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Appendix A

Consider a linear switched system:

z(k +1) = Ayryz(k) + Boryw(k) + Do (ryw(k),
y(k) = Coyz(k). (A1)

Some necessary definitions are presented for developing the subsequent results.

Definition 1.  [1] For switched linear system (A1) with w = 0 under certain switching signal o(k), if there exist constants
¢ > 0and X € [0,1), such that ||z(k)|| < cA* |lz(ko)||, Yk > ko holds, then system (A1) is said to be globally uniformly
exponentially stable (GUES).

Definition 2. [2] For any ko > k1 > 0,s € Z,u € O, let Nys(k1,k2) and Ngy(k1,k2) denote the number of switchings
as the s*? subsystem and the u!? subsystem is active within the interval [k1, k2], respectively. And let Ts(k1,kz2) and

Tu(k1,k2) denote the total running time of the sth slow switching subsystem and the ut” fast switching subsystem over

the interval [k1, k2], respectively. If there exist constants 745, Tou, Nos and No, such that Nos(k1,k2) < Nos + M,

Nou(k1,k2) = Noy + M, where Tos, Tou are called Mode-Dependent Dwell Time (MDDT) of stable subsystem,
unstable subsystem, rebpectlvely Nops and No,, are called the mode-dependent chatter bound of stable subsystem, unstable
subsystem, respectively.

Definition 3.  [3] For system (Al), given scalars > 0,0 < a < 1. If, under zero initial conditions, for all nonzero
w(k) € 12]0, 00), the inequality Zio: alT=ko)y Ty, < 4237 —ko wlw; holds, then system (A1) is GUES with an weighted
Ho performance 7.

Lemma Al. [4] For the given matrix P > 0, any matrix W with appropriate dimensions, the following inequality holds
-WTPlw < P-WT - W.

Appendix A.1 Stability analysis

We construct a Lyapunov function in the following form:

_ VS(k)7vs € E7
Vik) = { Vi (k),vu € ©, (A2)

where Vi (k), Vi (k) € Ct, j € Ry = {0,1,--- , Gy — 1}. The matrix function Ps(k) is assumed to be piecewise linear in the
minimal dwell time interval [ks, ks + Tmin ), we choose discretized Lyapunov functions

Vi(k) = 2T (k) Ps(K)z(k), s € B, (A3)
where

1—a)Pd+aPi*t ke N =0,1,...,L—1
Ps(k?):{( Oé) S+a S El e S,q’q [ ’ bl (A4)

PgL’k S [ks “I’Tminyk'l)»

and a = M We assume the u!" subsystem is activated during [ku,ki). With the definition of G, Ji(k ) and
HY (ku, k;), we select the MDLF candidate in the form:

Vu(k) = 2T (k) Plz(k),u € ©,k € Ly (k). (A5)
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Figure A1l Sketch of Lyapunov matrices(L = 3,G = 3)

where PZ are positive definite matrices. The diagram of the Lyapunov function and Lyapunov matrices are shown in Fig. A1l
Based on the Lyapunov function constructed in (A2), general exponential stability conditions of system (A1) are given in
the following theorem.

Theorem A1l. Consider the switched linear system (Al) and given scalars —1 < A\s < 0, us > 1, s € E, Ay > 0,
pu >1,0< 1, <1,0< punuGu 1 < 1, u € ©. Suppose that there exist C! nonnegative functions Vj (z(k)) : R* = R,
Vi (z(k)) : R* = R, j = 1,2,..., Gy, and two class Koo functions k1 and k2, such that

1.
rillz(R)I) < Vs(z(k)) < r2(llz(R)]) » (A6)
r1(llz(R))) < Vil (2(k)) < m2(llz(R)I]) » (A7)

2.
Vs(z(k 4+ 1)) < (As + 1)Vs(z(k)), (A8)
Vi (2(k +1)) < Qu + 1)V (2(k)), (A9)

3. V(o(ks) =s,0(k; ) =v) €EExE,s#vand V(o(k;) =u),o(k; ) =5) €O XE,

Va(@(ki)) < ps Vo (@ (k;)), (A10)
Va(@(ki)) < pasVu(a(k;)), (A11)
VO (w(ki)) < pVs (2 (k] )), (A12)
Vi(e(ks + J5)) < nu VI @k +J3)), (A13)

then the system is GUES under switching signals with MDDT satisfying:

In ps

—— " vseE, Al4
s+ 1) (AL4)

Tos 2 —

In 1w + (G — 1) Inna
o < — BBt e o co. (A15)
In(Ay + 1)

Proof.  Without loss of generality, we use k1, k2, -+ , ki, ki+1, -+ , kN, (ko,K) to denote the switching time on time interval
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[ko, K). We assume that the first m subsystems are stable, and the last n subsystems are unstable, that is, M = m + n.

Gopy—1
V0™ k)
<(1+ Aa(ki))k_kind(ki)Ga(ki)_IV;)(’%) (@ (ki)

) —1.,Go;) 1 _
< o (o) L+ Aoie)* ™0y S0 TV, 0 (k)

G = Go(k: -1 ks . B
< o (k) To (k) R0 T sy TR DT (L A (o)) TR+ A,y Wik (@(kiz1))
No
<]I [ua(kr)%(m)g‘“k”_l(l + Ao(kr))kT+1_kr:| Vo (k1) (@(ky))
m m M M
<JTwdes T+ 20T ®0m  TT (uunge "N T (14 2) T FoRV, ) (@(ko))
s=1 s=1 u=m-+1 u=m-+1
m s ) m M M
z s—’;(l &) Ts(ko,k) Gy—1 M T (ko,k)
<[ ws [Ta+x) [T ane" " 7w ] +2) Vo (ko) ( (ko))
s=1 s=1 u=m-+1 u=m-+1
m Ts(kOJC) M 1 1 Tu(k07k)
< H |: Tos (]_ + ):| [(Munuu* )Ta-u (]_ + )\u)i| Vo(ko)(x(kzo))

u=m-+1

With (A14), (A15) and 0 < 14+ As < 1, 14Xy > 1, prs, iy > 1,0 < nu <1,0< punCel < 1 one has that 0 < ;N” (14
_1
As) < 1,0 < (,uumcj"71> ToU (14 Ay) < 1. Set 62 = maxse_yuee{u”” (14 Xs), (uunu “71> o (1 4+ Ay)}. One gets that

”'7“(]‘3)“ < \/%§(167k0> ||Z‘(k’0)|| , where k1 = minsEE,uE(—){/\min(Psq) )‘mzn(Pﬂi)} k2 = maxsEE,uG(‘){)‘maz(Ps])v Amaz (P’l{)}7
q=0,1,2,...,L, j=0,1,2,...,Gy — 1. Therefore, the GUES can be guaranteed. The proof is completed.

Remark 1. It has been observed that mode-dependent average dwell time method provides greater practical value than
average dwell time method, as it allows each subsystem to be assigned a distinct average dwell time based on the proposed
switching rule [5]. It is worth noting that the mode-dependent dwell-time switching signal typically considers an upper
bound for each mode, as shown in equation (A15). However, our proposed slow and fast switching strategy is different from

the above mentioned one, which facilitate one to find the upper and lower bounds of admissible mode- dependent dwell
time bounds by equation (A14)-(A15).

Appendix A.2 H_, performance analysis

In this section, based on Theorem A1, the weighted Hoo performance for system (A1) is analyzed in the following theorem.

Theorem A2. Consider the switched system (Al) and let —1 < Ag < 0, ps > 1,8 € E, Ay > 0, gy > 1,0 < 7y < 1,
0 < punu©s1 <1, u € ©® and v; > 0,Vi € S are given constants. Suppose that there exist C! nonnegative functions
Va(z(k)) : R — R, Vi (a(k)) : R* = R, j = 1,2,..., Gy, with Vo (ko) (z(ko)) = 0. With condition of (A6), (A7) and
(A10)-(A13), such that

Vs(z(k 4+ 1)) < (As + DVis(z(k)) — T(k), (A16)

Vi (2(k +1)) < (A + 1)V (2(k)) = T(k), (A7)

under switching signals with MDDT (A14)-(A15). The system is GUES and has an weighted l2-gain no greater than

Nos “(Gu—1 A
Ym = \/H i Ty 9 x maxies {7}, where T(k) £ yTyy — 72w ] wg,
Proof. Based on the Theorem Al and the Lyapunov function (A2), for ¢ € ©, to represent the number of segments
between the time interval [k;, k;), 7 € {0,1,--- ,G;}, an index function is defined as follows:

1, k € L(o(ki), j),

(A18)
0, k ¢ L(o(ki), J).

Lo k) ={"

For k € L(o(k;),7), we consider a Lyapunov function in the form given by (A2). It can be derived from (A13) and (A17)
that

Vi (k)
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k—1
oo+ Aa(ki))k_l_Tna(ki)Ng(ki)(ﬂkil)r('r)u (A19)

SO+ A e) 00k ¥ T V) (ﬂﬁ(k + I, )))
T=k; +J
o(k;)

where I'(k) 2 yFyr — v2wFwg. Let Uq (k) (k + 1,ki) 2 Gy —1— ZZ i(; ZEL(U(k ),7) (), whicn stands for the number
of segments between time interval [k;, k;) whose values can be chosen as {0,1,...,G; — 1}. Then, from (A10)-(A13) and

(A16)-(A17), one has

Gk
Vi 4o (k)

m m M M
Ny _ Ugu(T+1,k
<]l H (14 2A)TFoR) T (panGe=)Now [T (14 Ag) oo R g Zon CELRY 4 (@ (ko))
s=1 s=1 u=m-+1 u=m-+1
k—1 m M m M
Nos(T,k w—1\Nou(T,k) Ugy(r+1,k s(T+1, w(T+1,
ST TIeY" I (e et TS TT A+ AT+ T (14 4 ) T 1 0T(7).
T=ko s=1 u=m+1 s=1 u=m-+1
(A20)

Then, let V,(4,)(z(ko)) = 0 and from V (ac(k)) > 0. One has

k—1 m N . M Now (k) U, A m M
os(T, — oulT, ou 1, s P u
SITw ™ T e T a4 T @)™ ORI <o.
T=kgo s=1 u=m-+1 s=1 u=m-+1
(A21)
One has
E—1 m N i M Now(rk) U i m M
os(T, - oculT, ou 1, s s u
Z H“S (7,k) H (uunuG“ 1) ne (T+LE) o H (1+)\S)T (T+1,k) H (1+ Ay )T (741, k)yTy
T=kgo s=1 u=m-+1 s=1 u=m-+1
m N A M Now(rk) U Lk m M
— oulT, ou ) s ’ u
Z H” os(T:k) H (uunuG“ 1) nY (r+1,k) o H (1+)\S)T (741,k) H (14X, )T (741, k),waTw
T=ko s=1 u=m-+1 s=1 u=m-+1
(A22)

With the definition of I'(k) and multiplying both sides of (A22) by []72 u;NUS (ko.k) Hi/[:mﬂ n;U"“(kOJrl’k), one has

S Nk i Ug (ko+1 i ) M Tk
S TTws e T e 7S I @ )N s [T (4 Ao 0H0R - T ARy Ty,
T=ko s=1 u=m-+1 u=m-+1 s=1 u=m-+1
= Ngs (ki et U, ko+1 et T, 1,k
< Z H M\: os(ko,T) H 77; ou(ko+1,7) H (Nuﬁ Gy 71)N,,u(7' k) % H 1 4 s )TS(TJrl k) H )\ w (T4 )'72'LUTU/7—
T=ko s=1 u=m-+1 u=m-+1 s=1 u=m-+1
(A23)

From (A15), one has 0 < mm?”fl < 1 and Ugy(ko,7) < Gy — 1, with —1 < As < 0, Ay, > 0, by Definition 2 and (A23),

“1yNou(mk) 5 H (14 A To(THLE) H (1+A,)TulTHLR) Ty

m M M
H —Nos(ko,T) H n;Uou(koJrl»T) H (uunuG“

T=ko u=m+1 u=m-+1 u=m-+1
k—1 m N N M U i1 M m M
< H /j'; os(ko,T) H 777: ou(ko+1,7) H (uunuGufl)Ngu(T,k) % H (1+A5)TS(T+1’k) H (1 A )Tu(‘r+1 k),waT,wT,
T=ko s=1 u=m-+1 u=m-+1 s=1 u=m-+1
k—1 m N . M m M
—Nos(ko, w— ou (T, Ts ok w
= 3 TTwa ™07 T ana@e N o [T 42T T (2 Ty Ty,
T=kgo s=1 u=m-+1 s=1 u=m-+1
k-1 m N . M G M m M
—Nos 5 —(Gu—1 - s ’ w
< H 1 (ko,T) H 77u( ) H (“unuGu I)Nau("'vk) x H 1+ )\S)T\ (T7+1,k) H 1+ )\u)T (T+1, k)'yszw.,—,
T=ko s=1 u=m-+1 u=m-+1 s=1 u=m-+1
k—1 m Nk k—1 m Nk M o
—Nos 5 —Nos 5 - u—1
— IT e YoetkomyTy, < 57 [T e Yoo T ne " V2wl w-. (A24)
T=kgo s=1 T=kgo s=1 u=m+1
One has
oo m T—ko
- —(Gu—-1)_ 2 T (A25)

ST wsNosps e yTyr<Z H Nu 2wl w,.

T=ko s=1 T=ko u=m-+1
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Then, by (A25), we can obtain an weighted Hoo performance as follows:

. m _ 1 \T—ko oo m M
> 11 (us ’”) vTyr < S0 [T wdos TT o “ Vr2wlw,.

T=ko s=1 u=m-+1

Then, by Definition 3, the system (Al) is conclude to be GUES and satisfies 377, TIZ, (u;

oo

72, ko wlw,. The weighted Hoo performance is v, = \/Hgnzl n w=mi1 M

Appendix B

Proof.  Based on Lemma Al and the Lyapunov function (A2), for i € E and k € N1,y 4, one has

AV;(k) — A Vi(k) + T'(k)
=Vi(k+1) — (1 + X\)Vi(k) + T'(k)
=" (k+ 1) Pi(k + Dk +1) = Xz (k) Py (k)z(k) +y" (k)y(k) —~v7w" (k)w(k)

:(Mww»T+uzmmF)aw+n(&um+wa0—xmﬂmawnw>

+ 2T (k)CF Cim(k) — 7viw™ (k)w(k)

o7 ATPi(k+1)A; — X Pi(k) + CFC; AT Pi(k+1)D;

=¢® [ * 21 4 DY P;(k +1)D; «®

— T (1= i (k)(Qi1 + CTCy) + i (k) Q2 + CTCy) AT (1= 0i(R) P! + (k)

a x —421+ DT ((1 = @i(k))P{ + ¢i(k)PI1) D;

=Hw(u—%th+wwqum

where ((k) 2 [27 (k) wT (k)]7, ¢i(k) & EH1=kiz0% ¢ (g 1),

Qi1 2 ATPIA; — NPE+ 31 (P — PR, Q0 2 ATPIT A — X PET! 4 30 (PITY — PO,

K3

Q2+ CTC; ATPIT' D,

< £ 2 T pg+1
* —v; 1+ D; P’ D,

Qi,l +C;TCZ A;I‘P;ZDz ) N
* —21+DYPID; |

From Lemma A1, We assume that there exists a matrix W; with appropriate dimensions. One has

Nos 1M —(Gu—1)
S

wr - hgjl NPk * * x| [w;
I 0 —21 * * * I
I A; D; —(pPhH~! * *
h; +1y—
I I 0 0 fX—i(Pf )7L«
1 C; 0 0 0 -1
_ h%_rlj\iWiTPfWi * * * *
0 —*y?[ * * *
= AZWZ D; —(Piq)_l * *
Wi 0 0 —R(pIhH T«
CiW; 0 0 0 -1
hi_rlj\i((Piq)71 -Wr-w;) = * * *
0 —71.2[ * * *
< AW, D; —(PH~! s x| <O,
h; +1y—
W; 0 0 —/\fi(Pl.q )7k
C;W; 0 0 0 -1
and
wr —Lﬁ;l NPIT - %Pf * * x| |W;
I 0 —v2I * * I
I AZ D; —(Piq+1)71 * 1
1 C; 0 0 -1

(A26)

(T—ko)
) yly, <

X max;es{vi}-
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—Lih;lj\iWiTPf+1Wi — %WZ.TP;]WI- * * *
_ 0 —%2[ * *
AW, D; (P x
I C;W; 0 0 -1
BAX (PP 4 2P = N (WE + W)« * *
0 —2I
< i i T <o (B2)
A;W; D; —(PFTH~1 &
C;W; 0 0 -1
And W; is nonsingular, one can obtain
-—hlﬁi-:lj\ipiq * * * *
0 771-2] * * *
A; D; _(Pz,q)—1 * x| <0, (B3)
hy 11—
I 0 0 —Ti(Pf )7Lk
i C; 0 0 0 -1
—LZZI;\@'P;ZJA - %Pf * * *
0 —2]
, i o] <o (B4)
Ai Di —(Piq )71 *
i C; 0 0 -1
Applying the Schur Complement, (B3) and (B4) are equivalent to
_ Q1+ Cro; AT PID;
Q= | W <0, (B5)
* = I+ Di Piqu
_ Q; 2 +CTC; AT pitip,
0y = 1,2 i i i1 - il <0. (B6)
* —y2I + DI PI™ D,

Hence, one can obtain V;(k + 1) < (1 4+ \;)Vi(k) — I'(k).
(B1) and (B2) as:

with UZq = (Piq)_l and Az = A; + B;K;, T; = K;W;, rewritten

hj:irl Xi(Uf — WI-T - W)  x * * *
0 —’yf[ * * *
Wi 0 0 -yt
C:W; 0 0 0 -1
BoINUI + U - MW+ W)« %
0 21 * *
i » <o. (B8)
A;W; + B;T; D; —Uz.q *
C;W; 0 0 —I

For i € 2 and k € [k; + Tmin, k1), one has

AV;(k) — N Vi(k) + T'(k)

=Vi(k+1) — (1 + X\)Vi(k) + T'(k)
=l (k+ )Pk +1) = Na® (k)PFa(k) +y" (R)y(k) — o (Kw (k)

¢T(k)

*

= ¢T(k)Q3¢ (k).

A;I‘PlLAZ — S\Z’Pl-l‘ + CZTCZ

ATPLD;

¢(k)
—~2I+ DI PED;,

From Lemma Al, We assume that there exists a matrix W; with appropriate dimensions. One has,

wT

(3

-\ PE
0

A;
C;

* * * W;
—71.2[ * * I
D; —(PE)™1 « I
0 0 —I I
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-—:\i WZ.T PiL W; * * *
_ 0 —’y?] * *
AlWl D; —(PZ-L)71 *
C:W; 0 0 —I
(PL) = WE —W,) x «
0 —~2] * *
< _ i <o. (B9)
AW, D; —(PH)~! «
C:W; 0 0 -1
Applying the Schur Complement, (B9) are equivalent to
Q3 _ A;FPZLAz — j\iPiL —+ CZTCl A;TPZLDZ <o. (Blo)
* —2I+ DI PED;
Hence, one can obtain V;(k + 1) < (1 + X\;)Vi(k) — T'(k).
With UF = (PE)~! and 4; = A; + B;K;, T; = K;W;, rewritten (B9) as:
XN(UE —WE —W;) =« * %
0 2T x %
% <o. (B11)
C;W; 0 0o -1
For i € ©, the proof is similar to (B9) - (B11),we can easily get
AVI(k) = \VA(R) + (k)
— T ATPIA; — NP+ CFC; ATPiD; )
* —v2I+ DI PID;

= (T (k)Qul (k).

From Lemma Al, we assume that there exists a matrix W; with appropriate dimensions. One has,

wr ) * * W;
I 0 771.2[ * * I
I A Dy —(PH)T o« I
I C; 0 0 -1 I
[—XwWEPIW,  « P
_ 0 —71-2[ * *
AiWi D; 7(Piq)71 *
C;W; 0 0 —1
[X((P) " —WT — W)« .
0 —2T
< ) i " <o (B12)
Ale Di —(Pg)il *
C;W; 0 0 —I

Applying the Schur Complement, (B12) are equivalent to

Qo = ATPIA;, — NPl + CTC; ATPID; <o (B13)
* —~2I + DI PID;

Hence, one can obtain AV (k 4+ 1) < AV (k) — T'(k).
With Uf = (P?)~! and 4; = A; + B;K;, T; = K;W;, rewritten (B12) as:

NUF-=WTE—w;) = * %

0 —’y?[ * *

A;W; + BT D —UI «
C;W; 0 0o I

<0. (B14)
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Then there exists a set of mode-dependent state-feedback controllers such that system (A1) is GUES for any switching signal
with MDDT satisfying (A14)-(A15) and has an weighted Hoo performance index .. We can derive that if the inequalities

(B7), (B8), (B11) and (B14) have feasible solutions, the admissible controller gains can be given by K; = T;(W;) ™! since
T; = K;W;, then the proof is completed.

Appendix C

In this section, we consider the following linear switched system (A1), which consists of four subsystems with the disturbance
input w(k) = 1.8e(=9-125) 5in(0.57k):

0.9 0.1 2.8
A = , Bi=
0 0.9 2.5

, Oy = [0.3 0.4] , D= [215} .

1.15 0.2 4 1.5
Az = , Bz= , C3= [0.2 0.3] , Ds3= .
0.1 1.15 3.5 2

1.2 —0.2 1.5
4= , Ba=
0.2 1.25 2.5
It can easily get both A; and Az are stable, but A3 and A4 are unstable.
Next, for given parameters A\; = —0.1, A\g = —0.12, A3 = 0.1, \gs = 0.12, py; = 1.2, po = 1.25, u3z = 1.06, pa = 1.08,

n3 = 0.9, 4 = 0.88, ¢ = 2, G3 = G4 = 3. Tight bounds on the MDDT can be acquired: 71 = 1.7305, 72 = 1.7456,

73 = 1.5995, 74 = 1.5769, from (A14) and (A15), we choose Tos = 2, Tgu = 1, Tmin = 1.7305. The disturbance input is
shown in Fig.C1.

. Ci=[0205], Di= H .

External disturbance w(k)

Subsystem 1
2 Subsystem 2
Subsystem 3
1.5 Subsystem 4
—w(k)
=
8
g
o
=]
a
-2
0 5 10 15 20 25 30 35 40
Time step k
Figure C1 The disturbance input
By solving the optimization problem in Theorem A2 (minimizing 7; in the criteria), one can obtain v; = 4.8237,

v2 = 3.6659, v3 = 3.1285, y4 = 3.5523. One has v, = 6.0905 and the controllers gains sovled by YALMIP as:

Ki=[-01925 ~0.1682], Ko = [-0.5321 0.2060] ,

K3 = [70.1984 70.1479] . Ki= [70.3844 70.9414] .

Then, applying the controllers, giving initial state condition 2(0) = [0, 0], the state responses of the system are depicted
in Fig.C2(b). Fig.C2(a)-C2(d) demonstrate the validity of obtained Theorem 1.

Moreover, results based on previous method, that is, average dwell time with conventional Lyapunov functions V; =
T (k)Pix(k), Tq = 25 (74 is defined in [6], Lemma 1)
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Open-loop system (diverges w/o control)

Subsystem 1

Subsystem 3

Subsystem 4
-6 ——— (k) (Open)
== 2, (k) (Open)

0 5 10 15 20 25 30 35 40

Time step k
(a) State response of the open-loop system

Controller output u(k)

5 -
Subsystem 1
4 Subsystem 2
Subsystem 3
3 Subsystem 4
e ()
2
§ 1
3
o
° 0
5
o -1
-2
-3
-4
5 )
0 5 10 15 20 25 30 35 40

Time step k
(c) Control input of the closed-loop system

State amplitude

Closed-loop system (stable with control)

Subsystem 1

5 Subsystem 2

Subsystem 3

4 3 Subsystem 4
s —
—mm (k)

1
10 15 20 25 30 35 40
Time step k

o
o

(b) State responses of the closed-loop systems by controllers

Switching sequence o (k)

4l
=
st
g
3
Q
=
7
o
Z2r
5
<
1
0 5 10 15 20 25 30 35 40
Time step k

(d) Switch signal

Figure C2 H,, control under slow and fast switching
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Open-loop system Closed-loop system (Exp 2)

50

Subsystem 1
Subsystem 2
10 Subsystem 3
Subsystem 4
e 71 (K)

———— (k)
() ()
o °
2 2
= =
£ IS
© ©
2 2
8 -10 <]
n n
5
-20 Subsystem 1
Subsystem 2
-30 Subsystem 3
Subsystem 4 -10
-40 e 71 (k) (Opeen)
e, (k) (Open)
-50
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time step k Time step k
(a) State response of the open-loop system (b) State responses of the closed-loop systems by controllers
Controller output u(k) Switching sequence (Exp 2)
5
Subsystem 1 —a(k)
4 Subsystem 2
Subsystem 3 ar [ |
3 Subsystem 4
—_—(k)
2 =
®
5, =3r
=3 g
3 z
£ 7
ot 2ol
©
2 <
-3
-4 1 -
5 | | | | | | | |
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time step k Time step k
(c) Control input of the closed-loop system (d) Switch signal

Figure C3 H, control under ADT switching

One can obtain v; = 10.1591, v2 = 4.8211, 3 = 10.3815, v4 = 9.3411 and ~;, = 10.3815. And the controllers gains
sovled by YALMIP as:

K = [—1‘5485 —1.2016} , K= [—0.6613 0.4823] )

K3 = [—0.9228 0.6338} . K= [0.8976 —1.3599] .

By the same steps, giving initial state condition z(0) = [0,0]7. The results are shown in Fig.C3(a)-C3(d). It can be seen
that the obtained index -y, is greater than that of the proposed method. The above simulation examples illustrate that
the proposed method gives a tighter bound on MDDT, which achieves a smaller Hoo performance index v, and reduces
the conservatism of the switched system.

Remark 2. A multiple discontinuous Lyapunov function is developed for both stable and unstable subsystems in [2], where
the associated Lyapunov matrix is time-invariant during each operating interval, as shown in equation (A5) . In addition,
the discretized Lyapunov function approach has been recognized as an effective means of mitigating conservatism within
the Multiple Lyapunov Function framework, as reported in [5]. The slow and fast switching strategy is first introduced
in [2], where more general stability and stabilization conditions are established under time-dependent switching, yielding a
tighter bound on the MDADT or ADT. However, the disturbance attenuation performance under this strategy is not been
studied. It is essential to require that the control system is robust to external disturbance.

Inspired by these prior studies, we develop a novel MLF structure aimed at further decreasing conservatism. In par-
ticular, the MDLF is applied to the unstable subsystems, whereas the discretized Lyapunov function is introduced for the
stable subsystems, as shown in equation (A2)-(A5). Compared with existing methods, the proposed approach yields a less
restrictive bound on the mode-dependent dwell time and leads to a smaller Ho, performance level ~,,. Moreover, the incor-
poration of the discretized Lyapunov function increases the degrees of freedom in the LMI formulation, which contributes
to reducing the overall conservatism of the switched system.
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