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SUMMARY

The control design problem for finite-time and fixed-time stabilization of linear multi-input system with
nonlinear uncertainties and disturbances is considered. The control design algorithm based on block
decomposition and Implicit Lyapunov Function (ILF) technique is developed. The robustness properties
of the obtained control laws with respect to matched and unmatched uncertainties and disturbances are
studied. Procedures for tuning of control parameters are presented in the form of Linear Matrix Inequalities
(LMI). Aspects of practical implementation of developed algorithms are discussed. Theoretical results are
supported by numerical simulations. Copyright ©) 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The quality of any control algorithm is always estimated by different performance indexes
such as robustness with respect to disturbances, time optimality of transient motions, energetic
effectiveness, etc. So, theoretically the design of a “good” control law is a multi-objective
optimization problem. The mentioned criteria frequently contradict to each other. For example, time
optimal (bang-bang) control is not robust and vice versa. From practical point of view, an optimality
criterion can be relaxed or simply replaced with an alternative one. For instance, instead of minimum
time control design the papers [1, 2, 3, 4, 5, 6] study the problem of non-asymptotic stabilization,
when the convergence time is not minimal, but surely bounded by some predefined value.
Finite-time stabilization [1], [4], [7] is important if the transition time of the control system has to
be specified in advance, for example, control of walking robot in between two impacts or the robot
catching a “flying” ball. Control algorithms for finite-time stabilization of a chain of integrators are
presented in different papers [3], [8], [S]. However, the tuning of control parameters of the proposed
algorithms is complicated. This paper develops the methods of robust non-asymptotic (finite-time
and fixed-time) stabilization of linear multi-input systems. One of the advantages of the control
algorithms to be proposed is simplicity of tuning of control parameters using the LMI technique.
Fixed-time stability [6] assumes that convergence time of a finite-time stable system is bounded
by some fixed number independently of the initial condition. The fixed-time approach helps to
design a control law, which prescribes a transition time independently of operation domain. In
practice, when maximum magnitude of the input is bounded, this control guarantees fixed-time
stability property only locally. However, in contrast to other techniques the variation of operation
domain in this case does not require re-tuning of the control parameters in order to preserve the
convergence time. This paper also shows that fixed-time stability provides additional robustness
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properties to the closed-loop system. The property, which is called today by fixed-time stability,
was initially discovered in the context of locally homogeneous systems [9]. The application of this
ideas to fixed-time differentiator design are presented in [10].

Homogeneity is a very useful property for finite-time stability analysis of control systems [11],
[12], [8], [13], [5]. Particularly, if an asymptotically stable system is homogeneous of negative
degree, then it is finite-time stable. However, even if a structure of homogeneous control is defined,
then anyway a procedure for selection of control parameters has to be developed in order to
guarantee, at least, asymptotic stability of a closed-loop system. Tuning of the convergence time
is also very important for practical applications.

Lyapunov function method is the main approach to stability analysis and nonlinear control design.
In this paper Implicit Lyapunov Function (ILF) method [14, 15, 16, 17] is applied for robust finite-
time and fixed-time stabilization of linear multi-input plants. The ILF with ellipsoidal level sets
is introduced using weighted homogeneity approach [18], [19], [20]. The paper develops the new
control algorithms, which guarantee finite-time and fixed-time stabilization of linear MIMO system
and reject bounded matched and “vanishing” unmatched disturbances of a certain type. The LMI
representation of stability conditions are provided for simplicity of tuning of the control parameters.
Weighted homogeneity and local homogeneity of the closed-loop systems is proven in order to
expand the known Input-to-State Stability (ISS) results [21] to the obtained control systems. The
paper also presents the proofs of theorems on the high-order sliding mode control design using ILF
approach, which were announced in [22].

The sampled-time realization of fixed-time control algorithms can be complicated due to possible
instability of the classical Eurler discretization scheme [23]. The ILF approach allows us to
overcome this difficulty. The implicit Lyapunov function analysis implies an implicit definition of
the control law that requires a special algorithm of practical implementations. By this reason the
paper discusses the sampled-time realization of ILF control for linear system that admits on-line
variation of feedback gains. The robustness of the presented scheme of ILF-control implementation
is proven for an arbitrary sampling step.

The paper is organized as follows. The next section introduces the problem statement and the
basic assumptions. Section III considers some preliminaries such as finite-time stability, weighted
homogeneity and ILF method for finite-time and fixed-time stability analysis. After that the
control design algorithm is presented. It is realized through several steps: decomposition into block
controllability form [24] and finite-time (or fixed-time) ILF control design. Robustness issues of the
developed control scheme are also studied in this section. Section IV discusses aspects of practical
implementation of ILF control algorithms. Finally, simulation results and concluding remarks are
presented.

Notation: R is the set of real numbers; R, = {x € R : z > 0}; ||z|| denotes the Euclidian norm
of the vector x € R"; range(B) is the column space of the matrix B € R"*™; diag{ A1, ..., A\, } is a
diagonal matrix with elements )\;; the order relation P > 0(< 0,> 0,< 0) for P € R™*™ means that
P is symmetric and positive (negative) definite (semidefinite); if P > 0 then the matrix P'/? := B
is such that B? = P; Apax(P) and A\, (P) denote maximum and minimum eigenvalues of the
symmetric matrix P € R™*™; a continuous function ¢ : R, — R belongs to the class K if it is
monotone increasing and o(s) — +0 as s — +0; rown (V) is the number of rows of a matrix W;
null(W) denotes the matrix that has the columns defining an orthonormal basis of the null space of
the matrix W.

2. PROBLEM STATEMENT

Consider the control system
&(t) = Az(t) + Bu(t) + d(t, z(t)), (1)

where x € R" is the state vector, u € R™ is the vector of control inputs, A € R™*" is the system
matrix, B € R™*™ is the matrix of control gains and the function d : R x R™ — R™ describes
exogenous disturbances and uncertainties (e.g. uncertain nonlinearities of the system).
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ROBUST STABILIZATION OF MIMO SYSTEMS IN A FINITE/FIXED TIME 3

It is assumed that the matrices A and B are known, rank(B) = m < n and the pair (A, B) is
controllable; the whole state vector  can be measured and utilized for feedback control design.
In order to include into consideration the case of discontinuous function d, Filippov theory of
differential equations with discontinuous right-hand sides is applied.

The control aim is to stabilize the origin of the system (1) in a finite time or in a fixed time
independently of the initial condition. In addition, the control has to reject disturbances of a certain
type to be specified.

3. PRELIMINARIES

3.1. Asymptotic Stability with Non-Asymptotic Transitions

Consider the system of the form
&= f(t,z), x(0) =z, 2)

where x € R™ is the state vector, f : R, x R™ — R"™ is a nonlinear vector field, which can be
discontinuous with respect to the state variable. In this case the solutions z(t, z() of the system
(2) are understood in the sense of Filippov.

According to Filippov definition [25] an absolutely continuous function xz(t,z() is called a
solution to the Cauchy problem associated to (2) if z(0,z9) = z( and it satisfies the following
differential inclusion

ieK[flit,a)=() () cof(t,z+B@G)\N), 3)

6>0 u(N)=0

where co(NV) defines the convex closure of the set N C R™ and the equality p(N) = 0 means that
the set /N has measure 0.

Assume that the origin is an equilibrium point of the system (2), i.e. 0 € K[f](¢,0) for all
t € R. The paper studies strong uniform stability properties of the system (2). The words “strong
uniform” will be omitted below for shortness and simplicity of the presentation.

Definition 1 ([1], [4], [26])
The origin of system (2) is said to be globally finite-time stable if:

1. Finite-time attractivity: there exists a locally bounded function T : R™ \ {0} — R, such
that for all o € R™\ {0}, any solution z(¢,zo) of the system (2) is defined at least on
[0,T (z0)) and lim x(¢,z0) = 0.

t—)T(:EQ)

2. Lyapunov stability: 36 € K such that ||z (¢, zo)|| < §(||zo]|) for all zp € R™, ¢t € R,..

The function T is called the settling-time function of the system (2).

Definition 2 ([6])
The origin of system (2) is said to be globally fixed-time stable if it is globally finite-time stable
and the settling-time function 7'(z) is bounded, i.e. I nax € Ry : T(20) < Tinax, Vo € R™.

It is worth to stress that the finite-time or fixed-time stability always implies the asymptotic one.

3.2. Homogeneity and Local Homogeneity

Homogeneity [18], [11], [27], [19] is an intrinsic property of an object, which remains consistent
with respect to some scaling: level sets (resp. solutions) are preserved for homogeneous functions
(resp. vector fields).

Let A > 0,7; > 0,i € {1,...,n} then one can define the vector of weights r = (r1,...,7,)" and
the dilation matrix D()\) = diag{\"}?"_;, where A € R, Note that for z = (z1, ...,z,)T € R" we
have D(\)z = (A\"zy, ..., Nz, ..., Ay, T,

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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Definition 3 ([18])
A function g : R® — R (resp. a vector field f : R™ — R") is said to be r-homogeneous of degree m
iff for all A > 0 and for all z € R™ we have g(D(\)z) = \g(z) (resp. f(D(AN)x) = A™D(N) f(x)).

Theorem 4 ([12], Theorem 5.8 and Corollary 5.4)
Let f : R® — R” be defined on R™ and be a continuous r—homogeneous vector field with a negative
degree. If the origin of the system

= f(x) )
is locally asymptotically stable then it is globally finite-time stable.

This theorem remains true for homogeneous differential inclusions [26, 8, 28].

The r-homogeneity property used in Definition 3 is introduced for some » > 0 and all A € R,.
Restricting the set of admissible values for A, the local homogeneity [18], [9], [21] can be
introduced. Let us introduce the following compact set (homogeneous sphere)

Sy ={z eR": ||z|,, = 1}, 3)
where || - ||, represents the r—homogeneous norm of x € R™ defined by:
» o o1
lz|l- = (Je1]™ + ..o 4 a7 + .o 4 Jzp] ™) e (6)

for some p > 0.

Definition 5 ([21])
The function g : R™ — R, ¢(0) = 0 is called (r,\g,go)-homogeneous (r € R, go : R™ — R) if g
is r—homogeneous and /\liH/i A~dog(D(N)x) = go(x) for some dy > 0 and any = € S,.

—

The vector field f : R™ — R™ is called (,\g,fo)-homogeneous (r € R", fo : R" — R")if fyis r—
homogeneous and /\lin/\l A~ D=YN)f(D(\)z) = fo(x) for some dy > — 1I<Ili£l r; and any x € S,.
—Xo i<n

The uniform convergence of the above limits is assumed for A\g € {0, —i—oo}._

In [9] this definition was introduced for Ao =0 and A9 = +oo (the function g is called
homogeneous in the bi-limit if it is simultaneously (rg,0,9¢9)-homogeneous and (70,400,900 )—
homogeneous), the case A\g = 0 has been also treated in [29, 20, 12, 3]. The theorem below
demonstrates the relation between fixed-time stability and homogeneity in bi-limit.

Theorem 6 ([9], Theorem 2.20 and Corollary 2.24)

Let the vector field f:R™ —R"™ be (19,0, fo)-homogenous with degree dy <0 and
(roo, +00, foo )-homogenous with degree d., > 0. If the system (4) and the systems & = fo(x), & =
foo(x) are globally asymptotically stable, then the system (4) is globally fixed-time stable.

In addition to Theorems 4 and 6 the homogeneity theory provides many other advantages to
analysis and design of nonlinear control system. For instance, some results about Input-to-State
Stability of homogeneous systems can be found in [30, 31, 21].

3.3. Implicit Lyapunov Function Method

The next two theorem present recent extensions of the ILF method to finite-time and fixed-time
stability analysis [17].

Theorem 7

If there exists a continuous function @) : Ry x R™ — R that satisfies the conditions
C1) @Q is continuously differentiable in R, x R™\{0};
C2) for any x € R™\{0} there exist V € R such that Q(V, x) = 0;
CHletQ={(V,z) e Ry x R": Q(V,z) =0} and

lim V=0%, lim [z]|=0, lim V =4o0;
z—0 Vot ||| — o0

(Viz)eQ (V,z)eQ (V,2)eQ
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ROBUST STABILIZATION OF MIMO SYSTEMS IN A FINITE/FIXED TIME 5

C4) the inequality % < Oholds forall V € Ry and x € R™"\{0};
C5) there exist ¢ € Ry and p € (0, 1] such that
9Q(V, x) 9Q(V, x)

sup Sy < VIR (Vix) €
teR, yeK[f](ta) OT ov

then the origin of system (2) is globally finite time stable with the following settling time estimate:
T(z0) < &, where Vj € Ry : Q(Vp, 7o) = 0.

Theorem 7 represents the well-known stability result on finite-time stability (see, for example,
[4]) for implicit definition of Lyapunov function. Indeed, the conditions C/), C2) and C4) guarantee
existence and uniqueness of a positive definite function V' : R™ — R such that Q(V (z), z) = 0 for
all x € R™. The conditions C3) implies that V' (z) — 0 as z — 0 and V() — 400 as  — oo. The

Implicit Function Theorem [32] provides the formula for the partial derivative %—‘; =— [%] - %.

Hence, the conditions C4) and C5) give the estimate of the time derivative V(z) < —cV1—#
implying the finite-time stability [4].

Theorem 8
Let there exist two functions (1 : R; x R®™ — Rand Q2 : Ry x R™ — R that satisfy the conditions
CI1)-C4) of Theorem 7 and

C6) Q1(1,z) = Q2(1,x) for all z € R™\{0};

C7) there exist ¢; € R and p € (0, 1] such that

sup 8Q1(V’$)y < clvl_“an(V’x)
teRy yeK[fl(ta)  OF v
forall V € (0,1] and = € R™\{0} satisfying Q1 (V,z) = 0;
C8) there exist co € R, and v € R, such that
sup aQQ(‘/?x)y S CQV1+V8Q2(V’Z)
teR, ,yeK[f](t,z) Oz oV

forall V' > 1 and x € R™\{0} satisfying Q2(V, z) = 0;
Then the equilibrium point z = 0 of the system (2) is globally fixed-time stable with the global
estimate of the settling time: T'(z) < ﬁ + Cz%,

Below we use these theorems for the finite-time and fixed-time stabilizing feedbacks design.

4. CONTROL DESIGN USING IMPLICIT LYAPUNOV FUNCTION METHOD

4.1. Block Decomposition

Let us initially decompose the original multi-input system (1) to a block form [24]. Below we use
the known block decomposition procedure discussed in [6, 22]. Due to this reason many details are
skipped for simplicity of the presentation.
Let the orthogonal matrices 7; be defined by the following two step algorithm:
Initialization : Ao = A, By =B, Ty =1,,k=0.
Loop: While rank(By,) < rown(Ay) do
1 T LA A B
Apy1 =By A (Bi)',  Bigr = B AxBi, Thy1 = ( B, > , k=k+1,

where B := (null(BY))", By := (null (B))”.
In the paper [6] it was proven that the orthogonal matrix

(T O Ty—1 0 5 0
G‘( 0 I, ) < 0 Iy, )( 0 I, )Tl’ (7)
where w; := n — rown(T;)

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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provides
A Aqg 0 0
Agq Asy  Aos 0
cact=| . .
Apar Apaz o Apara Arak ®)
At Ape o Apeer Ag
GB=(0 0 .. 0 AL, )",

where Ay ;41 = BoBo, Aij € R™"*" n,; = rank(Bk_i), 1,7 =1,2 ...,k and rank(Ai i+1) = n,;.
Recall that the B has full column rank (rank(B) = m). Consequently, Ay 41 is square and
nonsingular. Since rank(A; ;1) = n; = rown(A; ;1) then A; ;1 AT, 41 s invertible and Aj’i =
Al 1 (Ai i1 AT, )71 is the right inverse matrix of A; ;1. Introduce the linear coordinate
transformation s = ®y, s = (s1,...,5x)7, s; € R™, y = (y1, ..., yx)*, y; € R™ by the formulas:

Si = Yi + i, 1= 17277ka

_ L — AT ’ A ' Opi 7l—HA - 9)
Y1 = 0, Pit+l = A 541 Zl ijY;j + Zl Oy, A rjYj | -
j= r= j=

The presented coordinate transformation is linear and nonsingular. The inverse transformation
y = ®~lsis defined as follows:

yi:Si+¢i7 1= 1527"'7ka

Y1 =0, iy =Af (Z 80 Asiyisern — Y Aij(sy + %‘)) :
h=1

Jj=1

For example, if k£ = 3 then the matrix ¢ has the form

Iy, 0 0
b= AIFQAll I 0

na
AS (Ao + ALAY) AR(Ass + AfLANAr) I,

In general case, the transformation ® can be calculated numerically in MATLAB.
Applying the transformation s = ®Gx to the system (1) we obtain

0 Aqs 0 0
0 0 Ay .. 0 )
§ = s+ B'u+d,
~0 ~O } 0 Ali—lk
Agt Ak o A1 Age
where the block Ay, has the same size as A;, B'=®GB=(0 0 .. 0 Al ., )T and
d:=d(t,s) = Gd(t,GTd 's). (10)

Let us select the control law in the form
u= Al (0= Kiins), (11)

where Kiin = ( Api Apa ... Ap—1 Ay, ) and @ € R™ is a nonlinear part of feedback,
which has to be designed in order to guarantee finite-time stability of the origin of the system:

= As+ Bu+d(t,s), (12)

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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ROBUST STABILIZATION OF MIMO SYSTEMS IN A FINITE/FIXED TIME 7

where
0 A O 0
~ 0 0 Ass 0 } .
A= . , B=(0 0 .. 0 I, ) eRv™. (13
0 0 Akp_1s
0 0 0
Remark 9

Feedback linearizable nonlinear systems & = f(x) + G(x)u can also be transformed into the form
(12) (see, for example, [33]).

4.2. Finite-time Stabilization

Introduce the ILF function
Q(V,s):=s'D,(VHPD,.(V1)s -1, (14)

where s = (51, ..., 5)7, 5; € R", V € RY, D,.()\) is the dilation matrix of the form

AL, 0 .. 0
poy=| O Ao 0 er,, (15)
0 w0 AR,

ro=1+(k—-0p, i=1,2,.k,

0 < p<1and P € R" " is a symmetric positive definite matrix, i.e. P = PT > 0. Denote H,:=
diag{r;I,, }¥_,.

Theorem 10 (On finite-time stabilization without perturbations)
If d(t, s) = 0 and the system of matrix inequalities:

A AT > T T —
{AX+XA +BY +Y"BT + H, X + XH, =0 (16)

XH,+H,X>0, X>0 ’
is feasible for some p € (0,1] and X € R™*™, Y € R™*™ then the control of the form (11) with
a=1u(V,s) =VHKD,(V1)s, (17)

where K :=Y X!, V eR, satisfies Q(V,s) =0 and Q is defined by (14) with P := X1,
stabilizes the origin of the system (1) in a finite time and the settling-time function is defined by

"
(o) = ‘%0 (18)

where Vj € Ry : Q(Vp, PGxg) = 0.

Proof

The function Q(V, s) defined by (14) satisfies the conditions CI)-C3) of Theorem 7. Indeed, it is
continuously differentiable for all V' € R, and Vs € R™. Since P > 0 then the following chain of
inequalities

)‘min(P)Hs”2 } S Q(‘/’ 3) + 1< AmaX(P)”SHrz

max{V2+2(k=1u V2 = min{V2+2(k-Dp V2}

implies that for any s € R"\{0} there exist V- € Ry and VT e Ry : Q(V7,s) <0< Q(VT,s).
Moreover, if Q(V, s) = 0 then the same chain of inequalities gives

min{V“Q(’“’l)“,Vz} 2 max{VHz(k*l)“,Vz}
N (P) < [sl” < Noin (P)
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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It follows that the condition C3) of Theorem 7 holds.
Since
0Q

v
then (16) and P := X ! implies H,P + PH, > 0 and % < 0 for VV € R, and s € R™\{0}. So

the condition C4) of Theorem 7 also holds. In this case we have

%(As + Bu) = 25" D,(V Y)Y PD,(V~!)(As + Ba).

~V='"D. (V™Y (H,P+ PH,)D,. (V" ')s,

Taking into account that D,.(V-')AD'(V~1) =V—#A and D, (V-")Bi =V *BKD,(V~')s
we obtain

90 - - L L
8—?(145 + Bu)) =V "D, (V') (P(A+ BK) + (A+ BK)"P) D,(V ™ ")s.

Therefore,

- Q11 oQ , - = s"D.(V ) (P(A4+BK)+(A+BK)"P)D, (V" )s 4

= [av] 5, A+ BU) = ——a5 e prpmon, v sV =

2T(P(A+BK)+(A+BK)"P)z 1 1—
2T(H,P+PH,)z ViR =V,

where z := 2(V, s) = D,(V~1)s and the equality from (16) was used on the last step. O
Remark 11

The practical implementation of the control (17) requires solving of the equation Q(V,s) =0 in
order to obtain V (s). In some cases (for example, k¥ = 2, u = 1), the function V(s) can be found
analytically. In other cases this equation can be solved numerically and on-line during digital
implementation of a control law. A more detailed study of the practical implementation of the ILF
control algorithm is presented in Section 5.

The system of matrix inequalities (16) can be easily solved using LMI toolbox of MATLAB or,
for example, SeDuMi solver. The solution of (16) also can be constructed analytically using the
proof of the next proposition.

Proposition 12
The system of matrix inequalities (16) is feasible for any p € R..

Proof
Let us represent the matrices X, Y in the block form
Xi1 X122 o Xig Xik
X7, Xoo o Xogp—1 Xog—
X = . ,Xl] ERn7xn7,Z7]:172,,]€,
X Xq o Xeoawr Xk
XlTk XlTk—l XkT—lk Xk
Y = ( Y1 Yo .. Yy, Y, ),Yl- e R™>X™ i =1,2,... k.
The algebraic equation from (16) can be equivalently rewritten in the block form
Aii+1Xij;+1 —|—X1‘i+1A;<Ti+1 +2[1+u(k‘—2)]X“ :O, 1= 1,2,...,k‘—1, (19)
AiiiXiprj+ Xij Al + 24+ pk—i— )X =0, j>i=1,2,.,k=1, (20)
Aiini Xiar + 2+ pulk— )X +Y =0,  i=1,2,..,k—1, (21)
2X + Y 4V = 0. (22)
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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ROBUST STABILIZATION OF MIMO SYSTEMS IN A FINITE/FIXED TIME 9

Let X4, :i5; j,:j,) be the block matrix consisting of the blocks X;; with i = i1, +1,...,42 and
Jj=7J1,j1+1,...,j2, where i; <iy and j; < jo. Denote H; = diag{(1 + pk — p)I,,, (1 + pk —
21) gy ooy (L4 pk —ip) Ly, } and Z = X H,, + H, X. Let Z;,.,. ;,.5,) be the block matrix of the
same structure like X(;,.i,; j,:j,) but constructed for the matrix Z. Evidently, we have

Z1:i1;1:0-1) X(1i-1;i:0)Hi
Zi1.1.1) =21 k—1)]X1.1.1. Zi11.4) = ’ {
aain =2+ ulE = UKo, Zasig ( XD e 204 k= )X

Let us construct by induction the solution of the system (19)-(22) such that X > 0 and Z > 0. The
next considerations use the property rank(A;,;11) = n;.

Induction base. Select X1 = a1 1,,, where a; > 0 is an arbitrary positive number. In this case
the equation (19) gives X745 = —a3[1 + p(k — 1)) X, 1AT2A1 2. Since X711 = X(1.1;1.1) > 0 and
Z(1.1;1.1) > O then selecting Xo 2 = agl,, we have X (1.9, 1.2) > 0 and Z (1.9, 1.2) > 0 for sufficiently
large ap > 0. ~

Induction step. Let for some k <k the matrices X7 >0 and Zq ;) >0 be
constructed such that Xj; = a;l,,, a; € Ry. The equation (19) gives X, = —aj[1+ pu(k —
IE)}A;%HA,; i+1 and the equation (20) implies

X, = (i1 X A i=1,2..k

i k+ )AJF

i+1E/ O R k4D
Since X(1;12:;1:12) >0 and Z(1:12;1:ic) > 0 then selecting X ;7. = QjyqIn,,, we will have
X(l:fc+1; LE41) > 0 and Z(l:,;H; V1) > 0 for sufficiently large oz, > 0.
The presented algorithm constructs X > 0 such that Z > 0 and the equations (19), (20) holds. On

the last step (when k= k), selecting Yy, = X} and
V= —(Aii1 Xip1n + 2+ plk — )] Xin)", i=1,2,..,k—1,
we obtain X > 0 and Y satisfying (19)-(22) and the inequality X H,, + H, X > 0. O

Note that the formula (18) provides the exact value of the settling-time.

Remark 13
For 1 € (0,1) the control of the form (17) is continuous function of the state z. If =1 then
the control function 4 is continuous outside the origin and bounded for all x € R™. Indeed, since

s"D(V"Y)PD,(V™1)s =1 = [|D(V™)s|* < 5 (py then for s = 1 we have

@ < K| - 1D, (vys)2 < JEIE
o - Amin(P)

Hence, it is easy to see that for ; = 1 in order to restrict the control magnitude by ||a| < ug the
following matrix inequality

(¥ 50
can be added to (16).

The control law (17) is Implicit Lyapunov Function-based control or shortly ILF control [17].
Corollary 14

If d = 0 then the system (12), (17) is r-homogeneous of degree —u with r = (14 (k —1)u, 1+
(k —2)u, ..., 1). The Implicit Lyapunov Function V() is r-homogeneous of degree 1.

Proof
Obviously, we have Q(V, D,.(\)s) = Q(A~1V, 5), i.e. V(D,()\)s) = AV (s). Now, we derive

(D, (N)s) = VIH(D,(A\)s)KD,.(V (D, (\)s))D,(N\)s
= ATV KD (A 'V (5)) Dy (Vs = AP a(x)
and AD,.(\)s + Bi(D,(\)s) = \™#D,.(\)(As + Ba(s)). O

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
Prepared using rncauth.cls DOI: 10.1002/rnc



10 A. POLYAKOV, D. EFIMOV, W. PERRUQUETTI

The proven corollary transfers all qualitative robustness properties of homogeneous systems (like
Input-to-State Stability) to the system (12), (17) (see, for example, [30, 31, 21]). In the same time,
the control practice is mainly interested in quantitative analysis of robustness. The next theorem
presents the modification of ILF control scheme rejecting some additive disturbances.

Theorem 15 (On finite-time robust stabilization)
If 4 € (0,1] and the system of linear matrix inequalities

{ AX + XAT + BY +YTBT + H,X + XH, + R<0,

XH,+H,X>0, X>0, XeR"™ Y ecR™w*" 29

is feasible for some fixed R € R"*" R > 0 and the control & = @(V, s) has the form (17) with

P:=X'and K = Y X!, then for any continuous disturbance function d satisfying the inequality

d"D,(V-Y)R™'D,(V-1)d < BV~2s"D,(V=')(H,P + PH,)D,(V~1)s,
withV e Ry : Q(V,s) =0and 5 € (0,1)
the closed-loop system (1), (11) is globally finite-time stable and the settling-time function estimate
has the form

(25)

‘/O'U.
T(xo) < 7= (26)
(L=PB)p
where Vj € Ry : Q(Vp, PGxp) = 0 and Q is defined by (14).
Proof
Taking into account the disturbances we obtain

99 (As+ B+ d) = VAT D, (V) (P(A + BK) + (A+ BK)P) D.(V")s+

_ NI _ _ D,(V"Ys \ " D, (V-Y)s
T 1 1 T 1 1y, _ r 5 r
s D.(V-)PD, (V™ )d+d D, (V™ )PD. (V™ ")s = < Do(V-1)d > w D +
VHdTD,.(V"HYRID, (V" Yd - V*s"D, (V1) (H,P + PH,)D, (V™ Y)s,
where
W V-*(P(A+ BK)+ (A+ BK)'P+ H,P + PH,) P
pP ~VHrR™!
is negative semidefinite. Indeed, multiplying the first inequality from (24) by V ~* and applying the
Schur complement, we obtain the LMI of the form
VHAX + XAT + BY +YTBT + H, X + XH,) I <0
I —~VHR=L ) =7

which is equivalent to W < 0, since X = P~! and K = Y X ~'. The inequality (25) implies V =

-1 ~ ~ ~ -1 _B)sT ” -1 ) )D,. —1yg »
_[%] %(As+Bu+d)§ [%] (1-B)s" D, (V )(Ié;“PJrPH,)D ) —_(1-pVi O

The feasibility of the LMI (24) can be proven by analogy with Proposition 12.

The inequality (25), that restricts the system disturbances in the last theorem, has an implicit
form, which is not appropriate for practice. Therefore, it is important to present such restriction to
disturbance functions d that can be easily analyzed.

Let the matrices F;, i = 1,2, ..k be introduced by the formula

On, o Onysny oo Opyxens
Ei=1| Opxny - In, o Opisns |- 27)
Onanl Onka, Onk

It can be shown that szlci = 0 for some i = i1, 19, ..., 1, then Theorem 15 stays true even when the
term R in the LMI (16) is replaced with E; ,...E;, E;, RE;, Ey, ... E; .

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
Prepared using rncauth.cls DOI: 10.1002/rnc
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Proposition 16
Let X € R™™ be a solution of the LMI system (24) with R = I,, and P = X 1. If

_ ~ Aumin (P 7 \1+H(k—i—1)p if Tpg <1
dTEid < Biv ( ( )S S) 1+ (k—i—1u ! TS (28)
()\min(P)STS) 1+k—Dpu if sTPs > ]_,

for some B; € Ry : B=F1 + ...+ B < 1 and 7 := \pin (PY/2H, P12 + P~1/2[,P'/?) then
the inequality (25) of Theorem 15 holds.

Proof
The definition of the number ~ implies vI,, < PY/2H,P~1/2 + p=1/2[1,PY/2 or equivalently
vP < PH, + H,P. Hence, the definition of the implicit Lyapunov function gives

vy =~s'D.(VHPD,(VY)s < s'D.(V ') (PH, + H,P)D,.(V™')s,

where (V, s) € Ry x R™ such that Q(V, s) = 0. On the other hand, we have

_ _ Amin(P)V=25T's for sTPs<1
—_ T 1 1 > min )
1 S Dr(v )PDr(V )S =z { /\min(P)V—Q—Q(k 1)/; s for sTPs>1.
. k
Hence, we derive d'D,.(V~Y)R™'D,( ZV 22k (B4 .+ Br) <
BV =2tsTD. (V-1 (PH, + H,P)D,(V~1)s,ie. the inequality (25) holds. O
ptHy

Note that the condition (28) may be fulfilled only if the so-called unmatched disturbances are
“vanishing” at the origin, i.e. d” (t, s)E;d(t,s) — 0 as s — 0 for i = 1,2,....,k — 1. If = 1 then
restriction to the so-called matched part of disturbances becomes ciTEka < Bk, i.e. the ILF control
rejects bounded matched disturbances.

4.3. Fixed-Time Stabilization

In order to design fixed-time ILF control we consider two implicit Lyapunov functions defined by

Q1(V,s) :==s'D, (V-YPD, (V71)s—1, (29
Q2(V,s) :=s'D, (V-HPD,, (V 1)s—1,

where P € R, P > 0 and D, (\) {A”(k*i)ﬂl }and D, (\) = {AUHE-Drr, 4 with
A € R;. Denote H,, = diag{(1 + (k —i)u)I,,}¥_ , and H, = d1ag{(1 + (i — V), 3.

Theorem 17 (On fixed-time robust stabilization)
If 1) the system of linear matrix inequalities

AX + XAT + BY + Y BT + o, (XH, + HyX) + R, <0,
AX + XAT +BY +YT'BT + o, (XH, + H,X)+ R, <0, (30)
XH,+H,X >0, XH,+H,X>0, X>0, XeR™" YyeRw"

is feasible for some fixed numbers p € (0,1], v, o, a,, € Ry and some fixed matrices R, R, €
R™" R, >0,R, >0,
2) the control law u has the form (11) with

. _ V=KD, (V™ 1s for sTPs<]1,
a=a(V,s) = { VR D, (V)s for sTPs> 1, (D
where K = YX~!, P = X~! and V defined by
f @Qi(V,s)=0 for sTPs<1,
VERy { Q2(V,s) =0 for sT'Ps>1, (32)
Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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12 A. POLYAKOV, D. EFIMOV, W. PERRUQUETTI

3) the disturbance function d satisfies

d'D,, (VYR'D,, (V-)d < 8,V D, (H,P+ PH,)D,,s if s"Ps<l

i : 33
i D, (V-Y)R-1D,, (V-1)d < 8,V%sTD, (H,P+ PH,)D,.s if s'Ps>1 O

for some 5, € [0, ) and 3, € [0, o, ), then the closed-loop system (1) is globally fixed-time stable
with the following estimate of the settling time function:

1 L 1
(04“ - ﬁ#)ﬂ (av - BV)V.

T (o) < (34)
Proof
Following the proof of Theorem 10 we can show that Q1 (V, s) and Q2(V, s) satisfy the conditions
CI1)-C4) of Theorem 7. Obviously, Q1(1,s) = Q2(1, s) and the condition C6) of Theorem 8§ holds.
In this case the formula (32) implicitly defines the Lyapunov function candidate V : R™ — R,
which can be prolonged by continuity to the origin V' (0) = 0. Remark that s’ Ps <1 = V(s) <1
and s"Ps>1 = V(s) > 1.
Similarly to the proof of Theorem 10 it can be shown
_P@y%@

G| Fe(Ast Bitd) < —(a, — BV for V(s) <L

For the function Q»(V,s) we have 992 = -V~'s"D, (V-')(H,P + PH,)D,,(V~')s and
992 (As + Bu+d) = 257D, (V-Y)PD,, (V~')(As + Ba+d). Taking into account that

D,, (V-YAD; Y (V-')=V¥Aand D,, (V") Bi = V*BKD,,(V~1!)s for s" Ps > 1 we obtain

992 (As+ Bi+d) = VVs"D,, (V') (P(A+ BK) + (A+ BK)"P) D, (V~")s+

257D, (V1) PD,, (V") = ( g:,fng/-gfi )T% ( 31155—33 > i

a,VVs'D, (V=Y (H,P+ PH,)D,, (V-Y)s+V~d'D, (V-Y)R;'D,, (V-')d,

where
v iR i1 BT
Wy = 1% (P(A+BK)+(A+BK) P+aD[HVP+PHU]) 7P ) <o
P -V7'R,

Hence

: 09217 0Q2 i L e "

= | =2 =2 < —(a, — v > 1.

Vv [ FYa } s (AS+ Bu+d) < —(a, — B)V for V(s)>1

Therefore, all conditions of Theorem 8 hold. O

The parameters o, and «,, are introduced to the LMI system (30) for tuning of the convergence
time of the closed-loop system.

Similarly to the finite-time case it is easy to check that the disturbance-free system (12), (31)
is homogeneous in the locally homogeneous with negative degree —p at O-limit and locally
homogeneous with positive degree v in co-limit. The Input-to-State Stability analysis of the systems
that is homogeneous in the bi-limit can be found in [9], [21]. The feasibility of the LMI (30) can be
proven analogously to Proposition 12.

Proposition 18
Let X € R™*™ be a solution of the LMI system (30) with R, = R, = I,, and P = XL If for
i=1,2,....k

Frd<d B Ouin(P)sts) it s7Ps<1,
- v (Amin(P)sTs) =07 if - sTPs > 1,

14+ (k—i—1)p
i=1,2,....k (35

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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ROBUST STABILIZATION OF MIMO SYSTEMS IN A FINITE/FIXED TIME 13

where §/, € Ry and B, € Ry, B, =L+ ..+ 8k <o, and B, =B+ ...+ 85 <. v =
Amin(PY2H,P~1/2 4 P=Y/2[,PY/2) and v, = Ain(P/2H,P~Y/2 + P~1/2H,P'/?), then the
condition 3) of Theorem 17 holds.

Proof

The case s” Ps < 1 can be studied similarly to the proof of proposition 16. Consider the case
sT"Ps > 1 in this case the implicit Lyapunov function V = V/(s) is defined by the equation
Q2(V,s) =0and 1 = s" D, (V-)PD,, (V-)s > Apin(P)V 272:=D¥sTs For R, = I we have

~ ~ k - .
d'D,,(V"YR;'D,, (Vv Nd =Y o&Bd < 3,V*s"D,, (V-1)(H,P+PH,)D,,(V )s. O
=1

The fixed-time ILF control algorithm may reject a wider class of disturbances comparing with
the finite-time one. For example, the linear disturbance function d= As, A € R™"™"™ never satisfies
the condition (28), but, obviously, the condition (35) will be fulfilled for sufficiently small ||A|| and
k < 2. Itis also worth to stress that the conditions (25), (28), (33), (35) can be considered locally if
the operation domain is known a-priori.

Remark 19

The theorems 15 and 17 have been proven for continuous disturbance function d. They can be easily
extended to the class of piecewise continuous (with respect to state variable) functions. In this case,
the conditions of the theorems must hold for any selector d € D, where D is the set-valued mapping
defined by Filippov regularization procedure as follows

s) = ﬂ ﬂ cod(t,s + B(5)\N),

6>0 N:pu(N)=0

where co(V) defines the convex closure of the set N C R™ and the equality p(N) = 0 means that
the set /N has measure 0.

5. ON PRACTICAL IMPLEMENTATION OF THE CONTROL ALGORITHM

5.1. Sampled-Time ILF Control

In order to realize the control algorithm (17) in practice we need to know V(s). In some
cases the function V(s) can be calculated analytically, for example, for n = 2,m = 1. However,
even for the second order case this representation is very cumbersome. The function V(s) can
also be approximated numerically on a grid, which is constructed in some operation domain (a
neighborhood of the origin). Moreover, the ILF control can be easily implemented to linear control
systems that admit the on-line variation of the feedback gains. Indeed, for any fixed V{ the control
u(Vy, s) defined by (17) or (31) becomes linear feedback. Denote

I,(V,P):=={z€eR":2"D,(V""PD,(V 1)z < 1}. (36)

Theorem 20

Let the conditions of Theorem 15 hold and the disturbance function d satisfies the condition (25).
If the control @ = @(Vp, s) is defined by (17) with an arbitrary fixed positive number V5 € R
then the ellipsoid II,,(Vp, X ~!) is positively invariant set of the closed-loop system (1), (11), i.e
s() e, (Vo, XY = s(t) eIl (Vo,X ') forallt >t

Proof
L. Rewrite the matrix inequality (24) with X = P~! and k = yX ! in the form:

(A+H,)"P+PA+H,)+PBK+K'BT"P+ PRP <.
Hence, we have

D.(Vy WA+ H)'P+PA+H,) +PBK + K'BTP+ PRP)D,(V; ') <0

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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14 A. POLYAKOV, D. EFIMOV, W. PERRUQUETTI

Denoting P, := DT(VO_ YPD, (Vg ') >0 and taking into account D YWV HYAD (Vi) = VA,
D (Vo YH,D,(Vy ) = H, and D; ' (Vy 1) B = Vo B we derive

1
PyA+ ATPy + PyBKy+ K BT Py + — 7 —(H, Py + PyH,, + PoD,(Vo)RD,, (Vo) Py) < 0,
0

where Ko =V, ""kD,(V51). )
II. Consider the following Lyapunov function candidate V (s) = s Pys. Since iig(s) = u(Vo, s) =
Kys then

= T
dV _ . B B o
dat|, < 2 ) Wo ( 2 ) — Vo "sT(PoH, + H, Po)s + V§'d" D, (Vg YR D, (Vg " )d
(1)
where
W — ( P0A+ATP0+P()BK0+KTBTP0+ (H P0+POH) PO )
' Py VD, (Vo) RD,, (V)] ™!

The Schur complement implies W < 0 and taking into account the condition (25) we obtain

av
dt

—B.r
VO

(PoH, + H,Py))s  V¥se€R":Q(Vp,s) =0 (i.e. sT Pys = 1),
(12)

where § € (0, 1). Therefore, the ellipsoid II,(Vy, P) is strictly positively invariant set of the closed-
loop system (1) with the control @ := @(Vp, s). O

Now we assume that the value V' can be changed only in some sampled time instances and let us
show the robustness of the sampled-time implementation of the ILF control algorithm.

Corollary 21 (On sampled-time ILF control realization)

If
1) the conditions of Theorem 15 hold and the disturbance function d satisfies the condition (25);
2) {t;}.55 is an arbitrary sequence of time instances such that

0=ty <t1 <ty <.. and lim t; = +o0;

i——400
3) the control has the form (11) with @ = @(V;, s) on each time interval [t;,¢;41), where 4(V, s)

is defined by (17) and V; € Ry : Q(V;, s(t;)) = 0;
then the closed-loop system (1) is globally asymptotically stable.

Proof
Let V(s) be a positive definite function implicitly defined by the equation Q(V, s) = 0. In this case
we have V; = V(s(t;)).

I. Let us prove that the sequence {V} °7 is monotone decreasing. Consider the time interval
t € [ti,t;+1) and the quadratic function V;(s) := s” P;s, where P; := D,.(V,")PD,.(V;"") > 0 and
P = X! defined by (24).

The switching control @(s) on this interval takes the form @;(s) = ,8) = K;s, where K; :=

V' KD, (V;,"!). Repeating the proof of Theorem 20 we derive % 1v_“B st(P,H, +
a2 i

H,P;)sfors e R" : Q(V;,s) =0and t € [t;,t;41), where 5 € (0,1). Hence, %}ti))‘(m < 0and
Vi(s(t)) < Vi(s(t;)) for all (t;,t;41]. In this case we have

Q(Vi, s(t)) = sT(£) Dp(V; ) PD, (Vi V)s(t) — 1 =

1 <Vi(s(t:)) = 1= Q(Vi, s(ti)) =
0=Q(V(s(t)),s(t)), Yt € (ti, ti1]-

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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For any given s € R"\{0} the function Q(V,s) is monotone decreasing for all V € R (see
Condition C4) of Theorem 7). Then the obtained inequality implies V' (s(t)) < V(s(¢;)), Vt €
(ti,ti+1], i-e. the sequence {V;}; 1% is monotone decreasing and s(t) € I, (V;, P) for t > t;.
Moreover, V (s(t)) < V(s(0)) forall ¢ > 0, i.e. the origin of the system (1) is Lyapunov stable.

I. Since the function V(s) is positive definite then the monotone decreasing sequence
{V(s(t;))}52, converge to some limit. Let us show now that this limit is zero. Suppose the contrary,
ie. ‘lim V(s(t;)) = Vi > 0 orequivalently Ve >0 IN =N(e): V. <V, <V,.+e, Vi>N.

The control function u(V, s) is continuous Vs € R™\{0} and VV' € R.. Then we have
lu(Vi, ) = u(Va, )|l = [V kD (Vi Y)s = (Vi)' #kD (Vi Y)sl| < oe)llsll, Vi > N,
where o(+) € K. This means that for ¢ > ¢, the closed-loop system (1) can be presented in the form
$ = As+ B(K, + A(t,e))s +d, (37)

where K, = V,' “KD,(V; ') and A(t,e) € R™*" : | A]| < o(e). 3
Consider the quadratic Lyapunov function candidate V. (s) = s’ P.s, where P, =
D,.(V.Y)PD, (V. 1). Fort >ty we have

dr. - <V, """ (P.H, + H,P.)s +sT(P.BA + ATBTP,)s + V*d" D, (V, " )RD,(V, ")d.

Introduce the set

Qe)= |J {zeR":2TDu((Vi+0) " )PDu((Vi +0) )z =1}.
0€(—e,e)

The condition (25) implies that for sufficiently small ¢ € Ry and Vs € Q(g) we have
VrATD, (V. YRD, (VY < BV HsT (H, P, + PoH,)s,

where 0 < 8 < S,(e) < L.
Hence, for ¢t > ¢ we derive

V.| < 18O (P H, + H,P.)s+ sT(P,BA+ ATBTP,)s < — (%ﬁ% - ’y(e)) e

where Yy =Amin(Pr/2H, Po 24P 2 H, P, ~(e)=Amax(Pr /2 BAP V24P 2 AT BT PL/?)
and ~(¢) € K. Therefore, for sufficiently small ¢ the Lyapunov function V,(t) is exponentially
decreasing for all ¢ >ty and there exists t* >ty such that V,(t,) =V, and V.(t) <V, for
t > t,. This contradicts with our assumption and means lim;_,~, V; = 0 implying that the closed-
loop system (1) with sampled-time implementation of the ILF control algorithm is globally
asymptotically stabile. O

The proven corollary guarantees that the sampled-time ILF control provides robust asymptotic
stabilization of the closed-loop system (1) independently on the length of the sampling
interval. Such property is rather unusual for sampled and switched control systems with additive
disturbances.

Theorem 20 and Corollary 21 can be easily extended to the case of fixed-time ILF control
application.

5.2. Digital Implementation

The ILF control implementation requires solving the equation Q(V, s) = 0 numerically and on-line
in order to find an appropriate value of V; at the time instant ¢;. Fortunately, for practical reasons
rather simple numerical procedures can be utilized.

Denote as before V; := V (¢;) and s; := s(t;) and suppose that the control @ has the form @ (V;, s)
on the time interval [t;, ¢;41), Where 0 = tg < t; < t2 < ... and lim¢; = +o0.

The scheme for selection of the switching parameter V; is presented by the next algorithm [17].

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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Algorithm 22 ([17])
INITIALIZATION: Vo=1; a=Vyum;: b=1;
STEP :
1f sI'D,.(b"1)PD,(b7')s; >1 then a=b; b=2b;
elseif s!'D.(a ')PD,.(a"')s; <1 then b=a; a = max{§, Vinin};
else

If S%DT(c’l)PDT(c’l)si <1 then b=¢;
else a = max{Vunn,c};

endif;
endif;
Vi=b;

If s; € R™ is some given vector and STEP of the presented algorithm is applied recurrently many
times to the same s; then Algorithm 22 realizes:

1) a localization of the unique positive root of the equation Q(V, s;) = 0, i.e. V; € [a, b];

2) improvement of the obtained localization by means of the bisection method, i.e. (b — a) — 0.

Such an application of Algorithm 22 allows us to calculate V; with rather high precision but
it requests a high computational capability of a control device. If the computational power is
very restricted, then STEP of Algorithm 22 may be realized just once at each sampled instant of
time. Theorem 20 implies practical stability of the closed-loop system (1), (11) with sampled-time
realization of ILF control and on-line calculation of the parameter V; by Algorithm 22. Indeed,
Theorem 20 proves that II,,(V;,s) is an invariant set of the closed-loop system (1), (11) with
@ = u(V;, P). When the root of the equation Q(V, s;) = 0 is localized, Algorithm 22 always selects
the upper estimate of V; providing that s(¢;) € II,,(V;, s), i.e. V; do not increase in time even when
s; = s(t;) varies in time.

The parameter V;,;, defines lower admissible value of V. In practice, this parameter cannot be
selected arbitrary small due to finite numerical precision of digital devices and measurement errors,
which may imply s(t;) ¢ I1,,(V;, P). Therefore, the real-life realization of the ILF control provides
the practical stabilization of the system with the attractive set IT,,(Vinin, P).

The sampled-time realization of ILF control transforms the originally nonlinear closed-loop
system to a switched linear system. This essentially simplifies the stability analysis of discretized
fixed-time control algorithms.

A more detailed elaboration of sampled-time and discrete-time ILF control algorithms goes out
of the scope of this paper. It can be done, for example, using the ideas of the paper [34].

6. EXAMPLE: STABILIZATION OF DOUBLE INVERTED PENDULUM

6.1. Model Description

Consider the mechanical system consisting of two connected inverted pendulums as it is shown on
Figure 1. The dynamics of this mechanical system is described by the equation [35]

H(q)q+ F(g,q) = u+d(t), (38)

where ¢ = (q1,¢2)" € R™ - inclination angles of the links, u € R? is the vector of control inputs,
the function d € R, — R? describes the bounded exogenous disturbances,

| S+ B4me LI moLyly cos(gr — q2) F— Mg3 — g(mili+maLy) sing
maLily cos(q1 — g2) mal3 + I + Jo ’ —Mqgi — magly singo

M = moLqlysin(q1 — ¢2), J; is inertia of the rotor of the electric drive controlling i-th link, m;, I;
are mass and inertia of each link, L; is the total length of link and [; is the distance from the center
mass of each link to its pivot point, g = 9.8.

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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Figure 1: Double inverted pendulum

The inertia matrix H(q) is always positive definite and consequently invertible. Denoting = =
(w1, 22,23, 74)T = (q1, 2,41, G2)T € R* let us rewrite the system (38) in the form

. (0 I 0\. -~
x—(o 0 >x+<5>u+d,

where d=[H (21, 2) —S]u—l—H‘l(:cl,xg)(d—F(m)),S=diag{ 1 L }

J1+11+m,1l%+m2L? ’ J2+Ig+m2l§

In order to demonstrate the robustness of the ILF control we will consider d as an unknown function.

6.2. Simulation Results

The following parameters of the double inverted pendulum have been used for simulations:

my = 0.132,ms = 0.088, L; = 0.3032, Ly = 0.3545, 1, = 0.1274,
l, = 0.1209, I; = 0.0562, I, = 0.0314, J, = 6 - 1076, .J, = 3 - 10-S.

Solving the system of matrix inequalities (24) for 4 = 1 and R = diag{0,0, 1,1} together with
(23) for uy = 5 we obtain

0.0099 0.0000 0.0043 0.0000
0.0000 0.0024 0.0000 0.0010 K__(O.3064 0.0000 0.1994 0.0000)
0.0043 0.0000 0.0022 0.0000 |’ 0.0000 0.1507 0.0000 0.0981 /-
0.0000 0.0010 0.0000 0.0005

We suppose that the magnitudes of control inputs are bounded: |ui]| < 3 and |uz| < 2. The
exogenous disturbances are selected as follows d(t) = 0.5[sin(6t), cos(6t)]T. For simulations it was
assumed that the system states can be measured with a noise. The measurement noise was generated
as a sequence of pseudorandom values drawn from the uniform distribution on the open interval
(—0,8). We select § = 0.001 for the noised measurements of the angles and § = 0.01 for angular
velocities. Algorithm 22 has been used for ILF control application with Vi,;, = 0.05 and ¢; = 0.1¢

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
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fori =0,1,2,.... Numerical simulations have been done using explicit Euler method with the step
h = 1073 and the following initial conditions ¢; (0) = 7, ¢2(0) = —7/2, G1(0) = ¢2(0) = 0,V = 1.

; ; : = ‘ : ‘ —
1.5 J a
g 8|/ \
< §
3
=)
<
<
=1.5- =3
-3+ 1 -6
0 015 1; 115 2 0 015 ‘TI‘ 115 2
(a) Angular positions of the links. (b) Angular velocities of the links.

Figure 2: Evolution of the system states

3 ‘ ‘ ‘ —
1

0.751

iy

Control inputs
o

L L L L L L
0.5 1 15 2 0 0.5 } 1.5 2

(a) Control torques. (b) Value of the sampled ILF.
Figure 3: Evolution of the control

Figures 2(a) and 2(b) show the evolution of the angles and angular velocities of the links for
the ILF controlled double inverted pendulum. The control inputs are depicted on Figure 3(a). The
sampled values of implicit Lyapunov function calculated by Algorithm 22 are presented on Figure
3(b). The simulation results approve good performances of the ILF control.

The settling-time function (18) obtained for the disturbance-free case provides T'(xo) = 0.5675.
The sampled-time realization of ILF control definitely brakes the finite-time convergence property to
the origin, so the theoretical settling-time can be compared only with an estimate of the convergence
time to some zone. Let us use for this comparison the convergence time of the ILF value to its
minimal value V. For the sampling period considered above the corresponding time is 0.9. In
order to obtain more precise estimate of the settling-time, the simulations of the disturbed system
have been also done for the smaller sampling period 0.001 provided the estimate 0.671.

7. CONCLUSION

The paper presents control algorithms for robust stabilization of linear plants provided non-
asymptotic transitions. The control design procedures utilize the ILF method. This approach allows

Copyright © 2014 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2014)
Prepared using rncauth.cls DOI: 10.1002/rnc



ROBUST STABILIZATION OF MIMO SYSTEMS IN A FINITE/FIXED TIME 19

us to design the control together with the Lyapunov function and to provide constructive procedures

for

tuning of control parameters, which are presented in the form of LMIs. The scheme of the

sampled-time ILF control implementation is developed. The robustness of the presented scheme
is proven for arbitrary sampling period. The effectiveness of the ILF control for stabilization of
disturbed double inverted pendulum is demonstrated on numerical simulations.
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