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ABSTRACT

This paper studies incremental passivity and global output regulation for switched nonlinear sys-
tems, whose subsystems are not required to be incrementally passive. A concept of incremental pas-
sivity for switched systems is put forward. First, a switched system is rendered incrementally passive
by the design of a state-dependent switching law. Second, the feedback incremental passification is
achieved by the design of a state-dependent switching law and a set of state feedback controllers.
Finally, we show that once the incremental passivity for switched nonlinear systems is assured, the
output regulation problem is solved by the design of global nonlinear regulator controllers compris-
ing two components: the steady-state control and the linear output feedback stabilising controllers,
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even though the problem for none of subsystems is solvable. Two examples are presented toiillustrate

the effectiveness of the proposed approach.

1. Introduction

Switched systems have gained a great amount of atten-
tion due to the theoretical developments as well as the
widespread applications (Kang, Zhai, Liu, & Zhao, 2015;
Lu, Wu, & Kim, 2006; Niu, Zhao, Fan, & Cheng, 2015;
Yang, Cocquempot, & Jiang, 2008). A dynamical system
which consists of a finite number of subsystems and a
switching signal that governs the switching among them
is called a switched system. It is a special hybrid system
(Kang, Zhai, Liu, Zhao, & Zhao, 2014). The output regu-
lation for switched systems is one of the most important
problems in control theory. It is much more difficult and
interesting than that for non-switched systems due to the
interactions of continuous dynamics and discrete dynam-
ics. Several methods which have been used to study sta-
bility were developed to deal with the output regulation
problem, such as the common Lyapunov function tech-
nique (Niu & Zhao, 2013), the multiple Lyapunov func-
tion method (Dong & Zhao, 2012a), the average dwell
time approach (Dong & Zhao, 2012a, 2013; Long & Zhao,
2014) and so on.

On the other hand, passivity theory can date back
to the beginning of the 1970s (Willems, 1972). Passiv-
ity means that the energy dissipated inside a dynamic
system do not exceed the energy supplied from out-
side. A storage function of a passive system is usually
selected as a natural candidate for a Lyapunov function.
Therefore, passivity theory was used to solve nonlinear

output regulation problem (Jayawardhana & Weiss, 2005,
2008; Travieso-Torres, Duarte-Mermoud, & Sepu’ Iveda,
2007). As an extension of the conventional passivity prop-
erty, incremental passivity was originally proposed from
an operator point of view in Desoer and Vidyasagar
(1975), and Zames (1966). A incremental passivity defini-
tion in state space form was given and some preliminary
properties of incrementally passive systems were investi-
gated (Biirger & Persis, 2015; Pavlov & Marconi, 2008).
It can describe a more extensive class of physical sys-
tems which have an equilibrium pointor not. Incremental
passivity offers an approach for constructing incremen-
tal Lyapunov functions for incremental stability analysis
(Hamadeh, Stan, Sepulchre, & Gongalves, 2012; Stan &
Sepulchre, 2007) and convergent system (Pavlov, van de
Wouw, & Nijmeijer, 2005). The trajectories of an incre-
mentally passive nonlinear system can be driven to con-
verge to one another by the design of an incrementally
passive feedback controller. As such, it is useful for solv-
ing the output regulation problem (Biirger & Persis, 2015;
Pavlov & Marconi, 2008). A key issue in the output regu-
lation problem is to design a stabiliser which guarantees
that all solutions of the closed-loop system converge to
a zero-error steady-state trajectory. The stabiliser can be
designed using incremental passivity theory.

Passivity property is still expected to be useful for
switched systems. The passivity concepts of switched
nonlinear systems were proposed and the correspond-
ing feedback passification, passivity-based stabilisation
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problems were studied (Liu, Stojanovski, Stankovski,
Dimirovski, & Zhao, 2011; Pang & Zhao, 2015; Zefran,
Bullo, & Stein, 2001; Zhao & Hill, 2008a, 2008b). Incre-
mental passivity theory and the incremental passivity-
based output tracking for switched nonlinear systems
were set up by using weak-storage functions and multiple
supply rates (Dong & Zhao 2012b). But the adjacent stor-
age functions are required to be connected at the switch-
ing time, which is a strong requirement. However, there
have been no results on incremental passivity-based out-
put regulation problem for switched nonlinear systems
so far.

In this paper, we will study incremental passivity and
global output regulation problem for switched nonlin-
ear systems. The contributions are in three aspects. First,
a generalisation of the state-dependent switching law
designed by Zhao and Hill (2008c¢) is presented to ren-
der the switched nonlinear system incrementally passive.
This gives more design freedom of switching law. Sec-
ond, the incremental feedback passification which has not
been investigated is achieved by the design of a state-
dependent switching law and state feedback controllers
without incremental minimum-phase condition. Finally,
we solve the output regulation problem by the design of
a state-dependent switching law and state feedback con-
trollers for switched nonlinear systems, even though the
problem for none of the subsystems is solvable. Com-
pared with convention regulators (Dong & Zhao, 2012a,
2013; Long & Zhao, 2014), the regulators designed using
incremental passivity property comprise of two compo-
nents: the steady-state control and the linear output feed-
back stabilising controllers. In some particular cases, this
paper does not need to verify that all the solutions of
the switched nonlinear system converge to the bounded
steady-state solution, while we only have to verify the reg-
ulated output converge to zero directly.

2. Problem formulation and preliminaries

Consider a switched nonlinear system of the form,

x=EFE, (x, u,, w), (1a)
e=h, (x, ) (1b)

with state x € R", inputs u; € R™, the regulated out-
put e € R" and the switching signal o (t): [0, 00) — [ =
{1,2,..., M}, which is assumed to be a piecewise con-
stant function and has a finite number of switchings on
any finite time interval (Liberzon, 2003). The exogenous
signal w(t) including a disturbance in Equation (1a) and
a reference signal in Equation (1b) are generated by the
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exosystem
w=s(), o)eW, 2)

where W C R’ is a given positively invariant set of initial
conditions. It is assumed that any solution starting from
w(ty) € W is bounded for all t > #,. E, h; and s are C!
functions.

Corresponding to the switching signal, the switching
sequence is defined as follows:

E:{xOQ (107t0)7(ll’t1)’(lkatk)7|lkEIakeN}y
3)

where t, is the initial time, x; is the initial state and N
is the set of nonnegative integers. When ¢ € [t;, tx41),
o (t) = i, that is, the ixth subsystem is active. For any
jel,let

2]‘={th,tjz,...,tjn...;ijq=j,q€N} (4)
be the sequence of switching times when the jth subsys-
tem is switched on, and thus

{tjl-ﬁ-lv tj2+1, .. 'tjn+1 P ijq = j, q € N} (5)

is the sequence of switching times when the jth subsystem
is switched oft.

The global output regulation problem for system (1) is
formulated as follows:

For a given switching signal o (), design a set
of feedback controllers of the form u; = a;(x, e, w) =
ni(x, w) + ¢;(e, w), where n; and ¢; are smooth map-
pings, such that for all w(t;) € Wand x, € R", the solu-
tions of the system

J.C = Fa(t) (xa W, Uy (x9 e, CL))) )
@ =s(w) (6)

are bounded for t > ty and lim;_, , e(t) = 0.

Remark 2.1: The term #;(x, @) plays a role in rendering
system (1) incrementally passive. For each i € I, ¢;(e, ®)
consists of steady control and output feedback controller.

To solve the output regulation problem, we need the
following assumption:

Assumption 2.1: For any solution of the exosystem start-
ing from w(ty) € W and a given switching signal o (t),
there exist X} (t) and ui;, (t) that are bounded on R, and
satisfy

X5 (1) = Fy (x5 (), flow (1) , @ (), VE > 1o
0=he (x5 (1), w(t)). 7)
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Remark 2.2: Assumption 2.1 is only a necessary condi-
tion to solve the problem of output regulation for sys-
tem (1) and has been adopted for non-switched systems
(Pavlov & Marconi, 2008). Equation (7) is a switched reg-
ulator equation and should be satisfied for a given switch-
ing signal o (¢), not for any subsystem, i.e.c = i, Vi. In
fact, Equation (7) may be satisfied even the regulator
equation of each subsystem of system (1) is not solvable.
Assumption 2.1 is a less restrictive counterpart of the
common assumption on the solvability of the regulator
equations (Dong & Zhao, 2012a). The conventional reg-
ulator equations are formulated as

o (w)
dw

S(C())=FU(7T(CL)),CG(O)),CU),

0=nhs (7 (w), ). (8)

If there exist differentiable maps 7 (w) and ¢;(w)
defined on a set Wsatisfying the regulator Equation (8),
then Assumption 2.1 holds with x} () = 7 (w(t))and
Ui (t) = ci(w(t)). On the other hand, if xJ(t) and
Ui (t), i € Iis a common solution of the regulator equa-
tions of all subsystems, namely, Equation (8) is satisfied,
when o =i,i € I (Dong & Zhao, 2012a, 2013; Long &
Zhao, 2014) then the solvability of the regulator Equation
(7) for the given switching signal o (¢) is automatically
achieved.

We first introduce the definition of G/IC function that
will be used in the sequel.

Definition 2.1 (Zhao & Hill, 2008c): A function
a: Ry — Ryis called a class GKfunction if it is increas-
ing and right continuous at the origin with «(0) = 0.

Now, we give the incremental passivity definition for
switched nonlinear systems.

Definition 2.2: System (1) is said to be incrementally
passive under a given switching signal o (t), if there
exists a nonnegative function S (o (¢), t, x, X): I X Rt x
R?" — R, called a storage function, and class GK func-
tion « such that for any bounded signal w(¢), any two
inputs u, and 1, and any two solutions of system (1)
x(t) and x(t) corresponding to these inputs, the respec-
tive outputs e = h, (x, w) and é = h, (X, w) satisfy the
inequality

S(o (). t,x(t),%(t)) — S (0 (t) , to, x () , X (o))
t
< / (e(@) = 6 (@) (o) (1) — fhoie) (1)) di
to
) (9)

+ o (”Xo —XA()|

where x, and x, are the initial states. If, in addition, there
exist positive definite continuous functions Q;(-) such

that

S(o (). t,x(t),%(t)) — S (o (t) . to, x (o) , X (o))

t
= / (e (7:) - é(f))T (ua(r) (T) - ﬁa(r) (T)) dr
to

t
— / Qo) (x (1) — X (1)) dT"‘“(HXO_’eO”)’
to
(10)

then, system (1) is said to be strictly incrementally pas-
sive.

Remark 2.3: In Definition2.2, the storage function is
not required to be connected and may increase at the
switching time. Thus, Definition2.2 is more general than
the passivity definition (Dong & Zhao, 2012b). The item
a(|lxo — Xo||) is used to measure the total change of
‘energy’ at the switching times. When system (1) has
only one subsystem and o = 0, Definition2.2 degener-
ates to incremental passivity definition (Pavlov & Mar-
coni, 2008).

Definition 2.3 (Pavlov & Marconi, 2008): A storage
function S(¢, x, x) is called regular if for any sequence
(te, x(te), Xe(tr)), k =1, 2, ..., such that x; is bounded,
t, tends to infinity and |xi|| — +oo, it holds that
S(t, X, Xx) — +00, ask — +oo.

Next, we extend the notion of convergent system
(Pavlov et al., 2005) to switched nonlinear systems.

Definition 2.4: System x = f (x, w(t)) with a piecewise
continuous external signal w(¢) € R® that are bounded
on Rt and a given switching signal o (¢) is called
globally uniformly convergent if there exists an unique
bounded globally asymptotically stable solution x7 (t) on
R, i.e. there exists a function such that for all initial
condition [|x(£, xo) — x;, (1)1l < B(llxo — x;,(fo) I, £ — to)
holds. The solution x? (t) is called a steady-state solution.

In this paper, we will investigate incremental passiv-
ity, feedback incremental passification for switched non-
linear systems and solve the output regulation prob-
lem using the developed incremental passivity theory of
switched nonlinear systems.

3. Incremental passivity

In this section, we will present a generalisation of the
state-dependent switching law designed by Zhao and Hill
(2008¢) to render switched nonlinear systems incremen-
tally passive.
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Consider a switched system described by

X=fo (X, 0)+g (x, o)) u,,
e=h, (x,w (1)), (11)

where w(t) is generated by the exosystem (2) and f;, g
and h; are continuous in w and C' in x.

Theorem 3.1: Suppose that there exist nonnegative
smooth  functions S;(t,x,X), continuous functions
Vi(t, x, )2), )Lij(t, X, )2'), ,Bij(t, X, )2') <0, 5,‘j(t, X, 9?) <0,
smooth  functions pij(t,x — X), v;;j(t,x —x) with
wii(t, x —X) = 0,v;(t,0) =0and  v;(t,x—x) =0
and nonnegative continuous functions fi;j(x —X) sat-
isfying |wij(t,x — )| < fLij(x —X) for i,jel, such
that

aS;  9S; aS; .
oo fi k) o i (R )

M
+ Z'BU (t, x, %) (Vi (£, x, %)
=1
=V (t,x,X) + v (t, x — X)) <0, (12)
[%g,- (x, w) = (h; (x, @) — h; (%, a)))i|

min {m;ix (Vi (t, X, 32) —-V; (t, X, J?) + v (t, x— 32)) , 0}
] 1

=0, (13)

[?ig (% ) + (b () = hi (% w))}

min {max((Vi (%, 8) =V, (t.2.3) + vy (1.2 2)) o}

j#i
=0, (14)
Dy By ey
or Ty S+ fi(0)
M
+ ) 8 (tx %) (Vi (£ x. ) — V; (£, x. %)
j=1
=+ l),']' (t, X — .92)) < 0, (15)
O 0
Wg(x, w) = 5% g(x, a)) =0,

Wi (t,x—)?) +Mjk(t,x—2)
< min {0, ui (t,.x—X)}, Vi, j.k (16)

Vij (t,x — 3?) + vk (t,x— J?)
< min {0, vy (t,x — X)} , Vi, j, k (17)
Si (t,x, 92) -S; (t,x, 9?) + 1ij (t,x—:?)

= )"ij (t, X, )?) (Vl (t, X, JE) — V] (t, X, )E) + \),‘j (t, X — 2)) .
(18)
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hold for Vw € W. Design the switching law as

o(t)=i, if o (t7) =iand (x(t),X(t)) €int; (t),
o (1) = min arg {Q; (1) [(x (1), £ (1)) € ; (1) ],
ifo(t7)=iand (x(t),x(t)) € Qj (1),
(19)

where  Qi(t) = {(x,X)|Vi(t, x, %) — Vj(t, x, X) + vj;(t,
x—Xx)<0,je€l}and

Qij (1) = { (%, )| Vi (£, %, %) = V; (£, %, %)
+vij(t.x—%) =0,i# j}. (20)

Then, system (11) is incrementally passive under the
switching law (19).

Proof: Similar to Zhao and Hill (2008c), we can show
that { Q;(¢)|, i € I} in Equation (20) makes a partition
of R*and the sets ;(t) have the property that for
any fixed ¢, if (x,x) € Q;(¢t) N S~2,-]-(t) for some i, j €1
and (x, X) € R*then (x, x) € Q;(t). Fix some function
w(t) eW. |

When (x,x) € Q;(¢t), differentiating S;(t, x, X)
together with Equations (12)-(14) gives

G0 IS IS
PT e Ty N )T & @t

aS; . . as; . A
+£fi(x,w)+§gi(x,w)ui

<(e—8)" (u— ).

According to the switching law (19), once the trajec-
tory (x(t), x(t)) enters 2;(¢), it will stay in €;(¢) until it
hits the boundary in Qi i(t) and then enters Q; (t), where
L = min {j|;(¢) N Q;;(t)}. Thus, we obtain the switch-
ing sequence (3) and

\/ik+1 (tk+17x(tk+l) 5 Je(tk—kl))
- Vi (tk+1’ X (tk+1) s &(tk+1))

= Vigip oo (tk+17 x (tep1) — X (tk+1))
which implies

Sicor (1o X (b)) X (ft1))
= Si, (tes 1o % (kg 1) 5 X (Br41))
= Wigipsy (k10 % (Bes1) — X (k1)) - (21)

Equations (15) and (16) tell us that pu; ;(t, x(¢) — x(t))
are decreasing on [fy,tx11). Let S(o(¢),t,x, X) 2
Sg(t)(t,x, x). For ty <t < oo, Vte [t, ter1), from
Equation (21), we have



Downloaded by [University of Illinois at Urbana-Champaign] at 11:07 15 September 2017

2076 H. PANG AND J. ZHAO

S(o (1), x(t),x(1)) —S(o (o), x (to) , X (to))
= Sik (t’ X (t) ’ 32 (t)) - Sik (tk’ X (tk) ’ "2 (tk))

k—1
+ (Siy (tp+15 % (tp41) s £ (tp41))
p=0
k
—Si, (% (25) + Y (Si (b x (1) % (1))

p=1

= Si,, (tp, x (), % (25)))
t
< / (e(0) = 6 ()" (o) (1) — ooy (1)) dr
to

Z ipip (s % (tp) = % (tp))

[ (e@) = &(D)" (o) — flo(o)dr
=< ffo (e ('L') —e (‘L’)) (ug(‘[) — ﬁg(f))df
+ Wigiy (o, Xo — Xo) if k is odd

t
5/ (e(@) =) (tor) — flo(o)dr +a (|x0
to

if k is even

where a(s) = max),_z <. |Lij(x — %)|, i, j € I} is class
GK function. Then, system (11) is incrementally passive
under the switching law (19).

Remark 3.1: Equations (12)-(14) mean that the incre-
mental passivity inequality holds on €2;().

Remark 3.2: When system (11) is time-invariant and
all the functions given in Theorem3.1 are also inde-
pendent of time and wu;; = v;;, S; = V; the switching
law (19) degenerates into the state-dependent switch-
ing law designed by Zhao and Hill (2008c). If, in addi-
tion, u;; = v;; = 0, the switching law (19) can be reduced
to the ‘min-switching’ law (Dong & Zhao, 2012). The
switching law (19) implies that the adjacent storage func-
tions are not necessarily connected at the switching
time. This gives us more design freedom of stabilising
switched systems.

Next, we will give an incremental passivity condition
for system (11) in the following form:

X = f(r (X, w (t)) + B(Turra
e=Cix+ H; (0 (1)), (22)

where B;, C;, i € I are constant matrices and H; € C!.

Theorem 3.2: Suppose that there exist f;; < 0,8;; <0
(Bij» Sijmay depend on x), smooth functions /Lij (x—%) =
(x - -’2) FI] (x A) vz] (x A) (X - 5&) Al] (X A)
with 'y =0 and A; = 0 for i, j € I, matrices Q; =

positive definite matrices P; and constants A;; such that

1 ’

T
8f’( w)+i(x ®) P

+ Z Bi; (Qi
j=1
PB; =C/,

df; afr
tha (x, )+_( a))rlj

+ Z dij (Q:
j=1

FijBi =0, V_] el, Vxe Rn, (24)

- Qj+Ay) <0,

i,jel, VxeR", (23)

- Qj+ Ajj) <0,

Fij+Tje—Tie =0, Tij + T <0, Ajj+ Aje— A =0,
Ajj+ A <0,Vi, j k, (25)

P,— P+ T =5 (Q—Qj+ Ay) Vi, j. k. (26)

hold for any w € W, where I';j and A;; are symmet-
ric matrices. Then, system (22) with the storage func-
tion S(o (t), x, X) = So1y(x, %) = 2 (x = ) Py (x — X)
is incrementally passive under switching law (19).

Proof: Similar to Pavlov et al. (2005), according to the
mean value theorem, we obtain

aS; aS; A
Sl o)+ fi(f o)
= (x—9)'B(fix o) - fi(£ o)
1 R A~
= E(x — D) o) (x— %)

and

d i
0§

—(E, o)y (x = X),

“’Jﬁ( o)+ ”ﬁ(xw) —<x—2>T(FU . o)
fT
MY

where (¢, @) = P (. ) + 7 (5. @)B, & is some
point between x and x. In add1t1on, since Equations (25)
and (26) hold, according to Theorem3.1, Theorem3.2

holds.

4. Feedback incremental passification

In this section, a state-dependent switching law and state
feedback controllers are designed simultaneously to ren-
der the switched nonlinear systems incrementally passive.
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Consider the following system:

zzqﬂ'(zvesw)7

e=ps (z,e,w) + a5 (2, e, W) Uy, (27)

where a;(z, e, w), i € I are invertible, e is the output of
system (27) and the functions p;, ¢; and a; are continu-
ous in w and C' in x.

A sufficient condition of feedback incremental passifi-
cation is given as follows:

Theorem 4.1: Suppose that there exist nonnegative
smooth functions W;(z, z) , continuous functions Uj(z, 2),
Lij(z, 2), Bij(z, 2) < 0and 8;j(z, 2) < 0 smooth functions
wij(z — 2), vij(z — 2) with 11;;(0) = 0 and p;(z — 2) =
0,v;;(0) = 0 and vii(z —2) = 0 fori, j € I such that

ow; aw;
_QI(ZeC‘))‘i‘ Aql(vv )
+ Zﬂu (z.2) (Ui (z.2) = Uj (2,2) +vij (2= 2)) =0,
j=1
(28)
BM," /’Lz A A
e 0 g at8o)

+ Z(S,-]- (2,2) (Ul z,2) —
j=1

(29)

wij (z = 2) + wjx (z — 2) < min {0, ui (z — 2)}
vij (z—2) + vk (z — 2) < min{0, vy (z — 2)} . Vi, j. k

(30)
Wi (z,2) = Wj (2, 2) + wij (z — 2)
=%ij (2, 2) (Ui (2, 2) = Uj (2, 2) + vij (z — 2))
)‘-ij (Z, 2) = )‘-ji (Z, 2) . (31)
Let X = (7, e, Vi(X, X) = Ui(z, 2) +

%(e —e)(e—e) and V;j(X — X) = vij(z — ). Design
the switching law as
o(t)=iif o (t7) =i and (X t). % (t)) € intQ;,
o (t) = min arg{Qj ‘(X (t) ,f((t)) c Qj} ,

if o (") =iand (X (0,8 ) e
(32)
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where Q; = (X, X)|Vi(X, X) — V;i(X, X) + 9;;(X — X)
<0,jel}and

3= 1) (1. 5) v 1)

+ 7 (X - X) =0,i # jl.

Then, system (27) with the controllers u; =
ai(z, e, w) " (v; — pi(z, e, w)) is incrementally passive
under the switching law (32).

Proof: Substituting u; = a;(z, e, ) "' (v; — pi(z, e, ®))
into Equation (27) gives

Z- = qg (Zv e’ w) 9 (33)
e =0,
|

We choose S (), X, X) = Se (X, X) =
Wo)(z,2) + 2(e—e)T(e—¢), iel as the storage
function of Equation (27). Differentiating S; gives

oo Wi L/
i— 42, e, w ——=qi
9z 1 3

(o= (0i-0),

+ (x _x)) +(e—8)" (vi—b).

where IBIJ(X,X) = ,Bij(z, 2)

Let jiy(X =) = pylz 2. Thus, ij = "5
(z, e, a))—l— q,(z e,w) <0 on ; and i (X — X)—|—
k(X — X) 5 min{0, s (X — X)}, Vi, 7, k hold due to
Equations (29) and (30).

The rest of proof is similar to that of Theorem3.1.

The next result provides the sufficient condition of
feedback incremental passification for system (27) in spe-
cial case.

Theorem 4.2: Suppose that there exist,é,-j <0, g,-j <0
(Bij, 8ijmay depend on z), smooth functions ,u,] (z—2) =
(z—2)TTij(z—2), vjz—2)=(=—-2" Az](z—Z)
withT; =0 and A; = 0 fori, j € I, matrices Q, = QIT,
positive definite matrices E; and constants A;j, p; > 0 such
that
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T

94, 9
@, ecu)4--fl-(z e.w)E;

Ei—
0z

+ Zléij (éz -Q;+ [\ij) < —pil, (34)

j=1
M
~ dg; 0 ~ -
Fij azl ql ] Z ( Q]‘ + Aij) <0
(35)
fij + f‘jk — Ty <0, f‘ij + fjk <0,
Aij+Aj— Ay <0, Ajj+ Aj <0,Vi, j, k,
(36)

Ei—E;+ T = <éi_éj+[\ij> vi, j.k (37)

hold for any w € W, where 1:‘,-]- and ]\,»j are symmet-
ric matrices. Then, there exist state feedback controllers
such that system (27) is incrementally passive under the
switching law (32) withUi(z, 2) = (z — 2)TQi(z — 2) and

Vz](X X) (Z—Z)A,J(Z—Z)

Proof:  Design the feedback controllers as
ui =ai(z,e,w) ' (v; — ¢i(z, e)), where function
@; is to be designed later. Let X = (zT,e")7,

Ci == (07 Im)v Bi = (Os Im)v H,(Cl)) = 0) _fl(X’ (,()) =
(q;‘T(Zs e, CU), piT(Z7 e, Cl)) - (pl'T(Z, e))Ty Pt = [}(2)1 [?n]’ﬂij =
:éija Ajj=[%and @ = [¢
that condition (23) holds.

I?n]. We only need to verify

Ji (X, w)
B f g
= f@ o) + f@ww+2m - Qj+ Ay)
j=1
aq;  dq7
gL 4 Mg,
y 0z 0z 5 3T 30T
c (A A L& qi pi $i
= |+ i (Q—Qj+Ay) E— -
j:ZlﬂJ <Q Y ]) de 0z 0z
0af p 0P _ D¢ Op  Opl _ dp_ d¢f
de 0z 0z de de de de
_ | AM;
=M N |
]

Next, we will show J; is negative definite for all (z, e) €
R" and w € W. From Equation (35), A; > 0. If

0¢; ?

8(,01 8(pIT
+
0z

de

2 |oq; BP,
ael

(”8pz 8p,

3q, 8Pf
0z

)i

(38)

holds, then Equation (23) holds. Since w(t) € W, there
exists continuous function y;(z, e) such that the following
inequality holds

ap; 8PiT
vi(z,e) > e + e
9 9 a ;0
‘ qu 4 p, q p,

Similar to Pavlov and Marconi (2008), there exists ¢;
satisfying

2

0
Yl s v e, (39)

0z

dp, gl 2
ﬁ + i
de de Pi

According to Theorem3.2, Theorem 4.2 holds.

Remark 4.1: Equation (35) implies that E; iqz + % ;<
—pil is only required to hold on €2;, which is weaker than
incremental minimum-phase condition (Pavlov & Mar-

coni, 2008).

5. Incremental passivity-based output
regulation

In this section, the output regulation problem for
switched nonlinear systems is solved using the incremen-
tal passivity theory.

To get the convergence of solution, we need the finite
time detectability.

Definition 5.1: System
x=F(x,u,w), e=h(x,w) (40)

is called incrementally asymptotically zero-state
detectable if for any ¢ > 0, any bounded signal w(?),
any two solutions x, X of system (40) corresponding to
the inputs u and #, the respective outputs y, , there exists
8 > 0, such that when ||u(t +s) — u(t +s)|| <8 and
| y(t +s) — p(t +5s) || <8 hold for some t > t, A >
0and 0 < s < A, we have ||x(t) — x(t) | < &.

Remark 5.1: The incrementally asymptotical zero-state
detectability is an incremental version of asymptotical
zero-state detectability (Zhao & Hill, 2008a) and weaker
than the incremental notion of small-time initial-state
observability (Hespanha, Liberzon, Angeli, & Sontag,
2005).

We first solve the output regulation problem under a
given switching signal.

Theorem 5.1: Consider systems (1) and (2) satisfying
Assumption 2.1. Suppose that there exist the C' feedback
controllers u; = n;(x, w) +v; with n;(x}, @) =0 such
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that for any solution of the exosystem (2) w(t) starting from
w(ty) € W, the system

x=F, (x, 7, (x,®) + 0, ),
e=h, (x,w) (41)
with a storage function S(o(t),t,x(t),x(t)) =
So ) (t, x(t), X(t)) is incrementally passive under a given
switching signal o (¢). If (i) there exist K, functions oy, o
such that o (|lx — x|)) < Si(t, x, x) < ay(llx — xI|), (ii)
there exists at least one j such that 1imk—>oo(tjk = tjk) +
0 and (iii) the corresponding subsystems of the resulting
closed-loop system (41) are incrementally asymptotically
zero-state detectable, then the output regulation problem
is solved by

u; = n; (x, w) + i, v; = Uiy, — Kie, (42)

where K; are positive definite matrices.

Proof: For t > ty, Vt € [t, tit1), k € N, since system
(41) is incrementally passive, we have

S(o (1), t,x(t),%(t)) — S(o (o) . to, x (o) , % (o))
=S, (t,x (1), % (1)) = S, (to, x () , X (t0))
t
s‘/’(e(r>——é(r))T(vau>(r)——ﬁau><r1)dr
)

+a ([x =) (43)

]

According to Assumption 2.1, x} () corresponding to

the input 415, (¢) is a bounded solution of closed-loop sys-

tem (1) and Equation (42) with the output e = 0. Sub-

stituting Dy, = tpe, x = x5, 6 =0 and vy = Uy, — Kse
into Equation (39) gives

Si (t,x (1), x5 (1) — Si, (to, x () , X, (o))

t
< —/ e(1) Ky e (t)dt + (on - x5 (to)H)
to

t
< —A/ e(t) e(r)dr +a(|xo — x5 (t0)|), (44
to

where A = min;er{Amin(Ki)}, Amin(K;) > 0 is the mini-
mum eigenvalue of K;.
It follows from Equation (44) and condition (i) that

t
A/ e(t)le(r)dr + S, (t, x(t),x (t))
to

<a(|xo—x t0)]) +Si, (fo. x (t0) . x5 (t0))  (45)
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and

o ([Jx @) = x5 O]) = i (8,2 @) x5 )
< o ([xo—x; t)]) +Si (to. x (t0) . X, (t0))
<o (||xo — x5 (to)||) + o2 (%0 — x5 (t0)])) . (46)

Therefore, for any given >0, s =
minfa; ' (Sai (), a7 G ()} > 0, we have
lx(t) — x5 ()l < &, when [lxp — x5 ()| < 8, ¢ = to,
the solution x7 of closed-loop system (1) and Equation
(42) is stable.

Next, we will show lim;_, o [lx(¢) — x} (¢)|| = 0. For
the j satisfying limy, oo (£, ; — t;,) # 0, there exists § >
0 such that the set IT = {kltijrl -t = A} is infinite. Let
the auxiliary functions

b .00 e U [t tin)

0, otherwise.

hi(t) = (47)

Since Equations (45) and (46) hold, we have

t t
/fzf(t)iy(r)dtf/ e(t)Te(r)dr
)

to

1
=< (o (|| %0 — x5 (t0) ) + Siy (fo, x (1) . x5, (10))) -
(48)
Therefore,  lim;_, o h j(t) =0, which implies

lim; 00 (0j(t) — tj,) = 0. Namely, for V§ > 0, there
exists Ty >0 such that when t > Tp, [Ih;(t)] <3,
loj(t) — uju ()]l < 8. Suppose this is false, then there
exist &y > 0 and a sequence of time g1, g2, ..., gk — 00

such that IIEJT (q:)) — l~1j (g) |l = &9, Vi. The boundedness
of x¥(t) and Equation (48) imply the boundedness
of x(t). Moreover, since u;,(t) and any solution w(t)
starting from w(f)) € W are bounded for all t > ¢,
and the functions E, n;, h; and s are assumed to be C!,
x(t) and w(t) are bounded. Thus, x(f) and w(t) are
uniformly continuous and h;(t) is uniformly continu-
ous over | (£, ti41)- Since t;  — 1, > A, keTl,
we have ftjo ilj(f)Tiqj(t)dr =00, which contradicts
Equation (48). We can choose k € N such that ¢ > Tp.
So [|hj(tj + )l <6, llvj(t;) — ujw(tj)| < 6 hold for
kell and 0 <s < A. limy_ ||x(t]-k) — x:)(tjk)ll =0
follows from incrementally asymptotical zero-state
detectability of the jth subsystem. This implies
limj_, oo [l2(t) — X} (¢)|| = O0due to uniformly stabil-
ity. Therefore, lim;, o e(t) =0. This completes the
proof.
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Remark 5.2: If there exist regular nonnegative func-
tions S;(t, x,x) and one of the following conditions
holds:

(a) Equation (1b) is independent of the switching sig-
nal o (t),ie. e(t) = h(x, w).

(b) limpooo(ty .y — ;) #Ofor j=1,2,...M

(c) System (41) is incrementally strictly passive.

Then Theorem 5.1 holds without conditions (i)—-(iii).

In fact, the boundedness of x (t) and the regular stor-
age functions S;(t, x, x} ) imply the boundedness of x(¢)
due to Equation (46).

(a) lim;_  e(t) = 0 follows from Barbalat’s lemma
and Equation (48).
(c) If system (41) is incrementally strictly passive
then similar to Equation (41), we can obtain that

t
/ Q(x(r) —xX (1))dr

to
t

< / Qo (% (1) — (1)) dr
to

<o ([xo —x (t0)])) + Si, (to. x (t0) . x5 (10)) .
(49)

where Q(x — x) = min;{Q;(x — x})} is a contin-
uous positive definite function.Q(x(t) — x} (¢)) is
uniformly continuous due to the boundedness of
x(t), x5 (t), x(t) and x}(t). According to Barbalats
lemma and ft:o Q(x(7) — x¥(r))dt < oo due to Equa-
tion (49), we have Q(x(tr) —x}(r)) — 0,t — o0,
which implies [lx(t) — x} (v)|| = 0, t — oo. Therefore,
lim;_, o e(t) = 0.

Remark 5.3: Compared with convention regulators, the
regulators designed by using incremental passivity prop-
erty comprise of two components: the steady-state con-
trol and the linear output feedback stabilising controllers.
From the proof, we only have to verify the regulated
outputs converge to zero directly under the conditions
(a) and (b). The incrementally strict passivity condition
(c) is strong, so the stabilising controllers can be chosen
freely.

Next, we show that the output regulation problem for
system (11) is solvable by the design of the switched law.
The following assumption on the solvability of the regu-
lator equations is given:

Assumption 5.1:  There exist continuous func-
tions Vi(t, x, %), smooth functions v;;(t,x —x) with
vij(t,0) =0and v;(t,x —X) =0and differentiable
maps x; = mw(w) and ui, = c;(w) defined on a set

W satisfying

Jw
+ maxe {V,- (t, X, xZJ) -V (t, X, x(‘;) + v (t, x— x:;)} =0,
0 = hj(7(w), w).

o
(*S (@) — fi (7 (), 0) — gi (7 (W), W) ¢ (w))

(50)

Remark 5.4: Define Q;(t) = {(x, x})|Vi(t, x,x}) —
Vi(t, x, x3) +vij(t,x —x;) <0,j€l} and fl,-]-(t) =
{Ce, ;)N Vit, x, x3) — Vi(t, x, x3) + vij(t, x — x) = 0,
i # j}. Similar to the proof in Zhao and Hill (2008c),
{Qi(t)]i € I} makes a partition of R*". Equation (50)
implies that the regulator equation of each subsystem
holds on ;(¢). Assumption 5.1 is weaker than the
assumption on the solvability of the regulator equations
(Dong & Zhao, 2012a).

Theorem 5.2: Consider systems (11) and (2) satisfying
all conditions of Theorem3.1 and Assumption 5.1. Suppose
that conditions (i) and (i) in Theorem 5.1 hold. If, in addi-
tion the corresponding subsystems of system (11) are incre-
mentally asymptotically zero-state detectable. Design the
switching law

o)=iif o (t7)=iand (x(t),x} (1)) € int Q; (),
o (t) =min arg {Q; (1) |(x (1), x5 (1)) € Q; ()},
if o (t7) =iand (x(t),x (1)) € Qj (1),
(51)

Then, the output regulation problem is solved by u; =
ui, — Kie, where K; are positive definite matrices.

Proof: According to Theorem3.1, system (11) is incre-
mentally passive under the switching law (19). Assump-
tion 2.1 holds for the switching law (51). Therefore, The-
orem 5.2 follows Theorem 5.1. |

Remark 5.5: Since (x, x) is dependent on (u(t), u(t))
in Equation (20), the switching law (19) is dependent on
(u(t), u(t)). We can obtain the switching law (51) by set-
ting u; = L_liw — K,-e, ﬁ,‘ = ﬁiw-

6. Examples

In this section, we present two examples to demonstrate
the effectiveness of our main results.
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Figure 1. The exogenous signal w(t).
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Figure 3. The regulated output of the subsystem (2) .
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Figure 4. State response of the switched system.

Figure 2. The regulated output of the subsystem (1).

Example 6.1: Consider the system consisting of two sub-

systems described by

—11 4
fl(x»”l»w)— £x1+x2+§+

1
—x (xf+4)+5x2+4+x3+w6

100 200
where P, = [030], P, = [010].
001 001

Differentiating S; gives

S < —Bu(Si—S)+ (ul - ﬁ1)T (6 —é),
$ < =B (S2—S) + (u2 — ﬁz)T (e—é).

A

A

2 ,

§X3 — EC{)
2—x1—x+u where ,312 = —3.5, ﬂ21 = —7.
X 4+ 2+ % X3 — 4,507 Design the switching law as follows:
Louw, o) =19 —10x, 4+ 44 x5+ 1502 |0 (52)
11 —x; — x5 + o)=i,ifo(t7)=iand (x(t),x} (1)) € int ; (1),
(53)

e=x3;—3w*+4 and the exosystem @ =0. #, =
302 — 2, iy = 307 — 11, x5(t) = (02, 207, 30? — 4)7 o (t) = min arg {Q; (1) |(x (1), x5 (1)) € Q; (D)},

is solution of the regulator equation (7).

if o (t7) =iand (x(t),x (1)) € Qi (1),

We choose the storage functions as

$i(6.9) = 5 (= 9)"P (x~ %) and

S (6 2) = ~(x— %) P (x— 2). &
2

where



Downloaded by [University of Illinois at Urbana-Champaign] at 11:07 15 September 2017

2082 (&) H.PANGAND J.ZHAO

o >
T T
I I

outputerrore
L L L

=
T

time (sec)

Figure 5. The regulated output of the switched system.

According to Remark 5.2 and Theorem 5.2, the output
regulation problem is solved by the feedback controllers
u; = i, — e, i = 1, 2 under the switching law (53).

Let the initial state x(0) = (6.3,6.4,5.2), w(0) =
1, the simulation results are depicted in Figures 1-6.
Figures 1-3 indicate that the output regulation problem
for none of the subsystems is solvable. It can be seen
from Figures 1, 4 and 5 that all the solutions of closed-
loop system starting fromx, and w(0) are bounded and
lim;_, o e(t) = 0. The switching law is given by Figure 6.
Therefore, the global output regulation problem is solv-
able under the switching law (53).

Example 6.2: Consider a switched Resistance Induc-
tor Capacitance (RLC) circuit (Yang et al, 2008)
which consists of N input power sources, N resis-
tances R; and N capacitors C; that could be switched
between each other. The dynamic equations are

500

450 !

400 1 H

350 - 1

300 R

250 - ]

200 1

150 1

state response x

100+ 1

50 R

-50 I I I I I I I
0

time (sec)

Figure 7. State response of the switched system.

ro
— o > >
I

- Switching_sisgnals

&
I

=

fime (sec)

Figure 6. The switching signal of the switched system.

given by
. 1 1
X1 = fixz - L—ivd,
. 1 R;
Xy = —ax1 - fixz + u;, (54)
1 1 .
e; ::i;jé —'z;Vd,IZZ 1,2,...P%

where the two state variables are the charge in the capaci-
tor and the flux in the inductance x = [q., ¢1] T, the input
is the voltage and vy = w'w, w = (w1, w;)T denote the
external disturbance or as a reference signal generated by
the exosystem

&= Sw, S= [0 _1] (55)

500

450 1

400 1

350

300

250

e L LT

200

state response x

150 f B

100+ 1

50+ b

O 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

time (sec)
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Figure 8. The exogenous signal w(t).
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Figure 9. The regulated output of the switched system.

The storage function of each mode is given as

1 N 1 N
S,‘ = Z_Ci(xl — xl)z + E(XZ — xz)z.

i

Consider the case N =2. Set the parameters as
L1 = ].H, Lz = 3H, R] = 89, R2 = 99, C] =100 ,LLF,
C, =50 uF. It is easy to verify that two models are
incrementally passive, and 1, = 8.01(w? + @3), tip, =
3.02(w} 4+ @3), x%(t) = (0! + @3, @ + w})T are solu-
tions of the regulator equations. According to Remark 5.2
and Theorem 5.2, the output regulation problem is solved
by the feedback controllers u; = u;, — ¢;, i = 1, 2 under
the switching law (53).

Let the initial state x(0) = (9.1,9.4) and w(0) =
(19.1,3.1). The simulation results are depicted in
Figures 7-10. Seen from Figures 7 and 8, the state of the
resulting closed-loop (54) is bounded. The regulated out-
put converges to 0. Therefore, the output regulation is
solvable under the switching signal (53). The switching
signal is described by Figure 10.

The simulation results well illustrate the effectiveness
of the proposed approach. Compared with the other

INTERNATIONAL JOURNAL OF CONTROL e 2083
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Figure 10. The switching signal of the switched system.

existing methods, the approach presented in this paper
has two advantages.

First, the output regulation problem for system (52)
can be solved even if the problem for none of the subsys-
tems of system (52) is solvable as shown in Figures 2 and
3, while it is impossible to solve this problem by the com-
mon Lyapunov function technique (Niu & Zhao, 2013),
the average dwell time approach (Dong & Zhao, 2012a,
2013; Long & Zhao, 2014).

Second, we only have to verify that the regulated out-
puts of system converge to zero directly by our method,
but the multiple Lyapunov function method requires to
verify that all the solutions of system converge to the
bounded steady-state solution. From Figure 7, the mul-
tiple Lyapunov functions method adopted by Dong and
Zhao (2012a) is not effective for Example6.2.

7. Conclusions

This paper has investigated incremental passivity and
incremental passivity-based output regulation problem
for switched nonlinear systems. The designed state-
dependent switching law is more general than the well-
known min-switching or max-switching. There are many
problems that deserve further study. For example, when
at least a subsystem is assumed to be incrementally pas-
sive, how to design the global regulators is a challenging
problem.
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