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Distributed or networked model predictive control (MPC) can provide a computationally efficient approach that
achieves high levels of performance for plantwide control, where the interactions between processes can be determined
from the information exchanged among controllers. Distributed controllers may exchange information at a lower rate to
reduce the communication burden. A dissipativity-based analysis is developed to study the effects of low communication
rates on plantwide control performance and stability. A distributed dissipativity-based MPC design approach is also
developed to guarantee the plantwide stability and minimum plantwide performance with low communication rates.
These results are illustrated by a case study of a reactor-distillation column network. VC 2015 American Institute of

Chemical Engineers AIChE J, 61: 3288–3303, 2015
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Introduction

Model predictive control (MPC) has been one of the most

popular advanced control techniques implemented in various

industries,1 as it can explicitly handle soft/hard constraints,

provide high levels of performance, and explicitly adopt pro-

cess models. Centralized MPC approaches, however, face dif-

ficulties when implemented on large-scale systems, (often

consisting of more than half a dozen of process units,2–4 due to

their high complexity and heavy computational burden.

Decentralized approaches divide a global objective into tracta-

ble local objectives, and assign them to local controllers. How-

ever, strong interactions between process units are often the

characteristics of plantwide process systems.5,6 In which case,

decentralized controllers may achieve poor plantwide per-

formance. Distributed model predictive control (DMPC) has

received great attention in both of academia and industry.7–9

In this approach, distributed controllers are designed to control

a subsystem or a region of a large-scale system in a decentral-

ized manner but with communications among controllers.

Christofides and coworkers adopted a Lyapunov-based

approach to ensure global stability for a process network with

DMPC,10 where a contractivity condition must be satisfied in

order to guarantee plantwide stability. The system-wide stabil-

ity and optimal performance also can be achieved by DMPC

with distributed optimization.9 The distributed approach deals

with process interactions by exchanging information via a

communication network or coordination such as agent nego-

tiation,11 price-driven negotiation,12,13 sensitivity-based coor-

dination,14 and Dantzig–Wolfe decomposition.15

Dissipativity (or passivity, as a special case of dissipativity)

is an input-output property of dynamical systems, which may

be related to ‘2 gain and phase properties.16–18 Dissipativity

theory can be used as an effective tool for the quantitative sta-

bility and performance analysis of large-scale interconnected

systems,19 where the problem is decomposed into the analysis

of the dissipativity of the subsystems and interconnection

topology, (e.g., in Refs. 20 and 21). A dissipativity-based dis-

tributed control approach for a plantwide process systems was

first developed by Xu and Bao,22–24 where the closed-loop dis-

sipativity constraint guarantees plantwide stability and mini-

mum plantwide performance. Furthermore, a dissipativity-

based DMPC was developed by adopting the dynamic supply

rates in quadratic difference forms (QdFs) that fit the formula-

tion of MPC naturally.25

When implementing a control system on a large-scale sys-

tem, communication issues may be inevitable such as limited

communication capacity, data losses, and irregular time

delays, as studied in the literature (see Ref. 26 for more

details). Naturally, communication issues should also be con-

sidered in DMPC design. To reduce communication require-

ment in spacecraft systems, Lavaei et al.27 reformulated the

distributed controller into a decentralized fashion. Maestre

et al.28 proposed an algorithm to resolve the problem caused

by communication errors, where the controllers can operate in

a decentralized way over a low-reliability communication net-

work. El-Farra and coworkers29–31 formulated a plantwide

control system with a communication network as a hybrid sys-

tem, where the maximum allowable update period can be

determined without losing the exponential stability of the
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closed-loop plantwide system. Using a dissipativity-based
approach, the effects of communication issues can be studied
based on the input-output properties of process units and the
topologies of the process and communication networks, such
as in Refs. 32 and 33.

Many industrial control systems have limited communica-

tion bandwidths as deterministic networks are required for

reliable communications. The bandwidth constraints can be

worse with wireless communications,34,35 which are often

adopted by processes in remote areas such as mining and min-

eral processes. Therefore, it is important to study the feasibil-

ity and effect of reduced communication bandwidth for

distributed MPC. We develop a new approach to the analysis

of the effects of slow communication rates on plantwide sta-

bility and performance, wherein the distributed controllers

communicate with one another at a rate slower than the sam-

pling rate of individual subsystems. The proposed analysis is

explicitly formulated in terms of the dissipativity properties of

the plantwide system, by lifting it into a slower sampling rate

(similar to Ref. 33), where the dissipativity of this lifted sys-

tem can be explicitly handled using QdFs as supply rates. This

analysis facilitates the design of dissipativity-based DMPC (as

an extension of the approach initially developed in Ref. 25)

with reduced communication rates.
The structure of this article is organized as follows. Distrib-

uted Control of Plantwide Systems section provides the formu-

lation of distributed control of plantwide system with reduced-

rate communication. In Dissipativity and Dynamical Supply

Rate section, a brief introduction to dissipativity theory and

dynamical supply rates is given. In Dissipativity-Based Analy-

sis of the Effect of Communication Period on a Plantwide Sys-

tem section, we introduce a reduced-rate communication

network and analyze the plantwide system with this network

based on dissipativity. The proposed DMPC algorithm is then

presented in Distributed Model Predictive Control section.

These developments are illustrated by a case study in Illustra-

tive Example section.

The following notations are used in this article. The time

instant is denoted as k. Subscripts i and j denote the indexes of
signal(s) of ith and jth unit. R�3� f; g½ � denotes the ring of two-

variable polynomial matrices with real coefficients and arbi-

trary dimensions (where the important, dimensions are given).

jj � jj‘ denotes the ‘-norm. Symbols 0 and I denote zero and

identity matrices with appropriate dimensions, respectively.
Symbols �rðAÞ and rðAÞ denote the maximum and minimum

singular values of the matrix A, respectively. The symbol Z1

denotes the set of nonnegative integers. The operator diag~sðQÞ
represents a block diagonal matrix diagðQ; . . . ;QÞ with ~s diag-
onal blocks of Q.

Distributed Control of Plantwide Systems

The structure of the plantwide system is depicted in Figure

1. The plantwide system consists of the collections of individ-
uals processes and local controllers, which are introduced

later. All physical flows are exchanged via the process topol-

ogy Hp. The information between controllers exchanges via

controller topology Hc.
The plantwide process P refers to the diagonal stack of indi-

vidual processes (i.e., diagðP1; . . . ;Pnp
Þ) in a chemical plant

with np processes, where the ith process Pi, depicted in Figure

2, is governed by an input-output model in Eq. 1

Pi : yiðkÞ5
Xn

j51

Aji yiðk2jÞ1
Xm

j50

B1ji upi
ðk2jÞ1B2ji uci

ðk2jÞ

1B3ji diðk2jÞ
(1)

In this model, we denote yi, upi
; uci

, and di as its process

output, process input, controlled input, and disturbance,

respectively. The process input upi
is local feed physical flow,

(such as materials and energy). The controlled input uci
is

local optimal control actions and determined by the ith local

controller. From the plantwide system point of view, those sig-

nals are stacked, such as y5ðyT
1 ; . . . ; yT

np
ÞT .

Similarly, the stacked controller C refers to the collection of

individual controllers without communication [i.e., C5diag

ðC1; . . . ; Cnp
Þ]. Figure 3 illustrates the partitioning of the ith

controller with the local/remote controller input ul=ur and the
local/remote controller output yl=yr, respectively. The pair of

local signals, ul/yl, is the measurement from local process

and local control action applied to local process, respectively.

The pair of remote signals, yr=ur , is sent/received predicted tra-

jectories that exchanges among controllers. The process network
topology Hp and controller network topology Hc are constant

matrices, which describe static interconnection structure in the

plantwide process system. The filters, Fp and FI, select inter-

connecting and measured outputs, respectively. In this work,
they are considered as constant matrices with elements of 1 or 0.

In such a structure, the physical process output y is selected and

interconnected via topology Hp, that is, ðuT
1p

. . . uT
np
ÞT5HpFp

ðyT
1 . . . yT

np
ÞT or up5HpFpy. The ith controller receives selected

Figure 1. Structure of the plantwide system.

Figure 2. Partitioning of the ith process.
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local process output, that is, uli 5FIyi. Each local controller

sends its control policy to its local process, that is, yli 5uci
.

The predicted trajectories are exchanged using a communica-

tion network with topology Hc. During communication, the

remote input of ith controller, uri
, is the collections of the

remote outputs from other controllers. Such remote input can

be represented as the composite vector column of remote out-

puts yrj
for some j, and therefore, ur5Hcyr for the plantwide

system. Those pairs of remote signals exchange trajectories

via the communication network Ĥc, which is modeled as a

switched communication network shown in Figure 4. Ĥc con-

sists of the controller topology Hc and a switching matrix Î .

Normally, the unit communication rate may be designed as the

same as process sampling rate. In this case, under the switch-

ing law Î , information only exchanges after ~s communication

period instead of unit communication period.

Dissipativity and Dynamical Supply Rate

The dissipativity property can be used to capture the

dynamic features of a system.18 It allows for large-scale sys-

tems to be analyzed in terms of their subsystems and intercon-

nection topology by studying the dissipativity properties of

these subsystems. Broadly speaking, a system is said to be dis-

sipative if the change of “energy” (not necessarily physical

energy) of the system is bounded by the net supply from

the environment through the inputs and outputs. A discrete-

time dynamic system is said to be dissipative with a supply

rate, sðyðkÞ; uðkÞÞ, if there exists a positive semidefinite stor-

age function, VðxðkÞÞ, satisfying the dissipation inequality

Vðxðk11ÞÞ2VðxðkÞÞ � sðyðkÞ; uðkÞÞ 8k � 0 (2)

where xðkÞ 2 Rm; yðkÞ 2 Rn, and uðkÞ 2 Rq are state, output,

and input at time instant k, respectively. Supply rates can be

written in a quadratic form, which is (Q, S, R)-supply rate sug-

gested by Hill and Moylan36 as

sðyðkÞ; uðkÞÞ5
yðkÞ

uðkÞ

 !T
Q S

ST R

 !
yðkÞ

uðkÞ

 !
(3)

where Q, S, and R are matrices with appropriate dimensions.

However, such supply rates only provide a conservative bound

on the system dynamics. QdFs can be used to overcome this

issue by including further information.37 Denote a n̂d-degree

extended signal space by ŵðkÞ5ðŷTðkÞ; ûTðkÞÞT , where

ŷðkÞ5ðyTðkÞ; yTðk11Þ; . . . ; yTðk1n̂dÞÞT (4a)

ûðkÞ5ðuTðkÞ; uTðk11Þ; . . . ; uTðk1n̂dÞÞT (4b)

A dynamic supply rate, QUðŵðkÞÞ5ŵTðkÞUŵðkÞ, is defined

in QdF induced by a polynomial matrix Uðf; gÞ. Here, g
denotes the forward shift operator of unit time, that is,

gwðkÞ5wðk11Þ. Similarly, f is defined as a forward shift

operator of unit time on wTðkÞ. They enjoy the property that

fT5g. Using this notation, the quadratic form, w2ðkÞ1
2w2ðk11Þ, can be represented as

wðkÞ

wðk11Þ

 !T
1 0

0 2

 !
wðkÞ

wðk11Þ

 !
5wTðkÞ 112fgð ÞwðkÞ

(5)

QdF-dissipativity can be represented as QU5wTðkÞ
Uðf; gÞwðkÞ, which is said to be induced by the two-variable
polynomial matrix

Uðf; gÞ5
X̂nd

i50

X̂nd

j50

figj/ij 2 R�3� f; g½ � (6)

Theorem 1. (Kojima and Takaba37). A discrete linear
time-invariant dynamical system is asymptotically stable, if
there exists a symmetric nonnegative two-variable polyno-
mial matrix wðf; gÞ satisfying the following inequality for all
allowable output trajectories

Dwðf; gÞ < 0 (7)

where Dwðf; gÞ5ðfg21Þw is the forward difference operator.

Theorem 1 is necessary and sufficient for the linear case, but
only sufficient for the nonlinear case. In this article, all process
units are described by input-output models as shown below

yðkÞ5
Xn

j51

Ajyðk2jÞ1
Xm

j50

Bjuðk2jÞ (8)

Define the �yðkÞ as a backward lifted signal with appropri-
ate degree �n, that is, �yðkÞ5ðyðk2�nÞT ; . . . ; yðkÞTÞT . The
above model can be stacked over extended signal space to
give the future prediction of process output trajectory ŷðkÞ
as the function of the history of input �uðkÞ and output �yðkÞ,
and the future input ûðkÞ (e.g., the MPC controller output)

ŷðkÞ5 �A�yðkÞ1B̂ûðkÞ1 �B u
�ðkÞ (9)

where �A5ðI2AÞ21a; �B5ðI2AÞ21b; B̂5ðI2AÞ21B and A, B,
a, b are Toeplitz matrices defined as follows
� A is upper triangular matrix with first row

0;An; . . . ;A1; 0; . . . ; 0ð Þ
� B is lower triangular matrix with first column

B0; . . . ;Bm; 0; . . . ; 0ð Þ
� a is upper triangular matrix with first row

0; . . . ; 0;An; . . . ;A1ð Þ
� b is upper triangular matrix with first row

0; . . . ; 0;Bm; . . . ;B1ð Þ

For example, A can be

0232 1232 I232 0232

1232 I232 0232 0232

I232 0232 0232 0232

0232 0232 0232 0232

0
BBBBB@

1
CCCCCA, if A15I232 and

A2512325
1 1

1 1

 !
.

Proposition 1. (Zheng et al.38). Consider a time-invariant
dynamical system in Eq. 8. This system is said to be

Figure 3. Partitioning of ith controller.
Figure 4. Communication network.
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dissipative with respect to a supply rate QU induced by

Uðf; gÞ5 /Q /S

/T
S /R

 !
, and a storage function QW induced by

Wðf; gÞ5 wQ wS

wT
S wR

 !
� 0, if and only if the following inequal-

ities are satisfied

T11 T12 T13

TT
12 T22 T23

TT
13 TT

23 T33

0
BB@

1
CCA � 0 (10a)

with

T115 �A
Tð/Q2mQÞ �A (10b)

T125 �A
Tð/Q2mQÞB̂1 �A

Tð/S2mSÞ (10c)

T135 �A
Tð/Q2mQÞB̂ (10d)

T225B̂
Tð/Q2mQÞB̂1B̂

Tð/S2mSÞ1ð/S2mSÞTB̂1ð/R2mRÞ
(10e)

T235B̂
Tð/Q2mQÞ �B1ð/S2mSÞT �B (10f)

T335 �B
Tð/Q2mQÞ �B (10g)

mQ mS

mT
S mR

 !
5DW (10h)

The lifting technique is used for the analysis of a time-
varying system using extended signals. A reduced-rate
communication can be formulated by imposing lengthened
communication period, ~s, so that the communication only
occurs every ~s time units instead of every communication
period. The dynamic behavior of this system can be cap-
tured by the signals after lifting, where the signal ŷðkÞ in

this system lifts to ŷTðkÞ; . . . ; ŷTðk1~sÞ
� �T

. By using QdFs,

the dissipativity of a dynamical system can be easily lifted
into a slower sampling period. The following result allows
for the dissipativity properties of a lifted system to be
systemically determined from that of the original system
and vice versa.

Lemma 1. (Tippett and Bao39). Assume the supply rate of
a dynamic system R, sampled at unit time, is induced by
polynomial matrix Uðf; gÞ in Eq. 6. Let R~s denotes the
dynamic system lifted with a lengthened communication
period ~s. Then, the QdF-supply rate of the lifted system is

induced by the polynomial ~Uðf; gÞ

~Uðf; gÞ5LT
~s ðfÞdiag~s11ðUðf; gÞÞL~sðgÞ (11)

with the lifting operator L~sðfÞ5ðI If � � � If~sÞ.

EXAMPLE 1. Consider the supply rate of a discrete-
time system with unit sampling rate s 5 1,

QU5ŵTðkÞ
1 2 3

2 4 5

3 5 6

0
BB@

1
CCAŵðkÞ, induced by the polynomial matrix

U5 1 f f2
� � 1 2 3

2 4 5

3 5 6

0
BB@

1
CCA

1

g

g2

0
BB@

1
CCA. This system is lifted with ~s51.

Its lifted supply rate, Q~U5
ŵðkÞ

ŵðk11Þ

 !T

~U ŵðkÞ

ŵðk11Þ

 !
, is induced by

the following polynomial matrix

~Uðf; gÞ5 I fIð Þ diag2ðUÞ
I

gI

 !
5U1fUg (12)

The coefficient matrix, ~U, can be easily calculated as

1 2 3 0

2 4 5 0

3 5 6 0

0 0 0 0

0
BBBBB@

1
CCCCCA1

0 0 0 0

0 1 2 3

0 2 4 5

0 4 5 6

0
BBBBB@

1
CCCCCA5

1 2 3 0

2 5 7 3

3 7 10 5

0 4 5 6

0
BBBBB@

1
CCCCCA
(13)

To facilitate the dissipativity-based analysis, we adopt the
following concept of dissipative trajectory from our previous
work.25

DEFINITION 1. (Tippett and Bao25). The ith controller Ci is
said to trace a dissipative trajectory with respect to a supply
rate, QUci

, at all instants k, if the following inequality is sat-
isfied within t 2 Z1

Wci
5
Xt

k50

QUci
ðyðkÞ; uðkÞÞ � 0 (14)

Dissipativity-Based Analysis of the Effect of
Communication Period on a Plantwide System

In the previous study,25 the predicted process trajectories,
(also known as remote control signals ŷrðkÞ), are exchanged
among controllers at every k instant. Plantwide chemical
plants, however, generally have slower plantwide dynamics
than the dynamics of individual local processes.40,41

Therefore, it is possible to use a slow communication rate but
still achieve plantwide stability and sufficient plantwide
performance.

In this section, we study the effects of reduced communica-
tion rate on a plantwide system based on dissipativity. The
low rate communication can be modeled using a communica-
tion switch, which is introduced in Distributed Control of
Plantwide Systems section. The lifting technique helps to ana-
lyze the effects of such time-varying system. With using QdF-
dissipativity, the plantwide analysis of a lifted plantwide sys-
tem can explicitly address the reduced communication rate.

Dissipativity formulation of individual subsystems

The process model in Eq. 1 can be lifted as Eq. 15, where �A;
�B1; �B2; �B3; B̂1; B̂2; B̂3 are similarly defined in Theorem 1:

Pi : ŷðkÞ5 �A�yðkÞ1 �B1�upðkÞ1 �B2 �ucðkÞ1 �B3
�dðkÞ

1B̂1ûpðkÞ1B̂2ûcðkÞ1B̂3d̂ðkÞ
(15)

Let QUi
ðŷ; ûÞ denote the QdF-supply rate of the ith process

with respect to the extended signal space ðŷT
i ; û

T
pi
; ûT

ci
; d̂

T

i Þ
T
,

where this supply rate is induced by the polynomial matrix

Uiðf; gÞ5
Qiðf; gÞ Siðf; gÞ

ST
i ðf; gÞ Riðf; gÞ

 !
(16)

with

Qi5Qiðf; gÞ (17)

Si5 Spi
ðf; gÞ; Sci

ðf; gÞ; Sdi
ðf; gÞ

� �
(18)
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Ri5

Rppi
ðf; gÞ Rpci

ðf; gÞ Rpdi
ðf; gÞ

RT
pci
ðf; gÞ Rcci

ðf; gÞ Rcdi
ðf; gÞ

RT
pdi
ðf; gÞ RT

cdi
ðf; gÞ Rddi

ðf; gÞ

0
BB@

1
CCA (19)

Analogously, the QdF-supply rate of the ith controller Ci is
induced by Uci

with respect to the extended signal space
ðŷT

li
; ŷT

ri
; ûT

li
; ûT

ri
ÞT , where

Uci
5
Qci

Sci

ST
ci
Rci

 !
(20)

with

Qci
5

Qlliðf; gÞ Qlri
ðf; gÞ

QT
lri
ðf; gÞ Qrri

ðf; gÞ

 !
(21)

Sci
5

Slliðf; gÞ Slri
ðf; gÞ

Srliðf; gÞ Srri
ðf; gÞ

 !
(22)

Rci
5

Rlliðf; gÞ Rlri
ðf; gÞ

RT
lri
ðf; gÞ Rrri

ðf; gÞ

 !
(23)

Analysis of reduced-rate communication network

To aid the analysis of the effects of the controller communi-
cation network, the dissipativity of the process network with
controllers without communication (stacked controllers) can
be determined below

Lemma 2. Consider system Pgp, as shown in Figure 1,
which consists of the plantwide process P and the stacked
controller C with supply rates QU and QUc

, respectively.
Denote QW as the nonnegative storage function of P, and
Hp as the process network topology. Assume that the dissipa-
tivity of all processes are given in Proposition 1 and all con-
trollers trace certain dissipative trajectories. If the input and
output of Pgp satisify the following dissipative inequality for
all t 2 Z1

Xt

k50

QM5
Xt

k50

QU1QUc
� QW � 0 (24)

then, system Pgp is dissipative with respect to supply rate
QM, is induced by

M5

X11 X12 X13

XT
12 X22 X23

XT
13 XT

23 X33

0
BB@

1
CCA (25a)

where

X115

C11 C12 C13

CT
12 C22 C23

CT
13 CT

23 C33

0
BB@

1
CCA (25b)

X125ðRT
lrFI ST

lr ST
rrÞ

T
(25c)

X135ðST
d 1RT

pdHpFp RT
cd 0ÞT (25d)

X225Rrr (25e)

X2350 (25f)

X335Rdd (25g)

C115Q1SpHpFp1FT
p HT

p ST
p 1FT

p HT
p RppHpFp1FT

I RllFI (25h)

C125Sc1FT
p HT

p Rpc1FT
I ST

ll (25i)

C135FT
I Slr (25j)

C225Rcc1Qll (25k)

C235Qlr (25l)

C335Qrr (25m)

Proof. The dissipativity of P and C can be defined by the
diagonally stacked dissipativity such as Q5diagðQ1; . . . ;
Qi; . . . ;Qnp

Þ. Furthermore, the controllers trace dissipative

trajectories with the supply rate QUc
, and the plantwide pro-

cess P is dissipative with respect to the supply rate QU.
Therefore,

P
QM5

P
QU1QUc

� QW � 0 for all k. Denote

wdp5ðŷT ; ŷT
l ; ŷT

r ; ûT
r ; d̂

TÞT . The supply rate of the plantwide

process with the stacked controller shown in Figure 1 can
rewritten as in a QdF in terms of wdp, which is induced by
the polynomial matrix M in Eq. 25. �

Remark 1. It is worth noting that the above result
includes the dissipativity of the remote signals. Furthermore,
if controllers act in a decentralized manner, that is,
ûrðkÞ5ŷrðkÞ50, Eq. 25 reduces to

X11 X13

XT
13 X33

 !
.

The communication network Ĥc described in Distributed
Control of Plantwide Systems Section can be represented as
a static system after lifting into the period ~s11 as

ĤcðgÞ5Hc

P0ðgÞI 0 � � � 0

� � . .
.

�

P~sðgÞI 0 � � � 0

0
BBB@

1
CCCA (26)

In other words, the lifted input-output relationship of this
communication network is governed by the following
condition

L~sðgÞûrðkÞ5ĤcðgÞL~sðgÞŷrðkÞ (27)

where L~s is lifting operator defined in Lemma 1.

Remark 2. The polynomial P‘ðgÞ in Eq. 27 describes the
dynamics of the switch in the communication network at dif-
ferent instants. For example, the switch can act as zeroth-
order hold, that is, P‘ðgÞ5I 8 ‘ 2 Z1 or first-order hold,
that is, P‘ðgÞ5g‘I 8 ‘ 2 Z1.

The lifted dissipativity of this closed-loop can be obtained
as follows.

Theorem 2. Consider a lifted plantwide system which is
represented as the closed loop system of ~Pgp and a reduced-
rate communication network Ĥc (based on controller topol-
ogy Hc in Eq. 26), as shown in Figure 5, where ~Pgp is the
lifted system Pgp (as shown in Figure 1) with the communi-
cation period ~s11. Consider conditions such that (1) the
process model P (in Figure 1) is dissipative with a supply
rate Q/ with existing a storage function QW � 0; (2) the
stacked controller C traces nonnegative dissipative trajecto-
ries; (3) the communication network Ĥc is dissipative with
respect to the supply rate QMcom

induced by

Mcom5
Qcom Scom

ST
com Rcom

 !
. For all external disturbances d and all
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instants t 2 Z1, the plantwide system with processes and
controller network is dissipative with respect to the supply
rate Q ~M induced by

~M5

~X11
~X13

~X
T

13
~X33

 !
(28a)

where

~X115

~C11
~C12

~C13

~C
T

12
~C22

~C23

~C
T

13
~C

T

23
~C33

0
BBB@

1
CCCA (28b)

~X135L~sðfÞdiag~s11ðX13ÞL~sðgÞ (28c)

~X335L~sðfÞdiag~s11ðX33ÞL~sðgÞ (28d)

~C115L~sðfÞdiag~s11ðC11ÞL~sðgÞ (28e)

~C125L~sðfÞdiag~s11ðC12ÞL~sðgÞ (28f)

~C135L~sðfÞðdiag~s11ðC13Þ1diag~s11ðFT
I RlrÞĤcÞL~sðgÞ (28g)

~C225L~sðfÞdiag~s11ðC22ÞL~sðgÞ (28h)

~C235L~sððfÞdiag~s11ðC23Þ1diag~s11ðSlrÞĤcÞL~sðgÞ (28i)

~C335L~sðfÞðdiag~s11ðC331RcomÞ1ĤcðfÞ

diag~s11ðX221QcomÞĤcðgÞ1 diag~s11ðST
rr1ST

comÞĤcðgÞ

1ĤcðfÞdiag~s11ðSrr1ScomÞÞL~sðgÞ
(28j)

Proof. The overall supply rate of the plantwide system is
the linear combination of their lifted supply rates, which is

induced by ~M5L~sðfÞdiag~s11ðM1McomÞL~sðgÞ. According to
Lemma 2, the closed-loop system satisfies the dissipative

inequalities
Pt

k50 Q ~M � Q ~W � 0. The above result can be

obtained using those definitions and formulation of network
in Eqs. 26 and 27. �

Together with Theorem 1, the following result provides the
plantwide stability condition for the lifted plantwide system.

Theorem 3. Consider a lifted plantwide system with Pgp

and the controller network with conditions, as described in The-
orem 2. This plantwide system from external disturbances d̂ to
plantwide output ŷpw5ðŷT ; ŷT

l ; ŷ
T
r Þ

T is asymptotically stable if

~X11 < 0 (29)

Proof. To aid readability of this article, only a sketch of the
proof is given. For vanishing disturbances, the lifted supply rate
Q ~M becomes negative definite if ~X11 < 0. Then, the dissipation
inequality Q ~M � Qr ~W implies Qr ~W < 0. Together with Theo-
rem 1 and W > 0, this lifted plantwide system from external
disturbances to plantwide output is asymptotically stable. �

The following result is derived in the special case that the com-
munication switch Î acts as zero-order hold. In this result, the
supply rate of the lifted plantwide system is explicitly formu-
lated in term of the longer communication period ~s11.

Corollary 1. Consider a lifted plantwide system is repre-

sented as a closed loop of ~Pgp and the communication net-

work Ĥc5

Hc 0 . . . 0

� � . .
.

�

Hc 0 . . . 0

0
BBB@

1
CCCA, as shown in Figure 5. All processes,

controllers and the communication network follow the condi-
tions as given in Theorem 2. Then, the lifted closed-loop sys-
tem is dissipative with respect to the supply rate Q ~M

0

induced by

~M
0
5

~X11
~X13

~X
T

13
~X33

 !
(30)

where

~X115

~C11
~C12

~C13

~C
T

12
~C22

~C23

~C
T

13
~C

T

23
~C33

0
BBB@

1
CCCA (31)

~X135L~sðfÞdiag~s11ðX13ÞL~sðgÞ (32)

~X335L~sðfÞdiag~s11ðX33ÞL~sðgÞ (33)

~C115L~sðfÞdiag~s11ðC11ÞL~sðgÞ (34)

~C125L~sðfÞdiag~s11ðC12ÞL~sðgÞ (35)

~C135L~sðfÞ
C131ð~s11ÞFT

I RlrHc 0

0 diag~sðC13ÞÞ

 !
L~sðgÞ

(36)

~C225L~sðfÞdiag~s11ðC22ÞL~sðgÞ (37)

~C235L~sðfÞ
C231ð~s11ÞSlrHc 0

0 diag~sðC23ÞÞ

 !
L~sðgÞ (38)

~C335L~sðfÞ
C331Rcom1ð~s11ÞðQcom1HT

c ðX221QcomÞHc1HT
c ðSrr1ScomÞ1ðST

rr1ST
comÞHcÞ 0

0 diag~sðC331RcomÞÞ

0
@

1
AL~sðgÞ

(39)

Proof. The proof is similar to Theorem 2, but using the

communication network Ĥc5

Hc 0 . . . 0

� � . .
.

�

Hc 0 . . . 0

0
BBB@

1
CCCA. Using this switch-

ing network, the lifted signal

ðûT
r ðkÞ; . . . ; ûT

r ðk1~sÞÞT5ðHcŷT
r ðkÞ; . . . ;HcŷT

r ðkÞÞ
T

(40)

Then, the induced polynomial matrix ~M becomes ~M
0
. �

Remark 3. Theorem 2 and Corollary 1 can be interpreted
by employing dynamic communication error gain from ŷr to
Dŷr , which is the sensitivity of control system to the changes
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in exchanged information. For the purpose of illustration, the

plantwide system may be virtually partitioned as shown in

Figure 6. We assume that ~Pgp is stable with regular commu-

nication, where the communication network is the series

connection of the controller topology Hc and the lifted iden-

tity matrix ~I5 diag~s11ðIÞ (i.e., DMPC controllers communi-

cate during every communication period). The lower block

in the dashed box represents the difference between regular

communication and reduced-rate communication, which is

formulated as

DÎ5Î2~I5

0 0 . . . 0

I 2I . . . 0

� � . .
.

�

I 0 . . . 2I

0
BBBBB@

1
CCCCCA (41)

It has a maximum singular value dmax of
ffiffiffiffiffiffiffiffiffi
~s11
p

. The value

of dmax implies that longer communication periods (as

described by ~s) yields larger upper bounds on the dynamic

communication error gain. Using small gain arguments, this

in turn requires the gain of the upper loop in Figure 6 (i.e.,

the sensitivity of the control system to communication) to

be smaller to maintain stability with reduced-rate

communication.

Remark 4. If an alternative higher order switch is used,

the corresponding DÎ can be formulated as Î2~I1D, where D
is the difference between the higher order hold and zero-

order hold. If D is treated as uncertainty, the use of a higher

(than zero) order hold may lead to a larger maximum singu-

lar value of the new DÎ , which implies a (possible) lower

level of worse case achievable plantwide performance. This

is consistent with the result reported in Refs. 42 and 43.

The following result guarantees the minimum plantwide per-

formance of the lifted plantwide system with the communi-

cation period ~s11.

Theorem 4. Consider a lifted plantwide system with con-
ditions, as described in Theorem 2. If the supply rate of the

lifted plantwide system, from external disturbances d̂ to the

plantwide outputs ŷpw5ðŷT ; ŷT
l ; ŷT

r Þ
T, is induced by ~M5

~X11
~X13

~X
T

13
~X33

 !
with ~X11 < 0, then the minimum plantwide

performance level

jjW~̂y pwjj2 � jj
~̂
d jj2 (42)

is guaranteed with

WðgÞ5 1

pðgÞ
~̂X

1
2

11 (43)

where rðWðjxÞÞ � 1
c 8x 2 ½0; 2p� and a scalar polynomial p

ðgÞ such that its coefficient column vector, p, satisfies

pTp � max ð�rð ~X331 ~X
T

13
~̂X11

~X13Þ; �rð ~X
T

13
~̂X 11

~X13ÞÞ.

Proof. See Theorem 4 section of Appendix A. �

Remark 5. The proposed approach can be used to deter-
mine if the plantwide stability and a certain level of closed-
loop performance can be achieved for a given communica-
tion rate, process models, and controller communication net-
work topology. While it will be difficult to determine the
minimum allowable communication rate through convex
optimization, it can be obtained by iteratively checking the
feasibility of dissipativity conditions that imply the plant-
wide stability and required plantwide performance.

Distributed Model Predictive Control

In this section, we present an approach to DMPC which
allows for less frequent information exchange among

Figure 5. Plantwide system with communication
network.

Figure 6. Virtual partitioning of the lifted plantwide sys-
tem with reduced-rate communication.

3294 DOI 10.1002/aic Published on behalf of the AIChE October 2015 Vol. 61, No. 10 AIChE Journal



controllers. The approach includes both offline and online pro-
cedures. The offline procedure is the determination of the dis-
sipativity conditions for each individual MPC local controllers
that ensure plantwide stability and performance. Based on
Proposition 1, Theorems 3 and 4, this can be formulated into
an linear matrix inequality (LMI) problem, which can be
solved efficiently (e.g., using the approach in Ref. 44). It also
serves as a feasibility test of the proposed approach for the
given communication rate, which hinges on the existence of
the solution to the above problem (i.e., the dissipativity condi-
tions for all controllers). Each controller implements an online
MPC algorithm (with a small computational burden) which
optimizes a local cost function specified by the user subjected
to a dissipative constraint that ensures plantwide stability and
performance.

Constraints of controller dissipativity and their
feasibility

The first step is to determine the dissipatvity conditions that
each local controller needs to satisfy to ensure plantwide stabil-
ity and performance. There are two issues here: the dissipativity
property of any given process is not unique. Therefore, the most
“suitable” supply rates of process units need to be determined
together with the required dissipativity conditions for the local
controllers so that they are “compatible” with each other. The
other problem is that the dissipativity condition for a local con-
troller will be implemented as an additional constraint of the
MPC algorithm. As such, it is important to ensure the MPC
problem is feasible with such a constraint (a recursive feasibility
issue). In the following results, we formulate the recursive dissi-
pative trajectory into an LMI condition, which can be deter-
mined offline and implemented online. The computational
complexity of the online implementation is very low, as each
controller only needs to solve its local optimization problem
subject to one dissipativity condition. Also, a sufficient condi-
tion is provided to ensure recursive feasibility.

At any time k, the supply rate of the ith controller QUci
ðf; gÞ

specifies the relationship between its current inputs and out-
puts as well as predicted future inputs and outputs, which is
described below

Proposition 2. Assume that the model of local system is
given as Eq. 8 and the supply rate of ith controller required
for plantwide stability and performance is induced by

Uci
5

Qci
Sci

ST
ci
Rci

 !
, which has been determined offline. This con-

troller traces the dissipative trajectory specified by Uci
at

any point in time ½k; k1 ~NÞ, if the following LMI is satisfied

2v21
i ûci

ðkÞ

ûT
ci
ðkÞ Xi1Wci

ðk2 ~N21Þ

 !
� 0 (44)

where

vi5ðQlri
1SlliÞB̂2i

1B̂
T

2i
ðQlri

1SlliÞ
T
1B̂

T

2i
FB̂2i

(45a)

Xi5
X11i

X12i

XT
12i

X22i

 !
(45b)

X11i
5

0 ðQlri
1SlliÞB̂1i

1Slri
1B̂

T

2i
FB̂1i

1B̂2i
Rlri

� B̂
T

1i
FB̂1i

1B̂
T

1i
ðST

rri
1Rlri

Þ1ðST
rri

1Rlri
ÞTB̂1i

1Rrri

0
@

1
A

(45c)

X12i
5

ðQlri
1Slli1B̂

T

2i
FÞ �Ai; ðQlri

1Slli 1B̂
T

2i
FÞ �B2i

; ðQlri
1Slli 1B̂

T

2i
FÞ �B1i

ð �BT
2i
F1ST

rri
1Rlri

Þ �Ai; ð �B
T
2i
F1ST

rri
1Rlri

Þ �B2i
; ð �BT

2i
F1ST

rri
1Rlri

Þ �B1i

0
@

1
A

(45d)

X22i
5

�A
T

i F �Ai
�A

T

i F �B2i
�A

T

i F �B1i

� �B
T
2i
F �B2i

�B
T
2i
F �B1i

� � �B
T
1i
F �B1i

0
BBB@

1
CCCA (45e)

F5Qrri
1Srli 1ST

rli
1Rlli (45f)

Proof. See Proposition 3 section of Appendix A. �

The above result allows for the formulation of the online
dissipative trajectory in a convex manner, as given in the
following problem

PROBLEM 1. (Offline). Consider a lifted np-process plant-
wide system with the communication period ~s11 as
described in Theorem 2, where the QdF-supply rates of ith
process, ith controller and communication network are
QUi

; QUci
, and QMcom

, respectively. Also, given the storage
function of ith process is induced by Wi � 0 8i 2 ½1; np�.
Find a set of supply rates induced by U; Uc and Mcom to sat-
isfy the following LMI constraints

T11i
T12i

T13i

TT
12i

T22i
T23i

TT
13i

TT
23i

T33i

0
BB@

1
CCA � 0 8i (46a)

(Dissipativity of ith Process)

~X11 < 0 (46b)

(Stability of Plantwide Outputs)

~X11 � 2 ~N
T ~N (46c)

~X1350 (46d)

~X335 ~d
T ~d (46e)

(Guaranteed Plantwide Minimum Performance)

Xi � 0 8i (46f)

vi < 0 8i (46g)

(Feasibility)
Conditions Eqs. 46c–46e guarantee the minimum plantwide
performance level, as per Theorem 4 with the weighting
function W5 1

~dðgÞ
~NðgÞ.

If there is a solution to above offline problem, the proposed
approach for the required plantwide performance and stability
is feasible with the given communication rate. For a given
indefinite Ucðf; gÞ, recursive feasibility may not be ensured,
especially while applying hard input constraints. We recall the
following sufficient condition to ensure the recursive feasibil-
ity in this case.

Proposition 3. (Tippett and Bao25). For both cases with
or without input constraints, a sufficient condition for the
dissipative trajectory to be feasible is that the trajectory is
originally dissipative and the constraint set ucðkÞ 2 U con-
tains the origin and X � 0.
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DMPC online algorithm

The required dissipativity conditions for individual control-
lers are enforced in the online MPC algorithm discussed
below.

At k5N~s;N 2 Z1, ith controller receives predicted trajecto-
ries from other controllers, where the updated trajectory is
used to determine control policy. Otherwise, the remote signal
is processed via communication network as described in Eq.
26. At every time instant k, each controller solves the follow-
ing optimization problem.

PROBLEM 2. (Online). Optimize the local control policy ûci

by solving the following LMI problem

ûci
ðkÞ5arg min

ai

(47)

subject to

ðdiagðQ̂i; R̂iÞÞ21
ŷri

ûci

0
@

1
A

ŷri

ûci

0
@

1
A

T

ai2wy�i

0
BBBBBBB@

1
CCCCCCCA
� 0 (48a)

2v21
i ûci

ûT
ci

Xi1Wci
ðk2 ~N21Þ

 !
� 0 (48b)

ûci
2 U (48c)

ŷri
2 Y (48d)

�i � 0 (48e)

ŷri
ðkÞ5 �Aiy�iðkÞ1 �B1u�

ci
ðkÞ1 �B2u�

ri
ðkÞ1B̂1ûci

ðkÞ1B̂2ûri
ðkÞ
(48f)

where U and Y are any convex sets containing the origin
and the matrices of Q̂ and R̂ are weighting functions with
respects to ŷr and ûc respectively.

At k5N~s; N 2 Z1, the ith controller sends its predicted tra-
jectory ŷrðkÞ of local process outputs to the other controllers
via controller topology Hc, where the trajectory ŷrðkÞ is the
argument of the online problem while the control policy is
optimized.

Remark 6. In this online problem, the conventional cost
function in a quadratic manner is reformulated into an LMI
condition as Eq. 48a (see details in Online problem section
of Appendix A). Equation 48b is the condition to guarantee
the recursive feasibility of the online problem. Equations 48a
and 48b are input and output constraints in form of convex
sets, where �i in Eq. 48c is used to penalize the local cost
function when implementing soft constraints. The constraint
as in Eq. 48d is the local process model to predict the future
trajectories of local process outputs.

Illustrative Example

To illustrate the proposed approach, a case study of control
of a network of a continuous stirred tank reactor (CSTR) and a
distillation column (as shown in Figure 7) is presented in this
section. While not a true large scale system, this network con-
tains a recycling loop that leads to severe interactions between

the distillation column and the reactor, and is useful to illus-

trate the effect of reduced-rate communication on a plantwide

system. The models for the CSTR and distillation column are

taken from Refs. 45 and 46, respectively, with the assumption

of constant holdup volume, where the linearized discrete-time

input-output models are given in models for illustrative exam-

ple section in Appendix B. The irreversible reaction A! B
occurs in the reactor. As per our network decomposition, the

inputs to the reactor are partitioned as uCSTR5 uT
p jdT juT

c

� �T
5

FT
AC
;FT

BC
jTT

Jin
jFT

J

� �T
, where the separator only helps to distin-

guish variables. The up is the interconnecting inputs from dis-

tillation column and fresh feed Ffeed are the molar flow rates

of A and B with the disturbance consisting of a variation in the

inlet cooling water temperature TJin
. The manipulated variable

(local controller output, uc) is the flow rate of water in the

jacket, FJ. The inputs to the distillation column may be parti-

tioned as uDC5 uT
p jdT juT

c

� �T
5 FT

AD
;FT

BD
jTT

s jFT
R;C

T
v

� �T
. That

is, the interconnecting inputs recycling back to the CSTR, up,

which are the molar flow rates of A and B (in the outflow of

the reactor). The manipulated variables (local controller out-

puts), ul, are the reflux flow rate (by manipulating a valve posi-

tion, Cv) and the flow rate of the heat exchanger associated

with reboiler FR, respectively. The disturbance is reboiler tem-

perature, which is denoted as Ts. The outputs are the molar

flow rates of A and B in the distillation column, which is an

interconnecting flow to the reactor, that is,

yDC5 xT
AD
; xT

BD
; xT

AB

� �T
.

In all cases, three rectangular pulse disturbances are intro-

duced: (1) a 2.5 K increase in CSTR jacket inlet temperature

during t515235 h, (2) a 0.9 kg mol/h increase in the flow rate

in reboiler heat exchanger during t540260 h, and (3) a fresh

feed of 0.5 kg/h of reactant A into CSTR during t560280 h.

The input of the CSTR and distillation column are constrained

to be within 21 � ul1 � 1 and 20:5 � ul2 � 0:5, respectively.
To illustrate the effects on communication period, DMPC

controllers without dissipativity-based plantwide stability and

performance constraints are also simulated with reduced com-

munication rate of ~s52 (i.e., the communication period of

0.9 h, which is ð~s11Þ30:3 h), which is denoted as Case I.

This DMPC optimizes the local cost function based on local

measurements and the predicted trajectories from other

Figure 7. Plantwide system of CSTR and distillation
column.
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controllers. Furthermore, using the proposed approach, the
increased communication periods ~s are set as 1 and 2 (denoted
as Case IIa and Case IIb, respectively) with the process topol-
ogy Hp and controller topology Hc are off-diagonal matrices
with appropriate dimension as given in Ref. 25, where

Hp5Hc5

0333 0333 I333

I333 0333 0333

0333 I333 0333

0
BB@

1
CCA (49)

The communication network Ĥc for cases of ~s51 and ~s52
are given as below, respectively

Ĥc5
Hc 0

Hc 0

 !
and Ĥc5

Hc 0 0

Hc 0 0

Hc 0 0

0
BB@

1
CCA (50)

While the assumption of constant holdup volume may elim-
inate some of the fast dynamics of the system, the dynamics of
the distillation column still has a bandwidth of 1 rad/h, which
warrants the use of a sampling period of 0.3 h. This allows the
proposed approach to implement a communication rate as
slow as once every 0.9 h without causing plantwide instability
and significantly reduced performance.

Figure 8 shows the plantwide system in Case I is unstable
with the controlled variables and controller output becoming

Figure 8. Selected controlled variables and controller outputs of the distillation column under DMPC without dissi-
pativity conditions in Case I (communication period 5 0.9 h).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. Selected controlled variable and controller outputs in Case IIa (communication period 5 0.6 h).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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oscillatory with less frequent communication. By applying the

dissipativity-based approach developed in this article (Case

II), the plantwide system is stabilized with longer communica-

tion periods of 0.6 h (~s51) and 0:9 h (~s52), as shown in Fig-

ures 9 and 10, respectively. It is clear that the controlled

variables converge after 100 h, where the integral of absolute

errors of all controlled variables in the plantwide system are

7.3407 and 7.3418 for the case of 0.6 h and 0.9 h, respectively.

It is evident that the control performance maintains at the

same level with using reduced-rate communication. Further-

more, the integral of absolute values of the controller outputs

are 2.6611 and 5.2519 for these two cases, respectively, show-

ing that a slower communication rate does lead to less efficient

control action. While ensuring plantwide stability, the per-

formance of dissipativity-based DMPC decreases with a lon-

ger communication period. This is expected because the

dynamic communication error gain becomes larger (as dis-

cussed in Remark 3).

Conclusions

This article investigates the effects of reduced communica-

tion rates on the stability and performance of DMPC. This

analysis is developed using the lifting technique and the con-

cept of dissipativity. This is facilitated by the use of QdFs as

dynamic supply rates and storage functions, which provide a

convenient framework for the dissipativity-based analysis of

the plantwide system both before and after lifting. The dissipa-

tive trajectory conditions, which each controller needs to sat-

isfy to ensure plantwide stability and performance, are

developed in the lifted sampling rate. The proposed approach

is shown effective by an illustrative case study of DMPC with

different communication rates.
It is possible to extend the results in this article to nonlinear

systems. The main challenge is to determine the dynamic sup-

ply rates (in QdF) for nonlinear systems. This is possible by

extending our recent work on plantwide nonlinear control

based on (Q, S, R)-dissipativity, that is, Refs. 47 and 48. This

is possible because the QdF dissipativity of a system is equiva-

lent to the QSR-dissipativity of the same system augmented

with the extended input and output.49 The problem of deter-

mining the QdF dissipativity of a nonlinear system is equiva-

lent to finding the QSR-dissipativity of the augmented system.

Another possible future work is to investigate the optimal top-

ologies of communication networks (with different communi-

cation rates), which are trade-offs between the complexity of

networks and plantwide control performance.

Acknowledgment

This work is supported by ARC Discovery Project

DP130103330.

Literature Cited

1. Qin JS, Badgwell TA. A survery of industrial model predictive
control technology. Control Eng Pract. 2003;11:733–764.

2. Larsson T, Hestetun K, Hovland E, Skogestad S. Self-optimizing
control of a large-scale plant: The Tennessee Eastman process. Ind
Eng Chem Res. 2001;40:4889–4901.

3. Bradu B, Gayet P, Niculescu SI. A process and control simulator for
large scale cryogenic plants. Control Eng Pract. 2009;17:1388–1397.

4. Busch J, Elixmann P, Gerkens C. State estimation for large-scale
wastewater treatment plants. Water Res. 2013;47:4774–4787.

Figure 10. Selected controlled variable and controller outputs in Case IIb (communication period 5 0.9 h).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

3298 DOI 10.1002/aic Published on behalf of the AIChE October 2015 Vol. 61, No. 10 AIChE Journal

http://wileyonlinelibrary.com


5. Baldea M, El-Farra NH, Ydstie BE. Dynamics and control of
chemical process networks: integrating physics, communication and
computation. Comput Chem Eng. 2003;51:42–54.

6. Amaral LAN, Ottino JM. Complex systems and networks:
challenges and opportunities for chemical and biological engineers.
Chem Eng Sci. 2004;59:1663–1666.

7. Riccardo S. Architectures for distributed and hierachical model
predictive control - a review. J Process Control. 2009;19:723–731.

8. Christofides PD, Scattolini R, Mu~noz de la Pe~na D, Liu J.
Distributed model predictive control: a tutorial review and future
research directions. Comput Chem Eng. 2013;51:21–41.

9. Venkat AN, Rawlings JB, Wright SJ. Distributed model predictive
control of large-scale systems. Assessment and Future Directions of
Nonlinear Model Predictive Control. Springer-Verlag: Heidelberg.
2007:591–605.

10. Liu J, Mu~noz de la Pe~na D, Christofides PD. Distributed model
predictive control of nonlinear process systems. AIChE J. 2009;55:
1171–1184.

11. Maestre JM, Mu~noz de la Pe~na D, Camacho EF, Alamo T.
Distributed model predictive control based on agent negotiation.
J Process Control. 2011;21:685–697.

12. Cheng R, Forbes JF, Yip WS. Price-driven coordination method for
solving plant-wide MPC problems. J Process Control. 2007;17:429–
438.

13. Marcos NI, Forbes JF, Guay M. Price-driven coordination of
distributed MPC controllers for constrained dynamic systems. Ind
Eng Chem Res. 2013;52:17451–17464.

14. Scheu H, Marquardt W. Sensitivity-based coordination in distributed
model predictive control. J Process Control. 2011;21:715–728.

15. Cheng R, Forbes JF, Yip WS. Dantzig-Wolfe decomposition and
plant-wide MPC coordination. Comput Chem Eng. 2008;32:1507–
1522.

16. Schaft AJ. L2-Gain and Passivity in Nonlinear Control. Springer-
Verlag: London, 1999.

17. Bao J, Lee P. Process Control - The Passive Systems Approach.
Springer-Verlag: London Ltd., 2007.

18. Willems JC. Dissipative dynamical systems part I: general theory.
Arch Ration Mech Anal. 1972;45:321–351.

19. Moylan P, Hill D. Stability criteria for large-scale systems. IEEE
Trans Autom Control. 1978;23:143–149.

20. Tippett MJ, Bao J. Control of plant-wide systems using dynamic
supply rates. Automatica. 2014;50:44–52.

21. Hioe D, Bao J, Hudon N. Interaction analysis and geometric
interconnection decoupling for networks of process systems. AIChE
J. 2013;59:2795–2809.

22. Xu S, Bao J. Distributed control of plantwide chemical processes.
J Process Control. 2009;19:1671–1687.

23. Xu S, Bao J. Control of chemical processes via output feedback
controller networks. Ind Eng Chem Res. 2010;49:7421–7445.

24. Xu S, Bao J. Plantwide process control with asynchronous sampling
and communications. J Process Control. 2011;21:927–948.

25. Tippett MJ, Bao J. Distributed model predictive control based on
dissipativity. AIChE J. 2013;59:787–804.

26. Matveev AS, Savkin AV. Estimation and Control Over
Communication Networks. Birhk€auser Basel: Boston, 2009.

27. Lavaei J, Momeni A, Aghdam AG. A model predictive decentralized
control scheme with reduced communication requirement for
spacecraft formation. IEEE Trans Control Syst Technol. 2008;16:
268–278.

28. Maestre JM, Mu~noz de la Pe~na D, Camacho EF. A distributed MPC
scheme with low communication requirements. In: Proceedings of
American Control Conference. IEEE: St Louis, MO, 2009:2797–
2802.

29. Sun Y, El-Farra NH. Quasi-decentralized model-based networked
control of process systems. Comput Chem Eng. 2008;32:2016–2029.

30. Hu Y, El-Farra NH. A hybrid proactive-adaptive communication
strategy for quasi-decentralized MPC of nonlinear process networks.
In: Proceedings of American Control Conference. IEEE: Portland,
OR, 2014:5580–5585.

31. Hu Y, El-Farra NH. Adaptive Quasi-Decentralized Model Predictive
Control of Networked Process Systems. Berlin: Springer-Verlag,
2014:209–223.

32. Hirche S, Matiakis T, Buss M. A distributed controller approach for
delay-independent stability of networked control systems. Automa-
tica. 2009;45:1828–1836.

33. Tippett MJ, Bao J. Multi-rate dissipativity based control of process
networks. J Process Control. 2014;24:1579–1595.

34. Christofides PD, Davis JF, El-Farra NH, Clark D, Harris KRD,
Gipson JN. Smart plant operations: vision, progress and challenges.
AIChE J. 2007;53:2734–2741.

35. Heidarinejad M, Liu J, Pe~na D, Davis JF, Christofides PD. Handling
communication disruptions in distributed model predictive control.
J Process Control. 2011;21:173–181.

36. Hill D, Moylan P. Dissipative dynamical systems: basic input-output
and state properties. J Franklin Inst. 1980;309:327–357.

37. Kojima C, Takaba K. A generalized Lyapuonv stability theorem for
discrete-time systems based on quadratic difference forms. In: Pro-
ceedings of the 44th IEEE Conference on Decision and Control, and
the European Control Conference. Seville, 2005.

38. Zheng C, Tippett MJ, Bao J, Liu J. Multirate dissipativity-based dis-
tributed MPC. In: Proceedings of Australian Control Conference.
IEEE: Perth, 2013:325–330.

39. Tippett MJ, Bao J. Multi-rate dissipative control of large-scale sys-
tems. In: 10th IFAC International Symposium on Dynamics and
Control of Process Systems. International Federation of Automatic
Control. Mumbai, India, 2013:51–56.

40. Kumar A, Daoutidis P. Nonlinear dynamics and control of process
systems with recycle. J Process Control. 2002;12:475–484.

41. Jogwar SS, Baldea M, Daoutidis P. Dynamics and control of process
networks with large energy recycle. Ind Eng Chem Res. 2009;48:
6087–6097.

42. Sun Y, El-Farra NH. Resource aware quasi-decentralized control of
networked process systems over wireless sensor networks. Chem
Eng Sci. 2012;69:93–106.

43. Sun Y, El-Farra NH. Robust quasi-decentralized control of uncertain
process networks. Ind Eng Chem Res. 2014;53:7421–7433.

44. Boyd S, Vandenberghe L. Convex Optimization. Cambridge University
Press, Cambridge, 2004.

45. Bequette BW. Process Dynamics: Modelling Analysis and
Simulation. Upper Saddle River, NJ: Prentice Hall, 1989.

46. Morari M, Zafiriou E. Robust Process Control. Englewood Cliffs,
NJ: Prentice Hall, 1989.

47. Hieo D, Hudon N, Bao J. Decentralized nonlinear control of process
networks based on dissipativity - a Hamilton-Jacobi equation
approach. J Process Control. 2014;24:172–187.

48. Hudon N, Bao J. Dissipativity-based decentralized control of
interconnected nonlinear chemical processes. Comput Chem Eng.
2012;45:84–101.

49. Pendharkar I, Pillai HK. A parametrisation for dissipative behaviours
- the matrix case. Int J Control. 2009;6:1006–1017.

Appendix A: Proofs

Theorem 4

Proof. According to Proposition 1, the plantwide system
traces a dissipative trajectory for all time instants k, which
implies
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where the order of extended signals is equal to ~n~s. For con-
venience, the time dependence is dropped in the following
inequalities. By assuming, the system has the condition
QWðk11Þ5QWð0Þ50. we have
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where ~̂X 1152 ~X11. Completing the square on right-hand
side leads to
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Let p be a row vector with appropriate dimension such that

pTp � max ð ~X331 ~X
T
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inequality can be obtain using reverse triangle inequality
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It is clear that jj~̂ypwjj � cjj~̂d jj, if
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Proposition 3

The supply rate of ith controller, Q/ci
, is in term of
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By applying the process model and taking Schur component,

this inequality can be rearranged to as an LMI condition, which is
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Online problem

The cost function of ith controller Ji is given as
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where Q̂ and R̂ are diagonal weighting functions with respect to

ŷr and ûc, respectively, and wy� is a penalty function for apply-

ing soft constraint. The minimization of this cost function is

equivalent to the minimization of a in the following inequality
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By taking Schur complement, this inequality becomes
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subject to the process model constraints.

Appendix B: Illustrative Example

Models for illustrative example

The discrete-time input-output model for the CSTR at a sam-

pling rate of 0.3 h is
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The discrete input-output model of the distillation column at

a sampling rate of 0.3 h is
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Dissipativity properties for illustrative example

The dissipativity of the lifted closed-loop system can be

determined by solving offline problem. The below is an indica-

tive example of the form of the supply rates for the switched

communication network Ĥc with ~s52. In the QdFs, the supply

rate of such communication network is induced by
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