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Executive Summary

This report describes the research activity in the Seventh FramewogkaPnme, Theme 3 “Inm
formation and Communication Technologies”, STREP research prHjecarchical and Dis-
tributed Model Predictive Control of Large Scale Systems- HD-MRC, focusing on WP2 |
“Definition of the hierarchical architecture for control design”, task ‘Literature survey” and
task 2.2 “Methods for system decomposition and hierarchical controitactures”.

The report is organized in three main chapters:

e Chapter 1 reviews a number of approaches based on Model Pre@otitenl for the desigr
of decentralized, distributed and hierarchical control architecturelafge scale systemg.
Starting from the analysis of completely decentralized systems, attention itteset! on
distributed control systems, where the local regulators can exchamgmatfon to reach
consensus on their actions, or where a high level coordinator is ubedeView consider
also the main approaches to the design of hierarchical control, used walimnihe control
a system described at different levels of accuracy or to cope with ansiathierarchica
structure of the plant. Finally, the problem of coordinating a number of dyraiyiade-
pendent systems with coupling constraints is considered. For all the s&sictwiewed, th
underlying rationale, their merits and limitations are discussed, the main reésrémth
literature are reported and some future developments are suggested.

e Chapter 2 presents a number of methods for system partitioning and mddetioa. First,
the main selection criteria of the input-output pairings suitable for a subsedasign of
decentralized control structures are briefly described. They assllmasthe Relative Gai
Array method, and on a number of variations proposed in the literatureglhasvon the
analysis of the controllability and observability gramians. The final part othapter is
devoted to summarize the most efficient techniques for model order redluctics problem
is important in the design of hierarchical control structures where thaategs at the highe|
levels of the structure are designed starting from quite simple models of theypideat
control, which typically represent its behavior at low frequency.

e Chapter 3 describes the model and the simulator of a complex chemical bekciunere
the plant is made by three reactors and three distillation columns. The peeserecir-
culating flows makes the system strongly interacting, so that the design afeatds-
ized/distributed control system is difficult. In the considered configuratioa overall
model of the plant has 183 state variables, 6 inputs and 6 outputs. The oiddé&led
through numerical linearization around an equilibrium is then used to testaidime meth-
ods for system partitioning described in the previous chapter. Refsd¢adhe open so
ware code are reported in the Appendix.
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Chapter 1

Architectures for distributed and
hierarchical control with MPC

Technological and economical reasons motivate the development agfgsrptants, manufacturing
systems and traffic networks with an ever increasing complexity. These saaje systems, often
composed by many interacting subsystems, can be difficult to control withteatezed control struc-
ture due to the required inherent computational complexity, due to robssindseliability problems
and due to communication bandwidth limitations. For all these reasons, many uledritontrol
structures have been developed and applied over the last forty y&amng them, it is worth men-
tioning completely decentralized structures, distributed control systems weittaege of information
between local regulators, and hierarchical structures. Due to the adge rof the problems con-
sidered and of the goals to be achieved, it is not always trivial to pyopkssify all the proposed
solutions and to judge their merits and limitations. The aim of this Chapter is to revéemadm ap-
proaches adopted, to propose a classification criterion and to proviidie st of references focusing
the attention on the methods based on the Model Predictive Control (MP®)aah, see e.g. [50].
The reason for this choice is due to the ever increasing popularity of MRREiprocess industry
and in other fields, such as road traffic control, distribution systems, metowing systems, and to
its capability to handle static and dynamic constraints on the plant variablesoMr in distributed
control systems it is easy for any local regulator designed with MPC taqtriésifuture control ac-
tions and to transmit them to neighboring local control units. This informatioftésm dundamental
to achieve performance comparable to those ideally provided by a cerdretin&rol structure.

The Chapter is organized as follows. In Section 1.1 completely decentrakmarbl structures are
considered and some fundamental references in the field are repge#aeiowith a description of the
very few results available concerning decentralized MPC. Section 1cZilles the main approaches
proposed so far to the design of distributed MPC systems, where informaticansmitted among
local regulators to achieve global stability and performance results. 8dc8ds devoted to introduce
a hierarchical control structure where the action of local (decentdliagulators is coordinated by
an algorithm operating at a higher level. The main ideas underlying the desibis coordinator
are summarized together with the approaches adopted in the MPC literatatian3e4 deals with
hierarchical multilayer systems, i.e. control systems made by a number oblcalgorithms work-
ing at different time scales. Multilayer structures are useful either to algpiints characterized by
significantly different dynamics or to use different models of the same piginthe aim to optimize
a number of criteria. Both these situations are described and the availabls @e summarized.
Distributed MPC algorithms have also been proposed to coordinate totallyeindept systems in
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Figure 1.1: Decentralized control of a two inpug (uy) - two output §1,y2) system.

order to achieve a common target and to deal with joint constraints. These aad the proposed
solutions are reviewed in Section 1.5. Finally, Section 1.6 briefly descrirae spen issues, which
are partially considered in the following chapters.

1.1 Decentralized control

In decentralized control, see Figure 1.1, both the control (inpand the controlled (outpyd vari-
ables are grouped into disjoint sets. Then, these sets are coupled tiegraxh overlapping pairs for
which local regulators are designed to operate in a completely indepdadbitn. The design prob-
lem is trivial when the interactions (static or dynamic) among the inputs and thatswof different
pairs are weak, while it is well known that strong interactions can everept@ne from achieving
stability and/or performance with a decentralized control structure. Cédgsidbooks dealing with
decentralized control are [87], [47], while a milestone paper in the fiektlis More recently, decen-
tralized control has been considered in the papers [88], [7], [1H4ictwalso report an up-to-date list
of references.

A decentralized state-feedback MPC algorithm for nonlinear discrete-jisteras has been proposed
in [52], where closed loop stability is obtained with the inclusion of a contractimstraint in the op-
timization problem to be solved at any time instant.  In [72] a stabilizing state-ée&diegulator for
nonlinear discrete-time systems is derived by looking at the plant intera@gperturbations (dis-
turbances) to be rejected, by designing robust MPC algorithms [53]yanekbrting to Input to State
Stability (ISS) concepts, see e.g. [41].

1.2 Distributed control

In distributed control structures, like the one shown in Figure 1.2, it isnasdithat some informa-
tion is transmitted among the local regulators, so that each one of them hakisowledge on the
behavior of the others. In distributed MPC algorithms, the information transntytpéchlly consists

of the future predicted control and states computed locally, so that arlyrégrdator can predict the
mutual effects of the actions of the others over the considered prediciaoh.

Within the wide set of distributed MPC algorithms proposed in the literature, thefiuclassi-
fication can be made depending on the topology of the communication netwpsdcifi§ally, the
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Figure 1.2: Distributed control of a two inpuis(, up) - two output f/1,y») system.

following cases can be considered:

e information is transmitted (and received) by any local regulator to all thes(tlistributed/fully
connectedilgorithms);

e information is transmitted (and received) by any local regulator to a givbset of the others
(distributed/partially connectedlgorithms).

A distributed/partially connected information structure can be convenientircdbe of large scale
systems made up by a great number of loosely connected subsystemssdrtaises, limiting the
information exchange among directly interacting subsystems producedigibiegerformance de-
terioration. An interesting discussion on this point referring to chemicags=es is reported in [78].
The exchange of information among local regulators can be made aagtodiifferent protocols:

e information is transmitted (and received) by the local regulators only oitb@wveach sampling
time (distributed/noniterativalgorithms);

e information can be transmitted (and received) by the local regulators many witlés the
sampling time distributed/iterativealgorithms).

It is apparent that the amount of information available to the local regulaithislistributed/iterative
algorithms is much higher, so that an overall iterative procedure cartdogp se (hopefully) arrive to
a global consensus on the actions to be taken within the sampling interval. Teghisl however, a
further classification has to be considered:

o distributed algorithms where each local regulator minimizes a local perfoenadex (lis-
tributed/independerdlgorithms);

o distributed algorithms where each local regulator minimizes a global costdar{distributed/cooperating
algorithms).

As discussed in [95] (see also [96]) by means of game theory consaerdsee [8)), it is appar-
ent that in iterative distributed/independent algorithms each local regtiatds to move towards a
Nash equilibrium, while iterative distributed/cooperating methods seek to a&cthiewareto optimal
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solution provided by an ideal centralized control structuréiowever, Nash equilibria can even be
unstable and far from the Pareto optimal solution, so that specific corsthaive to be included in
the MPC problem formulation to guarantee closed-loop stability.

As for the MPC algorithms published in the literature, the state feedback me#swtilsed in
[11] (see also [33]), for discrete-time linear systems belongs to the s#isibuted/independent,
noniterative algorithms. A stability constraint is also included in the problemdation, although
stability can be verified only a-posteriori with an analysis of the resultingedidsop dynamics. Nash
equilibrium solutions are searched in the distributed/independent, iterfatilyeconnected methods
developed in [17], [45] for discrete-time unconstrained linear systemresented by input-output
models. Linear discrete-time systems are also considered in [95], wheteralive, cooperating
method with many interesting properties is presented. In particular, theggdppproach guarantees
the attainment of the global (Pareto) optimum when the iterative procedaverges, but still ensures
closed-loop stability and feasibility if the procedure is stopped at any inteatediterate.

A partially connected, noniterative, independent distributed MPC algoffitihidiscrete-time nonlin-
ear systems has been presented in [34]. The approach consistzbidgsthe effect of the inter-
connections among the subsystems as disturbances acting on the local rmb@elslues of these
disturbances can be predicted from the predicted state trajectoriesastediby the local regulators.
Then, a min-max approach aimed at minimizing local cost functions under tts¢-ease disturbance
allows one to compute parametrized distributed control laws. A feasibility projsgproven together
with convergence to a set. It is believed that the method could be furthelogie@d according to many
recent results on closed-loop robust MPC, see e.g. [51], [53].

A distributed/independent, noniterative, partially connected MPC algoritraregteeing stability for
nonlinear continuous-time systems has been presented in [18], whemaartifon is only transmitted
among neighboring subsystems. The stabilizing properties of the methodsprbm [18] heavily
rely on the assumption that the mutual dynamic interactions among the subsystelnsitead and
on a consistency constraint included in the MPC problem formulation forttiegactual input and
state sequences to not differ too much from their predicted values. abibilidy and stability proofs
are based on the techniques described in [58] and share many ideasenititist open-loop MPC
algorithms developed in [13], [46], [53].

Relying on the methods for distributed state estimation and control present@d]iand [61], dis-
tributed algorithms have been described in [94] [93], while an extens$itbhese techniques based
on MPC has been described in [56].

A distributed, partially connected and independent MPC algorithm for linsarate-time systems
has been described in [1], [2], where conditions for the a-postestaility analysis are given also in
the case of communication failures among the local control units.

Finally, it is worth noting that the classification proposed here could bedkase on other character-
istics of the system under control, such as the presence/absenceptddcoint) constraints in the
various problem formulations.

1In game theory, a non cooperative Nash equilibrium of two (or morg)epa is such that there no player can increase
their utility pay-off by choosing a different strategy, given that any ofilayer is going to change their strategy. A cooper-
ative Pareto equilibrium is such that there is no other outcome that ma&ssm@ayer at least as well off and at least one
player strictly better off. That is, a Pareto Optimal outcome cannot beowegrupon without hurting at least one player.
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Figure 1.3: Hierarchical scheme for coordination of two local regulators

1.3 Hierarchical control for coordination

An alternative to the distributed control schemes described in the prewetisrs consists of con-
sidering a two level hierarchical control structure, such as the onersio Figure! 1.3, where an
algorithm at the higher level coordinates the actions of local regulatocgglat a lower level and
possibly designed with MPC.

The design of the coordinator has been extensively studied over tHergsyears, see e.g. the old
but still fundamental books [57], [24]. The basic idea is to describewbeadl system under control as
composed by a number of subsystems linked through some interconneciaiges i.e. the inputs
of a given subsystem are the outputs of another one. Then, for Beystem an optimization problem
is solved with MPC by minimizing a suitable local cost function under local stapeitiand output
constraints. If the computed local solutions satisfy the constraints impos#tkehbgterconnecting
variables, that is if there is coherence among the values of the interd¢ogeariables computed by
the local regulators, the procedure is concluded. Otherwise, an igefptice coordination” method
is used: the coordinator sets the prices, which coincide with the Lagranigelrats of the coher-
ence constraints in the global optimization problem, by assuming as given thgiigpait and output
variables defined by the local regulators. In turn, these optimal prieeseat to the low level local
optimizers which take them as given and recompute the optimal trajectories sifatiee input and
output variables over the considered prediction horizon. The iteratrerst@ped when the intercon-
necting variables satisfy the required coherence conditions. This patéerative procedure must
be specialized to guarantee its convergence as well as some propettiesaxulting final solution.
In the context of MPC, coordination schemes for discrete-time systemsbleavedescribed in [62],
[65], where also different communication schemes among the local regu{agents) are considered.
The proposed algorithms have been used for control of transportatamrks, see [64], and power
networks, see [63]. Another two layer structure developed with similamaegits has been presented
in [38], which also describes an analogous two-level structure fortéte sstimation phase.

Finally, it must be noted that similar two-level structures are widely used in teasive stream of
research in computer science/artificial intelligence related to the so-calimh@mous agents”. Ba-
sically, a number of agents (controllers) must negotiate their actions thitgégotiator” until a
consensus on their actions is attained, seele.g. [3]. The ideas behingtiach have been special-
ized to the control design problem in [90].
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Figure 1.4: Control of a system with slow and fast dynamics.

1.4 Hierarchical control of multilayer systems

In hierarchical multilayer systems, the control action is performed by a nuafilbegulators working
at different time scales. This can be useful at least in two cases: wkeovérall process under
control is characterized by different dynamic behavior, i.e. by slowfasicynamics, or in plantwide
optimization when optimization and control algorithms working at a differensradenpute both the
optimal targets and the effective control actions to be applied. These aaseonsidered in this
section.

1.4.1 Hierarchical control of multi time scale systems

Many systems are characterized by clearly separable slow and fashihg) see e.g. [10] and [31] for
a couple of significant industrial examples concerning a waste water tneigohaat [10] and a green-
house control problem [31]. In these cases, the control can berpefl at two different time scales.
A regulator acting at lower frequencies computes both the control actitine manipulated variables
which have a long-term effect on the plant, i.e. the “slow” control vargldad the reference values
of the “fast” control variables, states and outputs. A second reguldes taese computed reference
values as inputs and solves a tracking problem at a higher rate. A ¢caatspheme of this architec-
ture for a two layer structure is reported in Figure 1.4.

Two time scale systems are often referred to as singularly perturbed systednisave been widely
studied in the past, see e.g. [43]. However, in the context of MPC, syStedesign methods guar-
anteeing well assessed properties are still lacking and only ad-hoc seltditored to some specific
industrial problems have been described, see again [10] and [31fe ldevelopment of new algo-
rithms for these systems, one could take advantage from the multirate MPC melinaeloped in
[82], [44], [85]. However, in these papers, the multirate nature of tbblpm usually stems from the
adopted output sampling or input updating mechanisms.

1.4.2 Control of systems with hierarchical structure

Many industrial, economical or sociological systems can be describedhigyaachical structure, see
e.g. the visionary book [57]. The highest layer of the hierarchy spoeds to a dynamical system
with slow dynamics. This system can be controlled by looking at its behaviralong time scale,
and its computed control inputs must be effectively provided by subsygitaoed at lower layers
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Figure 1.5: Hierarchical structure of a three layer system.

of the hierarchy and characterized by faster dynamics. In turn, thibsystems must be controlled
at a higher rate and can be placed at an intermediate layer of hierarolgxainple of a three layer
structure is reported in Figure 1.5.

As a matter of fact, in these structures the regulator at a higher layer caniudesired control
inputs, which are the reference signals of the immediately lower layer. &t tvdjuarantee that these
computed references are feasible for the lower layer dynamics anttaiotss as well as to consider
the presence of disturbances acting at the lower layer, some additiooahatfon has often to be
transmitted bottom-up. Moreover, the regulators of the subsystems at theldg@emust guarantee
the solution of the corresponding tracking problems with an adequate leaetoracy, so that the
mismatch between what is required by the higher level and what is providdtedower one does
not destroy some fundamental properties, such as stability and perfmeman
From a control engineering point of view, this multilayer hierarchical $tmgccorresponds to a clas-
sical cascade feedback control system, see e.g. Figure 1.6 whéneaathmee layer structure is
considered and the inner loops correspond to faster dynamics, whilaitbeloop corresponds to
the control of the system at the highest layer. In industrial control systéhe fastest dynamics is
usually associated to the actuators, while the slowest one describes tesgpumder control. The
project of cascade control systems is typically made according to a fiegukecoupling principle:
the dynamics of the feedback loops are so different that in the desige céglulator for a given loop
all the other loops can be assumed to be at the steady state. Moreovdgrntation is transmitted
from inner to outer loops (dotted lines in Figure|1.6), so that any layer iwamgeof the possibility of
the lower layers to fulfill its requirements. In the design phase, the innes lampoften closed with
standard PI-PID regulators, while MPC is used to design the controlillgofor the slowest system.
When the frequency decoupling principle cannot be assumed, or idwtha control of the subsys-
tems at the lower layers of the hierarchy requires a more careful ddéRfD.can be used at any layer,
with the clear advantage to consider the corresponding input, state and cogtraints. Although
this possibility has many potential advantages, few works have exploitedéiithdin particular, in
[83] linear models are used to describe the systems at any layer and ititormsgpassed bottom-up
to relax the requirements of the higher layer when infeasibility occurs at tiner layer. Overactu-
ated cascade linear systems are analyzed in [84], while [70] deals withathénty problem for plants
at the higher layer described by Wiener models. In all these papersdbhiators at any layer are
independently designed by resorting to robust MPC algorithms, so thaeiigndphase turns out to
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Figure 1.6: Three layer cascade control structure.

be completely decoupled even when the frequency decoupling princigterai hold.

1.4.3 Hierarchical control for plantwide optimization

In the process industry it is very common to design the overall controlmyateording to the hi-
erarchical structure shown in Figure 1.7, see e.g. [5], [86], [71]th& higher layer, a Real Time
Optimization (RTO) problem is solved to compute the optimal plant operating comslitidih respect
to a performance index usually representing an economic criterion. Attége 8 detailed, although
static, physical nonlinear model of the system is used. At the lower layen@es linear dynamic
model of the same system, often derived by means of identification experjrieensed to design a
regulator with MPC, guaranteeing that the target values transmitted fronigther hayer are attained.
Also in this case, the lower level can transmit bottom-up information on contstiaiial performance.
Note that, although the previous approach is very popular in proces®kan other contexts, such
as in air traffic management systems, a somehow dual point of view is taer,g [69]. In these
cases, at the higher level a simpler and more abstract model is considgrestlict the long term
behavior of the system and to optimize a given cost function over a long timmeoho At the lower
level, a more accurate model is used to compute the current control agfitouking at a shorter time
horizon. Also in this case, the lower level can transmit to the upper onemiatarn on constraints
and performance.

In the multilayer structure of Figure 1.7, the design of the RTO module playsdafoental role.
In fact, even when it is based on a static model of the process, some mais isgist be considered.
First, the adopted model has to be periodically updated (adapted) by mfesms® kind of recon-
ciliation procedure to deal with changing operating conditions due to slowrblgsiaes. Second,
coherence must be guaranteed between the more abstract model (typicailyorder one) used in
the design phase at the upper layer and the model (a more complex od&jtulse lower layer for
the MPC implementation, see e.g. [98]. Third, accurate steady-state tptoeization must be done
to guarantee that the input and output steady state references complR@®lare feasible and as
close as possible to the desired set-points, see e.g. [75] and the reseittyreeported in [77], [76]
to solve this feasibility problem.

Many papers have been published in the MPC literature dealing with thedtieralrstructure of
Figure 1.7. Among them, a recent and interesting survey on the subjepoitee in [91], where also
a wide list of references is provided. It is also worth recalling [20], rehethorough discussion on
the merits, limitation and implementation aspect of RTO is reported. A RTO proeddised on a
dynamic model of the process is described in [36]. An attempt to mix the twosl@fé¢he hierarchy
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Figure 1.8: Hierarchical control structure for plantwide control antihoigation.

of Figure[ 1.7, i.e. to integrate (nonlinear) steady-state optimization and {liNBAE control is de-
scribed in [99]. Steady-state target calculation for a set of local MgGlagors has been considered
in [12] by adopting an approach based on coordination and similar to thdistigssed in Section 4,
while a high level coordinator maximizing the plant throughput based on tbeniaftion provided by
lower level local MPC regulators has been described in [4].

Despite the large amount of results on RTO, it is believed that much worktitla® $e done to
extend many theoretical results (stability, performance, robustness)dagw available for standard
MPC implementations to the considered hierarchical structure, see e.g[534]

Finally, a couple of remarks are in order. First, it can be noted that theeptual scheme of Figure
'1.7 can be given the equivalent and more “control oriented” reptaten of Figure 1.8, where a two
layer structure is considered and each layer uses a different systdei (BaandSb in the design
of the corresponding regulator. Second, it is worth pointing out that dimeeptual classification
adopted here, which distinguishes between the schemes of Figures 1157aiginot always clear
in the technical literature. In fact, a very popular picture is the one depint&igure/ 1.9 where
the regulators (PI-PID) at the lowest layer control the actuators, $dhbp make reference to the
actuators’ models (as in Subsection 1.4.1), while conceptually, the two Heyleds make reference
to the plantwide optimization problem described in this subsection.

1.5 Coordinated control of independent systems

So far, large scale systems made by interacting subsystems have baderesh#Another significant
scenario is related to the problem of coordinating a number of decouezhsy (agents) which must
cooperate to achieve a given goal, i.e. to globally minimize a cost functionctubjeint constraints.

Page 14/45 |




HD-MPC ICT-223854 Deliverable title

real time
optim. (RTO)

dynamic
control (MPC)

basic control
(PI-PID)

disturbances
plant —

Figure 1.9: A popular representation of plantwide control.

Also in these cases, instead of solving a unique centralized control prpinigrinciple it is possible
to solve a number of local optimization problems and to coordinate the local actidhe agents by
means of a suitable exchange of information. It is apparent that the dafSigeal, but coordinated
control algorithms shares many features with the problem consideredtiois&, so that the more
detailed classifications proposed there will not be replicated here.

In the context of MPC, the coordination of independent nonlinear distirae systems with delayed
intercommunication has been considered in [25], which also provides staieiityts obtained by
resorting to Input to State Stability (ISS) concepts. [40], [39], angnada node of a graph)
is described as a discrete-time nonlinear system which knows the state dghibordoods without
delay. The local performance indices weight the state and the inputs dditifdoorhoods and the local
future control values are computed over the considered horizon tacpthd transient of the local
state. Stability is achieved with a zero terminal constraint, as usual in MP(54f€eThe problem
considered in [79] consists of controlling a number of disturbed subsgstiescribed by discrete-
time linear models with independent dynamics but with coupling constraints. rbpeged solution
is based on a non iterative procedure where any regulator solves itegiimmzation problem (with
local performance indices) but knows the most recent or the preditzed for the other subsystems.
Constraint satisfaction is guaranteed by a constraint tightening prazeghnilar to the one already
used in/[13] and in [46]; feasibility and convergence are guarantdacextension of this approach
based on recent results on robust MPC design (see [55]) is reporf@d]. The formation control
of vehicles with independent second order nonlinear continuous-timenaga and coupling cost
functions has been solved with the Receding Horizon approach also]intile in [27] a similar
problem (independent cost functions) is solved for double integraydmoking to a Nash equilibrium
solution.

In all the above mentioned approaches the final goal, for example the eiguilipoint to be reached,
is specified a-priori. On the contrary, in another class of coordinateiaigproblems the subsystems
must negotiate on-line their final outcome starting from a partial knowledgkeobverall system,
for example the state of their neighbors. These are usually called “caus@noblems” and have a
wide number of potential applications, such as flocking, rendezvousat@mn control and alignment
problems or coordination of sensor networks. Among the ever increasimiper of publications on
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this subject, it is possible to recall here that the problem has been formaladesblved in [32] for
systems described by a single integrator, while fundamental contributisaskan given in [59]. In
the context of MPC, preliminary results have been reported in [35], whil&timsensus problem for
single and double integrator dynamics has been solved with stabilizing MRGambes in [21], [22],

[23].

1.6 Related design problems and conclusions

This chapter has reviewed a number of architectures and algorithmaifimoloof large scale systems.
Concerning the implementation of the proposed distributed and hierarchlaébss, many funda-

mental problems must be considered to obtain an adequate level of pert@mamong them, the
following are of paramount importance.

e New algorithms with guaranteed propertiddany theoretical contributions are required to de-
velop efficient algorithms with guaranteed properties, such as stability erfidrmance. In
particular, this is true for decentralized MPC, where very few resultsnaaiable, and for the
design of hierarchical MPC regulators for multilayer systems. It is beligvatin all the con-
sidered cases, one could take advantage of recent results on Mipdstsee e.g. [53], and on
the analysis of interconnected systems with a “small gain” approach, Spdddwever, robust
MPC and small gain properties naturally lead to very conservative resutts performance
not acceptable in real world applications.

e Selection of the control structureCriteria must be developed for the selection of the proper
control structure based on the relative improvements achievable by simgehe complexity.
For example, it is apparent that a distributed controller can stabilize systbios sannot be
stabilized by a decentralized one because of the presence of fixed ritmesver, if stability
can be provided by both the schemes, it is still to be evaluated in term ofpenfice whether
it is worth considering a more complex structure, which requires more infamep be trans-
mitted among local control units. A second issue concerns the comparisioa pérformance
provided by distributed regulators (see Section 1.2) with respect to tlvbsevable with the
hierarchical approach for coordination described in Section 1.3.

e Reconfigurable control structures and hybrid systewiih reference to the hierarchical struc-
tures described in Section 1.4.2, one should explore the possibility to rgamthe system,
for example by adding or removing actuators and sensors (“plug anccptayol”, see [42]).
This could be useful to consider time varying performance requiremedt®antrol systems
described by a hybrid model. For example, consider the problem of the dptiamagement
of the start-up of a thermal power plant. During this phase, the contrdigtwation and the
control objectives are usually very different from those to be cons@léuring standard operat-
ing conditions. Preliminary work on hierarchical control of hybrid systé@s been described
in [49], where however non predictive approaches have been.tdkeally, a flexible control
configuration can better cope with the requirement of a high tolerancelts.fau

e Optimization algorithms Many optimization algorithms have been developed to solve effi-
ciently the minimization problems related to linear and nonlinear centralized MRCs.ge
[9], [16]. On the contrary, optimization methods for distributed and hidiaat MPC are still
lacking. This is an important and critical point where significant improvenmenst€xpected.
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Distributed state estimation Distributed control algorithms call for the availability of dis-
tributed state estimators guaranteeing the asymptotic convergence of thstiteadstimates.
Preliminary results have been reported in e.g. [68], [67], [37], weensor networks have been
considered. However, further developments are required to include Bidte estimation prob-
lem the knowledge on state and noise constraints, as well as to link the gengerproperties
of the local estimates to local or global observability properties. A prediepproach can be
taken also for this problem by resorting to the ideas underlying the movinigomogestimators

described in [58], [73], [74].

System partitioning In the design of decentralized and distributed control systems (Sections
and 1.2), eventually coordinated as described in Section 1.3, thespraowger control must
be a-priori partitioned into subsystems properly defined to reduce trendgrcouplings and
to facilitate the control design. In some cases partitioning is natural in vieweoptbcess
layout, for example chemical plants are often composed by a series @sgranits with some
recirculating products, see [78]. In other cases, the partitioning canddoe by means of an
input-output analysis based on the Relative Gain Array and related indee$89], [26], [66],
[28], [28], [30], or on an analysis in the state space based on gransaease.g. [97], [80].
Temporal decomposition and model reduction, useful for the design dii¢harchical control
systems described in Section 1.4, can be performed with singular valuenpesition, see
again|[89].

Synchronization and communication protocaghenever the adopted control structure requires
an exchange of information among local regulators, at the same or atdiffayers of a hier-
archical structure, the achievable performance strongly depends addipted implementation
(see e.g. the discussion in [65]) and communication protocols. Moreswere fundamental
problems related to these aspects must be considered, such as low tremmsfreésgiency or
loss of information. The interested reader is referred to [6] for an ingibtligcussion on these
aspects.
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Chapter 2

Partitioning methods for distributed and
hierarchical control

This chapter surveys a number of approaches for the solution of thevieggroblems for linear
systems:

e decomposition of a dynamical system into a number of weakly interacting sieinsy;

e representation of a dynamical system at different levels of abstracidhd design of decen-
tralized/distributed or hierarchical control systems.

These problems can be solved according to different rules and goals:

1. A functional/spatial decomposition aimed at minimizing the control system coitplekile
still guaranteeing a given level of performance. In this context, it is ss&g to choose the
proper controlled outputs; to select the inputs to manipulate; to partition the sydteweakly
interacting subsystems, to define the control structure, to synthesizeritnel ¢aw.

2. A temporal decomposition where different dynamic behaviors (fasfystbthe system must
be recognized so as to facilitate the synthesis of controllers working ateiff time scales.
Another important problem concerns the representation of the systeiffeatit levels of ab-
straction where the higher levels describe the slow system dynamics. phéseatation natu-
rally leads to the design of hierarchical control systems where the topotteuel defines the
system operating conditions usually according to economic criteria, while wer levels are
more related to the control of the plant units.

The chapter is organized as follows. In Section 2.1 the methods basedRal#tive Gain Array
(RGA) for the design of decentralized controllers are described. $e2tbpresents the decompo-
sition approaches based on the analysis of the controllability and ob#8iyvgtamians. Finally,
Section 2.3 is devoted to describe the most popular and effective modetimudtechniques.

2.1 Decomposition methods based on the Relative Gain Array

Consider a linear, continuous-time, invariant and square system debstnb

. XM =AX(t) +Bu(t)
Z'{ y(t) = Cx(t) + Du(t) (2.1)
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wherex(t) € O" is the statey(t) € O™ is the input variable ang(t) € O™ is the output. The transfer
function of the system i§(s) = C(sl — A) B+ D, with steady-state gaiBo = G(0), whose individ-
ual elements are denoted by, i,j =1,2,...,m.

Assumption 1 G(s) has stable poles and no invariant zeros at the origin.

2.1.1 Relative Gain Array
The system Relative Gain Array (RGA), in the following denoted\pys defined as

A= Gox (Ggt) (2.2)

where the symbok represents the element by element multiplication. The elements

ayi/0uj)u._.
Aij _ ( yl/ J)u#Jconstant (2.3)
(in/duj)yk%iconstant
of the matrix/\ represent the ratio between the process gain for the pajring; in an isolated loop
and the process gain in the same loop when all other loops are closed cAssdid in [89], the matrix

N\ has a number of interesting properties. Among them:

e its elements are independent of the adopted units;
e the sum of the elements of any row is equal to 1;
e the sum of the elements of any column is equal to 1;

e itis equal to the identity if5(s) is a diagonal or a triangular matrix.

In the selection of the pairings among input and output variables for thgdesSISO (Single In-
put Single Output) decentralized controllers, it is advisable to select tladsetpat maintain roughly
the same gain in open-loop and closed-loop configurations)j.ex 1, while the pairings for which
a change of sign of these gains occurs,Ai¢.< 0, must be avoided. By recalling the meaning of the
elements of\, the two following main rules are recommended:

i) select the input-output pairs such that the corresponding elemefitaref positive and close to 1;

i) avoid the input-output pairs corresponding to negative elements of

Extensions of the basic definition to consider
e nonsquare systems,
e analysis of the coupling at a given frequency,

are also reported in [89], together with the analysis of the connectionsbptthe Relative Gain
Array and the achievable performances of decentralized controlresheConcerning this point, in
the wide literature available, it is worth mentioning [26], where a wide list afnarices is also given.
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2.1.2 Niederlinski index

In many cases, from the analysis of the RGA it is not possible to find a uniquneinating, solution
to the problem of pairing input and output variables, but a number ofrappia equivalent solutions
can be recognized. In these cases, it is convenient to use the Niekiéndex (NI), see [66], defined
as follows. For a given choice of the input-output pairings,Ggtbe the matrix obtained fror®g
by setting to zero all the elements which do not correspond to the seladigulit-output pairs. The
Niederlinski indexNg, (Go) is

. del(Go)
Ne, (Go) = detGo)

and the following criterion can be followed:

among the possible sets of pairings selected by looking at the RGA, ¢hegssrings with a positive
Niederlinski index.

It can be proved that a decentralized control configuration cornelipg to a positive value dfg (Go)
has the potentiality to bimtegral Controllable with Integrity(ICI), where the ICI property is defined
as follows:

(2.4)

Definition 1 The system ifntegral Controllable with IntegrityICl) if there exists a controller such
that the closed loop system is stable and such that each individual looperdstimed independently
by a factors;, & € [0, 1], without introducing instability.

2.1.3 Partial Relative Gain

The method has been proposed in/[28] to provide necessary conditipascbntrol configuration
to be ICI and to derive pairing rules in cases where the conventionabfude RGA fails or is
ambiguous. Moreover, it can be useful to select cases where bémdattalized control structures
must be preferred to those based on conventional SISO regulatoosddnto introduce the Partial
Relative Gain (PRG) index, first assume that the mati@&eandA are partitioned as follows

G111 Gro } [ AVERRANY: ]
N = 2.5
Go1 Gy No1 N2 (25)

whereG;1 and/\1; have the same dimensions, whidg; is assumed to be nonsingular. It is possible
to show that

o|

1, = -
A1 =G11 % (Gy1)’,G11= G11— G12G,, Go1 (2.6)

The matrixGy; is the gain matrix of the subsyste®:(s) when the rest of the system, i ®;2(s),
is closed under integral feedback control. Then, the procedurel lmsthe PRG approach can be
summarized as follows:

¢ from the analysis of the RGA choose an input-output pairing ie- i),
e reorder the matrixzy as in (2.5) so tha®;, corresponds to the selected input-output pair,

e recompute the RGA for the other subsysté&®n,) given thatG,, is in an integral feedback loop,
i.e. Np = 611 X (é;ll)/,

e from the analysis of\p choose a new pairing,
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e repeat the procedure until all thie- y pairs have been chosen.

In so doing, the selection of the input-output pairs is done by consideraigtime loops have
been already closed, that is PRG is an attempt to consider closed-loométion related to the
decentralized control structure progressively chosen. Note howeatethe procedure is not uniquely
defined, since the (initial) choice of the paijr—y; heavily influences all the subsequent steps. In any
case, the procedure closely resembles a typical approach in the deaigeaentralized closed-loop
control system: once a loop has been closed, the project of the regutattine other loops considers
the closed-loop system already defined. Finally, note that necessaditicns for ICI in terms of
PRG have been reported in [28].

2.1.4 Decomposed Relative Interaction Array

The Decomposed Relative Interaction Array (DRIA) is a method, firspgsed in [29], aimed at
refining the results of the analysis performed with the RGA and NI indicesodated to any element
of the static gain matrixsg it is possible to define the matrix

Wi =AGj x (G;1) (2.7)

whereG;; is the matrix of the static gains of the overall system with the i-th row and the j-timgolu
removed, whileAG;; is the incremental process gain matrix of subsys@gmwhen loopy; — u; is
closed, that is

L i i

wheregj is again the(i, j) element 0iGo and the vectorgi,jj g:‘. are theith row andjth column ofGg
with the element;; removed. Thenm x m DRIA matrices are associated to the system, each one of
them with dimensiomn— 1. Recalling that for any matriX'the 2-norm is defined by

1Yl = p(Y)*/2

wherep(Y) is the spectral radius of, it is possible to compute a new matfxwhose element () is
@j = [|W |2

Finally, in addition to the previous rules concerning the analysis of RGA dnid [R9] it is suggested
to consider the following one:

e choose the pairings that correspond to the smadlgstalues

2.1.5 Decomposed Relative Gain Array

The Decomposed Relative Gain Array (DRGA), proposed in [30], is lanigee to evaluate the ef-
fectiveness of a loop pairing previously selected with the criteria baseR@M, NI, DRIA. The
procedure to compute the DRGA matfixcan be summarized as follows:

e select by means of RGA, NI and DRIA a given pairing of input and owgauables,

e rearrange the matrig(s) into G(s) so that the selected pairings correspond to the diagonal
elements of5; (s),
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e compute the Relative Gain Array maty of G (s),
e compute the DRGA matrix a5 = 0.5(diag(Ar) " Ar + Acdiag(Ar) 7).

The matrix" has the following properties:
i) it depends only on the steady-state gain of the system;
ii) itis scaling independent;
iv) if Gi(s) is diagonal or triangulaf; is a zero matrix.

It is now possible to define thRelative Control Performance Ind€¢RCPI), i.e. a tuning knob
€ € [0,1], which indicates the confidence level on system overall control stegtith respect to the
promising control structures.

The value ofe can be chosen according to the following design rules:

e £ =0: acentralized control structure is preferred regardless of the critypdd the process;
e ¢ =1: afully decentralized controller is preferred;

o for small values of a block diagonal controller or a sparse controller are preferred.

Once the value of has been chosen, denoting fay the (,k) element ofl” and byg], the (k)
element ofG;, (s), a dominant modeg, (s) to be used in the control design can be selected as follows:
ér(S) - {glrk|glrk - Ovlf ‘ylk‘ <E, Iak: 1727~ "7n} (28)

Therefore, the value of the parameteinfluences the choice of the single-input, single-output
transfer functions which are neglected in the definition of the dominant miduektructure of the
resulting dominant modeﬁir(s). In turn, this choice obviously strongly impacts on the following
control design phase.

2.2 Decomposition methods based on Gramians

In order to quantify the interaction between a control loop and the othergissible to use the
notions of gramians, which describe controllability and observability pt@seof a given stable linear

system, see [97], [80].

Definition 2 For a stable system (2.1), the controllability gramian P and the observabilayngn
Q are symmetric non negative definite matrices which satisfy the Lyapunatiats

AP+PA+BB =0 AQ+QA+CC=0

Alternatively, the matrices P and Q can be expressed as

_ ® t 't _ “ 't~/ t
P_/O MBB Mt Q—/O fecedt
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The gramians quantify how hard it is to control and to observe the systées,sémd the ranks ¢t
andQ are related to the dimensions of the controllable and observable subsppeetively.

Now consider the produ®Q, it can be proven that its eigenvalugsi = 1,2, ..., n, are non negative
and do not depend on the particular realization.

Definition 3 TheHankel Singular Value@HSV) of system (2.1) are defined as
o) =VvA i=1,...n (2.9)

where thej; are ordered to obtaim,(f) > a,gz) >...2> 0}2”).

Note that the HSV can be related to a system norm through the following definitio

Definition 4 TheHankel Normof a system with transfer function(§ is defined as

1G(9) 1 = v Amax(PQ) = 6" (2.10)

Let bj be thej —th column of matrixB andc; thei —th row of C. Define byP; andQ; the control-
lability and observability gramians for the elementary systéab;,c;,0). Then the original system
controllability and observability gramiafsandQ can be written as (see [80])

P=2L,P Q=31,Q
and
PQ=21,5",PQ;
2.2.1 Participation Matrix

As shown in [80], in order to quantify the interaction between jtheth input and the — th output it
is possible to consider the trace of the maRjg;, which has the following properties:

) the trace of any;Q; is non negative and state realization independent;
i) the trace of any sum of terniQ; is the sum of the traces of the individual terms;
iii) the trace of any sum of terni%Q; is monotonically non decreasing when new terms are added;

Iv) the trace ofP;Q; is equal to the sum of the squared HSV for the system with transfer function
G(s)ij

v) the trace oPQis larger than, or at least equal to, the trace of any sum of tEy@s

Define now theParticipation Matrix (PM) whose elements are

o tracePQ) _
o ={qjlqa; = TracePQ) } O0<gj<1 (2.12)
with the property
22 =1

It follows that the “average” value of any elemept of PM is 1/m?, while if the elementi(j)
of PM is high (near to 1), thgth input has a great influence on théh output. On the contrary, if
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@; ~ 0 the effect olu; overy; is minor. In view of this consideration, an approximate simplified model
G:(s) of the system can be obtained by forcing the elemgniss) of G;(s) to be equal tay;j (s) if
@j > €, 1> € > 0 being a tuning knob which can be chosen equal/tofl, and by setting them to
zero otherwise. Denoting by the sum of the elementg; corresponding to the input-output pairs
included in the modeg;, (s), an empirical rule of thumb to evaluate the quality of the model is to verify
thatX is greater than a given value, typically 0.7, while 2ok 0.5 the quality of the approximation
is usually unacceptable.

Obviously, once the mod@; (s) has been chosen, its zero/nonzero pattern forces the structure of
the regulator to be designed.

For discrete time systems described by

5. { x(k+1) = Ax(k) + Bu(k)
y(k) = Cx(k) 4 Du(k)

all the previous considerations hold as well, but the gramians must be cahfipurtethe equations

(2.12)

APA-P+BB =0 AQA-Q+CC=0

Moreover, if the system has input or output time delays, some furtheiderations can be done
to refine the analysis, see again [80].

2.2.2 Hankel Interaction Index Array

Strictly related to the PM, it is possible to consider the Hankel Norm of thefeafisnction G(s)
of the system, as shown in [97]. To this end, considerthakel interaction index arrayy whose
elements are

Zhij = [Gij ()

whereG;jj (s) is the(i, j) —th element ofG(s).

Matrix 4 can be interpreted as a gain matrix relating the Hankel norms of inputs angtsautp
Similarly to the participation matrix PM, it takes the full dynamic effects of the sysigonaccount
and does not only focus on the steady-state performance as the RGA doe

To eliminate the effect of scaling, one can normalize the matrix in differensyay example by
considering (as for RGA) the matrix

T x (Zy)
whose rows (columns) have elements which sum to one. From the analysesteéinkel interaction

index array it is finally possible to choose the most appropriate contratsteu(fully decentralized,
sparse, centralized).

2.3 Model order reduction

The project of hierarchical systems where the higher levels of the bisrare designed on the basis
of simplified models of the plant under control calls for model reduction teci@s. In this section,
the main algorithms for model reduction are briefly summarized. The presensétictly follows the
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results reported in [89]. Let (2.1) be a balanced realization of the systel@r control, so that its
controllability and observability gramians are such that

P=Q=2X=diag(01,02,...,0n),01>02>...> 0, >0 (2.13)

Moreover, partition the system matrices as

A A2 } [ B1 }
A= B= c=[c C 2.14
[ A1 Az B2 (G G (2.14)

whereA;; € RK B € RY™ C; € R™K, Correspondingly, the matriX is

= 0
z_[ o 22:| (2.15)

whereZ; € Rk,

The reduced order model obtainedialance truncatioris then described by the matrices; 1, B1,Cy, D).
It is a balanced realization itself and its singular values are tho&g.dfloreover, lettingGX(s) the
corresponding transfer function, it results that

1G(8) — G(8)lw < 2(0ks1+ Tics1+ -+ Tiin) (2.16)

Another possibility for model reduction consists of considering the bathressdualization tech-
nique, where it is assumegd = 0 (the “fast” dynamics is supposed to be always at the steady state, as
it is done in the analysis of singularly perturbed systems). Under this hggistithe reduced order
model is

. Xl(t) :A,xl(t)+Bru(t)
3 2.17
L) et 10
where
A = At1— Ar2Ay53 Ao1, Br = Br — A12A By (2.18)
Cr =C1—CA 1A, Dy = D —CoA) B, (2.19)

Balanced residualization enjoys the same error baund (2.16) of balamoation. Moreover the
corresponding transfer functidd(s) has the same static gain of the original system, G&(0) =
G(0), so that it must be preferred to balanced truncation when an accurag atdolv frequency is
required.
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Chapter 3

A chemical benchmark for distributed
and hierarchical control

This chapter describes the dynamic model of a large chemical plant tygicahmy industrial ap-

plications. The plant is composed by three binary distillation columns, threweichkreactors and
six chemical components. This system has been first studied in [48] aresemts an interesting
benchmark for plantwide control of complex processes.

3.1 Dynamic model of the plant units

3.1.1 Dynamic model of the reactors
Consider a chemical reactor and assume that:
¢ all the energy phenomena are negligible;
e the hydraulic phenomena are all at the steady state;

e perfect mixing inside the reactor;
Define:

e i volumetric flow rate of thg —thinput;

e ¢ ji concentration of the—th component in thg —th input flow rate;

¢ V reactor volume;

e C; concentration inside the reactor of theth component;

e do; volumetric flow rate of thg —th output;

e Coji concentration of the—th component in thg —th output flow rate;
e n; number of input components;

e Np number of output components;

e N, number of reacting components;
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e kreaction constant;

The mass balance of tlie-th component inside the reactor is then given by

nj

da(t) <

dt \%

Nr
+k-[¢ (3.1)
1o

Assuming that inside the reactor there ammponents, the model will be described by a system
of n differential equations besides one more equation describing the hydeguiidrium, that is

5 a0 = 3 doy() (3:2)
i= =

Finally, note that the dynamic model previously derived can be expréssedns of molar frac-
tionsx;, instead of concentratiorcs by defining

Gi
X = —— (3.3)
I PRELY
Then, with an obvious meaning of symbols, the dynamic equations can be vastten
dx(t) 1 |2 Mo o
— = | D) Xjidj— ) Xoji-Goj | K- []% (3.4)
dtvglJnglJIJ M

and
n
Z Xj =1
=1

3.1.2 Dynamic model of the columns

The simplified model of the tray distillation column here considered assumes ihabinposed by
five sections:

1. condenser

2. enriching section
3. feed tray

4. stripping section
5. reboiler

where the enriching and stripping sections can be composed by a variableen of trays. A
schematic diagram of the column is shown in Figure 3.1, where:

1. V is the vapor flow rate;
2. Ris the reflux flow rate;

3. Dis the distillate flow rate;
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Figure 3.1: Schematic representation of a distillation column

4. Bis the flow rate of the bottom product;
5. F is the feed flow rate;

6. Xt is the liquid molar fraction of the—th component into the feed flow rate.

Assume that the mixture is formed biycomponents and let

x; liquid molar fraction of the —th componenti(=1,2,...,N);

yi vapor molar fraction of the—th componenti(=1,2,...,N);

a; volatility of thei —th componenti(=1,2,...,N);

aij relative volatility of thei —th component with respect to thg—th componenti(j =
1,2,...,N).

Straightforward computations allow to conclude that the relation among the liqditha vapor
molar fractions is given by the following set of linear equations

X X X X
1+ Oflyml GlNﬁx alN))((*:‘ V1 OleXml
0N 1+aongd 02N 3 y2 0N
.= : (3.5)
XN— XN— XN—
AN-1)N g o NN TS YN AN-1)N g

The mathematical model of the column is derived under the fundamental assuriiat the
energetic phenomena are negligible, so that only mass balance equatiansedr Moreover, the
following simplifying hypothesis are introduced.

e the pressure inside the column is constant;

o the vapor flow rat& can be directly manipulated (the reboiler has no dynamics);
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the liquid R) and vaporY) flow rates are constant inside the column;

the hydraulic dynamics is negligible with respect to the dynamics of the coatient;

the vapor hold-up on the trays is negligible with respect to the liquid hold-up;

the Murphee efficiency is constant for anmy-(th) component and anyj ¢ th) tray, that is

_ Yi Y-,

i - =1 (3.6)
1Y Y,
Wherey]fi is given by:
aiNXi
= 7
yjk' 1+ (ain —1)x (3.7

Define the following quantities:

e Hj liquid hold-up in thej —th tray;

e Hg liquid hold-up in the feed tray;

e N, number of trays in the enriching section;

e N number of trays in the stripping section;

e Xj; liquid molar fraction of the —th component in thg —th tray;

e yj; vapor molar fraction of the—th component in thg —th tray;

e Xy liquid molar fraction of the —th component in the feed tray;;

e X; liquid molar fraction of the —th component in the top product;

e Xy; liquid molar fraction of the —th component in the bottom product;
o F feed flow rate;

e Xt liquid molar fraction of the —th component in the feed flow rate;

e o\ relative volatility of thei —th component with respect to tte—th component.
Denoting by the index = 1 the reboiler and by the indgx= Ny the condenser and defining:
® X1j = Xpj

® XNpj = X

e Np = Na+ Ne+ 3 total number of trays, including reboiler and condenser
the mass balance for any tray and for aryth component is:
1. Static balance of the flow rates at the condenser:

V=R+D

A chemical benchmark for distributed and hierarchical control 29



Chapter 3

2. Static balance of the flow rates at the reboiler:

V+B=R+F

3. Dynamic balance at the reboiler:

HiiX1i = —Vyi; + (R4 F)xo — Bxy
4. dynamic balance in the stripping sectigr(@, Ne+1]):
HiiXj; = (R+EF) (X2 —Xj) V(Y- = Vi)
5. dynamic balance at the feed tray:
HaXai = RXN.+3); — (R+F)Xai +V (Y(Net1); — Yai) + FX¥
6. dynamic balance in the enriching sectiga[(Ne+ 3,Np — 1]):
HjXji = R(X(j+1); = Xj;) =V (Y(j-1); — Vi)
7. dynamic balance at the condenser:
Hnpp = VYinp-1); — (R+D)Xnp;
The complete model of a distillation column witly, trays is then described by the above seven
equations, written for any component, besides the additional relations @%)and|(3.7).
3.2 Plant description

The plant is composed by three reactd®$, R2 andR3, three distillation columnsZ1, C2 andC3,
two recycle streams and six chemical components, nalBdC, D, E,F. The flow diagram of the
plant is shown in Figure 3.2.

3.2.1 Plant data and nominal inputs

The main plant variables used to obtain the results discussed in the follovengparsummarized.
These values can be easily modified by editing the Matlab files described iptrendix.

Relative volatilities
aar =8, agr =6, dcp =4, 0pr = 2, g = 1.2
Reactor R1
ki = 10[h~1] reaction constant;
Vg1 = 100d1b - mol] reactor’s volume;

qia = 1002 fresh feed volumetric flow rate of component A;
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Figure 3.2: Flow diagram of the planR1, R2 R3 are the reactors;1, C2, C3 are the distillation
columns,D1, D2, D3are the top products ariéll, B2, B3are the bottom products.

Op1 = 802!} volumetric flow rate of distillat®1 from columnCi;

Ops = 141[™2:ml) yolumetric flow rate of distillatd®3 from columnC3;

Reactor R2

ko = 50[h~1] reaction constant;
Vre = 8501b - mol] reactor’s volume;

Qe =995 ['b'—ﬂ‘o'] fresh feed volumetric flow rate of component E;

Reactor R3
ks = 141/h~1] reaction constant;
Vrs = 282]Ib - mol] reactor’s volume;

Distillation column C1
Ry = 3302 reflux flow rate;
V1 = 4102 vapor flow rate;
Na1 = 8 number of trays of the enriching section;
Nex = 8 number of trays of the stripping section;
H;1 = 53.8 [Ib-mol] hold-up in the reboiler;
Hc1 = 33.6 [Ib - mol] hold-up in the condenser;
Hara = 1.36 [Ib - mol] hold-up on the trays of the enriching section;

He1 = 1.63 [Ib - mol] hold-up on the trays of the stripping section;
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Ha1 = 1.36 [Ib- mol] hold-up on the feed tray.
Distillation column C2
Ro = 2832 reflux flow rate;
V, = 38521 vapor flow rate;
Na2 = 8 number of trays of the enriching section;
Ne2 = 8 number of trays of the stripping section;
Hy2> = 100(Ib - mol] hold-up in the reboiler;
He = 321 [Ib- mol] hold-up in the condenser;
Harz = 1.27 [Ib - mol] hold-up on the trays of the enriching section;
He2 = 1.39 [Ib - mol] hold-up on the trays of the stripping section;
Haiz = 1.27 [Ib- mol] hold-up on the feed tray.
Distillation column C3
Rs = 141219 reflux flow rate;
V3 = 282210 vapor flow rate;
Na3z = 8 number of trays of the enriching section;
Nes = 8 number of trays of the stripping section;
Hyz =317 [Ib- mol] hold-up in the reboiler;
Hcez = 100(Ib - mol] hold-up in the condenser;
Hars = 0.837Ib - mol] hold-up on the trays of the enriching section;
Hez = 1.04 [Ib - mol] hold-up on the trays of the stripping section;
Haiz = 1.04 [Ib - mol] hold-up on the feed tray.

3.2.2 Equilibrium conditions

Given the plant configuration previously described and the nominal iqoumisidered, the following
equilibrium values have been computed.

Reactor R1
Xr1-a = 0.2589 molar fraction of componeAtinside the reactor;
Xr1-g = 0.0356 molar fraction of componeBtinside the reactor;
Xr1_c = 0.2909 molar fraction of compone@tinside the reactor;

Xr1-p = 0.4146 molar fraction of componebtinside the reactor.
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Reactor R2
Xrz_p = 0.148 molar fraction of componeit inside the reactor;
Xro_g = 0.0152 molar fraction of componegtinside the reactor;
Xro—F = 0.4184 molar fraction of componehtinside the reactor;

Xrz— = 0.4184 molar fraction of componeBtinside the reactor.

Reactor R3
Xr3_p = 0.133 molar fraction of componeit inside the reactor;
Xr3_e = 0.0006 molar fraction of componeRtinside the reactor;
Xr3—F = 0.4332 molar fraction of componehtinside the reactor;

Xr3_g = 0.4332 molar fraction of componeBtinside the reactor.

Column C1
Xc1-a(1) = 0.0325 molar fraction of componeAtin the reboiler;
Xc1-A(Npy) = 0.9425 molar fraction of componehtin the condenser;
Xc1-B(1) = 0.0319 molar fraction of componeBtin the reboiler;
XC1-B(Ny) = 0.0468 molar fraction of componeBtin the condenser;
Xc1-c(1) = 0.3837 molar fraction of componeftin the reboiler;
Xc1-c(Ny) = 0.0107 molar fraction of componeg@tin the condenser;
Xc1-p(1) = 0.5519 molar fraction of componeBtin the reboiler;

XC1-D(Ngy) = 0 molar fraction of componer@ in the condenser.

Column C2
Xco—a(1) = 0 molar fraction of componemtin the reboiler;
Xc2-A(Npy) = 0.0769 molar fraction of componeAtin the condenser;
Xc2—p(1) = 0.0001 molar fraction of componeBtin the reboiler;
XC2-B(Ny) = 0.0754 molar fraction of componeBtin the condenser;
Xco—c(1) = 0.0593 molar fraction of componeftin the reboiler;
Xc2-c(Nyy) = 0.8274 molar fraction of componeg@tin the condenser;

Xc2—p(1) = 0.9406 molar fraction of componeBtin the reboiler;

A chemical benchmark for distributed and hierarchical control

33



Chapter 3

Xc2-b(Nyy) = 0.0203 molar fraction of componefitin the condenser.

Column C3
Xc3-p(1) = 0. molar fraction of componeri in the reboiler;
Xc3-B(Nyy) = 0-7046 molar fraction of componeBtin the condenser;
Xc3-p(1) = 0.0075 molar fraction of componeitin the reboiler;
Xc3-D(Nyy) = 0-2208 molar fraction of componebtin the condenser;
Xc3—g(1) = 0.001 molar fraction of componekt in the reboiler;
XC3-E(Npy) = 0.0003 molar fraction of componeBtin the condenser;
Xc3-r(1) = 0.9915 molar fraction of componeftin the reboiler;

Xc3-F(Ny) = 0.0743 molar fraction of componehtin the condenser.

3.2.3 Linearized model

The model, in the configuration considered, has 183 state variables. Tagdet®model, computed
through the numerical linearization procedures available in Matlab/Simulinla hesy sparse dy-
namic matrixA, as shown in Figure 3.3 where the zero-non zero pattern of its elemenpoised
reflecting the plant structure.

a0 100 120 140 160 180
T T T T

Figure 3.3: Matrix A of the linearized model

The eigenvalues of A are shown in Figure 3.4, as expected they areidd the stability region
of the complex plane.
The variables to be controlled are:

e Xc1_ar molar fraction of componerk at the top product of1;

e Xc1_pp Molar fraction of componerd at the bottom product of1;
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Figure 3.4: Eigenvalues of the linearized model

e Xc2 ¢t molar fraction of componer@ at the top product ofl,;
e Xc2 pp Molar fraction of componerd at the bottom product dt2;
e Xc3 gt Molar fraction of componer® at the top product of3;

e Xc3_pp Molar fraction of componeri at the bottom product at3.
The selected control variables are:

e Ry refluxinCi;
e Vj vapor inC1;
o Ry refluxinCz;
e \/, vapor inCz;
e RsrefluxinCs;

e V3 vapor inC3.

The step responses of this (6x6) system are shown in Figure 3.5; it éaseaytghat the system
has strong interactions among the input and output variables, so thatfitslamith a decentralized
control structure is particularly difficult. These interactions will be examineithénfollowing with
some of the tools described in Chapter 2.

3.3 Analysis of the interactions of the linearized model

The linearized model of the plant is used to test some of the interaction measurelecomposition
criteria described in the previous chapter. To this end, first note thatdlagiv® Gain Array of the

A chemical benchmark for distributed and hierarchical control 35



Chapter 3

Step Response
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Figure 3.5: Step responses of the linearized model

linearized system is:

[-1.366e-02 6207%-03 [3574-01] [6512-01] [8.09%-01] -8104-01]
—9.690e—04 4404e—04 [599%—01| [4.006e—01| —4.034—02 [4.032—02
~1730  1170e—11 —140%2—11 844%—11 —8454k—11 38
~5370e—03 8891e—03 —4886e—02  —5.267 '
354%2-06 -1610e—06 —1695%-05 1677e—05 2.654 —1.654
~1710 24246-03 -294%-03 2844 ~2.848

where a frame has been placed to the elements which are positive and aiglyifatifferent from
zero. In view of this RGA, the possible input-output couplings are:

CouplingCol: uy — Y3, U2 — Y6, U3 — Y1,Us — Y2, Us — Y5, Us — Y4,

CouplingCo2: uy —y3, U2 — Y6, U3 — Y2,Us — Y1, Us — Y5, Us — Ya;

CouplingCa3: uy — Y3, U2 — Y6, U3 — Y4, Us — Y1,Us — Y5, Us — Y2;

CouplingCo4 :uy — Y3, Uz — Ye, U3 — Y4, Us — Y5, Us — Y1, Us — Y.
The Niederlinski indeXNI for each one of these pairings is:

e CouplingCol — NIy = 2.58;

e CouplingCo2 — NI, =4.7;

e CouplingCa3 — NIz = —1.09;

e CouplingCo4 — Nlz = 5.09x107%.

This result shows that the third set of couplings must be avoided, sinmeéisponds to a negative
NI index. In order to select the best pairing among the remaining ones, itdibfot use théartial
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Relative Gairmethod. To this end, note that the coupling- ys is present in all the three possible
configurations. Once this loop has been closed, one obtains

10.0023 [0.4040] [0.5953] |1.1286] —1.1302
B 0.0002| |0.5996| [0.4003] —0.0911 [0.0911
A(G11)axx= ||0.0033] [0.0401] —0.0486 —5.2681 |6.2734 (3.9
—0.0000 —0.0000 Q0000 |2.5671] —1.5671

[0.9943] —0.0436 [0.0530] |2.6635 —2.6672]

where the notation\(G11)awxxxmMeans that the inpwi controls the outpuys, all the other loops being
open. In view of the computefl(G11)sxxxxxmatrix, it is advisable to select the coupling— ys, since
the corresponding element is near to 1 (0.9943). By repeating the precexdselect the remaining
coupling, one gets:

—0.8610 |1.8956/ |0.0539] —0.0885
1.8748 —0.8721 [0.0042] —0.0069
—0.0138 —0.0235 —1.0916 |2.1288
—0.0000 —0.0000 —1.0334

‘This matrix shows that the best couplingus—y> (which corresponds to the element (2,1) of
N (G11)36xxx09- The next computed matrix is

A(G11)36000= (3.10)

- [[1.0008] [0.0004] —0.0012
A(G11)3620x= | —0.0008 —0.3527 |1.3535 (3.11)
0.0000 [1.3523 —0.3523

which selects the couplingy — y1 (which corresponds to the element (2,1)/‘(1511)36200(). Finally,
by inspection of

1.0728 —0.0728

the two remaining couplingss — ys andug — y4 are chosen. In conclusion, the selected pairing is:

— —0.0728 [1.0728
N(G11)3621x = [ ] (3.12)

® Ui —Y3,U2— Y6, U3 —Y2,Us —Y1,Us — ¥5,Us — Y4,
which corresponds to the physical variables:
e Ri—cCa1
e Vi—Cp1
e Ry— Cp2
o Vo— Cc2
e R3+—— Cg3
e \3+— Cg3

This partitioning can then be used for the design of a decentralized cestrioture.
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Chapter 4

Conclusions

In view of the results reported in this report, the future activity within Workk2ae 2 will be devel-
oped along the following research lines.

e Development of a mathematical formulation of the control design problem wit@ Blitable
for the description of many significant cases (decentralized, distributédi@rarchical sys-
tems, see Chapter 2).

e Extension of existing results to dynamically varying structures of the sysitelaricontrol, for
example due to the inclusion or the removal of sensor or actugtlug &énd playoption).

e Analysis of the effects on the achievable performances when diffeoemtnunication protocols
are used in distributed and hierarchical systems.

e Development of reduction/aggregation methods (see Chapter 3) tailoreddistiibuted frame-
work here considered.
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Appendix

The Matlab/Simulink (version 7.0.1) simulator of the chemical benchmark examapléde down-
loaded at the internet address

ftp://ftp.elet.polimi.it/users/Riccardo.Scattolini/

In order to use the simulator, proceed as follows:

e run the Matlab fileChemBenchData.rwhich initializes all the plant parameters and all the
constant inputs. It is possible to edit this file and change anyone of thesmeters.

e run the Simulink fileChemBench.mghote that in the simulator there is the block "plots” where
all the variables are plotted and stored.
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