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Novel results on complex interconnected time-delay systems with single
phase second order sliding mode control is investigated. First, a reaching
phase in traditional sliding mode control (TSMC) is removed by using a
novel single phase switching manifold function. Next, a novel reduced order
sliding mode observer (ROSMO) with lower dimension is suggested to
estimate the unmeasurable variables of the plant. Then, a new single phase
second order sliding mode controller (SPSOSMC) is established based on
ROSMO tool to drive the state variables into the specified switching
manifold from beginning of the motion and reduce the chattering in control
input. Then, a stability condition is suggested based on the well-known
linear matrix inequality (LMI) method to ensure the asymptotical stability of
the whole plant. Finally, an illustrated example is simulated to validate the
feasible application of the suggested technique.
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1. INTRODUCTION

In recent years, there has a growing the investigation attention in sliding mode control (SMC) theory
and application for control systems. The outstanding features of SMC include strong robustness against
uncertainties and disturbances, computational simplicity, and finite-time convergence. Owing to these
advantages, SMC has been applied to solve many practical control plants, such as wind turbines, robotic
manipulator, induction motor drives, and photovoltaic [1]-[3]. Unfortunately, the SMC suffers from
undesired chattering phenomenon [4], which is very dangerous for actuators in practical models [4],
especially for electro-mechanical systems. To reduce this issue, one of the widely used techniques is the
second order sliding mode control (SOSMC) method, which was first introduced in the 1980s by [5]. This
method is constructed by treating the derivative of the discontinuous fist order sliding mode controller in the
traditional SMC (TSMC). Thus, the unwanted high frequency fluctuation phenomenon can be alleviated [6].
Although the SMC has the significant attainments [7]-[9], in overall, there are still three missions that should
be settled for SMC design. These comprise: i) chattering-free: a new SMC is designed by eliminating the
reaching phase in TSMC so that the complex interconnected systems not only guarantee robustness
enhancement but also remove the unwanted chattering in control input; ii) unknown exogenous perturbations:
an upper limit of the exogenous perturbations in practical control systems are difficult to get advance
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information; and iii) output feedback: a disadvantage of the existing researches is that all variables of the
plants have to be available. This is invalid in many practical control plants.

For the above first mission which will weaken the undesired high frequency fluctuation in control
signal, many studies based on SOSMC approach have been reported in the papers [7], [9]-[11]. A novel
second-order sliding mode controller with a saturation level was built in [10] for the nonlinear SISO plant by
using the adding a power integrator technique. In [7], a novel controller was designed by using a fractional
switching surface for the nonlinear fractional-order systems. By means of the Lyapunov technique, an
adaptive SOSMC law was investigated in [9] for the nonlinear systems. In [11], a state feedback controller
with time-varying output constraint and mismatched term for the nonlinear dynamic system was constructed
by employing power integrator technique. However, these researches did not cogitate the exogenous
perturbations affected on the plants. This problem is also the second task which will be solved in this paper.

For the above second mission which will consider the unknown exogenous perturbations, this issue
has been examined by researchers [8], [12]-[14]. In [12], a second order sliding mode algorithm was
established to solve the nonlinear plants with disturbances limited by positive functions via a backstepping-
like technique. Also, this approach, Wu et al. [14] suggested a new controller for systems subject to external
disturbance. Based on super-twisting, twisting, or homogeneous procedures, Shi et al. [13] proposed a new
variable-gain fixed-time SOSMC signal for a general class of uncertain nonlinear plants. Liu et al. [8]
investigated a state feedback controller to solve the asymmetric output constraint problem by employing a
power integrator and barrier Lyapunov function. Nevertheless, authors in these works assumed that the limit
of external perturbations is positive function or constant. In addition, most of them require the availability of
the states of the system, which cannot be ensured in practice because several system’s states may be
challenging/costly to measure. The limitations will crack in third mission.

For the above third mission which will perform the output feedback controller design, numerous
publications of SOSMC laws with output information have been investigated in the research [15]-[17].
Koo et al. [15] explored an output-feedback controller based on an observer to stabilize a class of nonlinear
large-scale plants with an unknown interconnection by employing a Takagi—Sugeno fuzzy typical. In [16], a
new SMC methodology is stretched to a class of mismatched uncertain large-scale systems with the
mismatching interconnections and unknown perturbations. However, the norm of system variables is
bounded by constant. This condition may be difficult to satisfy for many practical systems. In [17], a novel
direct adaptive fuzzy controller based on an observer was constructed for a certain class of high order
unknown nonlinear dynamical plants with unmeasurable states. Regrettably, these researches have been
showed the SOSMC law based on full order observer with large dimension, which rises the calculation of
burden because of the associated closed-loop plants. Further, these researches only ruminate the small
systems. This motivated our study to develop decentralized output feedback control scheme for the complex
interconnected plants.

Inspired by the above observations, to the best of our knowledge, little devotion has been paid to
getting the chattering removal and stabilization control problems for the complex interconnected plants with
unknown time-varying delays and external perturbations, which is still open in the literature. In this work, we
suggest a reduced order sliding mode observer (ROSMO) based single phase second order sliding mode
controller for complex interconnected plants which guarantees the robustness enhancement of the plant and
eliminate the unwanted high frequency vacillation in control input. Besides, in the sliding mode, a sufficient
condition to asymptotically stabilize the closed-loop systems is given by using well-known linear matrix
inequality (LMI) method. Finally, by numerical illustration, the rationality of the suggested ideas, methods,
and measures are displayed.

2. MODEL DESCRIPTION OF THE PLANT AND PROBLEM FORMULATION
In this study, we cogitate a class of the complex interconnected plants with unknown time-varying
delays consisting of L interconnected subsystems modelled as (1),

x;(t) = [A; + A4;(O)]x; () + [Aig + AA;a () ]x;0 () + B;[u (8) + §(x (8), xi0, )] +
Yo, Fiyxia(t),
yi(t) = Cix; (t) with x4 = x;(t — d;(t)) and x;(t) = x;(t) for —d; <t <0, 1)

where x;(t) € R™,y;(t) € RPi,u;(t) € R™ are the system variables vector, the output vector, and the
control signal, respectively. x;; is a delayed state where d;: = d;(t) is the time-varying delay which is
assumed to be unknown, nonnegative and constrained in R™; that is, d;: = sup, e+ [ d(t)] < o. The constant
matrices A;, A;q, B;, C; and F;; have appropriate dimensions. A matched nonlinearity of the system is
indicated by ¢;(x;(t), x;4,t). The symbol y;(t) is a differentiable vector-valued initial function on [—d;, 0].
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The mismatched parameter uncertainties of the plant which include 44;;(t) and 44;,(t) gratify the form
[AAl(t) AALd(t)] = [DiZ'i(xi(t),t)Ei DidZ'id(xi(t), xid,t)El-d], Where Di!Ei!Did!Eid are knOWn constant
matrices and X;(x;(t),t), Ziq (x;(t), x;4,t) are unknown functions but limited as ||Z;(x;(¢),t)|| < 1 and
|2 (x;: (1), x;q, )| < 1. To build a novel chattering-free sliding mode controller, we will convert the original
scheme (1) into a new regular form. Based on the attained results in paper [18], we have I; = I; — E{Ey;,
where I; is symmetric matrix with n; X n; dimension and the Moore-Penrose inverse of the E;; is achieved as
E{l. In mismatching condition, B{-"D;; # 0, where B;" is an null space of the matrix B;. Now, we design a
single phase switching manifold function for the complex interconnected plants (1) as (2):

si(i(),t) = 6;(y: (1), £) + Rio; (v; (1), 1), )

where o;(y;(t), t) = 6;(yi, t) — 6;(¥:, 0) exp(— a;t), 6;(yi(¢),t) = S;x;(¢) = Fyy;(t), a diagonal matrix
R; € R™*™Mi g, >0, and 6;(y;(t), t) is the differentiating of o;(y;(t),t). In addition, a matrix S; =
K; BT (GPT; + B;Q;BN) ™t = K;BT T "%, where K; is any nonsingular matrix and the symmetric matrices P;, Q;
are answers of the LMIs: I;P; l+BlQlBlT >0 and BT (4; P + I;Q;:I;AT)B}+ < 0. The matrix F; is
chosen matrix such that S; = F;C; is resolvable. Now, the state transformation matrix [9; o;]7 = M;x; and
[9:q 0ia]" = M;x;4 will be used to convert the complex interconnected systems (1) into a regular form. The
transformation matrix M; = [B{*" K;BI'T;"*] and its inverse matrix M;* = [T;B}(B{"T;B}*)™* B;(S;B;)™'].
We replace the transformation matrix into the system (1) as (3):

0;(6) = [Ajnr + A411)9;(®) + [Ajinz + 844is2]0:(8) + [Aiinia + AAiin1al9ia (O
+[A1112d + AALLlZd]O-Ld(t) + Z§=1,j3=i[ﬁij1119jd(t) ‘_" Fijlzajd(_t)]'
Gl(t) - [ ii21 + AA1121]19 (t) + [ ii22 + AALLZZ]Ul(t) + [AuZld + AAiiZld]ﬁid(t)
+[A1122d + AALLZZd]ULd(t) + (S B; )[u (t) + (L(xl(t) Xid, t)]
+Z]=1,J¢L[F112119]d + Fl]22q1d]' (3)

where

Ajq + DAy, = B”[A + D,5E]T:B*(BMT;BH) Y,

Ajny + DAy, = B [A + D;%;E;]1B;(S;B) L,

Ajiz1 + AAypy = KBTI T Y[A; + D ZE{]T; Bl(B”T BH™,

Ajins + A4y, —KB T HA; +DZ’E]B (S;B)71,

Aulld + AAulld - [Ald + DLdELdELd]TB (BLTT Bl)_

Aulzd + AAmza - [Ald + DLdZLdEld]B (S B; )_

A1121d + AALLZld - KB T 1[Ald + DLdELdELd]TB (BLTT Bl)_

AllZZd + AALLZZd - KlBl Tl 1[Ald + DleLdEld]Bl(SlBl) 1:

Fiji1 = BETKTiBE (BT T,B) ™Y, Fijro = BTKBi(SiB) ™,

Fijz1 = SiKi;T;Bi (BF'T;B{*) ™, Fij2; = SiKijB; (5 B)™Y,9; = Bi"x;, 9,4 = BT x;4.

Following the results in paper [18], we get AA;;;1(t) = AA;i1(t) = AAji114(t) = AAyip14(t) = 0. Thus, we
can rewrite as (4).

19 (t) - LL1119 + [Aulz + AALLlZ]UL + Alllldﬁld + [Aulzd + AAiilZd]Uid
+Z] 1]¢L[FL}1119]¢1 +_Fl]120-]d] _ _ _
6;(t) = Aji19; + [Aiiz + AAyz2)0; + AjpraBia + [Aiinza + 4412241014
+ (SiB) [u; (t) + G (x; (), %30, )] + Z?:iji[ﬁijmﬂjd + Fijzzajd]- 4

3. MAIN RESULTS
3.1. A novel reduced-order sliding mode observer construction

To construct a new chattering-free output feedback SOSMC for complex interconnected systems
(1), anovel ROSMO will be designed to guess the unmeasurable states of the plant as (5):

19 (t) - LL1119 (t) + ALLlZUL(t) + Alllldﬁld (t) + ALLlZdGLd (t) (5)
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where J;(t) and 9,4 (t) are estimation vectors of 9;(t) and 9;,(t), respectively. The dynamics of its errors
9; () = 9;(t) — 9;(t) and J;4 (t) = 9;4(t) — V4 (t) are governed by the equation.

I(t) = Ajjy10; + AiinraOia — AAii120; — AAjisz40i4 + Zlle,jii[ﬁijlllgjd]
=Yk el FijpaOa + Fij204) (6)

By using (3) and Zlfzi,j;ti [Fij111§ja - Fij111§jd - Fij120'jd] = ?:1,;’#‘ [Fjinlgm - Fji111§id - Fjuzaid]: we
have (7).

J(t) = B A T;Bi (BT T;B)™9; + Bi" A;qT;Bi (BT T; B ) "4
_BiLTDiZiEi_Bi(SLiBi)_lo-i - BiﬂPidz’id(xid;_t)EidBi(SiBi)_laid
+Xh s il FinnOial — Ther jwil Fijiadia + Fijizoal- (7)

Now, we will propose a new theorem which introduces the upper limit of the error dynamics as:
Theorem 1. Let @, (t) be an upper limit of the error ||§}i (t)". And @, (t) is answer of the form

@y () = 8;a;(t) + éiﬁli_{[”BilTADi””EiBi(SiB_i)_lll + 72 1B Dia N Eia B (S:B) Mo, (Ol
+ X5y el il |Friaa [ ||9: O] + fizil| Fiaz || llo: ON], (8)

where 8; = Apax + Eflai[lAiinzall + ||Fiiaal[] < 0, Amay is maximum eigenvalue of 4;;,, and & > 0, 7y; >
1, fip; > 1,7j5; > 1. The initial situation &;(0) = &]|9;(0)|| > 0, where 9;(0) is an initial condition of the
error.

Proof of Theorem 1. Surveyed the paper [19], A;;, and A;;;4 are stable matrices. Thus, we have

llexp[ Ajirq t]Il < & exp( ApmaxWhere & > 0. By expressing the (7) to produces:

t
||'§i(t)|| < |lexp (A4 t)””'gi(o)” +f llexp[A;11 (¢ =D [||Aii11d||||1§id(‘f)”
0
+1Bi" D% Cxi, )E;Bi (S;B) " llow (@)l + 1B Dy Zig (Xia, ) Eia Bi (SiB) ™ lloia (D
+ Zjesei(lFina [ 195all) + Zier il Faa [ Fall + [1Fijrzllllojal D1, )

Following the Lemma 3 in the study [20], we get || 9| < |||, llowall < Fzillaull, and ||8ia| < e[|
with 7jy; > 1,75; > 1,7j5; > 1. Next, the two sides of the inequality (9) are multiplied by exp( — Amax; t)
and then shift them to the right-hand side term, (9) can be denoted as (10):

15:®]| < &:(0) exp[(lmaxi + EfilAinal)t] +

Iy &tz exp[(Amax, + EfiallAiarall) (€ = 7))

X {[I1BF" D; I1E;B; (S:B) || + i |Bi" Diq 1| Esq B: (S:B) oz (Dl

+ 35y jeil el Faaa 192 || + i || Bz || Nl 1]} = &5:(0), (10)

where @, (t) is solution of (8). Therefore, we can determine that ||1§i(t)|| < @;(t) for all time. Theorem 1 is
proved entirely.

3.2. Design of a single phase second order sliding mode controller
In this part, a new proposed controller is created based on the suggested observer in the above part.
Firstly, by using (1) and the transformation matrix M;, differentiating &; (y; (t),t) can be described as (11):

6;(t) = S;AT;BF (B TT;B)™"9; + S;A;B;(S;B;) ‘o; + SiAidTiBiJ_(BiJ_TTiBil)_lﬁif
+ SiAigB; X (S;B) aiq + (SiB)ui(t) + X5y j2i SiFyi [7}'3};(3]”7}3];) Vig +
-1 _
+ B;(S;B)) Uid] +;(t) + a;6;(y;, 0) exp( — a;t), (11)

where ¥; (t) = S;AA;()T; B (B T;Bi) ™ 0;(t) + S; A (O)T; B (B T;Bi") 1 0;a(t) +
S;AA;()B;(SiB)) 0;(t) + S;AAiq(£)B;(SiB)) " 01q (t) + (S:B;) i (x; (t), Xiq, t).

Single phase second order sliding mode controller for complex interconnected ... (Cong-Trang Nguyen)
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The second order derivative of a;(y;(t), t) is specified as (12).

&,(t) = S, AT B (B T;BF) ™9, + SiA;B;(S:B;)'6; + SL‘AidTL‘BiJ-(lBL‘J-TTiBL‘J-)_lléid )
+ SiAiaBi X (SiB) 6ia + Bk i SiFy [TyBF(BFTTBF)  Oia + B(S1B) ™ 6a] +
(S:B)u;(t) +;(t) — af6;(y:, 0) e xp( — a;t). (12)

Differentiating the switching manifold function (2) and combining the (11), (12), we obtain:

$i(t) = SiAiTiBil(BilTTiBil)_llgi(F) + S;A;B;(S;B) ™6 (t)
+ SiAiTiBi (B "T;Bi) 104 (1) +1 SiAiaBi(SiBi)_ldifiz(t)
+ X1z SiFji [Y}BJ'J-(B}'J-T’I}BJ'J-) 9ia(t) + B;(S;B;) U'id(t)]
+ (SiB)w (8) + ;) + Rio;(vi, t) + [Ria; — af16;(v1, 0) exp( — a;t). (13)

Secondly, an exogenous perturbation ¥;(t) in (13) is assumed to satisfy the constraint ||[;(t)|| <

roluri(llx;1D™], where r is the perturbation’s order and v,; > 0. In the real control applications, the
disturbance order r and the constants v,; in the plant are unknown due to complication of the plant
configuration. Now, we are in position to show that the system’s trajectories hit the sliding manifold (2) from
beginning of the motion. With these aims, a new control signal is established as (14):

w;(0) = (:B) ™ Hpul||9:|| + @] + pailloi (O + psilldill + @&lls: (Ol
+K; Z§=1,j==i[ﬁ4i||pji11|| (19:1 + &) + ﬁ2i||F}i1z||||Ui||]
+Zlf:1,j¢i[ﬁ4i(”1§i(t)” + @) + Psillo: (OII]
+ Xt il lai | Faa || (9] + &)
+i|| Fjinz || loc 1] +Bsil6: 1| + 57 + IR |62 || + I1[Ri@; — 211111 6; (v2, 0) 1] exp( —
a;t)}sign(s;(t)), (14)

where & > 0 and py;, Poi, P3i Pair Psi» Peir L7 are gains of control which will be found later.

Theorem 2. Study the interconnected system (1) with the proposed controller (14) where the switching
manifold is demarcated by (2). Then, the state variables of (1) forward to the switching manifold (2) in finite
time and stay on sliding mode under the controller (14) when scalar gains filling the following settings:

pri = [IIS;ATBi (B T;B) ™M | + aillSiAiaTiBi- (BT TiB) TH I Asiaa Il + flaill Aiia1alll,
Pai = [ISAT B (B TB) M| + flaill SiAiaTiBi- (B T TiBH) T 1[I s Il + 1B Dyl
X ||E;Bi(S:B) M| + zill Aiinzall + f2ill B Dia | Eia Bi(SiB) T ], pai = Il $;A:Bi(SiB) I

+ T120llSiAwaBi(SiB) T, Bai = acll S| Fll || 7587 (BTT8) ™ || WA Il + NAiiaaall,

Bsi = sl Eall | 787 (BTTB2) || Il Aunall + BT DANIE B (5B

+1,, 1 Aiirzall + A2l BT Dig | EiaB; (S:B) 7],

Poi = HallSillIFll || Bi(5;8) || 67 = s ol (15)

Proof of Theorem 2. We study the positive definite function as Vi(s;) = Yrlls; (y; (), t)|l, where
s;(y; (1), t) is switching manifold as (2). By differentiating V;(s;) and using the (13), we get (16).

y i(t) 1.4 1.
Vi(s) = Xiey “zi(t)” {S;AT;BF (BFT;BH)19;(t) + S;A;B;(S;B;)™6:(¢)
+ SiAigTiB (BT T;B{) ™ X 93q(t) + SiAiaBi(S;B:) 6;a(t) +
Yoy e SiFy|TiBE (BT T;BH) 194 () + Bi(S;B) ™

X d-jd(t)] + (8B (t) + i (8) + Ri6;(vi, t) + [Ria; — a16,(y;, 0) exp( — ait)} (16)

Rendering to the Lemma 3 of the work [20], we attain ||o;4 ()| < 7i2llo; (O]l and [|[9;4 (O < 74:119;: (O,
where 7, > 1,7,; > 1. Besides, following the property of the norm, we achieve ||9;]| < ||9;(t)|| + & (¢).
Consequently, the first (4) can be modified as (17).

Int J Elec & Comp Eng, Vol. 12, No. 5, October 2022; 4852-4860
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||19(t_)|| < A1 911 + [Nl A2 Il + ”BilTDi”||EiBi(SiBi)_1||1||Ui|| + ||A—L‘L‘11d|_|”19id||
+ 1 Asi124 1l + 1B Dig I E;a B; (S:B) Tl oy ll + Zf:Ljii[”Fijn”||19jd|| + || Fijazllllozall]- (17)

By substituting the suggested controller (14), control gains (15), and (17) into (16), it is obvious that V; <
=Yt a@lls;(®)|l, where & > 0. Thus, the state trajectories of the plant (1) reach the sliding manifold (2) in
finite time and stay on it. Theorem 2 is demonstrated completely.

4. STABILITY ANALYSIS OF SLIDING MOTION
In this part, we are in situation to give a satisfactoriness constraint in LMI such that the closed-loop
plant (3) in sliding mode is asymptotically stable. Let us create with seeing the LMI:

Q E Efy XiD; XD

Ei - 'Yi_lli 0 0 0

Eq 0 = (fiyYud) i 0 0 |<0i=12...,L (18)
prx o 0 v 0
prX, 0 0 0 — YLl

where ; = ATX; + XiA; + v Xi + faaiVaiaAiaXiAia + Z§=1,j¢i(ﬁ4iﬁj€11xi + 74 XiFjin1), A; = BT AT, B
(B{'T;B)™, Dy =Bi'D;, E;=ETBi(B{"T;B)™", A= Bi"AiT;Bif (B "TiB{)™", Dig = Bi"Dig,
Eiy = E;qT;Bf x (BfTT;B)™1, X; € R(u=—mx(i—mi) js any positive definite matrix, and y; > 0,y >
0,¥2ia > 0, flaqi > 1,74p; > 1. Then, we can construct the following theorem.

Theorem 3. Suppose that the sufficiency constraint (18) has answer X; > 0, the positive constants y; >
0,%1ia > 0,¥2ia > 0, and #i44; > 1,74,; > 1. The manifold function is premeditated by (1). Then, the
complex interconnected time delay systems (4) restricted to the sliding manifold surface s;(y;(t),t) =0 is
asymptotically stable.

Proof of Theorem 3. The motion dynamics of the complex interconnected systems (3) in the sliding mode can
be represented as (19):

9; = [A; + DiZ; (i, )ENS; + [Aig + DigZig (Xig, OEia19ia + hey juil Fij1ajal, (19)
where the constant matrices A;, D;, E;, A;q, Diq, and E;, are defined in (18). Now, we define a Lyapunov
function as V = Y-, 97 X;9;, where the positive definite matrix X; is demarcated in (18). Derivative of Vwith
respect to the motion dynamics (19), we get (20).

V < X007 [0 + ViET By + flapiviia Bl Eia + vi ' XiDiD] X + VinaXiDia Dig Xi19:}- (20)
By using the Lemmas in published researches [20]-[23], the LMI (18) is equivalent to the inequality (21).

Qi + ViEVE; + flapiViiaEigEiq + v XiDiD{ X; + vinaXiDiaDigX; < 0 (21)
From (20) and (21), we obtain V <0.That is, the sufficiency constraint (18) is gratified, the plant (3) is

asymptotically stable in the sliding mode. The proof of Theorem 3 is finished.

5. NUMERICAL SIMULATION

In this part, we present numerical examples which adjusted from the research [24] to demonstrate
the advantage of the control structures suggested in this paper. Consider the mathematical model of the
complex interconnected plants with unknown perturbations composed of two subsystems:
Subsystem I: ny, = 3,m; = 2,i = 1,j = 2, and the dynamics are specified as (22):

-20 -1 -2 02 0
%, () = {[1 00 +AA1(t)}x1(t) +{ -1-11 +AA1d(t)}x1d(t) +]1 l[ul(t)
210 1—2 20 -0.5
@ @xe O+ 01 0 0 |na@n®=cn® =[5, |u®, @
02 010

Single phase second order sliding mode controller for complex interconnected ... (Cong-Trang Nguyen)



4858 O ISSN: 2088-8708

where the mismatched uncertainties in state matrix and delayed state matrix are respectively AA4,(t) =
[0 0 1172, (x,(t),©)[1 1 0] with Z;(x;(t),t) = 0.14 sin( 0.1t) and AA,4(t) = [0 1 0]7 %, 4 (1 (), X4, 1)
X [1 1 0] with X530 (t), x14,t) = 0.22sin(0.1t). The external perturbation input is assumed to be
[ (O] < vor + var Ulxa D) + vaq (% I1)? With vgy = 0.12,v;; = 0.32, and v,; = 0.55.

Subsystem II: n, = 3,m, = 2,i = 2,j = 1, and the dynamics are specified as (23):

020 02-1 0
X, (t) ={ 120 +AA2(t)}x2(t) +{ 01-1 +AA2d(t)]x2d(t) +11 l[uz(t)
21-2 0-11 —-0.5
F 00 O+ [01 0 0 1407, = Gr@ =[5 ¢ []a®, @3

02 010

where the mismatched uncertainties in state matrix and delayed state matrix are respectively A4,(t) =
[001]75,(x,(2), t)[1 1 0] with Z,(x,(£),t) = 0.28sin(0.1t) and AA,,4(t) = [0 1 0]7Z,4 (x5 (1), X34, t)
X [1 1 0]with Z5;(x,(t), x24,t) = 0.41sin(0.1t). The external disturbance input is assumed to be
[ O < voz + viz(lx11) + vaa (llx2 ID? With vg, = 0.12,v,, = 0.22, and v,, = 0.34. For simulation, the
initial condition of the two subsystems are x;(0) = x,(0) =[1 — 1 2] and the unknown time-varying
delay is d(t) = 0.15(1 + sin 0.5¢t) [25]. By using MATLAB software, we have obtained the significant
results. In particular, Figure 1 shows the time history of the subsystems states in Figure 1(a), and the
manifold function in Figure 1(b), and the ROSMO in Figure 1(c). Figure 2 displays the time response of the
observer errors in Figure 2(a), the upper bound of errors in Figure 2(b), and the proposed single phase second
order sliding mode controller (SPSOSMC) in Figure 2(c).

2 x10 x107
3 X10 5 4
4 = Sliding manifold — ROSMO
= 2t — 3 === Sliding manifold> P 3 === ROSMO2
3 = =) ]
S 52 &2
o R o ] 1%
g 0t T‘é 0 'u'; 0 }.?.‘..—.- .....
‘g g -1 =
2 ) 51
2 = 3 S -2
4 -3
-3 -5 .
0051152253354455 0051152253354455 400.51 152253354455
Time (sec) Time (sec) Time (sec)
(a) (b) (c)
Figure 1. Time history of (a) the system variables, (b) the manifold functions, and (c) the ROSMO of two
subsystems
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G4 5 3 SPSOSMC |
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Figure 2. Time response of (a) the observer errors, (b) the upper bound of errors, and (c) the proposed
SPSOSMCs
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6. CONCLUSION

This paper has presented the novel single phase SOSMC scheme, which removes completely the
reaching phase and uses output variables only, for the complex interconnected plants with unknown
perturbations. A new single phase sliding manifold function has been proposed such that the robustness
enhancement of the closed-loop plants is guaranteed, and the desired dynamic response is obtained. The
ROSMO has been suggested to estimate the unmeasurable state variables for supporting the controller
design. Based on this ROSMO and Moore-Penrose inverse approach, the new SPSOSMC has been
considered to cancel the undesired high frequency fluctuation and stabilize the complex interconnected
systems. Further, by employing the well-known LMI technique, the sufficient condition in the sliding mode
has been constructed such that the property of asymptotical stability is ensured. Finally, a mathematical
simulation is executed to validate the effectiveness of the offered method.
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