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A guidance policy for controller performance enhancement utilizing mobile sensor—actuator networks (MSANS) is
proposed for a class of distributed parameter systems (DPSs), which are governed by diffusion partial differential equations
(PDEs) with time-dependent spatial domains. Several sufficient conditions for controller performance enhancement are
presented. First, the infinite dimensional operator theory is used to derive an abstract evolution equation of the systems
under some rational assumptions on the operators, and a static output feedback controller is designed to control the spatial
process. Then, based on Lyapunov stability arguments, guidance policies for collocated and non-collocated MSANS are
provided to enhance the performance of the proposed controller, which show that the time-dependent characteristic of the
spatial domains can significantly affect the design of the mobile scheme. Finally, a simulation example illustrates the

effectiveness of the proposed policy.
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1. Introduction

The wireless sensor networks (WSNs) are very frequently
used in many networked control systems (NCSs) for the eco-
nomic efficiency and flexibility in modularization of the net-
works, such as distributed parameter estimation in sensor
networks,!! 73! diffusion source tracking,*! and some special
missions taking full advantages of WSNs.>~7) Among the the-
oretical researches for the sensor networks, one of the funda-
mental problems is how to design controllers or filters to im-
prove the control performance or estimation performance un-
der some environment. The performance improvement here
means faster convergence rate of the system state or lower
computational complexity of the algorithm. These problems
on NCSs were studied by many researchers with aid of vari-
ous tools such as linear matrix inequalities, T-S fuzzy model,
and sum-of-squares method.!®! In addition, another effective
way to deal with these problems is the use of mobile sensor—
actuator networks (MSANSs), which are WSNs composed of
mobile agents with sensing or actuating capabilities, as it pro-
vides an extra dimension to make the best use of the mobile
agents.[%:10]

However, it is noted that in the majority of the NCSs
mentioned above, the target systems to be estimated or con-
trolled are the finite dimensional systems described by ordi-
nary differential equations (ODEs). Nevertheless, in prac-
tice, most of the physical processes are infinite dimensional
systems described by PDEs, which are commonly called the
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DPSs with their dynamics depending both on spatial position
and time.!!-1?! Specifically, many industrial control problems,
crystal growth, '3 liquid solidification,!'*! and gas—solid reac-
tion systems,[!%! can be depicted by parabolic PDEs with time-
dependent spatial domains (i.e., moving boundaries). Such
time-dependent characteristics of the boundaries may cause
variation of observability and controllability with time and
space, which is not encountered in DPSs with fixed bound-
aries. These characteristics are usually described by convec-
tive transport owing to the variation of the length of the domain
with time. And thus, such characteristics, if not appropriately
accounted for in the synthesis of the observer or controller,
may lead to poor performance of the systems.!!116:17] How-
ever, although the aforementioned literatures demonstrated
that the moving controller can lead to better performance of
the controller, they gave neither a specific moving strategy of
the mobile actuating-sensing devices to enhance the controller
performance, nor the relationship between the moving strategy
of the actuating-sensing devices and the moving boundaries.
In the past two decades, a lot of related studies in
DPSs with fixed boundaries using MSANs have already been
conducted, such as performance enhancement in control or

18,19 [20

I reduction in power consumption, *°! and mo-

121

estimation, !
bile robot’s collision avoidance.!?!! Many earlier works that
make use of MSANSs in DPSs were presented in Refs. [22]—
[25]. The optimality criteria for estimation and control scheme
to enhance the supervisory control scheme were built in
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Ref. [23]. Pioneering work that considered spatially point-
wise distributed moving agents was presented in Ref. [24].
Most of the theoretic properties of DPSs with mobile controls
were basically investigated by Khapalov in Refs. [25]- [27].
Subsequently, a new algorithm called central voronoi tessel-
lations (CVT) was proposed to solve the dual problem of pa-
rameter estimation for parabolic PDEs based on MSANs by
Chao et al. in Refs. [28]- [30]. While the most relevant works
were explored by Demetriou ef al. in Refs. [31]- [37]. A new
methodological framework was presented by means of a group
of closely placed point-wise sensors and a single point-wise
actuator in Ref. [31]. Based on the Lyapunov stability theory,
Demetriou first integrated MSANSs for DPS in Ref. [33], in
which the sensing and actuating devices were assumed to be
collocated and a guidance law for the MSANs was presented
to enhance the controller performance. The optimal switch-
ing policy and estimation for performance enhancement of dis-
tributed parameter systems were discussed in a similar fashion
in Refs. [18] and [38], respectively. However, to the best of the
authors’ knowledge, few authors have considered the control
problems for DPSs with moving boundaries based on MSAN’s
in an abstract framework so far.

Motivated by the previous work, in this paper, we use an
integrating abstract structure for the repositioning of mobile
actuating and sensing devices (collocated and non-collocated),
which are viewed as an integral part of the process. Specifi-
cally, the PDEs with moving boundaries that describe the pro-
cess dynamics are viewed as an abstract evolution equation
in an appropriate Hilbert space. The Lyapunov stability argu-
ments for infinite dimensional systems are used to analytically
achieve the main purpose that provides the guidance policy for
each mobile agent so that the closed loop system performance
is enhanced. The performance enhancement means that the
system state converges to the equilibrium point faster with the
help of moving agents satisfying the proposed guidance pol-
icy, compared with the agents dissatisfying the proposed pol-
icy (fixed in the domain, for example). In order to verify the
proposed guidance policy and avoid on-line computations of
the dynamic output feedback controller, a static output feed-
back control law is used in this paper, and by means of which
there will be no need to implement a real-time state estimator
for its computationally expensive observer gains.

The remainder of this paper is organized as follows. First,
an abstract framework of the considered system model is for-
mulated and the problem under consideration is redescribed
under this framework, which is to be addressed with the aids
of MSANSs in Section 2. In Section 3, the guidance law for
each moving agent is proposed under the conditions of collo-
cated and non-collocated MSANS respectively. Several suffi-
cient conditions to enhance the performance based on the pro-
posed static output feedback controller are obtained. Finally,

the effectiveness of the proposed guidance policy is success-
fully evaluated through an example of a diffusion process in
Section 4 and conclusions follow in Section 5.

2. Preliminaries and problem formulation

Consider a class of DPS with time-dependent spatial do-
main described by the following m-input, m-output parabolic
PDE in one spatial dimension:

ox(t,z) 0 ((X(z) axgz, z)

ot 0z

)+ Lbezom, o
i=1

h(t) ‘
(0= [ aladomd i=12..m @
subjected to the initial condition
x(0,2) = x0(2), 3)

and the boundary conditions
d
c1x(t,0) +dy 2= (£,0) = ry,
9z
dx

cax(t,h(t)) +dza—z(t,h(z)) =r. )

In the aforementioned DPS, x(#,z) € R denotes the state
variable of the process, in which 7 € R and z € [0,h(r)] are
the time and the spatial coordinates, respectively, and A(t) is
the moving boundary of the time-dependent spatial domain of
DPS, which is denoted as Q(r). The function b;(z;z3(¢)) is a
known smooth function of (¢,z), which describes how the i-th
control action u;(¢) is distributed in the spatial domain Q(z),
while u; € R™ denotes the associated manipulated input. The
spatial point z¥(f) € (t) denotes the time varying centroid
of the i-th actuator. Similarly, ¢;(z;z}(¢)) is a known smooth
function of (¢,z) which describes how the i-th moving sensor
is distributed in the same domain (), and is determined by
the location and type of the measurement sensor (e.g., point or
distributed sensing), and the spatial point z; (1) € Q(¢) denotes
the time varying centroid of the i-th moving sensor. The time
dependence of both z3(¢) and z; (¢) describes the time variation
of their locations within the spatial domain. y; € R denotes the
measured output of the i-th moving sensor. xo(z) is the initial
condition, and c1,d;,cy,d,, 1,1, are real numbers.

It is observed that the moving boundary A(¢) plays a pow-
erful role in the above DPS. A schematic of a typical process
with moving boundary can be found in Ref. [16], in the case
of moving actuators and sensors. To simplify the discussion
in this manuscript, it is necessary to assume that the moving
boundary /(¢) is known and smooth. Precisely, the assumption
on the properties of i (¢) and i(t) is given below.

Assumption 1 A(¢) is a known and smooth function of
time which satisfies /2(t) > 0 and h(t) € (0, hpay], Vt € [0,0),
where hpayx is finite and denotes the maximum length of the
one dimensional spatial domain Q(t).
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To simplify the presentation and employ Lyapunov stabil-
ity methods for the DPS with time-dependant spatial domain,
following Refs. [16] and [33], the PDE systems of Egs. (1)-
(4) are formulated as an evolution equation in an appropriate
Hilbert space 7% q(;), which is defined on Q(t) = [0,h(r)],
with the inner product

¢17 / ¢1 ¢2 ) dZ7
and norm

9]l = (¢,9)"/2,

where
Hon ={9:2(1)—R and 9] < e},

and the space derivatives’ definitions are defined in the space
H.00)
Define the state x(f) on % q(;) as

x(t) =x(t,z), t>0, z€[0,h(r)],
the system’s second order time-varying operator < (¢) and its

d dx . z OJx
aZ(OC(Z)aZ> +h(t)mafz,
o(z) >0, x € Dom(&),

domain as

o (t)x =

Dom(</(t)) = {x € 75 ()| x, dx/dz abs. continuous,
d°x/d7* € H,.0(), and clx(t70) + dy(dx/d2)(¢,0) = ry,
cox(t,h(t)) 4+ d2(9x/97)(t,h(t)) = r}. The m input operators
are
h(t)
(P2 (1))ui(t),x) :/0 bi(z:7; (1) )x(2)ui(t) dz,
or Bi(Z3(t))ui(t) = bi(z:2 (1))ui(t), i=1

and the output operators are
Gi(zi(1)x = (Gi(z (1)), %)
/ l‘

It is straightforward to observe that the output operator

RN I

x(z)dz, i=1,...,m.

is equal to the adjoint of the input operator, i.e., € = £,
when b;(z) = ¢;(z). Then, in Hilbert space .73 ¢ ;), the DPS of
Egs. (1)-(4) may easily be expressed in the following abstract
form:

x(t) = o (t)x(t) + AB(2*(1))u(t), x(0) = xo,
y=C(2(0)x(1), (5)
where xo = x0(z).

Remark 1 Referring to Assumption 1, smoothness of
h(t) is needed for the well-posedness of the solution for the

. h(t) > 0 implies that the
time-dependent spatial domain Q(z) is always moving “out-

initial value problem (5) in 74 o
wards”’, which is also in accordance with some actual situa-
tions. More details can be found in Ref. [16].

Remark 2 For the case in which the spatial coordinate
is more than one dimension, two and three spatial dimensions
for instance, the same infinite dimensional abstract framework
technique may be employed as for the system represented by
Eq. (5), and hence no generality is lost by considering one di-
mension system in this paper.

Additionally, for the employment of Lyapunov stability
arguments, it is assumed that the state operator <7 (¢) satis-
fies the following properties of boundedness, coercivity, and
symmetry.33! Furthermore, another assumption is imposed on
state operator <7 () due to its time-varying characteristic.

Assumption 2 The state operator <7 (¢) has the following
properties:

(A1) bounded: the operator <7 (¢) is bounded, i.e., there
exists o > 0 such that

(< (1)9,9)] < a||9|, for ¢ € 750
(A2) coercive: the operator —¢ (t) is coercive, i.e.,
(—/(1)9,9) > ]| §||%, for some positive p and ¢ € 3 g,
(A3) symmetric: the operator <7 () is symmetric, i.e.,

((1)0,0)

(A4) differentiable: the operator < (¢) is differentiable
and (&7 (1)¢,9) >0, for¢ € 6,01, Where 4/ (t) is the
derivative of the operator o7 (¢) with respect to time.

=9,/ (1)¢) forall ¢ € H5.0()

Remark 3 The above four assumptions of state opera-
tor <7 (¢) can naturally simplify the Lyapunov stability anal-
ysis in Section 3. It should be pointed out that the differen-
tiability of operator <7 (¢) in (A4) is necessary for the well-
posedness of evolution equation (5) when & (¢) is time variant.
And (x(t),.%7(t)x(t)) > 0 guarantees the asymptotic stability
of the open-loop DPS system, which overwhelmingly simpli-
fies the Lyapunov stability analysis. In fact, if the inequality
(x(t),7 (t)x(t)) > 0 is not satisfied, one may still obtain sim-
ilar conclusions as the derived theorems 1 and 2 in this pa-
per, providing that the assumption of boundedness is made on
A (t).

In this paper, the following static output feedback control
law is considered:

wit) = —kiyi(t :—k/

for k; >0, i=1,...
vices, which may make the state close to zero in an appro-

i(z:2;(t))x(t,2)dz,  (6)
,m, implemented by the actuating de-
priate norm. Comparing to the feedback controller fixed in

space, the moving actuating devices will be able to enhance
the system performance more effectively. That is because they
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will be able to have more control authority than the devices
fixed in the domain. Significant effects on performance en-
hancement via the use of moving or scheduled actuating de-
vices in both thermal and structural systems were presented in
Refs. [31] and [33]. Furthermore, when the spatial domains of
the process are time-dependent, the feedback controller which
is fixed in the time-dependent domains may lead to poor per-

I1.16] However, although

formance or closed-loop instability. |
it is proved in Ref. [16] that moving actuating devices have
better effects than the controllers fixed in the spatial domains,
it did not give a specific scheduled speed expression of the
moving actuators—sensors.

Therefore, motivated by Refs. [31] and [33], the problem
under consideration in this paper can now be stated as follows:
Given the DPS with time-dependent spatial domains (1)-(4)
and its abstract evolution expression (5), for a given static out-
put feedback control law (6) implemented by collocated and
non-collocated mobile sensing-actuating devices, respectively,
find the trajectories (or velocities) of the mobile agents and the
relationships among the derived velocities and the known con-
ditions of the DPS with time-dependent spatial domains, so
that the norm of the state x(¢,z) will converge to the equilib-
rium point faster than it would with the employment of fixed
actuating-sensing devices.

In addition, for the purpose to further enhance the system
performance with the aid of a network of mobile sensors and
actuators, some additional assumptions on the network should
be made to partially simplify the control problem of the DPS
with moving boundaries.

Assumption 333 The network is homogeneous, that is,
bi(z) = b(z) and ¢;(z) = c(z), i = 1,...,m, which means that
the mobile agents are different only at the locations. It is also
assumed that each agent is massless and inertialess, so there is
no need to consider its kinematic equations in its travel within
Q).

Assumption 4 (Network with simple topology structure)
It is assumed that Q(¢) is simply connected and there is no
exchange of information between the i-th agent and the j-th
agent for i # j, which implies that the i-th sensor only con-
veys information to the i-th controller/actuator to implement
the corresponding control behavior.

Remark 4 Assumption 3 and Assumption 4 are mainly
to simplify the proof in Section 3. However, there are random
failures and various network-induced limitations at the device
layer in any practical network-based industrial processes. 53]
Such questions over the design of controllers/filters of DPSs
with time-dependent spatial domains based on MSANs will
be studied by the authors in the future.

3. Main results

In this section, two theorems will be presented and ac-
curately proved, which mainly contain the guidance policy
for the improved control of DPS with time-dependent spatial
domains. First, the following basic identity named Leibniz—
Reynolds transport theorem (one dimension) is introduced
which is of importance in the ensuing development.

Lemma 1140 Let Q (1) = [a(t),b(t)], and for all z € Q(¢),
the function r — F(#,7) is continuously differentiable for arbi-
trary ¢ < oo, it holds

% (/Q(t)F(t,z)dz>
ab(t)

- da(t)
_/Q(t)E(t,z)dz-i-F(hb(t)) 3

~Fla() 5.

3.1. Guidance of collocated MSANs

Definition 1 (Collocated actuator—sensor networks) The
MSANS are said to be collocated if

2 (t) =23 (¢) with b(z;28(1)) = c(z:23(1)), i=1,...,m,

where z3(¢) and z7 () denote the spatial coordinates of the i-th
actuating device and the i-th sensing device, respectively.

As mentioned in Ref. [33], the above collocated condi-
tion can significantly simplify the stability analysis, the con-
troller design, and the proposed mobile sensor—actuator guid-
ance scheme. Specifically, in this paper, to analytically obtain
the Lyapunov-based guidance scheme, a representative spatial
distribution is given by

b(z;2°) = Hpe—g(z) — Heye(2)

1, ifze[zf—¢€,2°+€],
{ [ ] )

0, otherwise,

where H,(z) £ H(z —a) is the Heaviside function, € > 0 is a
small positive constant, and z° denotes the spatial coordinate of
the collocated actuator—sensor agent. In this case, each sensing
device can both provide the measurement information by mea-
surement function y;(¢) and the state information x(z,z° — €)
and x(z,z° + €) at the two edges of the sensor’s range. In prac-
tice, the spatial distribution of the actuator may not be the same
as the spatial distribution of the sensing device, such a case
will be shown in Theorem 2.

The following theorem provides an explicit formula and
conditions that ensure controller performance enhancement by
the collocated MSANSs.

Theorem 1 Consider the DPS system of Egs. (1)—(4) with
infinite-dimensional representation of Eq. (5) satisfying As-
sumptions 1-4, where the collocated sensor—actuator spatial
distribution is given by Eq. (8). Then the proposed mobile
policy for each agent enhances the controller performance in
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the sense that the static output feedback control law (6) asymp-
totically stabilizes the spatial process, if the proposed mobile
policy for each agent is given by
C t

bey _M0) ©)
Ax(t,25(1)) h(1)’

where y; > 1/(2mk;y;(t)), i =1,...,m, is the velocity gain for
each agent, Ax(1,z5 (1)) = (x(¢,25(r) + &) —x(,z5 () — €) and
y; are supposed to be nonzero, and ¢y > 0, 8 > 0 are constants.

G0 =Yy

Proof If the static output feedback law (6) is considered,
then system (5) becomes

x(t) = - ilki%(z,“(t))%i‘ (zi (£))x(1)
= ((1) = B () KB (5(1)))x(t)
= d(t,2°(1))x(¢), (10)

where the positive scalars k; are user-defined feedback gains
and K = diag{k;}. Choose the following parameter-dependent
time variant Lyapunov functional:

V(1) = —(x(t), o, 2°(1))x(1)).

First, the positive definiteness of V (¢) is directly obtained from
the boundedness and coercivity of the closed loop operator
e (t,2°(¢)), which is similar to the proof in Ref. [33]. For
the following derivation of the guidance policy for each agent,
we only reprove the boundedness of the operator .27 (#,z°(z))
here. Indeed, using assumption (A1), we have

V(O] = = (), (2,25 (1) )x(2)) |
[ (x(0), (o (1) = (2" (1)) K" (2(1)))x(1))
o[ x(n)|[? + [ x(e), (2 (1)) K (2 (1))x(n))|
|
|

IN N

(1) z
o lx(0) 1% + Amax (B (2" (5 (1))x(1), 8" (25 (1) )x(1)) |
o0 + A (B [[8" (2 (2)) 1 [lx(2) 2
= (0 + Amax (K)[|8° (2 (1) |1%) |x(0) |12
= Bllx()|%,
where Amax () denotes the maximum eigenvalue of matrix
K and B = o + Amax (K) | 2" (z°(1))]|* > 0.
Due to fact that both «7(¢) and B (°(t))B*(*(t)) are
self-adjoint, which implies .o7;(¢,z°(¢)) is self-adjoint, and

IN

(1)

with the aids of Lemma 1, the derivative of the Lyapunov func-
tional along the trajectories of Eq. (10) is

V()

(r)

[ 2 [yt 20500
() a2 ()l 1)
(1) (0,25 (0))3(0) e

—(6(0) a1, (0)(0)) — (x(0), a1, 2(0)) )

— {alt), S (a2 0)x(0)

— (1) e (8,2 (1)) x(1) [ o=(o) 1)
= —(a(t,2(1))x(1), Fa(t,2(1))x(1))
= (x(1), Ha(2(2)) A (8,25 (1) )x (1))
— (x(0), ( A (t,2°(1)))x(1))
— x(t,h(r )) e (1,2°(0))x(t, (1)) ()
= —2ll%(t 2(0))x(0)?
— {x(0), ( a(r,25(1)))x(1))

MOt D)

= 2t E OO — (1), 7 (1)x(1)
), S (B0 KB (0)a(0)
Bt ) )

To draw the final result, due to the fact that time and spatial di-

12)

mensions in the DPS are two independent variables, the last
term x(t,h(t)) A (t,25(¢))x(t, h(t))h(t), which is merely the
function of time, can be written as

x(t h(8)) (1,2 () x(e, (1) Y1)

_ ’lg " () a1, (01 iz

B —V(t,h(t))h(t)

— —h(t) ) (13)

Thus, equation (12) becomes
V1) = (a1 (0))x(e) o (1))
— {al0) 0,250 ()
(a0, S (a1 0)x(0)
j h(t)
e [ sttt ot

(x(0), (a1 )0}

h(t)) dz

=2l (1,2 (1)) (1) || ~

VM
= =2|ea0,250)x(0) P = {x(0). 7 (1)+(0)
d

+ (x(0), 5 (BEO)K2((1))x(0))

L V@h0)h()

0] (14)

The first two terms and the last term in Eq. (14) are definite
non-positive and positive based on assumption (A4) and As-
sumption 1, respectively. The third term when written explic-
itly in terms of the integral representation becomes

, % (2(2(1) K2 (2°(1)))x(1))

d

1), (B 0) K2 (2 (0)x(r))
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h
_2/ a 7 (P ) ) K
x (z:2°(1))x (t,Z)
0
=23 ¢ V[ St o0~ Hese0)

X x(t Z)k,'yi( ) dz

ht)
=2Zz, kil /0 (8 e(2) = B 4o ()x(1,2) dz
= 2221 zyz

So, by Egs. (14) and (15), if the following inequality holds:

4

x(t,7; (1) — &) —x(t,7; (1) +-€)).  (15)

2211 kiyi(t) (x(1,2°(t) — €) = x(t,2°(¢) +€))
V(t,h(t))h(t)
= =0

© 2) F(Okyi(e) (x(t,2°(c) — &) = x(t,2°(r) + €))

V(t,h(t))h(t)
ST

the derivative of the Lyapunov functional will be negative

(16)

semi-definite. From Eq. (11), we can obtain
V(t,h(t)) = —(a(t,2°(1))x(t, h(1)),x(t, h(2)))
< Bllx(t,h(0))], (17)

and using the boundary conditions (4) with absolutely contin-
uous dx/dz, which implies dx/dz has an upper bound M > 0,

we have
[[x(2,h(2))|| = LHr —d @(f h(t))|l
) - |C2| 2 28 )
7 ox

< |=
~ e (9Z( h(t))’
< |r2|+|d2|M.
a 2]

Let ¢o := (|| + |d2|M) /|c2]|, we obtain
V(t,h(t)) < Beg. (18)

Hence, with both Egs. (16) and (18), if only the velocity of
each agent satisfies the following inequality:

ZZZ, kiyi(t €) —x(t,2°

- Bc%h( 1)
- h(t)
the derivative of the Lyapunov functional is negative semi-
definite.
Therefore, if Ax(t,z5(t)) £ x(t,2°(t) + €) — x(t,2°(t) — €)
and y;(¢) are assumed to be nonzero, and the velocity of each

(x(2,2°(t) —

(1) +¢))

19)

mobile agent is chosen as

Beg  h(t)

0 =Yg 20 ) (20)

x(t,h(1)), ie.,

where ¥ > 1/(2mk;y; (1)), i=1,...
inequality (19) holds and thus we obviously obtain V(z) < 0

,m, it is easy to verify that

without identically vanishing for any nonzero solution of the
initial condition. This completes the proof.

Remark 5 Equation (9) shows that the deduced guidance
velocity of each agent based on DPS with moving boundary
has connection with user defined control gain k;, the boundary
h(t) and its moving rate /(¢), which is different from Ref. [33].
It is the main originality of this article. It should be mentioned
that when /(t) = 0, i.e., the boundary of the process is fixed,
the guidance law (9) reduces to the result in Ref. [33]. Thus,
the time-varying property of the boundary can be exactly ex-
hibited by the proposed guidance policy, and the result in The-
orem 1 is more general than that in Ref. [33].

Remark 6 (Evaluation of the parameters in Eq. (9)
Since the closed-loop operator o7(f,z°(r)) satisfies
— (A (t,2°(t))x(t),x(t)) < Blx()||?, the constant B can be
evaluated by off-line numerical simulations

(=Aa(t,2°(1))x, x)

= P
= sup (—(t,2°(t))x,x). (21)

[Ixl=1

The parameter c( is determined by the boundary condition
co > ||x(¢,h(r))||, which is supposed to be
nonzero here. And one may notice that the velocity gain for
each agent, which must satisfy ¥ > 1/(2mk;y;(¢)), chosen to
be ¥ = 1/(mk;y;(t)) for example, is a decentralized adaptation
since each 7 uses the output information only from its own
sensing device.

Remark 7 According to Fermat’s lemma, Assumption 1
means that /() — 0 as t — oo which renders the proposed pol-
icy to be ultimately stable. And we claim that the nonzero
conditions for Ax(¢,z5(¢)) and y;(¢) are quite conservative, so,
the proposed policy z¢(¢) can be modified to

. BCO ﬁ i c .
Vet T AGEOm0 £0

0, otherwise.

(1) = (22)

In this case, if z{(r) =0 foralli=1,...

time when the system is ultimately stabilized, i.e., zf(r) are

,m occur only at the

not equal to zero simultaneously when the system is not stabi-
lized, inequality (19) will still hold, which guarantees that the
proposed guidance law (22) is effective.

3.2. Guidance of non-collocated MSANSs

The above collocated condition significantly simplifies
the system analysis and controller design. However, as men-
tioned in the above subsection, one may not be able to attain
such a collocated case, because in practice one often uses the
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sensing device to measure information from external environ-
ment and transmit the collected data to controllers/actuators,
then the controllers/actuators perform actions to change the
behavior of the physical systems, and this leads to the spa-
tial distribution of the actuating device being different from
the spatial distribution of the sensing device. Inspired by
the previous work, in this subsection, a guidance law for the
optimization of mobile actuating and sensing devices which
are not collocated is developed to control DPSs with moving
boundaries.

Definition 2 (Non-collocated actuator—sensor networks)
The non-collocated networks in this article mean that there are
differences in position and distribution for actuators and sen-

sors, i.e.,
7i(t) #z;(t) and bi(z:z; (1)) # ci(z:7i (1), i=1,...,m.

Specifically, for simplifying the guidance scheme of the
mobile non-collocated actuator—sensor agents, the spatial dis-
tribution of the actuating device is taken to be a spatial delta
function

b(z;2") = 6a(2)

1 .
—, ifz€Q()=[—¢&,7"+ &),

~ {2¢&’
0, otherwise
Hza_sa (Z) — HZa""ga (Z)

= 23
e , (23)

and the spatial distribution of the sensing device is taken to be
the boxcar function

HZS_SS (Z) + HZS—SS (Z)
B {1, ifz€ Q) =" — &, + &),
0,

c(z:2%)

. (24
otherwise.

Similar to Theorem 1, Theorem 2 provides a sufficient
condition that ensures controller performance enhancement by
the non-collocated MSANs. We still use k; and 7; as the guid-
ance gains without causing confusion.

Theorem 2 Consider the DPS system of Egs. (1)—(4) with
infinite-dimensional representation of Eq. (5) satisfying As-
sumptions 1-4, where the non-collocated sensor—actuator spa-
tial distributions are given by Eqgs. (23) and (24). Then the
proposed mobile policy for each agent enhances the controller
performance in the sense that the static output feedback con-
trol law (6) asymptotically stabilizes the spatial process, if the
proposed guidance law for each mobile agent satisfies the fol-
lowing inequality:

_ Begh()

h(t)
where  v(2(1) = XM, S (0kix(r, 2 () (—Ax(t,25(1)),
va(#(t)) & L @ (0kiyi(t)(—x:(1,28)), and  x;(1,2) =
(9x(t,2)/92) | .=z

vs(2 (1)) +va(2 (1)) < (25)

Proof Consider the system with the static output feed-
back control law (6),

= he(t,2%(1),2°(1))x(1), (26)

where the positive scalars k; are user-defined feedback
gains and K = diag{k;}. Choose the following parameter-
dependent time variant Lyapunov functional:

V(1) = = (x(1), @ (1,2 (2),2° (1) )x (1))

The verification for positive definiteness of V(¢) is similar to
that in Theorem 1, and so does the derivative of the Lyapunov
functional along the trajectories of Eq. (26). Hence, the Lya-
punov derivative is negative semi-definite if only the following
inequality holds:

c2i
(x(0), 5 (BE VK E(0)x(0) < _ﬁhO(IZ)(Z)

The left side of the above inequality (27) is calculated as
(x(0), %(@(za(t))K‘f(zS(t)))X(t)>
= (x(0), %(%’(za(t)))K C(2(1))x(t))

+ <x(t),%‘(za(t))K%(%(Zs(t)))X(t»
I(A(Z'(1)))
973(t)

+ (x(1), 2 () A (2 (1) K

27

= (x(1),2*(0) KE(2(1)x(1))

I(¢(2(1)))
9z:(1)

In Eq. (28), the first term determines the actuator’s velocity

(1), (28)

and is the same as that in Theorem 1 when € = %*, so we
obtain
d(#(Z'(t)))
a7 (1)
i t,722(t) — &) —x(t,72(t) + €
— ZZ?(I)kzyz(t)X( Zl( ) a) )C( Zl( ) a)

=~ 2¢,

=

(x(2),2"(1) KE(2(1))x(t))

. (29)

Let &, — 0, the above equation becomes

d(#(2(1)))
d7(t)

= iZ'?(f)kiyi(t)(—xz(t,z?» (30)

(x(2),2(r) KE(2(1))x(t))

where

t,722(t) + &) —x(t,722(t) — €
x;(¢,2%) = lim Xtz (1) + &) —x(t,2(1) a).
A &—0 2¢&,

The second term determines the sensors’ velocities and is
analytically discussed as follows:

d

(x(0), B () K

(€(2°(1)))x(1))
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— /Oh(ﬂ IS (t)@(Z;za(t))x(;7z)KM

9500 x(t,72)dz

h(t)
:/0 2 (1)b(z:2(1))x(t,2) K
x(t,z)dz| dz

G (Okilx (2,27 (1) — &) —x(1,2 () + &)

Il
™=
&y,

Il
—

X

h(t)
/0 x(1,2)8(z— 2(1))dz

12

I
ngE

&G (O)kix(, 2] (1)) [x(t,2} (1) — &) — x(2,23 () + &)

3 Il

= Y 0kte 50)) (30,50, a1
Let )

E0) 2 T Okl 20) (A5, (D

W(E0) 2 Y S0k (~x:(1.2)) @)

Il
-

then, from Eqs. (30) and (31), it is easy to verify that inequality
(27) holds if

_Begh(o)

(&) +(E0) < -5,

which implies V(¢) < 0. The proof is completed.

Remark 8 It can be clearly observed that, in Eqgs. (32)
and (33), vs(2i(r)) is related to state value x(¢,z3(¢)) at i-th
actuator location, and, v,(z%(r)) is related to y;(t) determined
by state measured value x(¢,z5(¢)) at the i-th sensor location,
which implies that v,(z}(¢)) and x(z,z?(r)) are coupled. Such a
case may increase the computational burden of the measuring
sensors and is hard to implement, which results in a key chal-
lenge that is the optimal performance versus computational
optimality with reduced controller design complexity.

As a special case, when the prior velocity weight is as-
signed for each mobile agent, it is easy to obtain the following
corollary.

Corollary 1 If the user defined velocity weights w,; > 0,
wy,i > 0 with Y7 | (wg;+ws;) = 1, are prior assigned for each
moving non-collocated agent, each actuating device imple-
ments the static output feedback control law (6), and the guid-
ance policy for each moving agent is chosen as

o Bcgh) 1

Z; (I) = Wg,z’Ya,l h(l) XZ(I,Z?([)) s (34)
.

5(t) = ws,m,iﬁ (1) : (35)

h(t)  Ax(t,z(1))’

where Y,; > 1/(k;y;) and ¥ ; > 1/(kix(¢,2%(¢))), then the pro-
posed guidance policies (34) and (35) enhance the perfor-
mance of the proposed output feedback controller.

Remark 9 Corollary 1 is directly derived from the con-
clusion of Theorem 2. And it is worth mentioning that Corol-
lary 1 degenerates to Theorem 1 when the non-collocated dis-
tributions of the mobile actuator—sensors are changed to be
collocated and wg = wy, ¥ = %-

Remark 10 It should be noted that the proposed velocity
policy in Theorem 2 depends on the gradient (spatial deriva-
tive) x,(¢,z;(¢)) at the point z;(z). In practical situations, one
may approximatively obtain the gradient information by

xl0,24(0) % e (x0,4(0) +-€) a0, 4(1) —€))
under the aforementioned assumption that each agent can mea-
sure the state value at the two edges of the agent’s range.

4. Numerical example

In this section, to verify the effectiveness of the pro-
posed guidance scheme, we consider a diffusion process with
time-dependent spatial domain described by one dimensional
parabolic PDE (1)—(4), in which the moving boundary is con-
sidered in Q(r) = [0,(t)), and A(f) = 1.5 — 0.4e 002" gat-
isfies Assumption 1. The coefficient of the diffusion operator
is & = 0.011. The initial condition x(0,z) = sin(3z) e 37 the
parameters § = 0.2 and ¢y = 0.09 which are determined by
Remark 5 and the boundary condition value, respectively. The
spatial process with collocated MSANSs is considered here,
and, as for the non-collocated case, it can also be verified
to be correct as long as the locations and distribution func-
tions of the non-collocated actuator/sensor devices are prop-
erly set. For the considered collocated case, the i-th con-
troller has a gain of k; =k =30, i =1,...,m. The closed
loop system is simulated in the time interval [0 s,20 s] with
3 moving actuator-sensor agents, where the initial locations
are z;(0) = 0.2, z;(0) = 0.55, and z3(0) = 1.1. The adaptive
velocity gains ¥, = 3/2k;y;, fori =1,2,3.

For comparison, we also consider the cases of open-loop
control and fixed control with three fixed actuators/controllers
placed at the same initial positions. Hence, via MATLAB sim-
ulation technology, the open-loop profile of the state x(¢,z) and
the closed-loop profiles with fixed control and moving control
are depicted in Figs. 1(a)-1(c), respectively. Clearly, the con-
troller implemented the proposed mobile scheme regulates the
state profile x(¢,z) to zero faster than the fixed controller does.

Figure 2 shows the state L,(0,4(¢)) norms of the three
cases aforementioned, by which the effects of the mobile
agents on the controller performance improvement are well
illustrated compared to the case of fixed-in-space agents. The
point-wise convergence of the state distribution in space at
four various time instances is examined for the above three
cases in Fig. 3, which also shows that the distributed state
controlled with the mobile actuator/sensor agents converges
to zero much faster.
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state x(f,z) occurs at the location z = h(t)/2, (see Fig. 1(a)),
and the three mobile agents are eventually stable in the domain
when the system is stabilized.

0.6 - .
a ——open loop
(2) — fixed
0.5} ——moving

0.4}

0.3F

z(t,2)

0.2}

0.1}

0.35

——open loop

0.30 (b) — fixed ]
: —— moving

0.25

0.20

1.0 e

x(t,z)

805

1.5 0 : :
1.0 0 0.5 1.0 1.5

05 domai®
Movine 0.25
Fig. 1. (color online) Profiles of the state of the DPS with time-dependent () %};(eeg loop

spatial domains: (a) open-loop control, (b) closed-loop with fixed control, 0.20 —— moving
(c) closed-loop with moving control. '

0.4 T T T

—— moving control
fixed control 1
open loop

z(t,z)

0.3}

0.18
0.16 |
0.14 t

0 - A - 0.12 | ]
0 5 10 15 20

Time/s

0.1} ' _ o I
pen loop
(d) — fixed 1
—— moving

0.10 | ]
0.08 t ]
0.06 | 1
0.04 t 1

z(t,2)

Fig. 2. (color online) Control of DPS with moving boundary: evolution of
spatial L, norm.

Finally, the trajectories of the actuator/sensor agents for 0.02 } 1
the fixed (the dotted line) and mobile (the solid line) cases are 0
depicted in Fig. 4. It can be seen that the three agents move

V4

towards the center of the spatial domain under the guidance of
th d . li . th . 1 £ th Fig. 3. (color online) Closed loop state distribution at various time in-
e proposed moving policy, since the maximum value of the stances: (a)7 — 15, (b) 1 —4s. ()7 =8 s, (d)1—12s.
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1.5 T T T
——agent 1
——agent 2
agent 3
S
2 10 ]
£
o
-
o
o}
9]
=
ks e P
a 1
n /
0 L L L
0 5 10 15 20

Time/s

Fig. 4. (color online) Control of DPS with moving boundary: moving
agents’ trajectories.

5. Conclusion

This paper examines the effects of collocated and non-
collocated MSANS on the state regulation for a diffusion pro-
cess governed by PDEs with moving boundary. A reposition-
ing policy is obtained for each moving device by means of
the deduced velocity of each agent which is computed by us-
ing a static output feedback control strategy and Lyapunov
stability arguments. The theoretical derivation and the re-
sults are based on a reasonable abstract framework, as well as
some necessary assumptions which largely simplify the proof
and make the Lyapunov-based guidance policy possible. It
is observed that the guidance velocities of both collocated and
non-collocated sensor—actuator agents are affected by the term
h(t)/h(t), which exists in the operator .27 (t) owing to the vari-
ation of the length of the domain with time. Numerical simu-
lations on a PDE system with moving boundary indicates that
the proposed mobile output feedback control policy is effec-
tive to enhance the control performance of the spatial process.

It is noted that the agents are assumed to be massless and
inertialess, the direct extension, agent collision avoidance for
example, can be considered to relax these assumptions. The
relaxations of Assumptions 3 and 4 have more practical sig-
nificance as the asynchronous phenomena between the origi-
nal plant and networked controllers/filters, or various network-
induced limitations, are always existent in network-controlled
processes. Meanwhile, it is also known that many industrial
control processes have nonlinear characteristics, which may
deteriorate the performance of controllers/filters or make the
analysis and synthesis more difficult. Therefore, we will inves-
tigate the above issues in the context of the proposed abstract
framework generated by parabolic DPS with time-dependent
spatial domains utilizing MSANSs.
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