

(k1) st x)-j (1), thEtEL

(ker)
=aY =
u aY (S, @, , S ':*S(t,X), t>t

), (16)

with arbitrary initial values u(t), ..., u(k'r'l)( t,), where Y, is a finite-time convergent r-sliding

homogeneous controller.
Define the smooth function ug(t, X) = - h(t, X)/g(t, X) from (2) and the condition s"” = 0. Denote
by z(t, x) the (k-r)th total derivative of ug(t, X) with respect to the equation
X = a(t,x) + b(t,X) Ugy(t, X).

Theorem 2. Let the initial conditions t,, X(ty), u(ty), ..., u(k'r'l)( ty) belong to some compact set in

n+k-r+1

R and z(t, x) be uniformly bounded. Then with sufficiently large a controller (16) establishes

the k-diding mode s ° 0 with the transient time (15). The equality s(t, x(t)) =j (t, é(to)) is kept



during the transient process.

Proof. Differentiating (2) obtain

“) g o an

9= ﬁ(t, X U, ..., U
where h can be expressed using the Lie derivatives and is, therefore, a difference between a smooth
function and the uniformly bounded function j “(t, §(to)), to £ t £ t(S(ty)). The motions in the k-
sliding mode S © 0O are described by the replacement of the new control x = Tl by its equivalent
value

W = x, =- h(t XU, .. u(k'r'l))/g(t, X).
From the equation s® = 0 obtain that the k-dlidi ng motion S = 0 implies the equality u = Geq (t, X),

where

O, (1) = | Ve (620 +] D50 9t X(W), to E1EL (S(t0))
f Ueg (1), t>11(S(to))

Differentiating k - r - 1 times the equation S = 0 obtain that
Xeq = U5 " (1, X),
where G " is the (k-r)th total derivative of Uy, with respect to the equation
X = a(t,x) + b(tx) Ug (t, X). (18)
The points of the trajectories of

% = a(t,x) + b{tX)u, u = G0 (¢, %)

starting from the given compact set W of initial values with mVLn thEtE mvex tf(é(to)) form a

u(k—r-l)

compact set F in the space t, x, u, ..., [7]. Let F be some compact set containing F in its

interior, C = Km max {sup [z(t, X)+1, max | X[} . Then, due to (18), inequalities |ﬁ| £ Cand Kn £
F

g £ K, hold on the trajectories of (1), (16), which provides for the local k-sliding convergence [19]



with a large enough. n

As follows from the Theorem, the problem of the interaction between the control and its
derivatives is solved here. Indeed, due to the transient absence, control and its derivatives track the

smooth function Geq

and its successive total time derivatives calculated with respect to the
corresponding zero-dynamics system.
V. Simulation example
Consider a variable-length pendulum control problem. Friction is assumed absent. All motions
are restricted to some vertical plane. A load of known mass m is moving aong the pendulum rod
(Fig. 1). Itsdistance from O equals R(t) and is not measured. An engine transmits a torque w, which
Is considered as control. The task is to track some function x; given in real time by the angular

coordinate x of the rod.

The system is described by the equations

R 1 1
£ =-2 —k-g=Snx+——=w, W= u. 19
R 9R mR?2 (19)

where g = 9.81 is the gravitational constant, m= 1. Let R, &, B, %. and &, be bounded, R be
separated from 0, s =x- X, 8 = X - ¥ be available. The initia conditions are x(0) = %(0) = O.

The natural relative degree of the system is 2, but it is artificidlly raised to 4, using W= u as the
new control, in order to avoid dangerous control switching.

Let w(0) = Ww(0) = 0. Since &|, linearly depends on X%, it is not uniformly bounded.
Nevertheless all requirements of the Theorems are satisfied in any bounded vicinity of the origin x =
% = 0, which provides for the local application of the method [20]. Following are the functions R
and x. considered in the simulation:

R=1+025sn4t+0.5cost, Xx,=05sn0.5t+0.5cost.

While parameters of the controllers demonstrated further may be evaluated with respect to the

10



above-mentioned restrictions on unknown functions R(t), x.(t), their derivatives and some chosen
bound on %, they are usually excessively large in this case. The best way is to tune the parameters
during simulation. Surely, the controlled class is somewhat smaller, but it still allows significant
disturbances of the considered realizations of R and x..

The transient dynamics is chosen according to (6), (8) - (9):

12,1712

J (= (t-1)°(Co+ Calt - to) + Cot - 1) + Ca(t - 1)), T =t - to =1 (Ispto) +Su(to) +| St +ss(te) )

=T =) T +4st) T, C=[slt) T +85t) T~ +20s(tg) T71/2
Cs = [S:(to)T 12 8,(to)T~ + 60 5y(tg) T+ 120 (t) T /6.
Here s, S, are some noisy measured values of s and $, s,, s; are the outputs of the 2nd-order
differentiator estimating & , & respectively. The above parameters of the function j are calculated
at the moment t, chosen to provide sufficient time for the differentiator convergence. Function |
and its derivatives are calculated further analytically according to (13). The output-feedback
controller takes now the form

i0  withtl [ty,t;] i
X(t) = . L VT
1 (1) withtl [to,t] 1

0 witht<t,
aYs(s- %5 - %5 - & 55- % withtl [to,t,]"

where the function Y, is to be defined further. The 2nd-order finite-time convergent differentiator

[19] suppliesestimatesof s, § , &, &:

¥ =, v =-2L1" y-5|” signy-s) +s,
&=V,  %=-15L" |g-vil sign(e-v) +s,
8;=-11LSign(s;- Vo).
Here L is to be larger than sup|s(4)|, which exists due to Theorem 4, y is an auxiliary variable

approximating 8 . Theinitia values of the differentiator are taken y(0) = s,(0), s,(0) = s5(0) = 0.

Denotez =5 - x(i), i =0, 1, 2, 3. The 4-diding homogeneous quasi-continuous controller [22]

11



3/4,-1/3 34 34,213, -1/2
Hy =2, + 3[|z| +(zil + 05lzol” ) 12+ 05 2ol ‘Sign Zol] [1z2] +(1 za] + 0.5z )] 7,

Ho= |2z + 3l + (|2l + 051z ) 17", u=aYu(z, 2,2, 2) =- Hy/ H,.

was considered. It is continuous (or can be redefined according to continuity) everywhere except the
set 2y = 2, = 2, = 3 = 0 [22]. The parameters which are still lacking are taken asfollows: a =70, L
= 300, tp = 1. The convergence-time parameter | takes on values 2, 4, 6.

The integration was carried out according to the Euler method (the only reliable method with
discontinuous dynamics). The 4-dliding deviationsfor | = 2, 6, the tracking performance, the torque
and the differentiator convergence in the absence of output noises with | = 2 are shown in Fig. 1.
The accuracies |s| £ 8420, |§ | £ 2720, |&| £ 2.040", |&| £ 0.0036 were obtained with the
sampling stept = 10°, It is seen that the accurate differentiation is ensured a ready with t = 0.15.

Check now the robustness of the method. The accuracies changed to |s| £ 4.4>§_O'4, |8 |£ 2.8>§_0'3,
|&|£ 0.054, |&| £ 1.7 witht = 0.005 (Fig. 2). The tracking accuracy |s| £ 0.013 was obtained with
t = 10" in the presence of non-smooth non-centered noises with the same magnitude e = 0.01, the
accuracy |s| £ 0.052 was obtained with t = 0.005, e = 0.01 (Fig. 2). The graph of the torque w(t)
shows that, while noises and discrete sampling lead to the loss of accuracy, no significant chattering
is observed. The results practically do not depend on the noise frequencies.

Following are the simulation results of the plain controllers [13, 15] given for the comparison of
transient processes. In the absence of output noises the tracking accuracies |s| £ 6.8>§_O'13, 8| £
5840 |&| £ 1.920°, |&| £ 0.013 were attained after application of the quasi-siding controller
withl =2 (Fig. 3) and t = 10°. Similar accuracies were obtained in al cases. The nested-dlidi ng-
mode controller is dlightly less precise. In particular, the tracking accuracies [s| £ 2.0>§_O'12, 8| £

1.340°, |8|£ 2.320° |&| £ 0.016 were attained after application of the standard controller with

| =2andt = 10~
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VII. Conclusions
The integral diding mode approach allows to prescribe any needed transient dynamics to high-
order dliding-mode systems. In particular, any positive definite r-sliding homogeneous function of
initial conditions in the space of the output and its derivatives can be realized as a settling-time
function. The same approach allows to solve the long-lasting problem of the control interaction in
the control smoothing based on the artificia increase of the relative degree. A robust output-

feedback controller is obtained when combined with robust exact differentiator.

W) XA
R(Y) 0 ,
Pendulum A =2: Tracking
30, C.F, 6, o W
1 t O ¢
NN 5 10 1 ’ 10
=2 ’ A =2: Torque
3 G) 69 67 '6 14 S
/
; t ol t
N = 5 10 ] i
3 A=6 " A =2: Differentiation

Fig. 1. 4-dliding pendulum control and transient adjustment
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: .
VAWANIATA
S ‘5t MYV lst
1 -8
T=10", £€=0.01 T=0.005, €=0.01

Fig. 2: Performance with various values of the noise amplitude e and sampling step t
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Fig. 3. Straight-forward 4-dliding pendulum control
References
[1] A. Bacciotti, and L. Rosier, Liapunov functions and stability in control theory, Lecture notes in
control and inf. sc. 267, Springer Verlag, London, 2001.
[2] G. Bartolini, A. Pisano, E. Punta, E. Usai, A survey of applications of second-order dliding
mode control to mechanical systems. International Journal of Control, 76(9/10), 875-892, 2003.

[3] I. Boiko, L. Fridman, Analysis of chattering in continuous sliding-mode controllers, 1EEE

15



Trans. Automat. Control, 50(9), 1442- 1446, 2005.

[4] F. Castacos and L. Fridman, Analysis and design of integral sliding manifolds for systems with
unmatched perturbations, IEEE Trans. Automat. Control, 51(5) , 853-858, 2006.

[5] C. Edwards, S. K. Spurgeon. Sliding Mode Control: Theory and Applications, Taylor &
Francis, 1998.

[6] A.F. Filippov. Differential Equations with Discontinuous Right-Hand Sde, Kluwer, Dordrecht,
the Netherlands, 1988.

[7] T. Hoquet, J.-P. Barbot, and W. Perruquetti, “Higher-order sliding mode stabilization for a
class of nonholonomic perturbed systems’, Automatica, 39, 1077 —1083, 2003.

[8] K. Furuta, Y. Pan, Variable structure control with sliding sector. Automatica, 36, 211-228,
2000.

[9] A. Isidori. Nonlinear Control Systems, second edition, Springer Verlag, New Y ork, 1989.

[10] S. Laghrouche, F. Plestan and A. Glumineau, Higher order sliding mode control based on
optimal linear quadratic control, in Proc. of the European Control Conference ECC 2003,
University of Cambridge, UK, 1 —4 September, 2003.

[11] A. Levant (L.V. Levantovsky). Sliding order and dliding accuracy in sliding mode control,
International Journal of Control, 58(6), 1247-1263, 1993.

[12] A. Levant, A. Pridor, R.Gitizadeh, .Y aesh, J. Z. Ben-Asher. Aircraft pitch control via second-
order diding technique, AIAA Journal of Guidance, Control and Dynamics, 23(4), 586--594,
2000.

[13] A. Levant, Higher-order diding modes, differentiation and output-feedback control,
International Journal of Control, 76 (9/10), pp. 924-941, 2003.

[14] A. Levant, Homogeneity approach to high-order sliding mode design, Automatica, 41(5), 823-
830, 2005

[15] A. Levant, Quasi-continuous high-order dliding-mode controllers. IEEE Transactions on

16



Automatic Control, scheduled for publication in November, 2005.

[16] A. Levant, L. Aldishvili, Transient adjustment of high-order sliding modes. in Proc. of the 7th
Scientific Workshop “Variable Structure Systems VSS2004”, Vilanova, Spain, September 6-8,
2004

[17] Y.B. Shtessdl, I.A. Shkolnikov, Aeronautical and space vehicle control in dynamic dliding
manifolds. International Journal of Control, 76(9/10), 1000 - 1017, 2003.

[18] H. Sira-Ramirez, Dynamic Second-Order Sliding Mode Control of the Hovercraft Vessdl.
|EEE Transactions On Control Systems Technology, 10(6), 860-865, 2002.

[19] J.-J. E. Slotine, W. Li, Applied Nonlinear Control, Prentice-Hall Inc. , London, 1991.

[20] V. I. Utkin, J. Guldner, J. Shi, Siding mode control in electro-mechanical systems,

Taylor& Francis, London, 1999

17



