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Abstract This study addresses the fixed-time-synchronized control problem of perturbed multi-input multi-
output (MIMO) systems. In the task of fixed-time-synchronized control, different dimensions of the output
signal in MIMO systems are required to reach the desired value simultaneously within a fixed time interval.
The MIMO system is categorized into two cases: the input-dimension-dominant and the state-dimension-
dominant cases. The classification is defined according to the dimension of system signals and, more impor-
tantly, the capability of converging at the same time. For each kind of MIMO system, sufficient Lyapunov
conditions for fixed-time-synchronized convergence are explored, and the corresponding robust sliding mode
controllers are designed. Moreover, perturbations are compensated using the super-twisting technique. The
brake control of the vertical takeoff and landing aircraft is considered to verify the proposed method for the
input-dimension-dominant case, which shows the essential advantages of decreasing the energy consumption
and the output trajectory length. Furthermore, comparative numerical simulations are performed to show
the semi-time-synchronized property for the state-dimension-dominant case.
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1 Introduction

In practical applications, the temporal constraint is one of the most important requirements for a control
system. Among the temporal-constraint-related control methods, fixed-time control has attracted consid-
erable attention in recent years [1]. Extended from the well-known finite-time control which emphasizes
the finite-time convergence [2,3], fixed-time control further requires global finite-time stability. Moreover,
the bounded settling time in fixed-time control does not increase with the initial state [4]. The fixed-time
control method has been used in many real-world applications, such as fault-tolerant control of robot ma-
nipulators [5], attitude tracking control of spacecraft [6], consensus control of multiagent systems [7, 8],
and disturbance rejection control of wheeled mobile robots [9].

A Lyapunov condition is proposed in [10] as the basis for fixed-time stability. The terminal sliding
mode technique is commonly used to meet the specific converging requirement of fixed-time control [11].
In affine systems and single-input single-output (SISO) systems, the terminal sliding mode surface can be
designed to directly fit the Lyapunov condition and drive the system to fixed-time convergence [11,12].
However, when we consider the fixed-time control of the multi-input multi-output (MIMO) system,
challenges arise because of the necessary cooperation among different state dimensions. An elegant fixed-
time controller should treat the MIMO system as a whole and drive all the state dimensions to the
origin. Correspondingly, the terminal sliding mode surface should be extended to multiple dimensions
and ensure the convergence of every dimension of the system output. Many explorations have been made
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to solve this problem, such as multivariable sliding mode control [13], sliding mode surface defined on
the error vector [14], multidimensional sliding surface where each dimension works for different state
components [15], and sign function that couples every state dimension [16].

In addition to the fixed-time control whose settling time depends on the slowest dimension of the output
signal in MIMO systems, other temporal constraints may also be important. In some applications, time
synchronization is required for the convergence of each output dimension. For example, all of the fingertips
of a robotic hand should reach their desired angles at the same time when it tries to grasp a slippery
object [17]. Time-synchronized convergence is expected in many cooperation tasks such as rendezvous
of fixed-wing vehicles [18,19], cooperative transportation by multiple vehicles [20], and saturation attack
of multiple missiles [21]. In the authors’ previous studies [22, 23], time-synchronized stability is defined
and explored for relatively simple affine systems, whose output dimension matches its input dimension
perfectly with no perturbations.

Motivated by this, the study focuses on the fixed-time-synchronized control of the MIMO system, in
which each dimension of the output signal should converge simultaneously in a fixed time. Challenges
exist in three aspects. Although many fixed-time control methods have been proposed, the integration
of fixed-time control and time-synchronized convergence is under exploration for MIMO systems. The
input and output dimensions of the MIMO system may not match each other, and whether the control
input has enough capability to drive all output dimensions to achieve thorough fixed-time-synchronized
convergence remains an open problem. The perturbations in the system further increase the difficulty of
the controller design. The contributions of this study are outlined as follows.

First, the fixed-time-synchronized control problem is addressed. A series of Lyapunov conditions, which
assure both fixed-time stability and time-synchronized convergence, are proposed to solve this problem.
Fixed-time-synchronized controllers are designed based on the Lyapunov conditions, and the analysis of
both the stability of the closed-loop system and the property of time-synchronization is conducted. In
comparison with conventional fixed-time control methods [24,25], the proposed method has the essential
advantages of shorter output trajectory and lower energy consumption, all of which are particularly
critical in the application of energy-sensitive vehicles [26].

Second, the capability of achieving fixed-time-synchronized convergence for the MIMO system, which is
categorized into the input-dimension-dominant system (for thorough fixed-time-synchronized convergence
that every output element converges simultaneously) and the state-dimension-dominant system (for semi-
fixed-time-synchronized convergence that parts of output elements converge simultaneously), is explored.
Different Lyapunov theorems are presented for each kind of MIMO system, which may provide the basis
for time-synchronized control in more complicated cases.

Finally, perturbations in the system, which can be either matched disturbances or unmatched dis-
turbances, are considered. To deal with perturbations, a multivariable super-twisting compensator is
designed and embedded into the control system to ensure the achievement of fixed-time-synchronized
convergence under disturbances.

In the rest of the paper, we introduce some technical preliminaries (Section 2), present the main
results for input-dimension-dominant systems under matched and unmatched disturbances (Section 3),
and extend it to the state-dimension-dominant case (Section 4). Simulations and comparative studies
are conducted in Section 5, where the merit of the proposed approach is demonstrated. In Section 6,
pertinent conclusions are finally drawn.

2 Preliminaries
Consider the following MIMO system:
& = Ax + Bu+d(t,z,u), (1)

where z, u, d are the system state, input, and disturbance, respectively. Let n be the dimension of x and
m be the dimension of u. This paper focuses on the system with 1 < m < n. The matrices A and B are
with proper dimensions, and all perturbations are generally described by d(¢, x, u).

The first assumption we made is on system matrices.

Assumption 1. The system is controllable with matrices A and B. The matrix B has full rank and
can be re-organized as B = [Bf, BJ]T, where By € R™*™ and det (By) # 0.



Jiang W Y, et al. Sci China Inf Sci  July 2023 Vol. 66 172203:3

Inspired by the transformation method in [27-29], the general system (1) is transformed with

I —B1B;*!
0 By!

X1 T —

and rewritten in a regular form,

&1 = Anay + Apwg + di (8, 2),

&9 = Ao1x1 + Aoexs + u+ dao(t, z,u),

Yy =, (3)
where 2 = [2], 23" is re-organized in accordance with matrix B, 1 € R*™™ and zy € R™ are system
states, y € R™™™ is the output, dq(t,2) € R™™™ can be regarded as the unmatched disturbance and
da(t,z,u) € R™ the matched disturbance, respectively. Hereinafter, we use d; and dg for short. The
matrices Ay1, A2, Asq, and Agy are with proper dimensions.

The general system in (3) is defined as two categories.
Definition 1. The system (3) is called input-dimension-dominant if the input dimension (m) is not less
than the output dimension (n —m), namely m > %, and called state-dimension-dominant otherwise.
Remark 1. When the output and input dimensions match each other and the system matrix has full
rank in MIMO systems, it can be treated similarly to the affine system. However, practical systems can
be less ideal. Over-actuation results in multiple solutions whereas under-actuation indicates the output
components cannot be forced to converge at the same time. We categorize the MIMO system into the
input-dimension-dominant case where the input has enough capability of driving the output to converge
simultaneously, and the output-dimension-dominant case where the input is not capable of such an object.

Some definitions and lemmas are introduced on fixed-time control and time-synchronized stability.

Lemma 1 ([10]). A system with state x is fixed-time stable if there exists a function V' (x) such that
V(ac) < —(pV*(x) + gVPB(x))* for positive p,g,a, B,k : ka < 1,kB > 1, and the settling time of the
system can be written as T'(xg) < (1/p*(1 — ka)) + (1/g% (kB — 1)).

Definition 2 ([23]). System (1) is fixed-time-synchronized stable if (1) it is fixed-time stable, i.e.,
the bounded settling time T'(xg) < Ty, < 0o, (2) the state elements converges time-synchronously, i.e.,
zi(t) # 0 and limy_,p(gy) 2i (t) = 0 for V& < T'(x0), and x;(t) = 0 for Vt > T'(xq), where T;,, > 0 is a
constant.

Lemma 2 ([23]). The closed-loop state = of the system f(x) = & is ratio persistent if z/||z| =
Cf (@) /[ f ()| for = # 0 and ¢ € {1, —1}.

Lemma 3 ([23]). The system state x is fixed-time-synchronized stable if it is fixed-time stable and the
state x is ratio persistent.

A classical sign function in the existing literature is often defined as

+1, x; > 0,
sign,. (z;) 2 0, z; =0, (4)
-1, z; <0,
with the following vector and exponential forms:
. . . T
sign, (z) = [sign, (x1),...,sign, (z,)]", (5)
. . . T
sige (z) = [sign, (z1) [a1]%, ... sign. (wn) [2a ], (6)
where © = [z1, z2,..., :cn]T € R™ is a state vector. In contrast, the norm-normalized sign function is
Zox A0,
signy, () 20 Tal 7 (7)
0, x=0,

sigh (x) 2 ||z “signy (). 8)
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Remark 2. The norm-normalized sign function in (8) normalizes an input vector with its norm and
works as a direction vector. Both Eq. (7) and the classical sign function in (5) share the property of
directionality; therefore it is called a norm-normalized sign function. Similar functions include the scaled
unit vector [30], and the vector-valued function [31].

3 Fixed-time-synchronized control for input-dimension-dominant systems

The matrix Ao of the MIMO system (3), in the input-dimension-dominant case, has the dimension of
(n —m) x m where m > %. The following assumption is made on As; for proper controller design.
Assumption 2. The right inverse of matrix A5 € R(~")X™M exigts.

Before dealing with MIMO systems, we present the following lemma.
Lemma 4. Consider the following sliding mode surface s:

s = i +p sigy (z) + g sigh (), 9)

where p, g, v, 5 are positive parameters with 0 < o < 1 and g > 1. The system state x is ratio persistent
and converges time-synchronously within a fixed time interval if s = 0, and the synchronized settling
time can be formulated as

T<2% /(p(l—a)) +27%" /(9(8 - 1), (10)
Proof.  When s =0, Eq. (9) becomes

& = —p sigq () — g sigs (x), (11)
which leads to
G —psigd@) —gsige) (el ool sy (x) sy x
2]l |p sigh(z) + g sigh ()| [[(pll]|* + gll[|?) sign,, (z)]| [[sign,, (z) | =’

thus x is ratio persistent as defined in Lemma 2.
Consider V = %:L’Tl‘ with the derivative

1+« 1+a 148 14

V = —paTsigh(z) — gaTsigh(z) = —p|lz]|*T! — gz = 27 pV 2 — 27T gV T L (13)

According to Lemma 1, the settling time has the formulation of (10).
With the above lemma, we can deal with the fixed-time-synchronized control of MIMO systems. The
following assumption is made on the perturbation.

Assumption 3. The disturbances and their derivatives in system (3) satisfy the following equations:
dull < mulll + By Nldall < m2 lull + o, il < w1 llz]l + 01, lldz]l < m2 [lull + D, (14)

where 11, 12, K1, Ko, and ¥; are known positive constants, 0 < h; < 1, hy and ¥}y are known positive
functions.

Remark 3. Assumption 3 is commonly used in [14,32], which makes the controller design easier for
uncertain disturbed systems. In Assumption 3, dy meets the so-called matching condition [33]. It is called
the matched disturbance because it appears in the control channel and can be compensated directly by
the control input. Correspondingly, d; is called the unmatched disturbance and appears outside the
control channel. It cannot be eliminated directly by the control input, therefore it is more challenging
than the matched disturbance. In this study, we consider both kinds of disturbances.

The fixed-time-synchronized controller is designed using the back-stepping architecture, where x5 is
regarded as the control input of z; that forces every element of x; to converge simultaneously.
A terminal sliding mode surface is designed for x1,

51 = @1 + pisigy’ (71) + gisigy' (1), (15)

where p1, g1, a1, 51 are positive parameters with 0 < oy < 1 and 5; > 1.
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The sliding mode surface has the same structure as in (9). According to Lemma 4, x1 converges
time-synchronously within

1—a;

<2 /(pi(l— 1)) + 277 (g1(81 — 1)), (16)

if s1 remains zero.
In order to drive s; to zero, a virtual control input ¢ is designed as follows:

» = ¢1+ 92, "
1= *AJ{2 (A11x1 + pisigy’ (z1) + gisigy,’ (:c1)) J (18)
$r=—Al, (Tisign, (s1) + pasign?®(s1) + gasign?(s1)) , (19)
Ty = rallaf + d1, .

where pa, g2, 2, B2 are positive parameters with 0 < ag < 1 and [y > 1. AIQ is the right inverse of Aj,.
Let the deviation between ¢ and 2 be z, namely z = x5 — ¢. In what follows, we will show that if
Z=2z=0, s; converges in a fixed time interval.
In (17), the formulation of ¢ consists of two parts. The first item ¢; is designed to shape @ and to
force s1 to its equilibrium. The derivative of the second item ¢ is designed to eliminate the varying
disturbances and to shape the changing rate of an s;-based Lyapunov function.

Lemma 5. When z = 2 = 0, the system (3) converges to the sliding surface s; = 0.
Proof. ~ When z = z = 0, the system state x5 has the same value as the virtual control signal ¢, namely
29 = ¢, which leads to &1 = Aj121 + A12¢ + dq. Substituting 44 into the sliding mode surface s; in (15)
yields

s1=Anx + Ao+ dy + prsight (x1) + gisight (x1). (21)

Substituting (17) into the above equation yields s1 = A1a¢2 + d;.
Considering a Lyapunov candidate V; = %s?sl, it has the following derivative:

Vi, = slT(A12q52 + dl) = slel - slT (Tlsignn(sl) + pasign?(s1) + gosigh? (51)) .
According to the definition of sigf(-) and our assumption of the changing rate of the disturbance dy,
Vi <= Ta(a)l|sall = pallsall*=* = gallsal| = + [lsall (1 [l + 1)

+ao 1+as 1489 1489

1
<= pallsa) Tt = gollse |2 = =272 pVy 2 =277 gl 2 (22)

According to Lemma 1, the output signal x; converges to the sliding mode surface s; = 0 within the
following fixed settling time:

Ty <2752 (pa(1 — a2)) + 277 /(g2(Bz — 1)), (23)

which completes the proof.

Next, the deviation between x5 and its desired value ¢ will be controlled to zero. The time-synchronized
terminal sliding mode surface so is defined on z,

59 = 2 + p3sigy®(2) + g3sig,® (2), (24)

where ps, g3, a3, B3 are positive parameters with 0 < ag < 1 and S5 > 1.
The sliding mode surface has exactly the same structure as in (9) and (15). According to Lemma 4, if
So remains zero, z converges time-synchronously within

1—ag

Ty <2 5 /(pa(l—ag)) +2 7 (g(Bs — 1)) (25)

In order to drive the sliding mode surface sy to zero and make z converge time-synchronously, the
control input u is designed based on so,

u =uy + ug, (26)
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U = — (A21£E1 + Agoxo + p3sigh®(z) + g3sig€3 (z)) — AJ{Q (Tlsignn(sl) + pasigh?(s1) + gosig)? (51))
— Al (A1 + ¢(21)) (Anar + Araaa) | (27)
iy = — Yosign, (s2) — (pasigh* (s2) + gasigh*(s2)) , (28)

t
/ qutH . (29)
0

where p4, g4, g, f4 are positive parameters with 0 < oy < 1 and 54 > 1, and ¢ (x1) is a function defined
as

Yo =y [[ur |+ 02+ [ ALy (A1 -+ (@)l (51 [|2]4+01) + 1| Ay (22| 1 lll] + ha |+

01173

(1) = prlar =11 | PzraT + pullaa|* ™ Lo + g1 (B~ Dl | a1zl + gl | Lo

The controller (26) is quasi-continuous and should be understood in the Filippov sense [34].
Theorem 1. Cousidering the input-dimension-dominant case of the MIMO system (3), under Assump-
tions 1-3, using the control input (26) and the virtual control signal (17), the tracking error z and the
output y = 1 will reach the sliding mode surfaces s; = 0 and s; = 0 in fixed-time, then move along these
terminal sliding surfaces, and finally converge to their equilibrium time-synchronously within a fixed time
interval.

Proof.  Firstly, let us show that the tracking error z reaches the sliding mode surface ss = 0 in fixed
time. Substituting z = x5 — ¢ into (24), the sliding mode surface s2 becomes

sy =iz — ¢ + pasigl® (2) + gasigh® (2)
=Ao111 + Agawo + u+ da + p3sigh®(z) + ggsig£3 (z) + AIQ (Tlsignn(sl) + posiga?(s1) + ggsign2(31))

d . .
+ = (4l (Ana + prsies’ (@) + grsiel) (21)) ) (30)
In the above equation, the time derivative of sig®(z) is used. From |z| = (zTx)2,
d d d
e @ = g (el ) = el = (ol 4 (o - Dlal*Poa™) 2. (@)

Then, Eq. (30) can be written as
S92 =Ao111 + Ao + u + da + p3sige®(2) + gssigh® (2) + AIQ (Tlsignn(sl) + posign?(s1) + ggsign2(31))
+ Al (An + p(@1)) (A + Aps) + Al (A + ¢(21)) di. (32)
Under the control input (26),
S9 =ug +da + A—{Q (A11 + p(x1)) d1. (33)
Correspondingly, the derivative of so is
89 =g+ day + Aly (A + (1)) di + Alyp(21)ds. (34)

Considering a Lyapunov candidate V5 = %SQTSQ, it has the following derivative:

Vo=s3 (@2+d2+1412(1411 +eo(z1) da +A12¢’(301)d1> : (35)
According to Assumption 3,

Vo < lsall (Rallull + 92) + lls2 | ALz () | (nll]| + ha)
+ sy iz + [[s2 || Al (Aux + (@) || (51 [l + 91) - (36)

Substituting (26) into the above equation and recalling the formulation of sig,“(x), we have

Va < —s3 (Tosign, (s2) + pasigd™ (s2) + gasigh? (s2)) + Va||s2]| + ||s2ll|| ALy (A1 + @ (@1)) || (k1 ||| + 91)
+ rial|sal| (]| + [uz]l) + szl | ALy (@) (1 ]|z]| + A1)
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< —pasigh* (s2) — gasigh (s2) = —pal|sa]|“ T — gal 52|+
a agt1 a Batl
<=2 pV, 7 -2l ¢, (37)

which is fixed-time stable according to Lemma 1, and the settling time for the convergence of ss is

Ty <25 J(pa(l—aa)) +2 2 /(94(Ba — 1)). (38)

After so converges to zero within Ty, the tracking error z moves along the sliding mode surface sy = 0
and converges to zero time-synchronously within 75. Then, z = 2 = 0, the sliding mode surface s;
converges to zero within a fixed time interval 75 according to Lemma 5. As s; = 0, the system output
51 converges to zero time-synchronously within 7;. The bound of the setting time for the whole process
can be formulated as

Tiaa < T1+ T+ T5 + Ty, (39)

where T1, T, T3 and T} are specified in (16), (23), (25), and (38), respectively.

Remark 4. The bound of the setting time for the whole process is estimated as Tiqq, which consists of
four parts as analyzed above. Although still larger than the true convergence time, it is less conservative
than the estimation in conventional methods [10,32]. This is because on the terminal sliding mode
surfaces s; = 0 and so = 0, the derivatives of the Lyapunov functions Vi and V5 are calculated as
accurate values and not relaxed. Correspondingly, the settling time calculated based on Vi and V5 is not
very over-estimated.

The singularity problem widely exists in sliding-mode-based controllers. Note that ¢ in the controller
(26) may result in the singularity problem at ||x1]| — 0 since a; < 1.

In what follows, the controller (26) is re-designed to be singularity-free.

The terminal sliding-mode surface with respect to x1 is constructed in the following form:

§1 =1 + Ss, (40)

where s, is formulated as

(41)
liry + ZQSigﬁ(fEl), if s* #£0, ||I1|| <eg,

S5 = {plsiggl(xl) + gusigh (1), if 8" = 0or s* £ 0, |z1] > e,
where ¢ is a small constant, s* is the triggering variable s* = @1 + pysigh (z1) + g1sigh* (x1) with p; >
0,91 > 0,05 <a; <1,8; >1, and [; and [y are constants that take the following forms:

4 p 1 4 g1 1 p1 1 4 g 1 4
l _ I P1 ~_J4 g1 Z — L = pP1 JL = g1 (42
i=ar (=B 1l e (55 ) el = (B3 ) Nl (23 ) el a2)

Note that s is continuous at ||z1]| = .

Lemma 6. Using the sliding-mode surfaces (24) and (40), the virtual control signal (17), and the
controller (26) with a modified ¢ (1) constructed as

o () = (lh + 3|z ||z12] + |21 ||?) (A + Araxs), if s* =0o0r s* #0, [|21] > e,
1) — . _ . _ . _ .
pronsigli®™ ! (w1) + g3 fisiga™ T (1) 4 prgr (on + Ba) sigh TP (@), i s #0, [l ]| <,

the singularity problem can be avoided.

Proof.  The analysis is conducted in three cases.

(1) |Jz1]] > €, with which the singularity does not exist and the stability analysis in Theorem 1 works.

(2) [|21]| < € and s* # 0, with which the ¢ (z1) in u; becomes (I3 +3||z1 ||z12T +lal|21[|?) (A1121 + A1222).
Also, no singularity exists apparently.

Since the sliding-mode surface sy is designed differently, the time-synchronized property and stability
are discussed here. When s; =0,

i1 by Flsigh(x)  (Wlle]l 4 Llle|)sign, (1) | @
= — — = - —— =+ ; (43)
ll21]] 1121 + lasigg (@1)]| [ (il ]l + laf|z1|*) sign, (z1)| |1l
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which indicates that z; is still ratio persistent and the time-synchronized property remains. Consider the
Lypuanov function V = zTx1, whose time derivative is

V= rli = —2z] (llacl + ngigﬁ(acl)) <0; (44)

thus x;1 converges time-synchronously when s; = 0 in this case.

As the formulations of ¢ and sy are not modified, it is easy to achieve that the system (3) converges
to s1 = 0 when z = 2 = 0, namely x5 = ¢, and z converges time-synchronously when so = 0.

Next, we will show that the control input u drives s5 to the equilibrium. Substituting z = z2 — ¢ into
(24), the sliding mode surface s becomes

So =in — ¢ + p3sige®(z) + gssigh®(2)
=Ag121 + Aggxo +u+dy + A12 (Tlsignn(sl) + posigh?(sy) + ggsign2(51))
+ pasigl? (2) + gasigh? (2) + Al (A1 + U + 3|z [lz1a] + la]|21]®) (Anrar + Arzas). (45)

Under the control input (26), so = ug + d2 + AJ{Q (A11 + ¢(z1)) d1, which is the same as (33). Following
the analysis of Theorem 1, the convergence of z and the system (3) can be proved.

Therefore, the system is time-synchronized stable without singularity in this case.

(3) ||z1]] € € and s* = 0. In this case, s1,¢, and s2 are still the formulations of (15), (17), and
(24); thus the system is fixed-time-synchronized stable if the control input u can drive z to fixed-time
convergence.

Substituting z = 22 — ¢ into (24), the sliding mode surface s becomes

S9 =g — ¢ + pasigl? (2) + gasigh? (2)
=Ao1x1 + Agows +u+ do + Al, (Trsign, (s1) + posigd? (s1) + gasigl?(s1))

o . d o .
+pasign? (2) + gssigy” (2) + 5 (AIQ (Anzr + pisigy! (1) + 9181&,1(%1))) : (46)

Recall that in this case s* = @1 + pisigp' (x1) + gisigy' (z1) = 0 and it follows that

d . .

I (AIQ (p1sigy* (z1) + 9181g111(=’ﬂ1)))

=-Al, (pl(a1,1)|‘z1|‘a1*3x1x1T +P1H=’U1Hmfl]"*m) (p1sig® (z1) + gisigy' (1))
— Al, (91(51 — D1 [|” g2l + 91||$1||Bl_11n—m> (p1sigh* (x1) + gusight (x1)) -

From z; 27 sig? (z1) = sig?* 2 (21),

d
T (AIQ (plsigffl (1) + glsigfl (ml)))

= plagsig?® ~(z1) + gisig?” T (21) + prgr (an + Br) sigh T (). (47)

Invoking (46), (26), and (47), we have sy = ug + dg + AJ{QAHdl, which is similar to (33). Following
the analysis of Theorem 1, the convergence of z and the system (3) can be proved.

Moreover, the €(z1) in this case is nonsingular at 0.5 < ay < 1 and ; > 1. Therefore, the system is
singularity-free.

4 Semi-fixed-time-synchronized control for state-dimension-dominant
MIMO systems

In this section, we consider the state-dimension-dominant case where the input dimension is smaller than
the output dimension, namely m < & for system (3). In this case, the system matrix A5 in (3) does not
have a right inverse, which increases the difficulty of the controller design. Moreover, when the system
state o is treated as the control input of x7, it is not powerful enough to shape an arbitrary output
trajectory because the dimension of x5 is smaller than the dimension of 1. Due to the limited capability of
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the control input, the state-dimension-dominant system cannot achieve the ideal fixed-time-synchronized
convergence. Instead, we can expect parts of the output components to converge simultaneously in fixed
time, which is said to be semi-fixed-time-synchronized stable.

In what follows, the system (3) is considered in the case of m < %. We aim to design a controller
that brings ! (I < m) output dimensions to the semi-time-synchronized convergence, where [ is the
controllability index of the system @1 = Aj121 + A1awe + d1 (¢, ).

Despite Assumption 3 that is made on the disturbance ds, we make another assumption on d; for the
convenience of the subsequent system transformation.

Assumption 4. The disturbance d; can be written as di = Ajsw(t, x), where w(t, x) is considered as
a transformed formulation of the unmatched disturbance in the following analysis. Moreover, w(t, z) and
its first-order time derivative are both bounded,

w(t, )| < 03 ||zl + hs, |w(t, 2)[| < K3 [|z]] + I, (48)

where 13, h3, k3 and 3 are known positive parameters.
Hereinafter, w is used instead of w(t, x) for short.
Inspired by [35], a state transformation is taken for the first part of system (3),

xy =T Tov, v=T5"T 2. (49)

where v is the transformed system state, I'y and I's are system transformation matrices (the detailed
formulations are omitted, please refer to [36] for I'y and [29] for T').

A B ’ ’ 17 .7 B 7
Ly Ar,'r‘ Br,'r‘—l 0 0 0 Ly
" i i !
Tyr_1 A'r‘—l,'r‘ A'r‘—l,'r‘—l 0 0 0 Tyr_1
: _ : I ’
-/ ! ! ! A !
T3 3,r 3r—1 " A3,3 B3,2 0 T3 0
-/ ! ! ! I A !
Lo Az,r A2,r71 A2,3 A2,2 32,1 Lo 0
" A i A i A !
| T1 | | Al 1r—1 "~ A1z Ayg Aijg | | P10 | Bi,o (22 +w) |
Uy A, B;,rq - 0 0 0 Uy - 0 -
’I'Jf,-_l 0 A.,-_l - 0 0 0 Upr—1
. — . . . 7. . . . + (50)
’[)3 0 0 s A3 Bé72 0 V3 0
’[)2 0 0 - 0 AQ Bé,l V2 B
; AV AY oA "n_oAM L 21,0 (:L'2 + w) 4
L U1 | L A1, A1r—1 1,3 11,2 1,1 L Yt

The transformation is conducted in two steps, namely 2’ = T'yz; and v =T'5 Ly which are illustrated
n (50). With the first transformation, the system can be rewritten as the block controllable form in (50),
where an “invertible part” can be extracted from A;5. With the second transformation, the system state
v;,1 = 2,...,r is further decoupled.

In (50), the column rank of B, is the same as 2} and vy; thus it is possible to calculate the right
inverse of Bj ;. Furthermore, it indicates the output components of v; can be controlled ideally and
driven to their equilibrium simultaneously. Since rank(B;; ;) = dim (2}), i = 2,...,r, the right inverse
of B}, ; exists although not used in the following derivations.

Based on the above transformation, system (3) can be re-written as

. T / .
V; :Aivi+Bi7i_1vi—1; t=2,...,7,
r
. "
v = E Alﬂ-vi + BLO ($2 + w) R
=1

To =Ag1m1 + Agoxe + u + da(t, z,u), (51)
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where A; is defined as A; = —Ailz;, Ai is a positive parameter with 0 < A\, < --- < Ag, and 7; denotes
the dimension of v;.

In system (51), v is the transformed formulation of state x; and the transformation is specified in

(49). The system output is y = v, which cannot be driven to the origin at the same time due to the
limited control capability. Instead, the control objective is the semi-time-synchronized stability, where vq
is required to converge simultaneously.
Remark 5. The formulation of (51) shows why semi-time-synchronized convergence instead of time-
synchronized convergence is accomplished in this section. With a properly designed controller, the ele-
ments of v; converge at the same time, and vs, ..., v, will reach the origin one after another. Therefore
only [ output dimensions achieve time-synchronized convergence.

Similar to the input-dimension-dominant case, the system state zo is used as the control input for v;.
To achieve the fixed-time-synchronized convergence of vy, a terminal sliding mode surface s; is defined,
s1= 01 + pisigy’ (v1) + gisigy' (v1), (52)

where p1, g1, a1, B1 are positive parameters with 0 < oy < 1 and 1 > 1. According to Lemma 4, if s; = 0,
-« 1-8
the output signal v; converges time-synchronously within 7y, <272 /(p1(1 — ay)) + 2 E (g1(61 — 1)).
In order to force s; to the origin, a virtual control input ¢ is defined as follows:

¢ = o1+ ¢, (53)
.
$1=—Bl (ZAlll,iUi +pisign! (v1)+gisigy! (v1)> : (54)
=1
o =—B] ; (Tasign, (s1)+pasigs? (s1) +gasigl? (s1)) , (55)
T3= | Buol (rsllz|| + 7s), (56)

where pa, g2, (o, B2 are positive parameters with 0 < as < 1 and §o > 1. BLO is the right inverse of By o.

Let the deviation between ¢ and x2 be z, namely z = x5 — ¢. In what follows, we will show that if
Z=z=0, s1 converges in a fixed time.

In (17), the formulation of ¢ consists of two parts. The first item ¢; is designed to shape 47 and to
force s1 to its equilibrium. The derivative of the second item ¢ is designed to eliminate the varying
disturbances and to shape the changing rate of an s;-based Lyapunov function.

Lemma 7. When z = 2 = 0, the output v; of the state-dimension-dominant MIMO system (51)
converges to the sliding surface s; = 0.
Proof. ~ When z = 2 =0, 2 = ¢, which leads to

01 :ZT:A’{JUZ- +Bio(¢p+w). (57)
i=1
Combine the above equation with the formulation of the sliding mode surface s; in (52),
51= ZT: AY i+ Bio (¢+w)+pisigy’ (z1) +g1sigy (1) (58)
i=1
Substituting (53) into the above equation yields s1 = By ¢(¢2 + w). Considering a Lyapunov candidate

Vi= %slTsl, it has the following derivative:

Vi = s{ Byo(o + &) = —s (Tssign,(s1) + pasigh?(s1) + gosigh? (s1) — Bi,o).
Recall the formulation of sig? (-) and the changing rate of the disturbance w in Assumption 4,

Vi < = Ysllsall = pallsil| ! = gallsal|? T + [[s1l|Buoll (s ||2]| + 93)

1t+ag 1tag 1482 1485

<= pallsa)| T — gallsa |2t = =272 ppV i —27 2 gV (59)

According to Lemma 1, the output signal v; converges to the sliding mode surface s; = 0 within the
following fixed settling time:

&2

Ty <2752 (pa(1 — a2)) + 277 /(g2(Bz — 1)). (60)
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Next, the deviation between x5 and its desired value ¢ will be controlled to zero. A time-synchronized
terminal sliding mode surface is defined on z,

so = Z + p3sigh® () + gssigh? (2), (61)

where p3, g3, a3, B3 are positive parameters with 0 < az < 1 and 3 > 1. According to Lemma 4, if
sg = 0, z converges time-synchronously within 73 < 2%/(1)3(1 —ag)) + 2 (93(B3 — 1)).

In order to drive the sliding mode surface so to zero and make z converge time-synchronously, the
control input u is designed based on so,

u = uj + ug, (62)

.,
up = — (A2121 + Agaws + pasigy? (2) + gasigy® (2)) — BI,O (AT1 + p(v1)) (Z A jui + 31,0302)

i=1

_ BI,O (T3signn(sl) +p28igg2 (51) + ggsig€2 (51)) — BI,O Z Alll’z (Az'Uz + Bz{,z;ﬂ}i—l) , (63)
=2

U = —Yasign, (s2) — (pasign* (s2) + gasigy*(s2)) , o
Y= [[BLo (440 () Buo| (s ol +03) ol |+

/0 tugdtH, (65)

where p4, g4, g, B4 are positive parameters with 0 < oy < 1 and S4 > 1. The function ¢ (vy) is

+ B o (1) B sl + Bl + 2

CE1—3

¢ (v1) = pr(er — VlJor|*PoivT +pillon|* ™ T + g1 (B — Dlon | Poiof + gafloa | Lo (66)

The controller (62) is quasi-continuous and should be understood in the Filippov sense [34].

Theorem 2. Considering the state-dimension-dominant MIMO system (51), under Assumptions 1, 3,
and 4, using the control input (62) and the virtual control signal (53), the tracking error z and the output
y = v will achieve semi-fixed-time-synchronized convergence. Specifically, z and vy will reach the sliding
mode surfaces s = 0 and s; = 0 in fixed-time, then move along these terminal sliding surfaces, and
finally converge to their equilibrium time-synchronously within a fixed time interval.

Proof.  Firstly, let us show that the tracking error z reaches the sliding mode surface sy = 0 in a fixed
time. Substituting z = x5 — ¢ into (61), the sliding mode surface s becomes

s9 =iy — ¢ + p3sigh®(z) + gssigh? ()
=Ap@1 + Agawz + u+ dp + pasigh? (2) + gasigh® (2) + B] o(Ta(x)sign, (s1) + pasigh?(s1) + gasig (s1))

=1

d [ . .
+ BI,O& <Z AY jui + pisigy* (v1) + gusigy,’ (Ul))
=Ag11 + Aoy +u + do + p3sigl® (z) + gasigh® (z) + BI,O (T3(a)sign,, (s1) + pasigh? (s1) + gasigh? (s1))

+ BI,O (A71 + ¢(v1)) (Z AY vi + Bl,0x2) + BI,O Z AT (A + B ;_1vim1)
i=1 =2

+ Bl (A1) + o(v1)) Brow (67)
Under the control input (62), sy and its derivative are formulated as
s2=uz +dz + Bj o (Af) +p(v1)) Brow, (68)
82 = iia + da + B] o (A7) + ¢(v1)) B1 0@ + B o (v1) By ow.

Considering a Lyapunov candidate V5 = 5552, it has the following derivative:

1
2

Vo = s 82 <syia + |lsall (kallull + 92) + [lsall B] o (A7y + ¢(v1)) Buoll(rs [l + 93)
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+ |52l BL o (01) Broll (s [|] + Pa). (69)
Substituting (62) into the above equation and recalling the formulation of sig) (x), we have

Vo < — 53 (Yasign, (s2) + pasigh® (s2) + gasigh (s2)) + kal|s2l| (Jua]l + [[uz]]) + [|s2]|92
+ |Is2llll B o (A7; + @(v1)) Bu,oll (s [lz]| +93) + |s2]|[|B] o (v1) Buoll (s ||z + hs)

< — pasigh® (s2) — gasigh (s2) = —pal|s2l|** T — gal|so T
ag+1 04;1 ay+1 54;1
<—272 4V —272 g4V, ? (70)

which is fixed-time stable according to Lemma 1, and the settling time for the convergence of ss is

1—

Ty <275 /[pa(l — an)] 4277 /[ga(Ba — 1)]. (71)

After so converges to zero within Ty, the tracking error z moves along the sliding mode surface sy = 0
and converges to zero time-synchronously within 75. Then, z = 2 = 0, the sliding mode surface s;
converges to zero within a fixed time interval 75 according to Lemma 5. As s; = 0, the system output
v1 converges to zero time-synchronously within 77. The bound of the setting time for the whole process
can be formulated as Tiqq < 11 + 15 + T3 + T4, thus completing the proof.

5 Comparative simulations

In this section, we validate the proposed method by comparative experiments. Since the unique feature
of the proposed method is the time-synchronization property introduced by the norm-normalized sign
function, the proposed method is compared with a conventional fixed-time controller which has the same
structure as the proposed method except for the sign function.

5.1 Verification on an input-dimension-dominant system

In the input-dimension-dominant case, the proposed controller is compared with a fixed-time controller
with the following formulation:

=+, (72)

1= = (Aoi@1 + Asawy + pssig?® () + gssig (2)) — Al (T1(w)signe(51) + pasig?? (51) + gosigl (51))
- AIQ (A1 + p(z1)) (Annzr + A12x2) , (73)

Uiy = —Yo(x, )signe(52) — pasigl (52) — gasigl* (52), (74)

|

the following modified sliding-mode surfaces s; and Ss:
§1 = @1 + pisigdt (w1) + gisigh (z1), 52 = £ + pasigl®(2) + gasigl® (2), (75)

and the following @(z1):
@(x1) = praasig? (1) + g1 Bisigh (@), (76)

It can be observed that the controller (72) has the same structure and parameters as controller (26)
except for three aspects: the different sign functions (4)—(6) and (7) and (8), the sliding-mode surfaces
s1, $2 and 51, 52 which are based on different sign functions, and the different functions ¢(x1) and @(z1).
Similarly, the desired virtual velocity ¢(51) = ¢1 + ¢2(51) has the same structure and parameters as in
(17) except for the sign functions and sliding-mode surfaces; thus the detailed formulation of ¢(5;) is
omitted here.

Remark 6. The classical sign function sig(z) calculates the sign of every state element separately,
whereas in the proposed method, the control input is calculated by sigy (x) which regards the state vector
as a whole and cooperates each state element with each other, extending the scalar formulation to the
multivariable situation. Due to the difference between sigd (z) and sigp (x), the relevant procedures for
the controller design and the system analysis differ from the existing literature and consequently lead to
the time-synchronized property of the system.
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Table 1 Parameters and initial values

Parameter Value Parameter Value Parameter Value Parameter Value

a1 0.6 P1 1 S1 0.1 S2 0.1
[e2] 0.6 p2 1 K1 1 K2 1
asg 0.6 P3 1 n 1 72 1
oy 0.6 Pa 1 91 0.2 o 0.2
B1 1.1 g1 0.1 h1 0.2 ha 0.2
B2 1.1 g2 0.1 To1 1 To2 -3
B3 1.1 gs 0.1 To3 -3 Toa 2
Ba 1.1 g4 0.1

In order to demonstrate the merits of the proposed method in the input-dimension-dominant case,
the vertical take-off and landing aircraft is used for a comparative experiment between controller (26)
and controller (72). The dynamics of this aircraft are complex and nonlinear with varying parameters,
whereas it is linearized and can be formulated as

To = AoTo + bout + do (t; Lo, U)a (77)

where subscript ‘o’ stands for the original system, u = [u1, us] is the two-dimensional control input with
the collective pitch w; and the longitudinal cyclic pitch ua, o = [Zo1, %02, To3, Zoa] is the state vector
with the horizontal velocity x,1, the vertical velocity xq2, the pitch rate x,3 and the pitch angle x,4. The
detailed value of system matrices A, B, and the disturbance vector can be found in [37].

Let Zo = [X03, Toas To1, Toz]. The transformation matrix and the system disturbance take the value of

1.000 0 —9.511 0.371 (0.1203 + 0.7204) sin(0.1z2)
0 1.000 0 0 —0.3 0.3xo4t
T= L do(t, o, u) = To1 €08(0-3204t) (78)
0 0 —2.778 —0.064 —2x51 — 0.372
0 0 —1.297 —0.162 (0.2201 + 0.4204) sin(0.4xo3)

From matrix 7', we can achieve the transformed system state x = Tz, = [z], 74 |T with 21 € R?*! 25 €

R?*!. The transformed system is formulated in (3) with [d],d3] = T'd,. The transformed state matrices
are

o [F0ssa9a2613] 37423 —1.8857 ~ [-0.0524 1.5244 ~ 0.2094 —0.1404
M 1 0o |7 | 25520 4.4900 |’ 0.02481.2413] 0.5738 —1.0781]
(79)

The same parameters and initial state values are adopted for both controllers as listed in Table 1.

Since the general system is transformed to the formulation of (3), we first analyze the system state
of the transformed system where x = T'Z,. The transformed state x under the proposed controller is
illustrated in Figure 1(a), where every dimension of x converges simultaneously at ¢ = 6.25 s. Even
if we zoom the figure at the magnitude of 1073, the convergence rate is well-controlled by (26) under
disturbances and the time-synchronization property is shown clearly in the subfigure. The transformed
states generated by the conventional fixed-time controller (72) are plotted in Figure 1(b), where different
state elements converge to zero at separate time instants. The transformed state x15 converges firstly at
t = 4.94 s, whereas other state elements reach the origin at ¢ = 6.88 s. One may doubt that x1;,x2; and
9o can still converge at the same time. However, this phenomenon is generated by the inherent coupled
property of the system instead of the controller.

Despite the transformed system, the states of the original system have different performances under
(26) and (72), which are illustrated in Figures 2(a) and (b), respectively. In Figure 2(a), the state elements
converge to the origin at t = 6.25 s simultaneously under the proposed controller, whereas they converge
at t =4.94 s and t = 6.88 s separately under the compared controller. The converging time instants can
be figured out clearly in the enlarged subfigures.

The reason for the time synchronization under (26) and asynchronous convergence under (72) can
be attributed to the different designs of sliding mode manifolds. The s; in (15) and the s in (24) are
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Figure 1 (Color online) Transformed state = by using (a) the time-synchronized controller in (26) and (b) the compared controller
@ in (72).
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Figure 2 (Color online) Original state z, by using (a) the time-synchronized controller (26) and (b) the compared controller u; .

designed based on the norm-normalized sign function, which cooperates multiple dimensions of the system
state and keeps x11 and x1o ratio persistent. The ratio of x11; and x5 is illustrated in Figure 3, where
a constant ratio is generated after a while under (26) and a changing ratio is generated by (72). The
terminal sliding manifolds §; and S5 are used for the compared fixed-time controller, where the classical
sign function is adopted that deals with different dimensions separately, leading to the changing state
ratios and sequential converging time instants.

The control inputs of the two controllers are demonstrated in Figure 3, where both control inputs are
relatively large at the beginning and become very small when the system states reach the sliding-mode
surfaces s; = so = 0. The energy consumed by both controllers is also calculated and illustrated in
Figure 3, where E(t) = Y°._,, [._ ui(r)dr. Tt can be observed that most of the energy is consumed
at the first stage by driving the states to the sliding-mode surfaces. The proposed method is 20% less
energy-consuming than the compared controller due to the time-synchronized property.

The rationale for the energy-saving performance can be figured out in Figure 4, where the state
trajectory is plotted for both controllers. The state trajectory generated by the proposed controller (26)
is illustrated as the blue line, which is a curve in the beginning when s; # 0 and becomes a straight line
when s; = 0 after some time. A certain amount of control energy is consumed at the beginning whereas
little control energy is needed when s; = 0. In contrast, the state trajectory generated by the compared
controller (72) appears as a curve in the whole process, which consumes more energy. Moreover, the blue
state trajectory under (26) is much shorter than the red one generated by (72).
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Figure 3 (Color online) The state ratio x11/x12, control inputs u; and us, and the energy consumed under controllers (26) and
(72).
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Figure 4 (Color online) The state trajectories of z; under Figure 5 (Color online) The space trajectory length of the
different controllers. aircraft in (77) and @; under different controllers.

Besides the state trajectories, the actual travel length can be explored since we use the practical aircraft
as the simulation example. In Figure 5, the travel length of the aircraft is illustrated. It is calculated by
integrating the 2-D speed, namely d(t) = f:=0 Va2, (1) + 225 (7)d7, where 2,1 and z.2 are the horizontal
velocity and the vertical velocity of the aircraft, respectively. Before the aircraft stops at the space, it
travels 4.85 m under (26), which is much less than the 9.04 m generated by (72). This further showcases
the merit of the proposed method.

5.2 Verification on a state-dimension-dominant system

In this subsection, a less complicated example is used to verify the fixed-time-synchronized control method
for the state-dimension-dominant system (51), which is set as 5 state dimensions and 2 input dimensions.

The system matrices are A}, = diag(—0.2,—2), By o = 2I3, Asy = diag(—1,-0.5), AY;, = 0 € R'*2,
Ay =0 € R*2 Ay =[0,1] and B); = —1. The disturbances are formulated as

sin(2x21)(0.222 + 0.6z92) —0.4211 cos(0.5x21)
d2 = , W= . (80)
0.5x99 + (211 + 0.3212) cos(0.5z22) —T22 + 212
The proposed semi-fixed-time-synchronized controller (62) is modified to be
@ =i + 1, (81)

iy = — (Agiay + Agpws + pasie?® () + gssigl® (2)) — Bl o (A7) + ¢(v1)) (Z 1avi + Bl,0x2>

i=1
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Figure 6 (Color online) System state x by using (a) the proposed controller (62) and (b) the compared controller (81).

— BI’O (T3signc(§1) + posigt?(51) + ggsing (51)) — BLO Z Al{,i (Aivi + Bg’iflvi_l) , (82)
i=2

Uy = — Yy(x, u)signe(s2) — pasigt*(52) — g4sigf4(§2), (83)

where the function ¢(v;) is the same as (76) with variable v; and the sliding-mode manifolds are re-
formulated as

51 = 01 + p1sigot (v1) + gisiglt (v1), S2 = 2 + p3sigd® (2) + gssigl?(2). (84)

Similar to Subsection 5.1, controller (81) has the same structure and parameters as controller (62)
except for the different sign functions, the sliding-mode surfaces based on different sign functions, and
the functions o(v1) and @(vy). The desired virtual velocity ¢(51) = ¢1 + ¢2(51) has the same structure
and parameters as in (53) except for the sign functions and the sliding-mode surfaces.

The same control parameters are adopted for both the proposed semi-fixed-time-synchronized controller
(62) and the compared fixed-time controller (81), which are set to be the same as in Subsection 5.1 and are
shown in Table 1. The initial values of the original system states are 27 = [3, —2]T, 20 = 5; 20 = [2, —3]T.

Figure 6(a) shows the state of the system (51) under the proposed controller (62), where 211, 212, 21
and x99 converge simultaneously at t = 4.27 s whereas 25 reaches zero at t = 6.94 s. It is called “semi-time-
synchronized” control because only parts of the output dimensions, namely z1; and z12, converge time-
synchronously. The other part of the output dimensions, zo, reaches the origin at a different time instant
since the control input is not powerful enough to drive all the state elements to the origin simultaneously.
In this case, the sliding mode manifolds s7 in (52) and s9 in (61) are designed for z; and x9, respectively,
the two dimensions of z; are expected to reach the origin simultaneously and so do the dimensions of
To, whereas z; and xo are not designed to converge time-synchronously. They converge simultaneously
simply due to the inherent coupling of the system. The time-synchronization property is shown clearly
in the subfigure, where the plots are zoomed at the magnitude of 1072. Figure 6(b) is illustrated as a
comparison, which is generated by the compared controller (81). In Figure 6(b), 211 and z2; converge
at t = 3.97 s, 212 and x95 reach zero at ¢t = 3.4 s, and 25 arrives at the origin at ¢ = 8.45s. The three
dimensions of the output, z11, 212 and zo, converge totally time-asynchronously.

The output ratio, the control input, and the energy consumed by both controllers (62) and (81) are
illustrated in Figure 7. Ounly the ratio of z11/212 is plotted because the sliding-mode surface s; in (52) is
designed for the fixed-time-synchronized of z1, and 2z converges at a different time instant. The ratio of
211/ 712 is persistent in the stabilizing process under the proposed controller (62) whereas it keeps varying
under the compared controller (81). This results in the synchronized/asynchronous converging time of the
two controllers. The control energy is calculated as E(t) = _,_ , frt:o u2(7)dr. The proposed method
saves about 1/3 control energy with respect to the conventional fixed-time controller (81).
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Figure 7 (Color online) The state ratio z11/z12, control inputs u; and w2, and the energy consumed under controllers (62) and
(81).

6 Conclusion

This study considers the fixed-time-synchronized control of perturbed MIMO systems. A general MIMO
system is divided into input-dimension-dominant and state-dimension-dominant cases, which are de-
fined according to the capability of achieving time-synchronized convergence. A fixed-time-synchronized
terminal sliding-mode surface is presented as the foundation of the proposed method, based on which
the (semi-) fixed-time-synchronized controllers are designed for input-dimension-dominant and state-
dimension-dominant cases. Matched disturbances that appear inside the control channel and unmatched
disturbances that appear outside the control channel are both considered and compensated by a super-
twisting observer embedded in the controller. Analysis and discussions on system stability and time-
synchronized property are conducted. Compared with conventional controllers, the proposed method
generates shorter state trajectories and consumes lower control energy, which is verified by simulations.
The merits come from the time-synchronized property, which can be extended to some existing fixed-time
controllers by certain modifications based on the inspiration of this study. In the future, the proposed
control method will be improved to deal with more complicated practical problems, such as input satu-
ration and reference signal variation, and its application will be explored in the rendezvous of multiple
vehicles and the time-synchronized arrival of robot fingers.
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