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Abstract: This paper considers the controller design problem for parameter-varying distributed systems,
whose time/space-varying dynamics can be characterized by temporal/spatial linear parameter-varying
(LPV) models defined at the spatially-discretized subsystems. Assuming a rational functional depen-
dence on the scheduling parameters, the distributed LPV model in linear fractional transformation
(LFT) form renders analysis and synthesis conditions at the subsystems level with the application of
Finsler’s lemma and the full block S-procedure technique. The designed distributed controller inherits
the interconnected structure of the plant and has a (predefined) fixed structure. Simulation results using a
spatially-varying heat equation demonstrate the satisfactory performance of the proposed control design

method.
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1. INTRODUCTION

In the last decade, much attention has been paid to address
the control problem of large-scale spatially distributed systems,
whose distributed dynamics can be captured using partial dif-
ferential equations (PDEs), see e.g., Jovanovic (2004); Bamieh
et al. (2002); D’ Andrea and Dullerud (2003); Stewart (2000).
Due to the underlying large system order, a centralized con-
troller of this class of systems is often numerically infeasible to
solve; moreover, it is sensitive to actuator and sensor failure.

Instead of preserving the continuous nature in space, an ef-
fective framework was proposed in D’Andrea and Dullerud
(2003), where the overall system can be treated as the inter-
connection of spatially-discretized subsystems, and each sub-
system is equipped with actuating and sensing capabilities.
The resulting localized subsystems of much smaller order can
be exploited for distributed controller design. If the spatially-
discretized subsystems are linear and invariant under temporal
and spatial translation, the system is called linear time- and
space-invariant (LTSI). However, most distributed systems in
practice exhibit linear time- and space-varying (LTSV) proper-
ties, due to boundary conditions, non-uniform physical prop-
erties, etc. To address the temporal and/or spatial variation of
LTSV systems, the linear parameter-varying (LPV) technique,
which was first introduced in Shamma (1988) to cope with
time-varying systems, can be extended in a systematic way to
solve analogous problems of distributed systems. If an LTSV
system can be parametrized as functions of temporal- and/or
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spatial-scheduling parameters, a temporal/spatial LPV model
can be used to capture the varying system dynamics over the
temporal/spatial scheduling parameter set.

Most research work on distributed control relies on the state-
space representation of the plant model, and considers full-
order controller design, i.e., controller order is equal or larger
than the plant order, see D’Andrea and Dullerud (2003) for
distributed control design of LTSI systems, see Wu (2003) and
Liu and Werner (2016) for gain-scheduled control of LTSV
systems. The importance of controller design in input-output
(I-O) form is threefold. Firstly, the experimentally identified
models are in I-O form, see Liu and Werner (2013) for the
black-box identification of temporal/spatial LPV I-O models.
Secondly, it has been demonstrated in Té6th et al. (2012) that
when converting an LPV I-O model into its state-space repre-
sentation, the phenomenon of dynamic dependence occurs and
requires non-trivial treatment. This phenomenon applies to the
state-space realization of temporal/spatial LPV I-O models as
well. Thirdly, the I-O framework motivates fixed-structure con-
troller design, which has predefined temporal and spatial order
and structure. Compared to the state-space full-order controller
design, a fixed-structure controller of smaller order can largely
reduce the computational complexity. Its benefits become more
significant when dealing with large order systems. Recent re-
sults on I-O controller design can be found in Wollnack et al.
(2013), Wollnack and Werner (2015b), Wilfried et al. (2007),
etc.

Inspired by the work in Wollnack and Werner (2015a), where
distributed controller design for polytopic LPV systems of
affine dependence on scheduling parameters has been ad-
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dressed, this paper considers a rather general class of LTSV
systems whose coefficients are rational functions of scheduling
parameters—a case where the polytopic LPV synthesis tech-
nique can not be applied. The rational functional dependence
leads to the representation of the LPV model in linear fractional
transformation (LFT) form—the so-called LPV/LFT model. Of
interest here is the distributed controller design that inherits the
interconnected structure of the plant, such that analysis and
synthesis conditions are developed at the subsystem level—
independent of the number of subsystems. Furthermore, the dis-
tributed controller can accommodate fixed structure. It is well
known that the fixed-structure controller design leads to non-
convex synthesis conditions that can be formulated in terms
of bilinear matrix inequalities (BMIs). With the application
of the full block S-procedure technique introduced in Scherer
(2001) and further imposing constraints on the multiplier, it
will be shown that it suffices to check a finite number of BMI
constraints in the parameter set. Furthermore,

The paper is organized as follows: Section 2 recaps two lem-
mas. Section 3 presents the multidimensional I-O models that
define the interconnected dynamics of both open- and closed-
loop LTSV systems at the subsystem level, as well as their
LPV/LFT representations. Analysis and synthesis conditions
are derived in Section 4. A numerical example is employed in
Section 5 to demonstrate the performance of the proposed con-
troller design technique. Conclusions are drawn in Section 6.

2. PRELIMINARIES

This section revisits Finsler’s Lemma (see de Oliveira and
Skelton (2001)) and the full block S-procedure technique (see
Scherer (2001)). They will be employed later to derive the
analysis and synthesis conditions proposed in this paper.
Lemma 1. (Finsler’s Lemma). Let x € R", Q € S" and B €
R™>™ such that rank(B) < n. The following statements are
equivalent:

i) 2TQx < 0,VBx =0,x #0.
i) IX eR™™ . Q+XB+BTXT <0.

Lemma 2. (Full Block S-Procedure). Given a quadratic matrix
inequality
RT(O)MR(O) < 0, )
with the gain-scheduled matrix R(©) written in a lower LFT
form
Ri1 Ry
Ray R22] ’ 2)

and the structured scheduling block © € ® where © denotes a
compact set and

0= {@ : diag{61[7-1, R 79"917‘71,9}7 |91| <l,i=1,.. .,’I’Lg},

where r; denotes the multiplicity of the scheduling parameters 6;.

R(@)—G*[

The inequality (1) holds if and only if there exists a full-block
multiplier II such that

' Ri1 Rio
4] [1‘0443} 0 T |<o, 3)
' Ro1 Rao
and for any © € ©
]I [(?] > 0. )

The transpose of a matrix (or a vector) is denoted as *.
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3. INTERCONNECTED LTSV SYSTEMS

In this paper, we are interested in distributed systems equipped
with a spatially distributed array of collocated actuator-sensor
pairs. The attachment of actuator-sensor pairs induces spatial
discretization, such that the global system can be considered
as the interconnection of localized subsystems, each capable of
actuating and sensing. For the simplicity of presentation, we
consider subsystems of one spatial dimension and with single
input and single output. But the framework is rather general
and can be applied to cope with systems of multiple spatial
dimensions (see D’ Andrea and Dullerud (2003)).

3.1 Plant Model in LPV/LFT I-O Form

After the spatial discretization, a parameter-varying distributed
system consists of N subsystems G, whose dynamics are
governed by two-dimensional I-O model (in the sense that all
involved signals are functions of time and one-dimensional
space)

A(Gtv 98; Zt, Zs)y(kﬂ S) = B(at; 98; Zt, ZS)U(k, 8)7 (5)

where 0; € R™%¢, §; € R™s are temporal and spatial schedul-
ing parameters, respectively, y(k, s) € R™ and u(k, s) € R
are the output and input signals of subsystem s at time instant k&,
respectively. For the purpose of clarity, we consider subsystems
of single input and single output. Furthermore, z; and z, are
forward temporal and spatial shift operators, respectively, e.g.,
27 2ey(k,s) = y(k — 1,5 + 1), A and B are gain-scheduled
polynomials and defined as

A=1 + za: zu: a(ikyis)(et,HS)Z;ikZS_iS,

(6a)
ir=1ts=—mg
ney my
B=3" " by (01,0027 2, (6b)

Jek=1js=—myp
where n,, mq, Ny, and my are the indices of time- and space-
shifted outputs and inputs, respectively, and a;, ;. ), b(j,,;.) are
the scheduled weighting coefficients.

The implicit representation of (5) is written as

[A(6:,0,) —B(6,.6,) ] [@(’“’ﬂ —0, ™

ulk, s)
where A € R™v and B € R"u are the parameter-dependent
coefficient vectors of A and B, respectively, &, (k,s) € R"év
and &,(k,s) € R™u are the conformably temporally- and
spatially-shifted outputs and inputs, respectively.

We consider the class of systems, where .4 and 5 have rational
dependence on scheduling parameters 0; and . By pulling the
scheduling parameters out, each subsystem can be represented
as the interconnection of an LTSI system G augmented by local
feedback with its own temporal and spatial scheduling blocks
as shown in Fig. 1. The LFT representation of (7) is given by

Ay —By B, 0 §y2‘25§

- u aS —

{éﬁ Dy D, —f} Dk, s) | =0 ®)
q(k,s)

where p(k, s) and ¢(k, s) denote the input and output of the
scheduling block, respectively (see (10) below for the definition
of the matrices in (8)). Assume that temporal and spatial vari-
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ations are decoupled, i.e., the spatial properties of subsystems
do not change in time. Thus, the scheduling block satisfies

] =", [13) or s =euion. @

with p; and ¢; € R"™®¢, p; and ¢q; € R"®s, O, € O, and
O, € ©4, where ¢; and ¢, p; and p, are the inputs and outputs
of the temporal and spatial uncertainty channels, respectively.
O, and O; are the structured temporal and spatial uncertainties
of size ne, and ng,, respectively. ®; and ®; are two compact
sets with the uncertainties structured in diagonal matrices form
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as the functional dependence of coefficients a* and b* on the
scheduling parameters can be predefined by the designer.

By closing the loop between the plant and the controller subsys-
tem, the generalized plant of a controlled subsystem, where the

weighting filters W, and Wy, are included to shape sensitivity
and control sensitivity of the closed-loop system, respectlvely,
is shown in Fig. 2. Defining the coefficient vectors A* and B*
of the controller K and those of the filters W, and Wy, in a
similar way as the plant, the LPV implicit representation of the
generalized plant takes the form

as {5 (k. 5)
. . A-B 0 0 0 Yy
@t:{Gt:dlag{HtlL.etl . '79tnt17'01 } |9ti|<1 1=1,...,n B* Ak 0 0 _pB* §u(l;;, S)
O, ={0;:diag{0s, Iry, ,...,0s, Ip, } 0s,1<1,i=1,...,ns}, BS 0 A* 0 -B° gzlgk’ig (13)
oL ° o Rks Aks 22 \"Vs
where rg,, and rg_, denote the multlphclty of scheduling pa- 0 B* 0 -4 0 Ew(k,s)

rameters 6;, and ;,, respectively.

pi(k.,.s—l)l—|qt(k,s—1) (k, s) — q(k, ) pt(k,erl),—‘ qe(k, s+1)
O O O,
§— k S— 1 5, S vy S S s(k,s
s (k. 1@’1 ‘ ’ps(k, ) l(_)—s| qs (k, )‘ l(k +1) Oui qs(k +‘1)
G G G

t t tH

Figure 1. Time-/space-varying interconnected systems in LFT
representation.

Assume the well-posedness of the LFT representation (8) and
(9), i.e., the existence of (I — D,0)~! for all © € ©O. The
LPV model (5) can be recovered by applying the lower LFT
definition, i.e.,
[A-B]|=[A —By |+ B,0(I —D,0)"" [Cy —Dy].

(10)
Note that in the rest of the paper, a calligraphic uppercase letter
denotes a gain-scheduled matrix, whereas a regular uppercase

letter denotes a constant matrix.
3.2 Fixed-Structure Controller

A fixed-structure controller design (as opposed to full-order
controller) that inherits the interconnected properties of the
plant is considered here. The controller dynamics defined at the
subsystem level can be expressed as

AR08 0% 2, 2 u(k, s)+BF(OF, 0%, 2, 2,)e(k, s) = 0. (11)
In case of a reference tracking problem, the control error is
defined as e(k,s) = r(k,s) — y(k,s), where the reference

is given as r(k,s). Controller polynomials .A* and B* are
scheduled by controller scheduling parameters 0F and 0% as

_1+Z Z Zg,z)etaelg) S_LS7 (12a)
ip=14q, :,mk
k
Z Z b g0y (OF, 08) 2 7257, (12b)
Je=1j,=—my

The controller scheduling block can be chosen as a copy or
a function of the plant scheduling block. This issue will be
further discussed in Section 4. In this context, fixed-structure

means that the polynomial orders n’; m’(j n’lf, and m’lf, as well

= R0y, 05,08, 0%)¢(k, 5) = 0.
Note that the weighting filters can in general be parameter-
dependent as the plant and the controller. For the sake of pre-

sentation simplicity, we consider here only parameter-invariant
filters W and W,.

W 21(k, s)
o(k
’/ R L
y(k,s
KC(8F 05, 2. t,) 600 0,,2012) 257
i u(k, s)

Figure 2. Generalized plant of a controlled subsystem.

By pulling the plant and controller scheduling blocks out as
shown in Fig. 3, the generalized plant in LFT form is expressed

as
&y (K, s) T
/:10 _,BO 0 0 Q ;Bp 9 0 0 §u(kka3)
BY A& 0 0 —Bfi0 BY o0 0 ggkg
B> 0 A 0 —-B°'0 0 0 O Zz(k’)
0 Bk 0 -4 0,0 0 0 0 -5’—‘(,5’—5)- =0
> _ = S
Co~Do 0 0 0 1D, 0 10 || ")
D Ck 0 0 ngj 0 DE 0 —I gk, s
Lq"(k, s) |
14
with the scheduling channel partitioned as
pk,s) | oy | alk;s)
{ By =Y [gPs)) (15)

and T € Y, where T := diag{©;, ©,,0F ©%}, Y is an aug-
mented compact set defined as X := diag{©;, ©,, OF, ©~}.

Define a matrix M as

Ay —By 0 0 0 ;Bp 0

By Af 0 0 -Bj, 0 Bk

M, Mo BS 0 A* 0 —-B*10 0

M [‘MQI!MEQ‘] = |0 B oA 0 1o o

Co—Dy 0 0 0 1D, 0

Dy Ck 0 0 —DE'O DA
(16)

The lower LFT computation recovers R in (13), i.e.,

R(T)E(k,s) = (T * M)E(k,s) =0 (17)
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! G : ( ) 1 G : (k )u G :
' L ag(kys) | Pay(k,s+1)! !
! vz (k,s— 1) v ox_(k,s) '
oK ARaE ox L

Figure 3. Closed-loop system in LFT form.

where * denotes the star product of two matrices, i.e., T *
M = My + M12T(I — MggT)flMgl.

In (14), each signal vector &;(k, s) (i = y,u, 21, 22,7) can be
partitioned into three parts as

ik, s) = [€X,(k,s) €8 (k,s) €F_(k,s)]",  (18)

where &; +(k, s) denotes the temporal variables, &; 4 (k, s) and
& —(k,s) denote the positive and negative spatial variables
received from neighboring subsystems, respectively. A state-
like vector z(k,s) € R™ can then be extracted from &(k, )
as

xi(k, s) xe(k+1,9)
x(kvs) = lir(k,S) ) Aa:(k:,s) = CE+(I€,S+ 1) )
x_(k,s) x_(k,s—1)

where z;, x4 and z_ denote the temporal, the positive and
negative spatial states, respectively. Subsystems exchange in-
formation through spatial states as shown in Fig. 3. The aug-
mented shift operator A is defined as A = diag{zs, z5, 25 '}
Selection matrices II; = diag{Ily;,II;4,II;_} and Il =
diag{ITa¢, 54, IIo_} are properly determined such that

x(k,s) = 1&(k,s), Aux(k,s)=T¢(k,s).

4. CONTROLLER SYNTHESIS CONDITION

In this section, analysis and synthesis conditions defined at the
subsystem level are derived. Compared to a centralized control
scheme, the computational complexity of distributed controller
design is reduced to the size of a single subsystem. With the
application of the full block S-procedure, it will be shown that
it suffices to check a finite number of constraints within the
parameter set.

4.1 Analysis Condition

Quadratic performance of the global system is taken as the
performance measure. An asymptotically stable system is said
to have quadratic performance y (y > 0) if

> > w3 A [y =

k=1s=—oc0

19)

The analysis condition that establishes stability and quadratic
performance of the closed-loop system is formulated as fol-
lows.

Theorem 1. A system in the form of (17) is asymptotically sta-
ble and has quadratic performance v, if there exist a structured
matrix P and a gain-scheduled matrix F(7Y'), such that for any
TeT,
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(20a)

(20b)

with I3 = diag{Ily;, oy, I, }, 11y = diag{ITs4, 1114, 1T},
s¢(k, s) = [2F(k, s) 23 (k,s)]" and T&(k, ) = r(k, s).
Proof 1. Let the Lyapunov function candidate be chosen as

oo

Z zy (k, s) Py (k, 5).

§=—00

V(k) = @1
The positive-definiteness of the Lyapunov function V (k) re-
quires P, > 0. Stability of the closed-loop system is assured
if the summed energy of the overall system dissipates, i.e.,
V(k+1)-V(k) <O0. (22)
It can be easily derived that the summed spatial energy over

space cancels out (see Wu (2003)), i.e.,

= (e[ 5 -on a2y ) -0
@3)

where P; is indefinite due to the spatial non-causality, i.e., Pk
has both positive and negative eigenvalues.

Thus, (22) is equivalent to

i@ (1 fij]_?c&%gi)) P ”’Z{(JZ}U] )
- Sioo ([*] [Jg _OP} Ei] e(k, s)> <0. 24)

After incorporating quadratic performance into the stability
by applying the S-procedure, the LMI representation of the
bounded real lemma at the subsystem level can be formulated
as

P 0, J§E;
0-P IT

[+] ____:7__0—- H4_ &(k,s) < 0. (25)
'0 —~2I | [1g

Given a fixed value of Y, the equality (17) and inequality (25)
are components of item i) in Finsler’s Lemma. Invoking its
equivalent statement item ii) implies that there exists a matrix
F(Y) for each fixed T, such that (20b) holds.

4.2 Synthesis Conditions

Although Theorem 1 establishes asymptotic stability and
quadratic performance of the closed-loop system, condition
(20b) requires checking an infinite number of constraints in-
side the variation space Y. Assuming a rational dependence of
F(Y)on T, its quadratic LFT form is written as

F(Y) =THY0)FTr(Y) (26)

where F' denotes a constant matrix. Under the assumption
of well-posedness, the gain-scheduled matrix T#(Y) can be
expressed as

Tr(Y) = Tr11 + Tr12Y (I — Tr22X) Toy. (27)
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The synthesis condition is derived with the application of the
full block S-procedure as follows:

Theorem 2. Consider a distributed LPV/LFT plant model in
the form of (8) and (9). There exists a fixed-structure con-
troller which guarantees well-posedness, asymptotic stability
and quadratic performance ~ of the closed-loop system in the
form of (14) and (15), if there exist a structured matrix P, a
matrix F and a multiplier X such that

p—pr— th ]2} . P,>0, det(P)#0, (28a)
PO
0P
L0 | [Tu T
[«] |. _ _ |_sz LN 0 I |<0o, (28b)
0w | [
| 1 F 0
____I____I__I_X_
[+ X m >0, (28¢)
with  defined as  := diag{Y, Y, T}, and
Ty = SulNii, Tiz = [S12 S11N12],
[ S21 N1 Saa S21 N1
To = [ Noy } , T = [ 0 Noo } ; (29)
where
I 0 0 0 0
Siu=|0Tr11 0 |, Siz2=|TFr12 0 |, (30)
0 0 TF11 0 TF12
_|0TF21 O _ |Tre2 O
52 - [0 0 TF21:| B 522 - |: 0 TF22:| ) (31)
Ny =[085 0E 127 ME]Y,  Noy = My, (32)
Nia=[00000 ML), Noy= My, (33)

Proof 2. The proof follows by applying the full Block S-
procedure to (20b), and is omitted due to lack of space.

Note that the application of the full block S-procedure separates
the augmented scheduling block Y from (20b), such that the
main condition (28b) is parameter independent, whereas the
multiplier condition (28¢) still involves an infinite number of
constraints in the parameter set. Imposing additional constraints
on the multiplier X can reduce (28c) into a finite number of
constraints at the price of increased conservatism. With Xoo >
0 and the controller scheduling block being a copy of the plant
one, i.e., @,’f = O;and @f = O, (28¢) is convexified. It is then
sufficient to only check (28c) at the vertices of 2. Furthermore,
condition (28c¢) can be rendered trivially fulfilled when (D, G)-
scaling (see Dettori and Scherer (2001)) is used. This is realized
by imposing commutability between €2 and components of X,
ie., X € X, where the multiplier set X is defined as

X = {X c RQnTXQnT

X :XT _ |:X11 X12:|

X1y Xoo

” = dlag{Xf]7XL5]7XZt]k7X? k} Xf] c R"e: ><’rlG)t7

Ngk XNgk e X 3
X/LSJ c Rnesxn@S7X;5],'k c R oy oy 7X;j’k c Rn(—)é n(—)é’7

X0 =0X;5,4,5=1,2, X117 = — X0 < 0, X, = —X12}-
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With the use of (D, G)-scaling, under the assumption that
|0+;] < 1 and |0s;] < 1, the multiplier condition (28c¢) is then
trivially fulfilled. It suffices to consider only (28a) and (28b) to
solve for the desired controller.

Fixed-structure controller design results in BMI constraints
(28b). A DK iteration based approach has demonstrated its
efficiency in Wollnack and Werner (2015a) and can be applied:

1. Given a stabilizing controller (via initialization at the first
iteration, or found in Step 2), optimize v over P, F' and
X;

2. Given P, F' and X found in Step 1, optimize  over the
controller parameters;

3. Go back to Step 1 until  is minimized.

5. NUMERICAL EXAMPLE

To demonstrate the performance of the proposed distributed
control design method, the heat equation of one spatial dimen-
sion in Wollnack and Werner (2015a) is taken as a numerical
example, i.e.,

y(k, s) 0%y (k,s)

T — Iﬂ}( S)W = U;(t, S),
where y(k, s) denotes the temperature, and u(k, s) denotes the
control input. The thermal diffusivity x(65) varies with respect
to spatial scheduling parameter . The application of the finite
difference method to (34) discretizes the PDE both in time and
space. Let the sampling time be chosen as 73 = 0.01 s and the
overall system of length 10 m be spatially discretized into 41
subsystems, i.e., s = {—20,...,20}. The resulting sampling
space is then T; = 0.25 m. The scheduling parameter 6, is
scheduled by the spatial variable s

(34)

0, = (tanh(%s —10) + tanh(f%s —10)+2)/2.  (35)

The thermal diffusivity has a rational functional dependence on
0, 1i.e.,

K(0s) = 05 + 62 (36)

The LFT formulation of the plant subsystem model gives
Ag=[1-100],By=[0T;00],B, =[11],

. 020 — _ 0000] =
00:{ o —a O‘} DO_[OOOO},DP:[OO], (37)

with o = T—g and O, = diag{6;, 0}

The distributed controller is assumed to have the following
predefined structure

A4(0,) = [1 afy0(6) afy 1y (8:) afy 1y(6:)]
B (0,) = [b(o,o)(es) b0y (05) BF 1) (62) b’5171)(98)} ,

A fixed-structure distributed controller of afﬁne dependence

on 0, is considered here, e.g., af; ) (0s) = (1 0) + 6, a(1 o)’

where a(loo) and a(l o) are unknown constants and needed to
be determined in controller design. Its LFT representation is
written as

Tk k0 k0 5 k0 k0 kO 1k,0
Ap= [1 afio) (30) A, J B = {bw 0) Ui.0) b(i0) (i, J’
~k __ k,1 k: 1 k; k __
Ch=-|0afily afily iy B = =1,D} =0,

=k k1 k1 k1 k1

Dy = [b(o 0) b(l 0) b(l 0) b(l 0)}
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and @’; = #;, i.e., the controller scheduling block is part of the
plant scheduling block.

Further assume that the matrix F'(Y) is affine in T with T =
diag{©,, 0%}, ie., F(Y) = F, + YF,. Its quadratic LFT
representation in the form of (26) is given by

07
P 0 Fi/2 Tri Tri2| _ I:O
Fi/2 Fy |° |Tro1 Troo yah

Moreover, (D, G)-scaling has been imposed on the multiplier.

The performance of the proposed controller design approach is
evaluated by tracking given reference inputs. Between 0.1 s and
0.3 s, aunit step is given as the reference at subsystems 18 to 23,
whereas between 0.5 s and 0.7 s, the reference is switched to -2.
Fig. 4 shows a comparison between the given reference and the
closed-loop responses at subsystem 21, whereas Fig. 5 shows
the 3-D plot of the closed-loop response and the control input.
It can be seen that the controller demonstrates a satisfactory
performance in terms of reference tracking.

(a)

y(k,21)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

u(k,21)

0 0.2 04 0.6 0.8 1

time (s)
Figure 4. (a): comparison between the reference (red solid) and

closed-loop responses (blue dashed) at the subsystem 21.
(b): the control input at the subsystem 21.

—
@
> 0 Mg

0 1
20 0 03

spatial variable s

0

time (s) spatial variable s time (s)

Figure 5. 3-D plot of the closed-loop response (left) and the
control input (right).

6. CONCLUSION

In this work, a fixed-structure distributed controller design
approach for parameter-varying distributed systems has been
developed. We have shown that provided a rational dependence
on the scheduling parameters, the implicit I-O representation
which describes the localized dynamics at the subsystems can

Qin Liu et al. / IFAC PapersOnLine 50-1 (2017) 11409-11414

be characterized in LPV/LFT form and leads to subsystem-
based synthesis conditions. The designed controller has been
evaluated on a spatially-varying heat equation. Stability and a
satisfactory performance in terms of reference tracking have
been achieved.
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