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Summary

Due to the size and structure of control design problems for large-scale complex systems,
standard approaches using a centralized controller are impractical, and in some cases in-
tractable due to the number and complexity of interactions between subsystems. This fact
has stimulated renewed interest and research on distributed control for large-scale complex
systems.

This thesis aims to provide tools for designing distributed model predictive controllers for
linear systems. The essence of model predictive control (MPC) is to formulate the control
problem as a repeated solution to a finite-time optimization problem. This enables straight-
forward controller design for multi-input multi-output systems with hard constraints, thus
making this method widely adopted in the industry. However, for large-scale complex sys-
tems, this practice gives rise to several serious issues: a global communication mechanism
is needed for sending measurement data to a central node; the complexity of the resulting
centralized optimization problem leads to a high computational burden; the whole system’s
performance and safety depend on the result generated by the single central controller,
thus lowering the resilience of the system. In order to design distributed model predictive
controllers, our research focuses on solving the resulting large-scale MPC optimization
problem in a distributed way.

In particular, this thesis addresses two issues:

1. Designing distributed optimization algorithms for solving convex optimization prob-
lems arising in MPC for discrete-time linear systems.

2. Determining conditions for achieving feasibility and stability of the closed-loop sys-
tem.

The control setting consists of a group of local controllers associated with subsystems that
have limited communications among them, and where each controller has a processor for
handling local computation tasks. The original centralized MPC optimization problem is
formulated as a quadratic program, with a separable cost function and linear constraints,
and each constraint involves a small number of subsystems, i.e., there is a sparse cou-
pling pattern introduced by the constraints. In order to solve such problem in a distributed
fashion, dual decomposition techniques are used. With a proper definition of the local
variables (including states and control inputs) and the subsystem neighborhoods (i.e., the
subsystems that can directly interact and communicate with the given subsystem), algo-
rithms using first-order derivatives can be used to solve the dual problem in a distributed

X



X Summary

way. We propose three main distributed and hierarchical algorithms: distributed Han’s, dis-
tributed accelerated proximal gradient, and hierarchical primal feasible using dual gradient
algorithms.

First, Fenchel duality is used to formulate the dual function, and the indicator function is
used to relax the constraints. The underlying algorithm is Han’s parallel method, which be-
longs to the class of projected gradient algorithms. We show that the main subproblems of
Han’s method have analytical solutions, and thus the algorithm involves only iterative lin-
ear algebra computations, which are cheap and can be implemented in a distributed setting.
The resulting distributed Han’s method is proved to generate results that are equivalent to
those of the centralized counterpart, and thus to converge to the centralized MPC solution
at every sampling step. Based on the convergence of the algorithm, feasibility and stability
of the closed-loop system are inherited from the original centralized MPC setting.

Next, an accelerated proximal gradient algorithm is used to solve the dual problem that can
be obtained by either Fenchel or Lagrange duality. This algorithm belongs to the class of
accelerated gradient-based algorithms, which are known to achieve the best convergence
rate among all gradient-based algorithms. We show that this accelerated proximal gradient
algorithm can be considered as an extended and improved version of Han’s algorithm, as
it converges one order of magnitude faster than the classical proximal gradient algorithm,
which is equivalent to Han’s method for quadratic programs. Moreover, by using the in-
dicator function, we can treat a problem with a mixed 2-norm and 1-norm cost function
by constructing a differentiable dual function for the nondifferentiable original problem.
As the additional computation task for acceleration is only a linear combination of solu-
tions obtained in the two preceding iterations, this accelerated algorithm only needs more
memory to store previous iterates, while performing computations that are just as cheap as
those of the classical version. Hence, this algorithm can be implemented in a distributed
fashion similarly to the distributed Han’s algorithm.

In the third method, a two-layer iterative hierarchical approach is used to solve the La-
grange’s dual problem of the centralized MPC convex optimization problem. In the outer
loop, the dual function is maximized using a projected gradient method in combination
with an averaging scheme that provides bounds for the feasibility violation and the subop-
timality of the primal function. In the inner loop, a hierarchical optimization algorithm is
used to provide either an exact or an approximate solution with a desired precision to the
minimization of the Lagrangian function. We present two algorithms for the inner loop:
a hierarchical conjugate gradient method and a distributed Jacobi optimization algorithm.
This method can be applied to MPC problems that are feasible in the first sampling step
and when the Slater condition holds (i.e., there exists a solution that strictly satisfies the
inequality constraints). Using this method, the controller can generate feasible solutions of
the MPC problem even when the dual solution does not reach optimality, and closed-loop
stability is also achieved.

In addition to developing novel algorithms, this thesis also emphasizes implementation
issues by considering an application of hydro power production control. We consider the
control problem of a hydro power valley with nonlinear system dynamics. Different top-
ics have been considered, including model reduction and reformulation of the MPC opti-
mization problem so that the resulting optimization problem is suitable for applying the
distributed algorithms developed in this thesis. We show that by implementing our pro-
posed distributed accelerated proximal gradient algorithm, the distributed controller yields



Summary xi

a performance that is as good as that of a centralized controller, while the distributed algo-
rithm uses remarkably less CPU time for computation than a centralized solver. The results
from this application example confirm and support the applicability of distributed MPC
on large-scale complex systems.






Samenvatting

Vanwege de omvang en de structuur van regelaarsontwerpproblemen voor grootschalige
complexe systemen zijn standaard benaderingen die gebruik maken van gecentraliseerde
regelaars onuitvoerbaar, en in sommige gevallen onhandelbaar vanwege het aantal en de
complexiteit van de interacties tussen de deelsystemen. Dit feit heeft hernieuwde belang-
stelling voor en onderzoek naar gedistribueerde regeling van grootschalige complexe sys-
temen gestimuleerd.

Deze dissertatie beoogt hulpmiddelen te ontwikkelen voor het ontwerpen van
gedistribueerde model-gebaseerde voorspellende regelaars voor lineaire systemen. De es-
sentie van model-gebaseerde voorspellende regeling (MPC) is het formuleren van het
regelprobleem als het herhaald oplossen van een eindige-tijd optimalisatieprobleem. Dit
maakt op een eenvoudige manier een regelingsontwerp mogelijk voor systemen met ver-
scheidene ingangen en uitgangen en met harde beperkingen, waardoor deze methode breed
wordt toegepast in de praktijk. Voor grootschalige complexe systemen zorgt deze aan-
pak echter voor een aantal belangrijke kwesties: een globaal communicatiemechanisme is
nodig om gegevens naar een centraal knooppunt te versturen; de complexiteit van het re-
sulterende gecentraliseerde optimalisatieprobleem leidt tot een grote rekenlast; de prestatie
en de veiligheid van het gehele systeem hangt af van het resultaat dat wordt gegenereerd
door de enkelvoudige centrale regelaar, hetgeen de veerkracht van het systeem verlaagt.
Met het oog op het ontwerpen van gedistribueerde model-gebaseerde voorspellende rege-
laars is ons onderzoek gericht op het oplossen van de resulterende grootschalige MPC-
optimalisatieproblemen op een gedistribueerde manier.

In het bijzonder richt deze dissertatie zich op twee kwesties:

1. Het ontwerpen van gedistribueerde optimalisatiealgoritmen voor het oplossen van
convexe optimalisatieproblemen die optreden bij MPC voor discrete-tijd lineaire sys-
temen.

2. Het bepalen van condities voor het behalen van haalbaarheid (In het Engels: feasi-
bility) en stabiliteit van het gesloten-lussysteem.

De regelsituatie bestaat uit een groep van lokale regelaars die zijn geassocieerd met deel-
systemen die beperkte communicatiemogelijkheden met elkaar hebben en waarin elke
regelaar een processor heeft om lokale berekeningstaken uit te voeren. Het oorspronkeli-
jke gecentraliseerde MPC-optimalisatieprobleem wordt geformuleerd als een kwadratisch
optimalisatieprobleem met een scheidbare kostfunctie en met lineaire beperkingen, waarin
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elke beperking een klein aantal deelsystemen beslaat; met andere woorden, er wordt een
ijl koppelingspatroon geintroduceerd door de beperkingen. Teneinde een dergelijk prob-
leem op een gedistribueerde manier op te lossen, worden duale decompositietechnieken
gebruikt. Met een adequate definitie van de lokale variabelen (inclusief toestanden en
regelingangen) en van de omgevingen van de deelsystemen (namelijk, die deelsystemen
die direct kunnen interageren en kunnen communiceren met het gegeven deelsysteem),
kunnen algoritmen die eerste-orde afgeleiden gebruiken, worden toegepast om het duale
probleem op een gedistribueerde manier op te lossen. We stellen drie gedistribueerde en
hiérarchische algoritmen voor: een gedistribueerde methode van Han, een gedistribueerde
versnelde proximale-gradiéntmethode, en een hiérarchische primaal-haalbare methode ge-
bruikmakend van duale gradiéntalgoritmen.

Bij de eerste methode wordt Fenchel dualiteit gebruikt om de duale functie te formuleren,
en de indicatorfunctie wordt gebruikt om de beperkingen te verzachten. Het onderliggende
algoritme is de parallelle methode van Han, dat behoort tot de klasse van geprojecteerde-
gradiéntalgoritmen. We tonen aan dat het hoofdzakelijke deelprobleem van de methode
van Han analytische oplossingen heeft, en dus gebruikt het algoritme slechts iteratieve
berekeningen uit de lineaire algebra, die goedkoop zijn en die geimplementeerd kunnen
worden in een gedistribueerde omgeving. We laten zien dat de resulterende gedistribueerde
methode van Han resultaten genereert die equivalent zijn met die van de gecentraliseerde
tegenhanger. Bijgevolg convergeert de gecentraliseerde MPC oplossing op elke tijdsstap.
Gebaseerd op de convergentie van het algoritme worden haalbaarheid en stabiliteit van het
gesloten-lussysteem overgeérfd van de originele gecentraliseerde MPC situatie.

Vervolgens wordt een versneld proximale-gradiéntalgoritme gebruikt om het duale prob-
leem op te lossen dat verkregen kan worden uit Fenchel- dan wel uit Lagrange-dualiteit.
Dit algoritme behoort tot de klasse van versnelde gradiént-gebaseerde algoritmen, welke
bekend staan voor het behalen van de beste convergentiesnelheid onder alle op de gradiént
gebaseerde algoritmen. We laten zien dat dit versnelde proximale-gradiéntalgoritme
beschouwd kan worden als een uitgebreidere en verbeterde versie van het algoritme van
Han, gezien het één orde van grootte sneller convergeert dan het klassieke proximale-
gradiéntalgoritme, dat equivalent is aan de methode van Han voor kwadratische opti-
malisatieproblemen. Bovendien kunnen we een probleem met een gemengde 2-norm en
1-norm kostfunctie behandelen door de indicatorfunctie te gebruiken, en door een differ-
entieerbare duale functie op te stellen voor het originele niet-differentieerbare probleem.
Gezien de bijkomende berekeningstaak voor de versnelling slechts een lineaire combinatie
inhoudt van oplossingen die verkregen zijn in de twee voorafgaande iteraties, heeft dit ver-
snelde algoritme alleen meer geheugen nodig om voorafgaande iteraties op te slaan, terwijl
het berekeningen uitvoert die even goedkoop zijn als die van de klassieke versie. Derhalve
kan dit algoritme worden geimplementeerd op een gedistribueerde manier overeenkomstig
met het gedistribueerde algoritme van Han.

In de derde methode wordt een twee-laagse iteratieve hi€rarchische aanpak genomen om
het dualiteitsprobleem van Lagrange op te lossen van het gecentraliseerde convexe MPC-
optimalisatieprobleem. In de buitenste lus wordt de duale functie gemaximaliseerd, ge-
bruikmakend van een geprojecteerde-gradiéntmethode in combinatie met een middelingss-
chema dat grenzen levert voor de haalbaarheidsschending (In het Engels: feasibility viola-
tion) en de suboptimaliteit van de primale functie. In de binnenste lus wordt een hiérarchisch
optimalisatiealgoritme gebruikt om ofwel een exacte dan wel een benaderende oploss-
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ing te leveren met de gewenste precisie voor de minimalisatie van de Lagrange functie.
We stellen twee algoritmen voor de binnenste lus voor: een hiérarchische toegevoegde-
gradiéntmethode en een gedistribueerd Jacobi optimalisatiealgoritme. Deze methode kan
worden toegepast in MPC problemen die haalbaar zijn op de eerste tijdsstap en wanneer
de Slater conditie geldt, dat wil zeggen, dat er een oplossing bestaat die strikt voldoet aan
de ongelijkheidsbeperkingen. Door deze methode te gebruiken, kan de regelaar haalbare
oplossingen van het MPC probleem genereren zelfs wanneer de duale oplossing geen op-
timaliteit bereikt en tevens wordt gesloten-lusstabiliteit behaald.

Naast het ontwikkelen van vernieuwende algoritmen benadrukt deze dissertatie ook im-
plementatiekwesties door een toepassing te beschouwen van de regeling van waterkracht-
productie. We beschouwen het regelprobleem van een waterkrachtvallei met niet-lineaire
systeemdynamica. Verschillende onderwerpen worden in overweging genomen, inclusief
modelreductie en herformulering van het MPC optimalisatieprobleem zodat het resul-
terende optimalisatieprobleem geschikt is voor de toepassing van de gedistribueerde al-
goritmen die in deze dissertatie ontwikkeld zijn. We laten zien dat door het implementeren
van het door ons voorgestelde gedistribueerde versnelde proximale-gradiéntalgoritme, de
gedistribueerde regelaar een prestatie bereikt die even goed is als die van een gecen-
traliseerde regelaar, terwijl het gedistribueerde algoritme aanzienlijk minder rekentijd ge-
bruikt voor de berekeningen dan een gecentraliseerde aanpak. De resultaten van dit toepass-
ingsvoorbeeld bevestigen en ondersteunen de toepasbaarheid van gedistribueerde model-
gebaseerde voorspellende regeling (MPC) voor grootschalige complexe systemen.






Tém tat

Do yéu cau vé kich thudc va ciu tric trong céc bai toan diéu khién dbi v6i nhitng hé thong
16n va phiic tap, cac phuong phéap diéu khién truyén thong st dung mot bo diéu khién tap
trung trd nén khong thuc té, tham chi bat kh thi trong nhiing trudng hop c6 nhiéu su tuong
tac 1an nhau gifta cdc hé con. Piéu nay khdi lai su chi y va thic ddy nghién ctiu vé diéu
khién phan tan danh cho cc hé théng 16n va phic tap.

Lu4n vin nay nhim muc tiéu cung cip cdc cong cu thiét k& nhiing bd diéu khién phan
tan du dodn dua trén mo hinh, danh cho cic hé thdng tuyén tinh. Pic trung ctia phuong
phép diéu khién du doén dua trén mo hinh (Model Predictive Control - MPC) 1a trinh bay
bai toan diéu khién dusi dang mot bai toan tdi wu hoa sé dudc gii di giai lai trong tiing
khoang thdi gian ngan. Diéu nay cho phép don gian héa viéc thiét ké bo diéu khién danh
cho cic hé théng nhiéu ngé ra nhidu ngd vao (multi-input multi-output systems) véi nhiing
rang budc ciing, gitip cho phuong phdp nay dudc chip nhan rong rii trong cong nghiép.
Tuy nhién, dbi véi cac hé thdng 16n va phiic tap, cach thifc nay 1am ndy sinh nhiing van dé
kho: cin c6 mot co ché truyén thong tin dé giii tht ca cic sb liéu do dac vé mot mdi; do
phiic tap ctia bai toan t6i uu doi héi nhiéu thsi gian tinh todn; ci hé théng phu thudc vao
két qua tao ra bdi mot bo xii 1y trung tim, nén gidm do linh hoat va bén viing ctia hé thong.
Do vy, dé thiét ké cac bo diéu khién phan tan du dodn dua trén mo hinh, luin vin nay tip
trung vao viéc gidi bai todn t6i uu héa kich thuée 16n ctia phuong phap diéu khién MPC
bing phuong phap phan tan.

Cu thé, luan vin nay giai quyét cac van dé sau:

1. Thiét ké céc thuat todn phan tan dé gidi bai todn tdi wu 16i trong diéu khién MPC
danh cho céc hé thong tuyén tinh 13i rac.

2. Xdc lap cic diéu kién d€ dat dugc cac tinh chét chip nhan dugc (feasibility) va &n
dinh (stability) ctia hé théng diéu khién vong kin.

Thiét 1ap ctia bai toan diéu khién bao gdm mot nhém céc bo didu khién dia phuong gin
v6i cac hé con c6 kha ning lién lac han ché v6i nhau, va mdi bo diéu khién c6 mot bo xi
ly d€ dam nhan cong viéc tinh todn cuc bo. Bai todn t6i vu héa MPC ban dau dugc trinh
bay dudi dang mot bai toan tdi uu binh phuong 16i, gdm c6 mot ham muc tiéu 16i bac hai
phén ra dugc va mot s6 rang budc tuyén tinh, trong d6 mdi rang budc chi lién hé t6i mot sd
lugng nho cic hé con, nghia 1 c6 sy méc ndi thua thét dude quy dinh bdi cic rang budc.
D€ gidi bai todn dang nay theo phuong phap phan tan, cdc ky thuat phan ra d6i ngiu (dual
decomposition) dugc stt dung, nhd dé thu dudc nhiing bai todn tuong dudng trong khong
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gian d6i ngdu c6 tinh chét dé chia tich. Bing viéc dinh nghia cdc bién s dia phuong (gdm
c6 bién trang thai va Iénh diéu khién) va khu vuc lang giéng ctia mot hé con (gdm cac hé
con c6 thé tuong tac va lién lac truc tiép véi hé con di dinh), cic thuat toan st dung dao
ham bac nhit c¢6 thé dugc trién khai mot cach phan tan dé gidi bai toan dbi ngdu. Ching
t6i dé xuit ba thut toan phan tan (distributed) va phan cép (hierarchical) chinh: thuét toan
phén tdn Han, thuit toan phan tan ting tbc ding gan-dao ham, va thuét todn phan cip cho
nghiém kha thi nguyén thdy st dung dao ham trong khong gian déi ngau.

Dau tién, phuong phap d6i ngdu Fenchel dudc dung dé xay dung ham sé d6i ngiu, trong
d6 ham sd chi thi tp hop (indicator function) dugc diing dé néi 16ng cc rang budc. Giai
thuat co s6 12 thut todn song song ctia Han, thudc vé 16p cac thuat toan chiéu st dung dao
ham. Chiing t6i chi ra ring cac bai toan con ctia phuong phap Han c6 cic nghiém dang
biéu thiic, va vi thé thuit todn chi bao gdm vong lip cc phép tinh dai s6 tuyén tinh, ching
vita dé va vira c6 thé dugc trién khai véi mot thiét 1ap phan tan. Phuong phap phan tan Han
thu dudc ciing dugc chiing minh 12 san sinh két qua tuong dong véi két qua ctia phuong
phép tap trung tucng ung, do vay ciing hoi tu vé nghiém ctia bo diéu khién MPC tap trung
ddi v6i mbi buée 1dy mau. Dua trén sy hdi tu clia thuat todn, tinh chdp nhan dudc va dn
dinh ctia hé thdng vong kin dugc ké thira tir thiét 1ap MPC tap trung.

Tiép theo, mot thut todn phan tn ting tc diing gan-dao ham dugc dung dé giai bai toan
dbi ngau, cdi c6 thé thu dugc tit phuong phap phan ra dbi ngiu Lagrange hodc Fenchel.
Giai thuat nay thudc vé 16p thuit toan ding dao ham bic nhit c6 ting toc, von dudc biét
c6 toc do hdi tu nhanh nhét trong tit ca céc thuat todn dung dao ham bac nhit. Chiing toi
chi ra ring giai thuét ting tdc nay c6 thé dudc xem nhu mdt phién ban md rong va nang
cao clia thuat toan Han, vi né hoi tu nhanh hon mdt bac so vé6i thuit toan dung gan-dao
ham kinh dién, thuc chit tuong duong véi phuong phap Han khi xét trén cac bai toan tdi
uu binh phuong. Hon nita, bing viéc sit dung ham s6 chi thi tip hdp, chiing tdi 6 thé giai
quyét mot bai toan véi ham muc tiéu tron 14n cac chudn bac nhit va bac hai, bing cach xay
dung dudc ham sb ddi ngau kha vi du cho bai toan ban dau khong kha vi. B&i cong viéc
tinh toan can thém nham muc tiéu tiang tdc chi 1a mot phép tinh két hop tuyén tinh ciia cac
nghiém thu dugc & hai budc lip gin nhét, thuat toan ting tdc nay chi sif dung thém mot
it bo nhé d€ luu céc gia tri bién s6 cii, trong khi khoi lugng tinh todn cling it gin nhu 14
phuong phap kinh dién tuong ting. Do vy, thuat todn nay c6 thé dudc trién khai phan tén
v6i mot cach tuong ty nhu thuét toan phan tan Han.

Trong phuong phap thii ba, mot cach tiép cin phan cp vdi hai vong lip dudce dung dé giai
bai todn dbi ngdu Lagrange ctia bai toan tdi uu héa 16i MPC tap trung. Trong 16p vong
lap bén ngoai, ham s6 d6i ngau dudgc cuc dai héa bang phuong phap chiéu diing dao ham
két hop véi viéc 14y binh quan nhim cung cip cic gidi han d6i v6i su vi pham tinh chip
nhén dudc va mic do dudi tdi uu ctia ham sé nguyén thity. Trong 16p vong lip bén trong,
mot thudt toan tdi wu héa phan cip dugce dung dé tao ra mot nghiém chinh xdc hodc gan
ding v6i do chinh xdc tlly ¥ cla bi todn cuc tiéu héa ham Lagrangian. Chiing tdi trinh
bay hai giai thuit danh cho vong 1dp bén trong: mot cdi la phuong phap dao ham lién hgp
phan clp, va cdi kia Ia giai thuat t&i uu héa phan tan kiéu Jacobi. Phuong phap nay c6 thé
dugc dp dung dbi véi cac bai toan MPC dat diéu kién c6 ton tai nghiém trong budc lay
mau dau tién va thoa diéu kién Slater (tic 12 ton tai mot nghiém théa man nghiém ngit cac
rang budc dang bit ding thiic). Sit dung phuong phap nay, bo diéu khién c6 thé tao ra cic
nghiém chip nhan dudgc ctia bai toan MPC ngay ca trong khi nghiém ctia bai toan d6i ngau
chua dat diém tdi uu, va dat tinh 8n dinh ctia hé thdng vong kin.



Tém tit xix

Bén canh viéc xdy dung cdc thuat todn m&i, luan vin nay ciing chi trong céc van dé vé mit
trién khai qua viéc xem xét mot ing dung trong diéu khién nha mdy thiy dién. Chiing toi
nghién ctiu bai todn diéu khién dbi véi mot thung liing thiy dién (hydro power valley) véi
mo hinh phi tuyén. Mot s6 chii dé da dudc xem xét, bao gdm phuong phap gizm bac md
hinh va cach thiét 1ap lai bai toan tdi uu héa MPC sao cho bai toan ti uu héa thu dugc 1a
ph hop dé€ dp dung cac thuét toan phan tdn da dugc phat trién trong luan vin nay. Chiing
t6i chi ra rang khi trién khai thuat toan phan tan ting téc ding gan-dao ham ctia chiing
t6i, bd diéu khién phan tdn dat dugc hiéu ning tt tuong duong v6i mot bo diéu khién tap
trung, trong khi d6 thuat toan phan tan chi sit dung thdi gian tinh toan ctia CPU it hon han
so v6i mot chuong trinh gidi tap trung. Cac két qua tif vi du dng dung nay xac nhan va cd
vii viéc 4p dung phuong phap diéu khién phan tan du doan dua trén mo hinh dbi véi cac
hé thdng 16n va phiic tap.
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Chapter 1

Introduction

This chapter provides the motivation for the research and a survey of the state-of-
the-art on distributed model predictive control. We also present the background of
the problems that serve as a starting point for the subsequent chapters. Research
objectives and summary of contributions are provided, followed by an overall
outline of the thesis.

1.1 Motivation and literature survey

Nowadays, Model Predictive Control (MPC) is widely used for controlling industrial pro-
cesses (Qin and Badgwell, 2003), and its properties and design considerations have also
been studied thoroughly by the scientific community (Maciejowski, 2002, Mayne et al.,
2000, Rawlings and Mayne, 2009). The essence of MPC is to solve online an optimiza-
tion problem that captures the outcomes of the predicted control sequence in a receding
horizon fashion. MPC can naturally handle operational constraints and, moreover, it is de-
signed for multi-input multi-output systems, both of which contributed to the popularity of
MPC. Moreover, since MPC relies on optimization techniques to solve the control prob-
lem, improvements in optimization techniques can help to broaden the application of MPC
for more complex problems.

When considering a control problem for a large-scale networked system (such as com-
plex manufacturing or infrastructure processes), using MPC in a centralized fashion may
become impractical and unsuitable due to the computational burden and the requirement
of global communications across the network. Centralized MPC is also inflexible against
the limitation of information exchange between different authorities controlling the lo-
cal subsystems and against changes in the network structure, i.e, the whole centralized
model needs to be updated for every small change. In order to deal with these limitations,
Distributed MPC (DMPC) has been proposed for control of such large-scale systems, by
decomposing the overall system into several small subsystems (Jia and Krogh, 2001, Cam-
ponogara et al., 2002). The subsystems then employ separate MPC controllers that only
solve local control problems, use local information from neighboring subsystems, and col-
laborate to achieve globally attractive solutions.

1



2 Chapter 1 Introduction

DMPC is an emerging topic for scientific research. The open issues of DMPC have recently
been discussed by Rawlings and Stewart (2008), Scattolini (2009). Several DMPC meth-
ods were proposed for different problem setups. For systems with decoupled dynamics, a
DMPC scheme for multiple vehicles with coupled cost functions was proposed by Dunbar
and Murray (2006), utilizing predicted trajectories of the neighbors in each subsystem’s
optimization. A DMPC scheme with a sufficient stability test for dynamically decoupled
systems was presented by Keviczky et al. (2006), in which each subsystem optimizes also
over the behaviors of its neighbors. Richards and How (2007) proposed a robust DMPC
method to deal with disturbances in the setting with decoupled systems and coupled con-
straints, based on constraint tightening and a serial solution approach. For systems with
coupled dynamics and decoupled constraints, a DMPC scheme has been developed by
Venkat et al. (2008) based on a Jacobi algorithm that deals with the primal problem, using
a convex combination of new and old solutions. In (Jia and Krogh, 2002), the neighbor-
ing subsystem states are treated as bounded contracting disturbances, and each subsystem
solves a min-max problem. A partitioning-based algorithm was proposed by Alessio and
Bemporad (2007, 2008), with sufficient conditions for the a posteriori stability analysis.
Li et al. (2005) proposed an algorithm with stability conditions in which subproblems are
solved in parallel in order to get a Nash equilibrium. Several DMPC algorithms based on
decomposion of the global optimization problems were proposed by Camponogara and
Talukdar (2007), Necoara et al. (2008), Necoara and Suykens (2008). Other recent work
on applications of DMPC is reported in (Mercangoz and Doyle III, 2007, Negenborn et al.,
2009, Arnold et al., 2010).

Throughout this thesis, we will tackle the MPC optimization problem using dual decom-
position approaches. Dual decomposition is a well-established concept since around 1960
when Uzawa’s algorithm (Arrow et al., 1958) was presented. Similar ideas were exploited
in large-scale optimization (Danzig and Wolfe, 1961). Over the next decades, methods for
decomposition and coordination of dynamic systems were developed and refined (Find-
eisen, 1980, Mesarovic et al., 1970, Singh and Titli, 1978) and used in large-scale applica-
tions (Carpentier and Cohen, 1993). In (Tsitsiklis et al., 1986) a distributed asynchronous
method for solving the dual problem was studied. More recently dual decomposition has
been applied in the DMPC literature in (Doan et al., 2011c, 2009, Giselsson and Rantzer,
2010, Negenborn et al., 2008) for problems with a strongly convex quadratic cost and ar-
bitrary linear constraints.

1.2 Distributed MPC settings and problems

1.2.1 Subsystems and their neighborhood

Consider a plant consisting of M dynamically coupled subsystems. The dynamics of each
subsystem are assumed linear and to be influenced directly by only a small number of
other subsystems. Moreover, each subsystem i is assumed to have local linear coupled
constraints involving only variables from a small number of other subsystems.

Based on the couplings, we define the ‘neighborhood’ of subsystem i, denoted as N,
as the set including ¢ and the indices of subsystems that have either a direct dynamical
coupling or a constraint coupling with subsystem ¢. In Figure 1.1, we demonstrate this
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with a diagram where each node stands for one subsystem, the dotted links show constraint
couplings, and the solid links represent dynamical couplings.

1.2.2 Coupled subsystem model

We assume that each subsystem can be represented by a discrete-time, linear time-invariant
model of the form':

Thyr = Y AVal + Bul, (1.1)
JEN?
where z} € R™" and uj € R™" are the states and control inputs of the i-th subsystem at
time step k, respectively.

Denoting the aggregate state and input variables by = and u, the centralized system dy-
namics is:

Tyl = Az + Buy, (1.2)
withay = [(zp)" (@0)" . (@)1 un = [(wl)" (W)™ - ()T A= [A7]; ey

and B = [BY]; jeq1,... my» Where AY = 0 and BY = 0 for j ¢ N".

1.2.3 Linear coupled constraints

Each subsystem ¢ is assumed to have local linear coupled constraints involving only vari-
ables within its neighborhood A/*. Within one prediction period, all constraints that sub-
system ¢ is involved in can be written in the following form:

N-—-1 o o
> Y Dilwl+ Eilul = coq (1.3)
JjENT k=0
>N DYad + Ejful, < Cineq (1.4)
JENT k=0

in which N is the prediction horizon, ceq and Cineq are column vectors, and D}/, E}’, D}/,

and E,? are matrices with appropriate dimensions.

1.2.4 Formulation of the centralized MPC problem

We will formulate the centralized MPC problem for systems of the form (1.1) using a
convex quadratic cost function and linear constraints, with an additional terminal point
constraint to zero out all terminal states. Under the conditions that a feasible solution of
the centralized MPC problem exists, and that the point with zero states and inputs is in

IThis system description with only the state update equation is chosen for simplicity of exposition, our frame-
work can also be extended to output-feedback distributed MPC for observable systems.
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Figure 1.1: A figure showing the constraint couplings (dotted links) and dynamical
couplings (solid links) between subsystems. In this example, N* = {4,1,2,5}.

the relative interior of the constraint set, this MPC scheme ensures feasibility and stability,
as shown by Mayne et al. (2000) and Keerthi and Gilbert (1988). However, the algorithm
proposed in this paper will also work with any other centralized MPC approach that does
not require a terminal point constraint, provided that the subsystems have local stabilizing
terminal controllers. We will further assume without loss of generality that the initial time
is zero.

The optimization variable of the centralized MPC problem is constructed as a stacked
vector of predicted subsystem control inputs and states that affect the predicted states from
step 1 to step [V that is the prediction horizon:

x=[(ud)"so @) () (V)

T
(@)oo () k) (3] 5

Recall that n’ and m’ denote the numbers of states and inputs of subsystem i. The number
of optimization variables for the centralized problem is thus:

M M
nx=NY m'+NY n (1.6)
=1 =1

The cost function of the centralized MPC problem is assumed to be decoupled and convex
quadratic:

N—

M
J=3"3 ()" R + (ah41) " Qo) (1.7)

1=1 k=0

=

with positive definite weights R;, ;. This cost function can be rewritten using the decision
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variable x as
J=x"Hx (1.8)

in which the Hessian H is a positive definite matrix of the following form:

R 0
H:[O Q] (1.9)

where R and () are block-diagonal, positive definite weights and are built from R; and Q;
as follows:
R =diag(R,...,R) with R = diag(Ry,...,Ruy)
N——
N times
——

N times

Remark 1.1 The positive definiteness assumption on QQ; and R; and the choice of the
centralized variable as described in (1.5) without eliminating state variables will help to
compute the inverse of the Hessian easily, by allowing simple inversion of each block on
the diagonal of the Hessian.

The centralized MPC problem, denoted by (P), is defined as follows:

M N-1 T -
| min ((u;) Roul, + (z,,) Qix;ﬁl) (1.10)
U’O"'“’N—l’ i=1 k=0
st @y =y AVl + BV, i=1,..., M, k=0,... ,N-1
JENT
(1.11)
gy =0, i=1,....M (1.12)
N-—1
SN DYal + Elul = ceq, i=1,....M (1.13)
JENT k=0
N-—1 o o
> Dial + EJul < Gineq, i=1,...,M (1.14)
jENT k=0

1.2.5 Distributed MPC problem

Our approach for distributed MPC is to solve the centralized optimization problem (1.10)-
(1.14) in a distributed manner which then also leads to a distributed or hierarchical control
architecture. In the subsequent chapters, we propose and investigate different distributed
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MPC methods that are developed based on distributed optimization algorithms. This ap-
proach has several advantages: firstly, we can make use of state-of-the-art distributed opti-
mization algorithms that are actively developed not only in the field of control but also in
other fields such as signals and image processing, machine learning, and large-scale and
cluster computing. Another advantage is the possibility to achieve centralized optimal-
ity with distributed methods; thus the distributed MPC will inherit the properties of the
corresponding centralized MPC method, e.g., stability or feasibility of the MPC. In case
a distributed algorithm does not achieve centralized optimality, we can still quantify the
sub-optimality of the distributed solution with respect to the global optimum. Last but not
least, designing distributed MPC based on distributed optimization often leads to a system-
atic way of defining subsystems and sub-problems, thus simplifying the implementation
of distributed model predictive controllers.

1.3 Research objectives

With the focus on distributed MPC design that is guided by distributed optimization meth-
ods, the research presented in this thesis is aimed at the following topics:

e Investigate coordination and distribution methods that lead to distributed algorithms
for solving optimization problems arising in MPC of large-scale systems, which
often have sparse structures.

e Design distributed and hierarchical MPC methods that provide feasible control ac-
tions that lead to closed-loop stability of the whole system.

e Compare analytically and numerically the performance of centralized and distributed
MPC solutions when they are implemented in the same control problem.

e Find the formulation of MPC problems and the construction of subsystems so that
distributed MPC can be implemented efficiently.

These topics will be tackled independently or simultaneously in each of the Chapters 2, 3,
4, and 5.

1.4 Summary of contributions

The contributions of this thesis in the field of distributed and hierarchical MPC can be
summarized as follows:

1. We develop a distributed optimization method for strictly convex quadratic pro-
grams. This distributed algorithm is able to generate the same iterates as the parallel
(centralized) counterpart that was presented in Han and Lou (1988), and is guaran-
teed to converge to the centralized solution. Materials related to this work have been
reported in Doan et al. (2009, 2010, 201 1c).
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2. We develop a distributed version of the accelerated proximal gradient method (Beck
and Teboulle, 2009) that can handle optimization problems with mixed 1-norm and
2-norm penalty terms in the cost function and under linear constraints with a sparse
coupling structure. The distributed accelerated proximal gradient algorithm can also
be considered as an extension of the distributed Han’s algorithm and achieves the
best convergence rate within the class of gradient methods. This work has been re-
ported in Giselsson et al..

3. We propose a constraint tightening approach that leads to two hierarchical algo-
rithms for solving the MPC optimization problem based on dual decomposition.
These algorithms can be terminated after a finite number of iterations, but still
provide feasible solutions to the MPC problem. The algorithms also guarantee a
monotonic decrease of the cost function, thus leading to MPC stability. The two
hierarchical algorithms have been reported in Doan et al. (2011b,a).

4. We present a complete treatment of a hydro power valley system, using nonlinear
modeling with linear approximation and model order reduction, and then design an
efficient distributed MPC controller that can obtain a performance that is compa-
rable with that of centralized MPC. In the problem formulation, we will propose a
systematic method to handle the coupling that appears in the cost function, which
results in a sparse problem that is favorable for distributed MPC. This work has been
reported in Doan et al. (2012).

1.5 Thesis outline

The material presented in this thesis is organized as separate chapters, in the following
order:

e Chapter 2: We investigate Han’s parallel method for convex quadratic problems,
and then design a distributed version of this method, which can generate equivalent
iterates resulting from the centralized algorithm. Stability of the closed-loop MPC is
guaranteed as an inheritance from the centralized MPC that is based on feasibility,
which is indeed obtained upon convergence of the algorithm.

e Chapter 3: We analyze the classical proximal gradient method and show its sim-
ilarity to Han’s parallel method. This method is outperformed by the accelerated
proximal gradient algorithm, which achieves the best convergence rate for a gra-
dient algorithm that solves a strongly convex optimization problem. We derive a
distributed MPC scheme based on the accelerated proximal gradient algorithm.

e Chapter 4: We tackle the asymptotic convergence of dual decomposition approaches,
which often do not provide a feasible solution of the primal optimization problem
in a finite number of iterations. The main idea is to use a constraint tightening ap-
proach, and then apply a primal-dual iterative algorithm that provides bounds on the
constraint violation and the sub-optimality. We develop two primal-dual iterative al-
gorithms, leading to two hierarchical MPC methods that provide feasible solutions
and achieve closed-loop stability.
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e Chapter 5: In order to evaluate the efficiency of distributed MPC, we apply the
distributed MPC approach based on the accelerated proximal gradient method to
the control problem of a hydro power valley system. The simulation results show
that distributed MPC can achieve nearly the same performance that is produced by
centralized MPC, while the computation time for distributed MPC is remarkably
lower than for centralized MPC.

o Chapter 6: Summary of the results, and recommendations for future research.

Below is the table showing connections among the chapters, the arrows suggest the or-
der for reading the chapters that could help in understanding the links between chapters,
however each chapter also provides complete details of the topic and can be read alone.

Chapter 2
Distributed MPC based on solving b
the underlying optimization problem | Chapter 3
exactly J
Chapter 5

Hierarchical MPC based on
suboptimal solution of Chapter 4
the underlying optimization problem




Chapter 2

Distributed Han’s method for convex
quadratic problems

We investigate Han’s parallel method for convex quadratic problems, and then de-
sign a distributed version of this method, which can generate equivalent iterates
as those resulted from the centralized algorithm. The underlying decomposition
technique relies on Fenchel’s duality and allows subproblems to be solved using
local communications only. Further, we propose two techniques aimed at improv-
ing the convergence rate of the iterative approach and illustrate the results using
a numerical example. We conclude by discussing open issues of the proposed
method and by providing an outlook on research in the field.

2.1 Introduction

In this chapter, we present a decomposition scheme based on Han’s parallel method (Han
and Lou, 1988), aiming to solve the centralized optimization problem of MPC (1.10)-
(1.14) in a distributed way. This approach results in two distributed algorithms that are
applicable to DMPC of large-scale industrial processes. The main ideas of our algorithms
are to find a distributed update method that is equivalent to Han’s method (which relies
on global communications), and to improve the convergence speed of the algorithm. We
demonstrate the application of our methods in a simulated water network control problem.
The open issues of the proposed scheme will be discussed to formulate future research
directions.

This chapter is organized as follows. In Section 2.2, we summarize Han’s parallel method
for convex programs (Han and Lou, 1988) as the starting point for our approach. In Sec-
tion 2.3, we present two distributed MPC schemes that solve the dual optimization problem
by using only local communications. The first DMPC scheme uses a distributed iterative
algorithm that we prove to generate the same iterates as Han’s algorithm. As a consequence
of this equivalence, the proposed DMPC scheme achieves the global optimum upon con-
vergence and thus inherits feasibility and stability properties from its centralized MPC

9
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counterpart. The second DMPC scheme is an improved algorithm that aims to speed up
the convergence of the distributed approach. In Section 2.4, we illustrate the application of
the new DMPC schemes in an example system involving irrigation canals. In Section 2.5,
we discuss the open issues of Han’s method that motivate directions for future research.
Section 2.6 concludes the chapter.

Before we go into the details, we first rewrite the problem (1.10)—(1.14) in a compact form
as

min x? Hx 2.1
X
S.t. a;fx:bl, l=1,...,n¢q

a;fxgbl, l=neq+1,...,s

with § = Nq + Nineq, and where the matrix H is positive definite and block-diagonal due
to the formulation of the centralized MPC problem (1.10)—(1.14). The algorithms to be
described in the next sections will focus on how to solve this optimization problem in a
distributed way.

2.2 Han’s parallel method for convex programs

Han’s algorithm (Han and Lou, 1988) is a method to decompose Fenchel’s dual problem
(Rockafellar, 1970) of a convex optimization problem. Fenchel’s duality theorem aims at
minimizing a difference f(x) — g(x), where f is a convex function and ¢ is a concave
function. A special case of this problem is minimizing f over a convex constraint set C,
where g is a penalty function for violating the constraint. In Han’s problem, the set C' is
the intersection of many constraint sets, and the dual variables are iteratively projected
onto the local constraint sets. As a consequence, the sum of the dual variables converges
to the minimizer of the Fenchel’s dual problem (Han and Lou, 1988). In this section, we
summarize the main elements of Han’s parallel method, followed by a simplified version
for the case of positive definite quadratic programming.

2.2.1 Han’s algorithm for general convex problems

The class of optimization problems tackled by Han’s algorithm is the following:
min ¢(x) (2.2)
st. xeC2C,Nn---NnC,

where C1, - - -, C are closed convex sets and C' # (), and where q(x) is uniformly convex!

and differentiable on R™>=.

A function ¢ : R™ — R is uniformly convex (or strongly convex) on a set S C R™ if there is a constant
p > 0 such that for any x1, x2 € S and for any A € (0, 1):

g1 + (1= Nxz2) < Aglx1) + (1 — Na(x2) — pA(L = Vx1 — x|
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Problems of type (2.2) can be solved by Han’s algorithm. In the following algorithm we
will describe Han’s method, which is an iterative procedure. We use p as iteration counter
of the algorithm, and the superscript (p) for variables that are computed at iteration p.

Algorithm 2.1 Han’s algorithm for convex programs

Let o be a sufficiently large number?, define the vectors y®), yl(p) eR™ [ =1,...,s

with p the iteration index, and set y\©) = y§0) = ... = y§0> = 0. Also set x\0 =
Vag* (y(o)) with q* being the conjugate function® of q. For p = 1,2, ..., we perform the

Sfollowing computations:

1) Forl=1,...,s, find zl(p) that solves

1 3 2
min (b(z) LS §Hz + ayl(P 1) X(P—l)H2 (2.3)
s.t. z€(C
2) Assign
v =y 4 (1/a) (27 - x7) (24)

3) Sety® =y 4. 4y®

4) Compute

x® = vg* (y(,,)) (2.5)

Han and Lou (1988) also showed that Algorithm 2.1 converges to the global optimum
under the given conditions on ¢ and C, i.e., ¢(+) is uniformly convex and C' # { is the
intersection of closed convex sets.

Remark 2.1 Han’s method essentially solves the dual problem of (2.2), so that y®) con-
verges to the solution of the Fenchel’s dual problem:

Juin (¢°(y) +0°(y| =€) (26)

2« is a design parameter that has to be sufficiently large. With v > s/p Han’s method will converge (Han

and Lou, 1988). For positive definite QPs we can choose p as one half of the smallest eigenvalue of the Hessian
matrix.

3The conjugate function of a function ¢ : R™ — R is defined by: ¢*(y) = sup,cgn (y7x — q(x)).
The conjugate function ¢* is always convex (Boyd and Vandenberghe, 2004). This formulation is called convex
conjugate function in Rockafellar (1970), in order to distinguish it with the concave conjugate function, defined
by g« (y) = infxern (y7x — q(x)).
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in which §(x|C) is the indicator function, which is 0 if x € C and oo otherwise. The
conjugate function of §(x|C) is 6*(y|C) = supyecy’ x. According to Fenchel’s duality
theorem (Rockafellar, 1970), the minimum of the convex function f(x) — g(x), where f
is a convex function on R™ and g is a concave function on R™=, equals the maximum
of the concave function g.(y) — f*(y), or equivalently the minimum of f*(y) — g«(y).
In this situation f = q and g = —0, and note that —9,(y|C) = —infyecy’x =
SUp_yeo(y7 (%)) = 6*(y| — C). The value y'P) achieved when Algorithm 2.1 converges
is an optimizer of (2.6), and hence xP) = V¢* (y(ﬁ)) is the solution of (2.2).

Remark 2.2 The optimization (2.3) aims to find the projection of xP=1) — ayl(p R

the set Cy, and its dual problem is
. T .
min {(a/2)lly ="Vl +x y + 5" (v - )} @)

The update formula (2.4) gives Yz = Vo (z ) where ¢ is the cost function of (2.3).

Fenchel’s duality also guarantees that yl( = ng(zl(p)) is the solution of (2.7), since zl(p)
is the solution of (2.3).

The uniform convexity of q is used to derive the inequality:
_ k k 1),2
(x®) — x =T (y(8) _ y(k=1)) < <3 Z”y() I, (2.8)
and then (2.8) is used to prove the inequality

¢+ =0 2 W) + 8 W] - 0) + T Sl - v
- (2.9)
By applying (2.9) successively with k = 1,...,p we get
{a ™)+ - c>} - {q*<y<P>> +5' (P - C)} >
{Z Iy v 1’@} 2.10)

The left hand side of (2.10) is bounded below, and the right hand side of (2.10) is nonneg-
(k=1)2
l H2

k=1

ative since ap — s > 0, thus Y ;_, ||y(k) — 0as p — oo. This leads to the

convergence of ||y®) —y®P=V ||, — 0and |xP?) —xP=V|, = 0asp — .

2.2.2 Han’s algorithm for positive definite quadratic programs

In case the optimization problem has a positive definite cost function and linear constraints
as in (2.2), the optimization problem (2.3) and the derivative of conjugate function (2.5)
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have analytical solutions, and then Han’s method becomes simpler. In the following we
show how the analytical solutions of (2.3) and (2.5) can be obtained when applying Algo-
rithm 2.1 to the problem (2.1).

Remark 2.3 The result of simplifying Han’s method in this section is slightly different from
the original one described in Han and Lou (1988), so as to correct the minor mistakes we
found in that paper.

As in (2.2), each constraint x € Cj is implicitly expressed by a scalar linear equality or
inequality constraint. So (2.3) takes one of the following two forms:

1 _ 2
min §Hz+ayl(p 1)—x(”_l)HQ (2.11)

z
st. alz =10

or

1 _ 2
min §Hz+ayl(p 1)—x(”_l)HQ (2.12)

s.t. a;fz < b

Let us first consider (2.12):

o If af (x(”_l) — ayl(p_l)) < by, then zl(p) = x=1 _ ayl(p_l) is the solution of
(2.12). Substituting this zl(p ) into (2.4), leads to the following update of yl(p ).

v =y Y+ (1/a) (x(’"l) —ay"V - x(p_l))

SyP =0 (2.13)

o If a] (x(p_l) —ay(” _1)) > by, then the constraint is active. The optimization

problem (2.12) aims to find the point in the half-space af z < b; that minimizes

its distance to the point x(P—1) — ayl(p -b (which is outside that half-space). The so-

lution is the projection of the point x(P—1) — ayl(p -b

which is given by the following formula:

on the hyperplane af z = b,

_ al (x®=Y —ay;) — b
AP =) oyl O ) T gy
ap; ajp
Substituting this zl(p ) into (2.4), leads to:
of (X(p—l) _ ay(p_l)) s
W _ -1 L -1 !
Y Y + o ay, agpal ap
ol (X<p—1> _ ayl@—l)) b
_ o 2.15)

T
aa;
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Then defining ,yl(P) =al (x(”_l) - ayl(p_l)) — by yields

(p)

»_ __ N 2.16
Y OcalTal aj ( . )

If we define
P = max{al (X(P—D — ayl(P—l)) — by, 0} (2.17)

then we can use the update formula (2.16) for both cases.
Similarly, for the minimization under equality constraint (2.11), we define
W =af (x7 —ay”™V) ~ b (2.18)
and the update formula (2.16) gives the result of (2.4).
Now we consider step 4) of Algorithm 2.1. As shown in Boyd and Vandenberghe (2004),

the function ¢(x) = x” Hx with H being a positive definite matrix, is uniformly convex
on R™= and has the conjugate function:

1
¢ (y) =5y Hly (2.19)
= V¢ (y)=H 'y (2.20)

Consequently, in Han’s algorithm for the definite quadratic program (2.1), it is not nec-
essary to compute z”), and y(?) can be eliminated using (2.16). We are now ready to
describe the simplified Han’s algorithm for problem (2.1), with the choice @ = s/p (cf.
footnote 2).

Algorithm 2.2 Han’s algorithm for definite quadratic programs

Foreachl =1,...,s, compute
-1 .
Cc| = T H aj (2.21)
aa;
Define ”y§p) e R, = 1,...,s, initialize 7§0> = ... = 7§0> = 0 and x\© = 0. For
p=1,2,..., perform the following computations:
1) For eachl corresponding to an equality constraint (I = 1, ..., neq), compute *yl(p) =
al x(P=1) 4 'yl(p_l) — by
For each | corresponding to an inequality constraint (I = neq +1,...,s), compute

,yl(P) _ max{a?x(”_l) + ,yl(P—l) — by, 0}’.
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2) Set

x® = 34V, (2.22)
=1

Note that Han’s method splits up the computation into s parallel subproblems, where s is
the number of constraints. However, although Algorithm 2.2 is simpler than the original
form in Algorithm 2.1, it still requires a global update scheme and the parallel problems
still operate with the full-sized decision vector. Implementing the scheme in a DMPC
system, where the goal is to reduce the size of local computations and to rely on local
communication between subsystems only, is not straightforward. In the following section,
we will exploit the structure of the problem (2.1), resulting in a distributed algorithm that
does not require global communications.

2.3 Distributed version of Han’s method for the MPC problem

2.3.1 Distributed version of Han’s method with common step size

The main idea behind the distributed version of Han’s method is illustrated in Figure 2.1,
with a simple example consisting of 4 subsystems and the coupling matrix that shows how
subsystems are coupled via their variables (boxes on the same row indicate the variables
that are coupled in one constraint). The figure represents the coupling pattern of this opti-
mization problem:

min x% + x% + x§ + xi (2.23)
X

st. x14+x4=1
I1+I2S2
3+ 14 <3

where each x; is the variable of subsystem i,i = 1,...,4, and X = [x1, 72,23, 24]T. The
neighborhood sets are N = {1,2,4}, N? = {2,1}, N3 = {3,4}, N* = {4,1,3}.

In Han’s parallel method, a subsystem has to communicate with all other subsystems in
order to compute the updates of the global variable x(»). For the distributed version of
Han’s method, each subsystem 7 only communicates with its neighboring subsystems for
computing the updates of its local variables that involve variables of itself and its neigh-
bors (these local variables will be defined in this section as self-images and neighborhood
images). The definition of a subsystem’s neighboorhood in this optimization problem is
the same as N/* that is described in Section 1.2.1.

For the algorithm presented in this section, we use M local controllers attached to M
subsystems. Each controller ¢ then computes %(p ) with regards to a small set of constraints
indexed by [ € £;, where £; is a set of indices® of several constraints that involve subsystem

1. Subsequently, it performs a local update for its own variables, such that the parallel local

4The choice of £; will be described on page 16.
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Figure 2.1: Illustration of communication links of Han’s algorithm for an example
4-subsystem problem with a sparsely coupled constraint matrix (each constraint is
shown in a row), in which the first constraint involves variables of subsystems 1 and
4, the second constraint couples subsystems 1 and 2, and the third one couples sub-
systems 3 and 4. In the centralized coordination version (a), an update for a global
variable requires subsystem 2 to communicate with all the others. In the distributed
coordination version (b), the update of each row is done separately, therefore sub-
system 2 only needs to communicate with the subsystem [ to update its nonzero
entry.

update scheme will be equivalent to the global update scheme in Algorithm 2.2. We will
also make use of the block-diagonal property of the Hessian matrix H.

Initialization of the algorithm

Store invariant parameters

The parameter « is chosen as in Algorithm 2.2 and stored in the memory of all local
controllers.

We also compute s constant scalars ¢; as in (2.21), in which each ¢; corresponds to one
constraint of (2.1). Note that since H is block-diagonal, H~! can be computed easily by
inverting each block of H and it has the same block structure as H. Hence ¢; is as sparse
as the corresponding a;. We can see that ¢; can be computed locally by a local controller
with a priori knowledge of the parameter a; and the weighting blocks on the diagonal of
H that correspond to the non-zero elements of ;.

Assign responsibility of each local controller

Each local controller is in charge of updating the variables of its subsystem. Moreover,
we also assign to each local controller the responsibility of updating some intermediate
variables that relate to several equality or inequality constraints in which its subsystem’s
states or inputs appear. The control designer has to assign each of the s scalar constraints
to one of the M local controllers® such that the following requirements are satisfied:

5Note that s, the total number of constraints, is often much larger than M.



2.3 Distributed version of Han’s method for the MPC problem 17

e Each constraint is taken care of by one and only one local controller (even for a
coupled constraint, there will be only one controller that is responsible).

e A local controller can only be in charge of constraints that involve its own variables.

Let £; denote the set of indices [ that local controller ¢ is in charge of. The first requirement
above can be written compactly as

£,Ng; =0,i,j (2.24)
S U ULy ={1,...,s (2.25)

and the second requirement can be mathematically expressed as
Ifl € £ thena! #0 (2.26)

where a} is a subvector of a; that corresponds to the variables of subsystem i in the vector
X.

Note that this partition is not unique and has to be created according to a procedure that
is performed in the initialization phase. Recall that A"* denotes the neighborhood set of
subsystem ¢, we also define £, as the set of indices [ corresponding to the constraints
that are taken care of by subsystem ¢ or by any neighbor of i:

gvi=U & (2.27)
JEN

If a local controller ¢ is in charge of the constraints indexed by [ € £;, then it computes
locally ¢; using (2.21) and exchanges these values with its neighbors. Then each local
controller 7 stores {¢; }ice v inits memory throughout the optimization process.

Remark 2.4 The partitioning of the constraint indices into the sets £; will affect the com-
putation and communication loads assigned to local controllers, hence the partitioning
should consider resources available at local controllers for a balancing purpose. However,
the optimality property of the distributed algorithm does not depend on the partitioning of
the constraints, as it will be shown later that its results are always equivalent to the results
generated by the original centralized counterpart.

Iterative procedure

The distributed algorithm consists of an iterative procedure running within each sampling
interval. Since we want to obtain a feasible solution to the optimization problem (2.1)
which could only be possible when Han’s algorithm converges, we assume that the sam-
pling time used is large enough such that the algorithm can converge within one sampling
interval. This assumption will be used in Proposition 2.6, and its restrictiveness will be
discussed in Section 2.5.

In the algorithm description, p is used to denote the iteration step. Values of variables
obtained at iteration p are denoted with superscript (p).
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Definition 2.1 (Index matrix of subsystems) In order to present the algorithm compactly,
we introduce the index matrix of subsystems: each subsystem i is assigned a square diago-
nal matrix 3° € R"™*"<_ with an entry on the diagonal being 1 if it corresponds to the po-
sition of a variable of subsystem i in the vector x, and 0 otherwise. In short, 3% is a selection
matrix such that the multiplication 3*x only retains the variables uj, . . . , ué\,_l, zi, .. xﬁv
of subsystem 1 in its nonzero entries.

From Definition 2.1 it follows that:

M
doa=1 (2.28)
=1

Definition 2.2 (Self-image) We denote with x®)li ¢ R™ the vector that has the same
size as X, containing ug’(p), e u?{,(f)l, xll’(p), e 133\’,(’)) (i.e., the values of i’s variables
computed at iteration p) at the right positions, and zeros for the other entries. This vector

is called the self-image of x) made by subsystem i.

Using the index matrix notation, the relation between xP)li and x®) is:

xPi = 7ix(p) (2.29)

Definition 2.3 (Neighborhood image) Extending the concept of self-image, we denote
with x®WN" the neighborhood image of subsystem i made from x. At step p of the iter-
ation, subsystem i constructs xPV by putting the values of its neighbors’ variables and
its own variables into the right positions, and filling in zeros for the remaining slots of x.

The neighborhood image x @IV satisfies the following relations:
<@ _ Z <P (2.30)
JEN?
<IN _ Z 37 | x(P) (2.31)
JEN?

By definition, we also have the following relation between the self-image and the neigh-
borhood image made by the same subsystem:

@i — i ()N (2.32)

Using the notation described above, we now describe the subtasks that each controller will
use in the distributed algorithm.

e Communications with the neighbors

Each controller 4 communicates only with its neighbors j € N to get updated
values of their variables and sends its updated variables to them. The data that each
subsystem 4 transmits to its neighbor j € N consists of the self-image x(P)I* and
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the intermediate variables %(p ), l € £;, which are maintained locally by subsystem

i.
e Update dual variables ;

The local controller ¢ updates +y; corresponding to each constraint [ € £; under its
responsibility in the following manner:

— If constraint [ is an equality constraint (I € {1,. .., neq}), then
%(p) = a?x(”_l)wi + %(p—l) — Y (2.33)
— If constraint [ is an inequality constraint (! € {neq + 1,...,s}), then
%(p) = max{a?x(”_l)wi + vl(p_l) —b;,0} (2.34)

e Update primal variables

Local controller ¢ uses all 71(” ) values that it has (by communications and those

QINY

computed by itself) to compute an ‘assumed neighborhood image’ x, .« 4. Note
that ngs)ullﬁd has the same structure as the neighborhood image x (PN, However,
in ngs)ullﬁd, only the values of variables of subsystem ¢ are guaranteed to be correct,
while the other values can be outdated, hence ngs)ullﬁa is not the exact update of
the neighborhood image. Indeed, x;ﬂ[ﬁgd is us‘ed only for constrqcting the new self-
image by selecting the variables ué’(p), . ,ux,(f)l, a:zl’(p), . ,x?(](p) of subsystem i
(PN
1 X ssumed-
. ~i N’i
x@li = gix @IV (2.35)

e Check the local termination criteria

For each local controller, there are local termination criteria. Each controller checks
the local termination criteria using local communications only®. The local termi-
nation criteria also aim to keep a subsystem informed when other subsystems are
ready to terminate. When a subsystem’s local termination criteria are satisfied and
it is informed that the other subsystems’ termination criteria are also satisfied, the
algorithm stops and the local control actions are implemented.

In the following, we will present the distributed algorithm.

Algorithm 2.3 Distributed algorithm for positive definite quadratic programs

Initialize with p = 0, ui’(o) = 0,952’5_01) =0,Yi,k =0,...,N — 1 (this means xO" =

0, i, implying x\°) = 0), and ”yl(o) =0,l=1,...,s

6Checking the termination criteria in a distributed fashion requires a dedicated logic scheme; several schemes
were described in (Bertsekas and Tsitsiklis, 1989, Chapter 8).
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Next, for p = 1,2, ..., the following steps are executed in parallel and with synchroniza-
tion:

1) Communications to get the updated primal variables

Each controller i gets updated values of x®P~V7 from its neighbors j € N, where
only non-zero elements need to be transmitted’ .

Then controlleri constructs the neighborhood image x(»—1) O using formula (2.30).

2) Update dual variables ~; in parallel
Each local controller i updates ~y; for eachl € £;, using (2.33) or (2.34).

3) Communications to get the updated intermediate variables

Each local controller i gets %(p)j 1 € £ from its neighbors j € N*.

4) Update primal variables in parallel

Each local controller i computes an assumed neighborhood image of x:

XM = ST 4 (2.36)
l€£N7

Then controller i constructs the new self-image, using (2.35).

5) Check the local termination criteria in parallel

Each local controller checks the local termination criteria. If local termination crite-
ria are satisfied, the algorithm stops, otherwise go to step 1) to start a new iteration.

In Algorithm 2.3, the activities of one local controller can be demonstrated by the dia-
gram in Figure 2.2. The diagram clearly shows that in the distributed algorithm, each local
controller ¢ only communicates with its neighbors 5 € N, enabling implementation of
the method in a distributed setting. The properties of the distributed algorithm will be
discussed in the following subsections.

Proof of equivalence to Han’s algorithm using a global update scheme

In Algorithm 2.2, at step 2), the centralized variable x(®) is updated via a global update
scheme. In Algorithm 2.3, by the local update scheme we obtain x(?)I? fori = 1,..., M.
The equivalence of these two algorithms is stated in the following proposition:

Proposition 2.4 Applying Algorithms 2.2 and 2.3 to the same problem (2.1) with the same
parameter o, at any iteration p, the following statements hold:

ué,(p—1)7 Cu ,(p 1)

"Since x(®~DI only has a few non-zero elements, which are P

i,(p—1) i,(p—1
x ,...,wN( )

tions.

, only these values need to be transmitted by controller 7 to reduce communica-
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peptl

<Dl

controller 7

controller j € N

'

x(P=1li

controller ¢ updates ~,:

(p> = ol x(P- DIV +'yl(1'71) — by, L€ L0 < neq

'y[(") = nm.x{a,,Tx@’UW’ + 7;"71) —b,0}, 0 € £, 0> neg

'

Ye,l € &

controller ¢

controller j € N*

'

controller 4 computca

L@W
Xassumed — Zfe*‘, k e

— i@V

(p)li
x assumed

'

"y’[.é € )3]-

controller 7 checks local
termination criteria <

controller j € N

'

algorithm converges?

U

terminate, controller i implements
— i.(p)

extracted from x®)l

Figure 2.2: Computation and communication flow-chart of controller i in each it-
eration of Algorithm 2.3. Controller i only needs to communicate with its neighbors

jEe N

a) 7"

b) X(p) — Zi‘f

are the same in Algorithms 2.2 and 2.3, foralll € {1,...,s}.

Hence, Algorithm 2.2 and Algorithm 2.3 generate the same solution.

Proof: The proposition will be proved by induction.

It is clear that statements a) and b) hold for p = 0.

1 x®Viin which x®) is calculated in Algorithm 2.2 while xP)l" § =
, M are calculated in Algorithm 2.3.

Now consider iteration p, and assume that the statement a) and b) hold for all iterations
before iteration p.

First, we prove statement a). For any [ and ¢ such that [ € £;, we have:

M

x(P—1) afp Z 57 | x(=1)

Jj=1

(2.37)
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M
— a7 Z P-Dli (2.38)

=a; Zjﬂ (p=1)lj (2.39)

—al [ 3 x4 3T gixe-1)l

JENT JEN

Due to the definition of neighborhood, a subsystem outside A/* does not have any coupled
constraints with subsystem i. Therefore, af > N J39x(P=DIi = 0, which - in combina-
tion with (2.30) - leads to:

alx®=1) =T Z FigP=Dli — aEFX(p—l)Wi (2.40)
JENT
Equation (2.40) then guarantees that %(p ) computed at step 1) of Algorithm 2.2 and at step
2) of Algorithm 2.3 are the same.

Now consider statement b), where the main argument is the following: The same set of

(p ) and c; are used for updating ¢’s variables in xassumed (at step 4 of Algorithm 2.3) and
m x(P) (at step 2 of Algorithm 2.2). Thus each vector of local update x(P)I?, which contains
(PN

assumed 18 @ part of the centralized update x(P),

values of i’s variables selected from x

More specifically, we can express the formula of x(®)|* computed in Algorithm 2.3 as

(p)|i _ ~i _ f"L
X =Tx assumed - 7[ Cl

€€,
M M

= Zx(p)li = Zji Z Wl(p)cl (2.41)
i=1 i=1  1€L,.

Note that in the following equations, x(P) refers to the update of the decision variable
computed by (2.22) in Algorithm 2.2, which we can express as

x¥) = Z 3ixP) = Z e Z 7Py (2.42)
=1 =1

in which the first equality is due to the relation (2.28), the second equality is from (2.22).

Recall that ¢; has the same structure as a;, and if | € £, then a; and ¢; do not have any
non-zero values at the positions associated with variables of subsystem ¢. Therefore

7ii7§p)cz=7i S wWat+ Y Wa| =33 1P (2.43)
=1

2L i €L, 1€L i
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This equality shows that (2.42) and (2.41) are equivalent, thus proving the equality in
statement b): x(®) = "M (@)l -

The equivalent result of Algorithms 2.2 and 2.3 implies that problem (2.1) can be solved
using Algorithm 2.3. This allows us to implement a DMPC scheme using Algorithm 2.3
that does not need global communications and global computations, each local controller
only exchanges the updates of its predicted variables with its direct neighbors.

2.3.2 Properties of the distributed model predictive controller based on Han’s method

Convergence, feasibility, and stability properties of the DMPC scheme using Algorithm 2.3
are established by the following propositions:

Proposition 2.5 Assume that problem (P) in (1.10)—(1.14) has a feasible solution. Then
Algorithm 2.3 asymptotically converges to the centralized solution of (P) at each sampling
step.

Proof: In Han and Lou (1988) it is shown that Han’s method is guaranteed to converge to
the centralized solution of the convex quadratic program (2.1) under the conditions that
g(x) is uniformly convex with the coefficient p and differentiable on R™*, (2.1) has a
feasible solution, and the step size « satisfies & < s/p. Due to the positive definiteness
of @; and R;, and the assumption that (P) has a feasible solution, such conditions hold
for the quadratic problem (2.1). Moreover, Algorithm 2.3 is equivalent to Han’s method
for the problem (2.1). Hence, the distributed scheme in Algorithm 2.3 converges to the
centralized solution of (2.1), which is the same as (P). O

Proposition 2.6 Assume that at every sampling step, Algorithm 2.3 asymptotically con-
verges. Then the DMPC scheme is recursively feasible and stable.

Proof: By letting Algorithm 2.3 converge at every sampling step, the centralized solution
of (P) is obtained. Recursive feasibility and stability is guaranteed as a consequence of
centralized MPC with a terminal point constraint, as shown in Mayne et al. (2000) and
Keerthi and Gilbert (1988). O

2.3.3 Distributed version of Han’s method with scaled step size

A disadvantage of Han’s method (and its distributed version) is the slow convergence rate,
due to the fact that it is essentially a projection method to solve the dual problem of (2.1).
Moreover, in order to find the initial guesses of the primal and the conjugate variables that
have to satisfy the relation (2.5) with p = 0, Han’s (distributed) method uses zeros as the
initial guesses, which prevents warm starting of the algorithm by choosing an initial guess
that is close to the optimizer. Therefore, we need to modify the method to achieve a better
convergence rate.

In this section, we present two modifications of the distributed version of Han’s method:
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e Scaling of the step sizes related to dual variables by using heterogeneous «; for
the update of the [-th dual variable instead of the same « for all dual variables.
Moreover there is a new parameter for increasing the step size, in order to accelerate
the convergence.

o Use of nonzero initial guesses, which allows taking the current MPC solution as the
start for the next sample step.

Note that Han’s method can be extended to the case using heterogeneous «; for the I-th
dual variable, this extended version of Han’s method can also be proved for convergence
with we use o; > s/p, Vi. Indeed, following the same line of proof of Han’s method
(see the summary in Remark 2.2), we can see oy will replace « in (2.10) for each residual
of the [-th dual variable, and hence the convergence is guaranteed if a;p — s > 0, VI, or
a; > s/p, Vl. However, this condition still leads to a slow convergence. The major factor to
accelerate the convergence is to increase the step sizes, i.e., to use «; below the guaranteed
value. Thus, the convergence of the modified distributed algorithm is not guaranteed; this
will be discussed in Section 2.5.

In order to implement the above modifications, the improved distributed version of Han’s
method is initialized similarly to the distributed algorithm in Section 2.3.1, except for the
following procedures:

1. Pre-computed invariant parameters

Each subsystem ¢ computes and stores the following parameters throughout the con-
trol scheme:

e Foreach! € £;: oy = (ka)lao, where k, is the scaling vector. The scalar «;
acts as local step size regarding the [-th dual variable, and therefore k. should
be chosen such that the convergence rates of all s dual variables are improved.
The method to choose k,, will be discussed in Remark 2.5.

e Foreachl € £;: ¢ = a;—ilH ~la;. We can see that ¢; can be computed lo-
1

cally by a local controller with a priori knowledge of the parameter a; and
the weighting blocks on the diagonal of H that correspond to the non-zero
elements of a;.

2. MPC step

At the beginning of the MPC step, the current states of all subsystems are measured.
The sequences of predicted states and inputs generated in the previous MPC step are
shifted forward one step, then we append zero states and zero inputs to the shifted
sequences. The new sequences are then used as the initial guess for solving the
optimization problem in the current MPC step®. The initial guess for each subsystem
can be defined locally. For subsystem 7, denote the initial guess as x(?!?, At the first
MPC step, we have x(9!* = 0, V.

8The idea of using previously predicted states and inputs for initialization is a popular technique in MPC
(Rawlings and Mayne, 2009). Especially with Han’s method, whose convergence rate is slow, an initial guess that
is close to the optimal solution will be very helpful to reduce the number of iterations.
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The current state is plugged into the MPC problem, and then we get an optimization
problem of the form (2.1). This problem will be solved by the following modified
distributed algorithm of Han’s method.

Algorithm 2.7 Improved distributed algorithm for the MPC optimization problem

Initialize with p = 0. Each subsystem i uses the initial guess as x\OI’.

Next, forp = 1,2, ..., the following steps are executed in parallel and with synchroniza-
tion:

1) See step 1 of Algorithm 2.3.

2) See step 2 of Algorithm 2.3, except that for p = 1, each subsystem i computes the
initial intermediate variables by’ :

AU = T (x<0>W L %HX@W ) by, 1€ L1 < neg (2.44)

A1 = max{af (x<0>Wi - ﬂHxWNi) - bl,O}, 1€ 80> ne (245)
S

3) See step 3 of Algorithm 2.3.

4) See step 4 of Algorithm 2.3 but with a different formula to update the assumed neigh-
borhood image for each i:

PN _ Z 1 ).
Xafxumed - a_l%p Ci (246)
lGQNi

5) See step 5 of Algorithm 2.3.

When the iterative procedure finishes, each subsystem applies the first input ué’(p ), then
waits for the next state measurement to start a new MPC step.

Remark 2.5 The main improvement of Algorithm 2.7 over Algorithm 2.3 is the improved
convergence speed, which heavily depends on a good choice of the scaling vector k. We
have observed that the convergence speed of some dual variables under the responsibility
of a subsystem i will affect the convergence speed of dual variables under the responsibility
of its neighbors in N'*. Therefore the choice of scaling vector should focus on improving
the convergence speed of dual variables that appear to converge more slowly. In our case,
we rely on the Hessian to find the scaling vector. Specifically, for each subsystem i, let h;

9The intermediate variables are constructed following the formulas (2.17)—(2.18) with replacing the common
a by o for each I € {1,...,s}, where we implicitly use yl(o) = %y(O)NI € {1,...,s} and y(@ =
Hx(9)_ Also note that since a; only involves neighboring subsystems and H is block-diagonal, the computation
alT (x(o) — %H x(o)) only uses values from neighboring subsystems, similarly to the argument for (2.40).
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denote the average weight of its variables (i.e., average of entries related to i’s states and
inputs in the diagonal of the Hessian). We then choose the scaling factor (ka)l = 1/hy, for
alll € £;. We also multiply the scaling vector k., with a factor 0 € (0, 1) for enlarging the
step sizes of all dual variables. In the first MPC step, we do the tuning offline with 6 ~ 1
and gradually reduce 0 until it causes the algorithm to diverge, then we stop and choose
the smallest 0 such that the algorithm still converges.

The choice of the scaling vector depends on the structure of the centralized optimization
problem, thus we only need to choose it once in the first MPC step. Then for the next MPC
steps, we can re-use the same scaling vector.

The efficiency of Algorithm 2.7 will be demonstrated in the example of irrigation canal
control, which is presented in the next section.

2.4 Application of Han’s method for distributed MPC in canal sys-
tems

2.4.1 The example canal system

The novel DMPC approach is applicable to a wide range of large-scale systems that could
be modeled in the LTI form as described in Section 1.2. In this section, we demonstrate
its application in an example control problem, where the objective is to regulate the water
flows in a system of irrigation canals. Irrigation canals are large-scale systems, consisting
of many interacting components, and spanning vast geographical areas. For the most effi-
cient and safe operation of these canals, maintaining the levels of the water flows close to
pre-specified reference values is crucial, both under normal operating conditions as well
as in extreme situations. Manipulation of the water flows in irrigation canals is typically
done using devices such as pumps and gates.

The example irrigation canal to be considered is a 4-reach canal system as illustrated in
Figure 2.3. In this system, water flows from an upstream reservoir through the reaches,
under the control of 4 gates and a pump at the end of the canal system that discharges
water.

The control design is based on the master-slave control paradigm, in which the master
controllers compute the flows through the gates, while each slave controller uses the local
control actuators to guarantee the flow set by the master controller (Schuurmans et al.,
1999). We will use the new DMPC method to design the master controllers.

2.4.2 Modeling the canal

The canal system is divided into 4 subsystems, each of which corresponds to a reach and
also includes the local controller at the upstream gate of the reach. The 4‘" subsystem has
one more controller, corresponding to the pump at its downstream end.

We use a simplified model for each subsystem as illustrated in Figure 2.4, and then obtain
the overall model by connecting the subsystem models. A subsystem is approximately
modeled by a reservoir with upstream in-flow and downstream out-flow.
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gate 1

upstream

reservoir reach 1

reach 4

pump
Figure 2.3: The example canal system

The discrete-time model of reach 1 is represented by:

‘ i Ls roo i
7llc+1 - h;c = I [( in)},C - ( out)k] (247)

where superscript ¢ represents the subsystem index, subscript k is for the time index, 75 is
the sampling time, & is the downstream water level of the reach, Ay is the water surface
(i.e., the volume of reservoir equals h - Ag), Qin and Qo are the in-flow and the out-
flow of the canal which are measured at the upstream and downstream ends, respectively.
Denote the flow passing the i*" gate by ¢, and the flow passing the pump by p*. Due
to the mass conservation law, we have ( éut)k = (Q”‘l) 1 fori = 1,2,3, and

in Jp — dy
(Qdut) ), = Pi-

Q in Q out

VR TN

S

Figure 2.4: Model of a reach

In order to derive local dynamics, we choose state and input vectors of subsystem 7 as
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The dynamics of each subsystem can be represented by a discrete-time, linear time-invariant
model of the form (1.1) with the state-space matrices:

Aii: 1 5 1217547 A”: 0 ’ Z#']
B = T AL, i=1,23 BY=[T/A' -T,/A!]
B+ = _T /Al | §=1,2; B¥= [ —Ty/A% 0]

BY=0, i=123, j¢{ii+l}.

The control problem also includes physical constraints on all the water levels and flows.
Let us denote the aggregate state and control input vectors at time step k as xx and uy,
respectively. The physical constraints are the upper and the lower bounds of states and
inputs as:

Tmin S Tk S Tmax vk

Umin S Uk S Umax vk

In the simulation, after normalizing the parameters such that B¥ ~ 1, i = 1,2, 3, we set
values of the bounds as x,in = —0.514, T max = 0.514, and also wuyin = —0.515, Umax =
0.515.

The control objective is to regulate the water levels in all the reaches when the initial
water levels are deviated from the normal conditions. Note that the dynamical system is
marginally stable and the B matrix has a block-upper triangular structure, this helps to
easily design a controller to accomplish this objective and result in a stable closed-loop
system. Therefore, the simulation is focused on the convergence property of the optimiza-
tion algorithms, not on the stability of the MPC closed-loop system.

2.4.3 Simulation results

The DMPC methods developed in Section 2.3 are applied to the regulation problem of
the simulated canal system described in previous subsections using the sampling time
Ty = 240s, the prediction horizon N = 10, with a nonzero initial state. We use the
distributed Han’s method with and without the modifications described in Section 2.3,
and compare the results. Figure 2.5 shows the convergence of the distributed solutions
to the centralized solution for the problem. Starting from the same initial guess in the
first MPC step, i.e., all variables are initialized with zeros, the distributed algorithm with
modifications achieves a better convergence rate, allowing the distributed optimization to
converge within an acceptable number of iterations. Similar results were also achieved for
the next MPC steps, when we simulate the closed-loop MPC with Algorithm 2.7 and let
the distributed solutions converge to the centralized solution at every step, with maximally
100 iterations per step. A simulation of closed-loop MPC is performed for 20 sampling
steps. Figure 2.6 confirms that that the distributed solutions converge to the centralized
solutions within 100 iterations per sampling step. Hence the solutions of the distributed
MPC algorithm are also the globally optimal solutions.
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Figure 2.5: Comparison of convergence speeds of two distributed versions of Han's
method for the first sampling time step (k=1)

2.5 Discussion on distributed Han’s methods

Two distributed versions of Han’s method have been described in Section 2.3, followed
by a short demonstration of their usage in Section 2.4. Although these algorithms help to
implement Han’s method in a distributed setting for MPC, there are still some theoretical
issues that need to be addressed.

Firstly, the proposed distributed algorithms deal with positive definite quadratic programs
only. Although many MPC problems for linear time-invariant systems are formulated as
quadratic programs, there are other variants that use different objective functions, and
nonlinear MPC would also yield more complicated optimization problems than quadratic
programs. With such problems, we might not be able to implement Han’s parallel method
in a distributed fashion. This issue motivates the research on other decomposition methods
that can handle more general problems, e.g., convex problems with linear or decoupled
nonlinear constraints. Although Han’s parallel algorithm can still be applied to general
nonlinear convex programs, it is difficult to derive a distributed version of Han’s method
for most of the nonlinear problems.

It is worth to address the conservativeness of the MPC formulation using the terminal
point constraint zy = 0, which reduces the domain of attraction of MPC. However, this
issue is not related to Han’s method. In case we want to use less conservative MPC, e.g.,
MPC with a terminal constraint set and a terminal controller, we need to find a separa-
ble terminal penalty function and local terminal constraint sets. However, to the authors’
best knowledge, there is still no distributed scheme available to construct local terminal
constraint sets and local terminal controllers (and also the terminal penalty matrix that is
solution of the Riccati equation), other than assuming them to be completely decoupled.
Therefore, although distributed Han’s method can also be applied to any uniformly convex
QP problem with a sparse coupling structure, it requires further research on MPC formu-
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Figure 2.6: Normalized norm of the difference between the centralized and the dis-
tributed solutions using Algorithm 2.7 versus iteration step p and sampling time step

k

lations that have such optimization problems and can guarantee stability with centralized
MPC.

In general, Han’s method has a slow convergence rate due to its iterative projection nature,
which is inherited by Algorithm 2.3. Since the feasibility and stability properties are de-
rived upon convergence of the algorithm within each sampling step, we need to speed up
the convergence of this method. The distributed version of Han’s method with scaling can
improve the convergence rate significantly, as was illustrated in Section 2.4. However, its
proof of convergence is still lacking. We observe that in setups that are more complicated,
the proposed method to choose the scaling vector does not always work well (sometimes
after several sample steps, the algorithm does not converge anymore). Due to the require-
ment not to have global communications, it is difficult to adjust the scaling vector during
the iteration to reach convergence. Therefore, speeding up Han’s method while providing a
proof for convergence is still an open issue, and we may use a coordinator at a higher level
of hierarchy that has global communication capabilities to tackle this issue.

Another issue is due to the formulation of the optimization problem for MPC, where we
keep both inputs and states as variables of the centralized optimization problem and do not
eliminate the states using the dynamic model equations. This formulation is advantageous
in distributed MPC because the Hessian will then keep a block diagonal structure, and the
neighborhood of each subsystem will only contain its direct neighbors (the neighborhood
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would be greatly extended if we eliminate the states in the optimization problem). How-
ever, using states as variables requires considering the dynamical equations as equality
constraints of the optimization problem, and the existence of equality constraints typically
requires an exact solution in order to guarantee feasibility. Since Han’s method converges
asymptotically, we may not be able to get the exact optimal multipliers in real-time, and
then the corresponding primal iterates would not be guaranteed to be feasible. In general,
most dual decomposition methods do not provide primal feasible solutions before reaching
the dual optimal solutions, so this feasibility issue also applies to other dual decomposition
methods.

2.6 Conclusions

A decomposition approach based on Fenchel’s duality and Han’s parallel method has been
developed in this chapter, resulting in two distributed algorithms that are applicable to
DMPC. The first distributed algorithm generates updates that are the same as those com-
puted globally by Han’s method for definite quadratic problems, and therefore it has the
same convergence property as Han’s method. Moreover, feasibility and stability of DMPC
are achieved upon convergence of the iterations. The second distributed algorithm aims
to improve the convergence speed by using scaled step sizes and nonzero initial guesses.
The new methods have been applied to an example irrigation canal network, demonstrating
their applicability for water networks and can also be applied to other networked systems.
We have also summarized open issues of using Han’s method and other dual decomposi-
tion methods for MPC, including the topics of separable problem formulation, convergence
rate, primal feasibility, and stability of MPC. Several issues will be addressed in the next
chapters.






Chapter 3

Distributed proximal gradient methods
for convex optimization problems

We consider optimization problems with mixed L;/Lo-norm terms in the cost
function and sparsely coupled constraints, and propose distributed optimization
algorithms based on classical proximal gradient and accelerated proximal gradi-
ent methods using dual decomposition. We show that the distributed algorithm
based on classical proximal gradient method is similar to distributed Han’s algo-
rithm described in Chapter 2 and has the low convergence rate for first-order gra-
dient methods, O(%), where k is the iteration number. The distributed algorithm
based on accelerated proximal gradient method achieves a significantly higher
convergence rate, O(k%) We also provide the optimal step-size of the presented
algorithms.

3.1 Introduction

Han’s method and its distributed versions presented in Chapter 2 can be classified as op-
timization algorithms that use first-order derivatives of the cost function; from now on we
refer to this class of algorithms as gradient-based methods. The fact that Han’s method
exhibits slow convergence is not surprising, as it is well-known that classical gradient-
based methods often have poor convergence rates. It has been shown in Bertsekas (1999),
Nesterov (2004) that for functions with a Lipschitz-continuous gradient, i.e., smooth func-
tions, classical gradient-based methods converge with the function error reduced at a rate
of O(4), where k is the iteration number. Nemirovskii and Yudin (1983) have shown that
a lower bound on the convergence rate for gradient-based methods is O(k—lg) Nesterov has
shown in his work (Nesterov, 1983) that an accelerated gradient algorithm can be con-
structed such that this lower bound on the convergence rate is achieved when minimizing
unconstrained smooth functions. This result has been extended and generalized in several
publications to handle constrained smooth problems and smooth problems with an addi-
tional non-smooth term (Nesterov, 1988, 2005, Beck and Teboulle, 2009, Tseng, 2008).

33
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Gradient-based optimization methods are known for their simplicity and low complexity
within each iteration. Hence they are favorable for distributed implementation, especially
when they are used in combination with dual decomposition techniques. Recently, dis-
tributed MPC approaches based on distributed gradient-based methods for the dual prob-
lem have been studied (Giselsson and Rantzer, 2010, Negenborn et al., 2008), as well as
the distributed version of Han’s algorithm presented in Chapter 2. The above mentioned
methods rely on gradient-based optimization, which suffers from low convergence rates.
In addition, the step size parameter in the gradient scheme must be chosen appropriately
to get a good performance. Such information has not been provided or has been chosen
conservatively in these distributed MPC approaches.

In this chapter we propose a new distributed optimization algorithm that can be used for
distributed MPC. The underlying algorithm is an accelerated gradient method to solve
the dual problem instead of the classical gradient method. We also extend the class of
problems considered by allowing an additional sparse but non-separable 1-norm term in
the cost function. Such 1-norm terms are used as regularization term or as penalty for
soft constraints (Savorgnan et al., 2011). Furthermore, we also provide the optimal step-
size parameter for the algorithm, which is crucial for performance. The convergence rate
for the dual function value using the accelerated gradient method is known from Beck
and Teboulle (2009), Tseng (2008). This convergence rate in the dual function value does,
however, not indicate the rate at which the primal iterate approaches the primal optimal
solution. In this chapter we also provide convergence rate results for the primal variables.

Related to this method is the approach presented in Necoara and Suykens (2008) for sys-
tems with a (non-strongly) convex cost, which is based on the smoothing technique pre-
sented in Nesterov (2005) and makes use of a proximal gradient method. Other relevant
work is presented in Kogel and Findeisen (2011), Richter et al. (2009) in which optimiza-
tion problems arising in MPC are solved in a centralized fashion using accelerated gradient
methods. These three methods are, however, restricted to handle only box-constraints on
the control signals. The accelerated proximal gradient method presented in this chapter is
able to handle arbitrary linear constraints.

The chapter is organized as follows. In Section 3.2, the problem setup is introduced. The
dual problem to be solved is formulated in Section 3.3 and some properties of the dual
function are presented. The distributed solution algorithm for the dual problem is presented
in Section 3.4, followed by the convergence properties of the algorithm in Section 3.5.
Section 3.6 concludes this chapter.

3.2 Problem setup

In this chapter we present a distributed algorithm for optimization problems of the form

1
min J(z) = ixTHx—l—ng-i-WHPx—PHl 3.1)
s.t. A1LE = Bl

AQ.T S Bg
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The full decision vector, x € R", is composed of local decision vectors, x; € R™,
according to x = [2T,...,2%,]T. The quadratic cost matrix H € R™*" is assumed
separable, i.e. H = blkdiag(Hq,...,Hy) where H; € R™*™ the operator blkdiag
stands for constructing a block-diagonal matrix from the elemental matrices. This quadratic
term in the cost function encompasses the standard MPC cost as in (1.7). The linear part
g € R consists of local parts, g = [g7,...,g1,]7 where g; € R™. Further P € R™*"
is composed of P = [Py,..., Pm]T where each P, € R"™ which in turn consists of
P. = [P4,...,PL,]T with each P,; € R". The matrix P is not necessarily block-
diagonal, which means that the cost function .J is not separable. However, we do assume
that the vectors P, have sparse structure. Sparsity refers to the property that for each
r € {1,...,m}, we have P,; = 0 for most of the indices ¢ € {1,...,M}. We also
have v > 0 and p = [p1,...,pm]T with p1,...,p,, scalars. This gives the following

equivalent formulation of the cost function of (3.1)

M m
J(z) = Z Bx?lﬂxl + ngxZ} + Z

i=1 r=1

M
Z P, —p,|. (3.2)

=1

The constraint matrices A; € R7*™ and Ay € RGE~9*" contain a; € R™ as 4; =

[at,...,aq)" and Ay = [ag41,...,as)T. Further each a; = [a]}, ..., al;,]" where a;; €
R™ . Further we have B; € RY and By € R*79 where By = [by,...,b,]T and By =
[bg+1s-- -, bs]T, with by, ..., bs € R. We assume that the matrices A; and A, are sparse.

By introducing the auxiliary variables x, and the constraint Px — p = x, we get the
following optimization problem:

1
min §xTHa:—|—gTa:+"nyaH1 (3.3)
s.t. A1{E = Bl

AQ.T S Bg

Px—p=ux,

Remark 3.1 Problem (3.3) is more general than problem (2.1), due to the presence of a
linear term and a 1-norm term in the cost function, and the last equality constraint.

The objective of the optimization routine is to solve (3.3) in a distributed fashion using
several computational units, where each computational unit computes the optimal local
variables, =}, only. Each computational unit is assigned a number of constraints in (3.3)
that it is responsible for. This is similar to the way we assign the responsibility of each
local controller in Section 2.3.1 of Chapter 2. We denote the set of equality constraints
that unit 7 is responsible for by £}, the set of inequality constraints by £2, and the set of
constraints originating from the 1-norm by R;. This division is obviously not unique, but
all constraints should be assigned to one computational unit. Further for/ € £} andl € £?
we require that a;; # 0 and for r € R; that P,; # 0. The neighborhood set for each
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computational unit ¢ can be defined using the following relation:

No={je{l,....M}| Jlegsta;#0or3lellstay#0
ordl e £ st.aj; #0or3l € £5s.t.ay #0
ordr € Riyst. Py #0ordr € Rjs.t. Py # O}

Remark 3.2 Since we focus on the optimization aspect in this chapter, the neighborhood
sets are formulated based on the couplings appearing in the centralized optimization prob-
lem. Note that the same neighborhood sets can also be obtained by analyzing the couplings
in the dynamics and in the constraints of the MPC problem, as described in Section 1.2 in
Chapter 1. Hereby we provide the formulation of neighborhood sets from the optimization
problem structure.

Through the introduction of these sets the constraints that are assigned to unit ¢ can equiv-
alently be written as

afz=b e Y ajz;="b, le gl (3.4)
JEN?

afz<b e Y ajz; <b, le g2 (3.5)
JEN?

and the component inside the 1-norm term can equivalently be written as
Ple—p,= Y Plz;—p,, reR; (3.6)
JEN?

In the following section, the dual function to be maximized is introduced. First, we state
some assumptions that are necessary for results in this chapter.

Assumption 3.1 We assume that each H; in (3.2) is a real symmetric positive definite
matrix that satisfies the following eigenvalue bounds

o0 X H; 26,1
where 0 < g; < 0; < o0.

Remark 3.3 IfAssumption 3.1 holds, the corresponding bound for H becomes gl <= H <
0l where g := min; g, and ¢ := max; 0;. Also note that since H is positive definite we
have %I <H 1< %I (Horn and Johnson, 1990, Corollary 7.7.4).

Assumption 3.2 We assume that there exists a vector T such that A1T = by and A>T <
ba, this means T is a Slater vector (Bertsekas, 1999, Proposition 3.3.9) of problem (3.1).
Further, we assume that a;,l = 1,...,qand P,.,r = 1,... m are linearly independent.

Remark 3.4 Assumption 3.2 is the Slater condition also for (3.3), since we can choose
Za = PT — p, and the point (T, T,) satisfies the equality constraints and strictly satisfies
the inequality constraints of (3.3).
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3.3 Dual problem

In this section we introduce a dual problem to (3.3) from which the primal solution can be
obtained. We show that this dual problem has the properties required to apply accelerated
gradient methods. We also present some additional properties that are needed to prove
convergence rates for the primal variables.

3.3.1 Formulation of the dual problem

We introduce Lagrange multipliers', A € R?, u € RE %, v € R™ for the constraints in
(3.3). Under Assumption 3.2 it is well known (Boyd and Vandenberghe, 2004, §5.2.3) that
there is no duality gap and we can obtain the following dual problem

1
sup inf {—xTHx +gTx +yl|zalli + N (A1z — By)+
A >0, TTa | 2

+ pF(Asx — Bo) + v (Pz —p — xd)} 3.7
Rearranging the terms and changing inf,;(-) to — sup,(—(-)) leads to

1
sup { — sup [ — (AT N+ ALY+ PTv 4 g) T — —xTHx} (3.8)
Au>0,v x 2

—\T'B, — uTBg — VTp — sup [yTxa - 7||$a||1] }

Za,

The supremum over x, can be solved explicitly:

sup {v"zy —7l|zal1} = sup {Z [Vial — y|zl]] }
Ta

ZTa,

3

= Z {su‘p [Vl — ylzl]] }
i z5

_J 0 iffyfle <7
1 oo else

where the superscript ¢ indicates the i-th element in the vector. The supremum over z,
becomes a box-constraint for the dual variables v. This is crucial for distribution of the
algorithms to be presented in this chapter, since we have a dual problem with only box-
constraints that allows gradient-based proximal gradient methods to be applied, where the
gradient iterations can be distributed.

Before we explicitly solve the maximization over z in (3.8) the following notation is intro-

IThe same dual problem can also be formed using Fenchel’s duality. In this formulation we use Lagrange’s
duality that is easier to follow.
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duced
A=[AT A7 P B=[BY BI P a= T T

where A € RG+tm)xn B e Rstm and » € R5T™. We also introduce the set of feasible
dual variables

zneR  1e{l,....q}
Z=S zeRt™ | >0 lef{qg+1,...,s} (3.9)
lz1] <~ le{s+1,....,s+m}

Completion of squares in the maximization over z in (3.8) gives

sup{_(ATz-Fg)TﬂU—leHﬂU = 5(ATz+9)"H (A2 +g)

1
2 2
and we get the following dual problem

sup { - %(ATZ +9) H (A2 +g) - BTz}- (3.10)
2€Z

We introduce the following definition of the negative dual function
f(z) = %(ATZ—I—Q)TH_l(ATz—i-g) +B"2 (3.11)
It is easily seen that f is convex and differentiable with the following gradient:
Vi(z)=AH Y ATz +g) + B. (3.12)

Next we show some properties of the dual problem.

3.3.2 Properties of the dual problem

The dual function has the following properties:

Proposition 3.1 The gradient, V f, is Lipschitz continuous on Z, i.e., there exists a value
L > 0 such that for any z1 € Z and zo € Z we have

[Vf(z1) = Vf(22)]2 < L||z1 — 222 (3.13)

Further, the Lipschitz constant L = || AH ~' AT ||5 is the smallest constant such that (3.13)
holds forall z1 € Z and z2 € Z.

Proof. For convenience we introduce H 4 = AH ' AT. We have

[Vf(z1) = Vf(z2)ll2 = [Ha(z1 — 22)|l2 < [[Hall2]|21 — 22]|2

due to the Cauchy-Schwarz inequality. This shows that (3.13) holds. Next we show that
L = ||H ]2 is the smallest Lipschitz constant on Z. From the definition (3.9) of Z we
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conclude that there exist z; € Z and zo € Z such that the difference d, = z; — 25 is
parallel to the eigen-vector vy, ax (H 4) corresponding to the largest eigenvalue \pax(H 4).
Let ||d.||]2 = €, by choosing vmax(H.4) such that ||vmax(H4)|| = 1 we get for some
21,29 € 4

[Vf(z1) = Vf(22)ll2 = [Ha(z1 — 22)||2 = [[Had:]]2
= || H Avmax(H.a)e||2
= Amax (HA)€|[Vmax(H.4) |2
= [|Hall26 = | Hall2[|d- |2

= [[Hall2llz1 — 22[l2

Since the equality can be attained, there is no Lipschitz constant that is smaller than
||H.4]|2- This completes the proof. O

Remark 3.5 Note that it is known from (Nesterov, 2005, Theorem 1) that V f is Lipschitz
continuous. However, the Lipschitz constant provided in Nesterov (2005), L = 1| Al is
larger than the one presented here. We will see in the next section that a smaller Lipschitz
constant will lead to a faster convergence rate of the algorithm.

We also present the following results on the set of optimal dual variables:

Proposition 3.2 Let Z* denote the set of optimal dual variables, defined as
Zr={z"eZ| f(z") < f(z)Vz € Z}

The following statements hold:

1. Z* is non-empty and bounded

2. Forany z* € Z* and any z € Z, we have

£2) = 1) 2 5o IATG - )3 (3.14

Proof. Under Assumption 3.2 it is well known (Rockafellar, 1970, Corollary 28.2.2) that
the set Z* is non-empty. Furthermore, from Gauvin (1977) we know that Assumption 3.2
is equivalent to the Mangasarian-Fromovitz Constraint Qualification (MFCQ). In Gauvin
(1977) it is shown that MFCQ is equivalent to Z* being bounded. This proves statement 1.

To prove statement 2 we introduce f1(y) = y” H 'y, which gives f(z) = fi(A"z +
g)+ BT 2. From Remark 3.3 we know that H—1 = %I and hence that f; is strongly convex
and satisfies (cf. (Nesterov, 2004, Definition 2.1.2))

Filn) > fila) + (Vi) — v2) + o=l — wall?
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Wesety; = ATz + g forany z € Z and yo = AT 2* + g for any z* € Z*. This gives
f(z) = fi(ATz +g) + BT 2
> AT + ) + (VAAT 2  +g), ATz 4+ g— AT2* — g)
1
+ o ATz + g = AT — gl5 + BTz + BT (2" - 27)
* T * * 1 T *\ (|2
= 7))+ (AVA(AT" +g) + B,z = 27) + AT (2 = 27)
* * * 1 *
= f(") +(Vf(z"),z -2 >+%H«4T(Z—Z )3
* 1 *
> F() + e AT~ )13

where the last inequality comes from the first-order optimality condition for convex func-
tions (cf. (Nesterov, 2004, Theorem 2.2.5))

(Vf(z"),z—=2z%) > 0.

forany z € Z and z* € Z*. This completes the proof. ]

Let us summarize the use of these propositions in the following section. Proposition 3.1
provides the smallest Lipschitz constant of V f that will allow choosing the optimal step
size of the algorithm, and it helps to guarantee the convergence of the dual variable to
the dual solution. Proposition 3.2 will be used when proving the convergence rates for the
primal variables in the proximal gradient algorithms.

Remark 3.6 The Lipschitz continuity property of V f means that for any z1, z € R*T™
the following holds (cf. Nesterov (2004))

F(1) < f(a2) + (V)21 = 22) + 5 11 — 2l (.15)

An interpretation of (3.15) is that L is the (smallest) curvature of a quadratic function that
is tangent to f at zo and is an upper bound to the function f for all z.

3.4 Distributed proximal gradient algorithms for the dual problem

In this section we present two proximal gradient methods and their distributed versions
that minimize the convex dual function f in (3.11) with different convergence rate prop-
erties. The first method is a classical proximal gradient method that has convergence rate
O(%), i.e., the distance between the cost function generated in each step and the optimal
cost function decreases in the order of % The second method is an accelerated proximal
gradient method that improves the theoretical convergence rate compared to the standard
proximal gradient method with one order of magnitude, i.e., to O(k—lg)
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3.4.1 Distributed classical dual proximal gradient method

The proximal gradient algorithm is described by the following iteration:

2Pl = arg min <5Z(u) + f(zk)—F(Vf(zk),u — 2"

ueRs+m
1 k
+ gyl 18 )

where ¢ is the step size, k is the iteration index and dz(-) is the indicator function for the
set Z,i.e.,0z(u) =0if u € Z and 0z (u) = oo otherwise. This iteration can equivalently
be written as

2Rt = argmig (f(zk) V(") u—2) + %”U - Zk|§)
ue

It was shown e.g., in Nesterov (2004) that convergence is guaranteed with the step size
parameter ¢t € (0,1/L) where L is the smallest Lipschitz constant of V f. It was also
shown that the step size that gives the fastest theoretical convergence rate is t = 1/L.
Recall that Proposition 3.1 provides the smallest L, thus t = 1/L is the optimal choice of
the step size, and therefore we will use this step size for the remainder of the chapter. We
then get

2Pl = arg min (f(zk) +(Vf(2F),u— 2" + §||u - zk|§) (3.16)

where the function to be minimized is exactly the right-hand side of (3.15). Thus, from the
discussion in Remark 3.6 we conclude that the best z#*? is the one that minimizes, over
Z, the best quadratic upper bound to f that is tangent to f at z*.

By removing f(z*) from (3.16) since it does not affect the minimizing argument, the
iteration (3.16) can equivalently be rewritten as

(L 1 *1
2 =arguiy (b|u 2+ 29| - pivschn)
(L 1 ’
= argmin (5 u— 2"+ EVf(zk) 2)
1
_p, (zk _ va(zk)> (3.17)

where Pz is the Euclidean projection onto the set Z. Thus, the new iterate, 2 is the
previous iterate plus a step in the negative gradient direction projected on the feasible set.

Denoting the primal iteration z¥ = H~1(—AT 2¥ — g) and by inserting the formula of V f
from Proposition 3.1, we get the following equivalent iteration

oF = H7H(—ATZF — ) (3.18)

Sk p, (zk + %(Axk — B)) (3.19)
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We recall that the constraint set Z, specified in (3.9), contains only upper and lower
bounds on some variables and that the dual variables are partitioned according to z =
AT T vT]T. Then we see that the iteration (3.18)-(3.19) can be parallelized:

ad = H Y (—AT2F — g) (3.20)
AT = \F 4 %(alTa:’“ — b)) (3.21)
pitt = max {O,,uf + %(alTxk —b)} (3.22)
v*+Hl = min {r,max [ -7, vk %(P,Txk -]} (3.23)

Remark 3.7 Note that if the 1-norm term || Pz — p||1 does not exist in the original prob-
lem (3.1), the classical proximal gradient algorithm is still applicable with each iteration
consisting of (3.20)—(3.22), and we see that these are the same computations as in Han’s
parallel algorithm for positive definite quadratic programs (see Algorithm 2.2). This obser-
vation shows the similarity between Han's algorithm and the classical proximal gradient
algorithm, and they are equivalent for positive definite quadratic programs. However, by
studying the classical proximal gradient algorithm, we can obtain its convergence rate,
which is not available with Han’s method.

This algorithm still requires global communication since z* is used in the updates of all
dual variables. However, due to the sparse structure of a; and P, we will see that only
part of the primal update 2* is needed in the updates of dual variables. Before we clarify
this statement, we first show how the primal update 2* can be computed in a distributed
fashion such that node i computes =¥ only. Let us now partition the constraint matrix as

A= [Alv"'aAM]
where each A; = [a1;, ..., Gsi, Pri, .. ., Ppi]T € RET™ X0 withayy € R, 1=1,...,5
and P; € R™ r =1,...,m.Recall that H is block-diagonal with block diagonal entries

H; € R™>*™ the local primal variables are updated according to
zy = Hi_l( - A?Zk - gi)

— 1—1( Z [ Z ali)\f + Z aliuf + Z Pm-yf} —|—gi> (3.24)

JENT “leg] lee? reR;

Thus, each local primal update, z¥, can be computed after communication with neighbors
jeNt

Before we state the distributed algorithm we recall that

af 2% =Y aljak, le gl leg? (3.25)
JENT

Pla* = >~ Plat, reR;. (3.26)
JEN

The resulting algorithm is described below.
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Algorithm 3.3 Distributed classical proximal gradient algorithm (DCPG)

Initialize \°, u° and 1°.
In every node, i, the following computations are performed in parallel and with synchro-
nization:

For k >0

1. Compute

d=m (3 [T+ St + T k] +a)  c2n
JENT “legh leg? reR;

2. Send ¥ to each j € N, receive gc;’“ from each j € N

3. Compute
AFL = \F Z afiak — b)), Le gl (3.28)

JEN

b = max{O,ul (> alak b } le g2 (3.29)

JEN?

v+ = min {'y,max[ v, ¥ —l— Z g j - ]}, reR; (3.30)
JEN

4. Send {)\f‘rl}le‘q, {uf"‘l}leglg and {vFt1Y . er, to each j € N,
receive {x\f“}leg}, {,u;”l}leg? and {vF1},cr, from each j € N

5. Each local controller checks the local termination criteria®. If local termination
criteria are satisfied, the algorithm stops, otherwise increase k and go to step 1) to
start a new iteration.

The convergence result of Algorithm 3.3 will be formulated in Section 3.5.

3.4.2 Distributed accelerated proximal gradient algorithm

In this section we show how the accelerated gradient method can be used to distributively
solve (3.3) by minimizing the negative dual function f. The accelerated proximal gradient
method for problem (3.10) is defined by the following iteration as presented in (Tseng,

%In Chapter 2, we discuss about checking local termination criteria that can also be applied here.
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2008, Algorithm 2) and (Beck and Teboulle, 2009, Eq. (4.1)-(4.3))

k—1
k_ k E k-1
v =z +k—|—2(2 2" (3.31)
1
=P, (vk - sz(vk)) (3.32)

where Pz is the Euclidean projection onto the set Z. Thus, the new iterate, 2k 1 s the
previous iterate plus a step in the negative gradient direction projected onto the feasible
set.

We define the primal iteration z* := H~'(—AT2¥ — g). Using this definition, straight-
forward insertion of v* into (3.12) gives

Vi) =—-A (xk—i— Z;;(zk —gck_l)> +B

By defining " = 2* + 475 (z* — 2*~") and recalling the partition z = [A” u” v”]" and

the definition (3.9) of the set Z, we find that (3.31)-(3.32) can be parallelized:

b = H Y (= ATk — g) (3.33)
% =2k + :J_r ;(xk —zk 1 (3.34)
AL = AF + :—;;(Af A %(al%’“ —by) (3.35)
T = max {0, 7 + Z—;l(uf -+ %(a?aﬁ’“ —by)} (3.36)
vitt = min {y, max [ — v, vf + Z ; ;(Vf — v+ %(PTT:Ek -p)]}. (337

Similarly to the classical proximal gradient version, the step (3.33) can be computed in
parallel by (3.24), the computations (3.35)—(3.37) are distributed with the definitions of
the sets 2},£§,Ri,i = 1,..., M that have been mentioned in Section 3.1. Also note
that (3.34) can be computed component-wise. Thus, each local primal update, z¥, can
be computed after communication with neighbors j € A, Through (3.4)-(3.6) we note
that the dual variable iterations can also be updated after communication with neighbors
i € N'. We get the following distributed algorithm.

Algorithm 3.4 Distributed accelerated proximal gradient (DAPG) algorithm

Initialize \° =\, 10 = p~ 10 =vtandz® = 2~

In every node, i, the following computations are performed in parallel and with synchro-
nization:
For k >0

1

1. Compute a:f according to (3.24) and set
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2. Send g’cf to each j € N, receive 557; from each j € N

3. Compute /\gﬁ'1 according to (3.35) for each | € £}, with afa’ck computed by (3.4)
Compute uf"‘l according to (3.36) for each | € £2, with a;fick computed by (3.5)
Compute I/lk+1 according to (3.37) for each | € R;, with PTz* — p, computed by

(3.6)

4. Send {)‘;H—l}lei)%a {Hfﬂ}zezf’ (Vi '} rer, to each j € N,
receive {\" et {uf T ee2 and {vF }rem, from each j € N

5. Each local controller checks the local termination criteria. If local termination cri-
teria are satisfied, the algorithm stops, otherwise increase k and go to step 1) to
start a new iteration.

In the next section, we will discuss the convergence results of the DAPG algorithm.

3.5 Properties of the distributed proximal gradient algorithms

In the following theorem we characterize the convergence rates for the dual function and
the primal variables using Algorithms 3.3 and 3.4.

Theorem 3.5 Let Assumptions 3.1 and 3.2 hold. Let L be a Lipschitz constant of V f, and
& and g are maximum and minimum eigenvalues of H, respectively. Algorithm 3.3 has the
following convergence rate properties:

1. Denote z* as an optimizer of the dual problem (3.10). The generated cost function
converges to the optimum according to the bound:

0 _ x||2
FZ*) = f(z%) < W,Vk > 1 (3.38)

2. Denote x* as the unique optimizer of the primal problem. The generated primal
variable converges to the optimizer according to the bound:

gL 0_ x]|2
w,wﬁy (3.39)

l2* — 2|3 <

Proof.

For the centralized proximal gradient method with iteration (3.16), in which L is the small-
est Lipschitz constant of V f(z) as pointed out in Proposition 3.1, the proof for argument 1
has been given in (Toh and Yun, 2010, Theorem 2.1) as well as (Beck and Teboulle, 2009,
Theorem 3.1). We will therefore prove that (3.27)—(3.30) generate the same dual updates
as (3.16).
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As indicated by (3.24), by stacking all %, i = 1,..., M, generated by (3.27) we get zj,
as computed by (3.20). Moreover, due to (3.25)—(3.26) we see that (3.28)—(3.30) give the
same Ay Pt pFFL a5 (3.21)~(3.23). Thus the computations (3.27)~(3.30) are equiv-
alent with (3.20)—(3.23), which were shown earlier to be the parallel version of (3.16).
Consequently, Algorithm 3.3 is a distributed implementation of (3.16), giving the same
2* Vk. This proves (3.38).

For statement 2 we first show that z* = H~!(—ATz* — g). KKT conditions for the
quadratic programs (Boyd and Vandenberghe, 2004, p. 244) imply that the primal optimal
solution, z*, and dual optimal solutions z* must satisfy

0=Ha* +g+ AT oo =H '(-AT2* —g)
since H is invertible. This leads to

lz* — ™13 = [|[H 1 (AT" — AT2")|3

< HTHBATE — AT2|I3

1 T k T
SSIAT2 = AT

IN

oLz’ — =*|3

< S(fEH) = f(z) < "

where the second inequality is based on Remark 3.3, the third inequality on Proposi-
tion 3.2, and the final inequality is from (3.38).

This completes the proof. (]

The rate of convergence, O(%), achieved with Algorithm 3.3 is sub-optimal compared
to what can be achieved by gradient methods. With Algorithm 3.4, we obtain a better
convergence rate, namely O( 1712)’ as stated in the following theorem.

Theorem 3.6 Let Assumptions 3.1 and 3.2 hold. Let L be a Lipschitz constant of V f, and
o and o are maximum and minimum eigenvalues of H, respectively. Algorithm 3.4 has the
following convergence rate properties:

1. Denote an optimizer of the dual problem (3.10) as z*. The generated cost function
converges to the optimum according to the bound:

2L 2° — 2*3

£ = 1) < i

V> 1 (3.40)

2. Denote the unique optimizer of the primal problem as x*. The generated primal
variable converges to the optimizer according to the bound:

45 L)) 2° — 2*||3

k *12
- <
Hil' € ”2 — gQ(k+1)2

k> 1 (3.41)

Proof. The derivation of Algorithm 3.4 shows that it is a distributed implementation of
(Tseng, 2008, Algorithm 2) and (Beck and Teboulle, 2009, Eq. 4.1-4.3) applied to mini-
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mize f. The bound in statement 1 follows from (Tseng, 2008, Proposition 2) and (Beck
and Teboulle, 2009, Theorem 4.4).

The proof for statement 2 is similar to the proof of (3.39), with the use of (3.41) instead of
(3.38) in the last inequality. The inequality chain is as follows:

lz* — ™13 = [|[H 1 (AT =" — AT2")|3

< HYPP|ATZF - AT23
Lok T )2

< E”A 2" — AT 23
% e oL~ 23
LU - ey < e

where the second inequality is based on Remark 3.3, the third inequality on Proposition 3.2
and the final inequality is from (3.40). This completes the proof. (]

3.6 Conclusions

We have presented a distributed optimization algorithm for strongly convex optimization
problems with sparse problem data. The algorithm is based on an accelerated gradient
method that is applied to the dual problem. We have shown that the distributed algorithm
provides a fast convergence rate on the cost function and a corresponding convergence rate
is drawn for the primal variable. The proposed DAPG method can be applied to distributed
MPC with similar subsystem decomposition as when we apply distributed Han’s method,
moreover the DAPG can also deal with the MPC problem where there are mixed 1-norm
and 2-norm terms in the cost function, making it suitable for a larger problem class, e.g.,
reference-tracking MPC problems where the objective of reference-tracking is character-
ized by a 1-norm term in the cost function. The hydro power valley application problem
that we will treat in detail in Chapter 5 belongs to this class of problems.






Chapter 4

Distributed model predictive control
with guaranteed feasibility

This chapter deals with an issue related to the asymptotic convergence of dual de-
composition approaches, which often do not provide a feasible solution of the pri-
mal optimization problem in a finite number of iterations. Our idea is to use a con-
straint tightening approach, and then apply a primal-dual iterative algorithm that
provides bounds on the constraint violation and the suboptimality. We develop
two primal-dual iterative algorithms, leading to two hierarchical MPC methods
that provide feasible solutions in every sampling step, one approach is based on a
hierarchical conjugate gradient method, the other is based on a distributed Jacobi
algorithm. Closed-loop stability is established using bounded suboptimality.

4.1 Introduction

In Chapters 2 and 3, we have presented two distributed schemes based on dual decomposi-
tion for solving large-scale MPC problems with coupling in both dynamics and constraints.
A typical requirement of the dual decomposition-based methods is that the dual problem
needs to be solved exactly. However, the distributed algorithms we proposed in Chapters 2
and 3 are developed upon iterative approaches that only converge asymptotically to the
optimum, which may lead to difficulties when attempting to implement these approaches
in a real-time environment. In the current chapter we present a novel method that is moti-
vated by the use of constraint tightening in robust MPC (Kuwata et al., 2007). This method
allows terminating the iterations for the dual problem before reaching convergence while
still guaranteeing a feasible primal solution to be found. The proposed approach in this
chapter uses a projected gradient method for maximizing the dual function, along with a
primal averaging scheme that yields bounds on constraint violation and the cost function.
With this approach, we develop two algorithms: one is based on a hierarchical conjugate
gradient method, and the other is based on a distributed Jacobi method for solving the
primal problem within each iteration of the projected gradient method. The two resulting
algorithms have a two-layer iteration structure where most of the computation tasks are

49



50 Chapter 4 Distributed model predictive control with guaranteed feasibility

done by local controllers, while a few crucial parameters are handled by a coordinator.
The proposed framework guarantees primal feasible solutions and MPC stability using a
finite number of iterations with bounded suboptimality.

This chapter is organized as follows. In Section 4.2, we recall the MPC optimization prob-
lem in this thesis and present its tightened version, which will be used to guarantee fea-
sibility of the original problem even with a suboptimal primal solution. Sections 4.3 and
4.4 provide the main elements of the two algorithms used to solve the dual version of the
tightened optimization problem, together with the properties of the algorithms: we show
that the primal average solution generated by the approximate subgradient algorithm is a
feasible solution of the original optimization problem, and that the cost function decreases
through the MPC updates. This allows it to be used as a Lyapunov function for showing
closed-loop MPC stability. Additional discussion about the realization of the assumptions
is provided in Section 4.5. A simulation example is provided in Section 4.6 to illustrate the
performance of the proposed framework. Section 4.7 concludes the chapter and outlines
future research.

4.2 Problem description

4.2.1 MPC problem formulation

Recall that we have M interconnected subsystems with coupled discrete-time linear time-
invariant dynamics:

M
Thyy =Y A2 + B, i=1,....M (4.1)
j=1
and the corresponding centralized state-space model:
Tht1 = Az, + Buy, “4.2)

with 2y, = [(2) T (7). (@) T]T we = [(w) T ()T - ()T, A = [Ajjlijeqn

We formulate an MPC problem using a terminal penalty and a terminal constraint set. In a
particular time step ¢ the MPC optimization problem is defined as follows:

Ilrllin Z (x;;Fka—i—ugRuk) +x;‘F+NP;vt+N “4.3)
> k=t
st ah,, = Z Aij:c{C +Bijui,
JEN
i=1,....M, k=t,....,t+N-1 (4.4)
r,eX k=t+1,....,t+N—-1 4.5)

TNy €EXf CX 4.6)
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up €Uk =1, t+N—1 “.7)
ul € Qi=1,...,M, k=t,....t+N—1 (4.8)
e =z(t) € X 4.9)
where u = [uf,...,uf, y_ {7, x = [z{,1,..., 2] y]7, the matrices Q, P, and R are

block-diagonal and positive definite, the constraint sets I/, X', and X are polytopes and
have nonempty interiors, and each local constraint set 2; is a hyperbox. Each subsystem 4
is assigned a neighborhood, denoted /%, containing subsystems that have direct dynamical
interactions with subsystem ¢, including itself. The initial state z; is the current state at time
step ¢. Notice that the MPC formulation (4.3)—(4.9) does not incorporate the terminal zero-
point constraint (44 = 0) like the MPC problem introduced in (1.10)—(1.14). Moreover,
the approach proposed in this chapter does not handle any equality constraints on the states
except the dynamical constraints (4.4), since those corresponding constraint sets will have
empty interior that prevent constraint tightening, the key idea of this approach.

As U, X, and X; are polytopes, the constraints (4.5) and (4.6) are represented by linear
inequalities. Moreover, the state vector x is affinely dependent on u. Hence, we can elimi-
nate the state variables x4 1, . .., zy4+n and transform the constraints (4.4), (4.5), and (4.6)
into linear inequalities of the input variable u. Eliminating the state variables in (4.3)—(4.9)
leads to an optimization problem in the following form:

fi= m&n flu,zy) (4.10)

st g(u,z) <0 (4.11)

ue (4.12)

where f and g = [g1,...,gm]? are convex functions, and Q& = Q x --- x Q (N times)

with Q = sz\i1 Q;, is a hyperbox. Note that f(u,x;) > 0,Vu # 0,x¢ # 0, due to the
positive definiteness of @), P, and R.

Following the standard approach of the dual mode MPC formulation (Mayne et al., 2000),
we assume that the following assumptions hold:

Assumption 4.1 There exists a block-diagonal feedback gain K such that the matrix A +
BK is Schur! (i.e., K yields a decentralized stabilizing control law for the unconstrained
aggregate system,).

Assumption 4.2 The terminal constraint set X¢ is strictly positively invariant for the
closed-loop system with x11 = (A + BK)zy, ie., if ¢ € int(X¢) then (A+ BK)z €
int(X¢). In addition, for any state in X, the control input generated by the terminal con-
troller should satisfy the input constraints, i.e., —Kx € U N ), Vo € X;.

Remark 4.1 Assumptions 4.1 and 4.2 are necessary to ensure the system will be stable
when its state is driven into the positively invariant set Xt and the MPC controller is
switched to the linear controller w = — Kx. Similar assumptions are typically used in the
dual mode MPC approach, however here we need two stronger conditions. The first one

A matrix is Schur if all of its eigenvalues are inside the unit circle.
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is the block-diagonal structure of the matrix K that means the existence of decentralized
linear stabilizing controllers within Xz. The second one is that once the linear controller
u = — Kx will keep the state in the interior of Xt for any starting state inside the interior
of Xy, thus also requires that Xy has nonempty interior, this requirement will be used for
updating the Slater vector, which is introduced in the following assumption.

Assumption 4.3 The Slater condition holds for problem (4.11)—(4.12), i.e., there exists a
vector that satisfies (4.11)—(4.12) with strict inequality constraints (Bertsekas, 1999). It is
also assumed that prior to each time step t, a Slater vector U, is available, such that

gj(tg,2¢) <0,5=1,...,m
{ u; € int(Q2) (4.13)

Remark 4.2 The Slater condition means that the union of the constraint sets after elimi-
nating state variables in (4.3)—(4.9) has nonempty interior. If this condition holds, we will
only need to find the Slater vector Qg for the first time step, which can be computed off-
line. In Section 4.5.1 we will show that a new Slater vector can then be obtained for each
t > 1, using Assumption 4.2.

Assumption 4.4 At each time step t, the following holds

fa—1, 1) > f(Q, 2) (4.14)

For later reference, we define Ay > 0 which can be computed before time step t as follows:
A = f(ug1,m-1) — fag, zy) (4.15)

Remark 4.3 Assumption 4.4 is often satisfied with an appropriate terminal penalty matrix
P. A method to construct a block-diagonal P with a given decentralized stabilizing control
law is provided in Siljak (1978). Often the terminal state that is inside the set X¢ and
the subsequent input generated by the terminal controller w = —Kux both have small
magnitudes, hence if U is constructed by shifting u;_1 one step ahead, we can obtain A\,
approximately as:

Ay ~al Qg +ul Rus (4.16)

Assumption 4.5 For each x; € X, the Euclidean norm of g(u, x;) is bounded:

3L, : Ly > |lg(u, 24)||2,Vu € Q (4.17)

Remark 4.4 In the first time step, with given xq, we can find Lo by evaluating ||g(u, x¢)]|2
at the vertices of S, the maximum will then satisfy (4.17) for t = 0, due to the convexity of
g and 2. For the subsequent time steps, we will present a simple method to update L, in
Section 4.5.2.

The main focus in this chapter is to solve problem (4.10)—(4.12) in a distributed or hier-
archical manner by using dual decomposition approaches, while guaranteeing feasibility
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and stability of the closed-loop system. Let us denote (u;, x;) as a feasible solution gener-
ated by the controller for problem (4.3)-(4.9) at time step ¢. This solution is required to be
feasible but not necessarily optimal. In the remaining of this chapter, we will present two
approaches to obtain feasible (u;, x;) at every sampling time, while also guaranteeing sta-
bility of the MPC closed-loop system. Both approaches aim to tighten the constraints that
are (4.11)—(4.12) for the first method and only (4.11) for the second method, then solve the
dual problem using a gradient method. The differences between the two approaches come
from the use of different techniques to solve the minimization of the Lagrangian, which is
required when solving the dual problem.

We now present the tightened problem, which serves as the starting point for both ap-
proaches.

4.2.2 The tightened problem

In our proposed approach to the presented challenges, we will not solve problem (4.10)-
(4.12) directly. Instead, we will first tighten the problem (4.10)—(4.12) before applying
iterative algorithms. Next we describe two ways for constraint tightening that will be used
in two different algorithms.

Tightening of both coupled and decoupled constraints:

Let us combine the two constraints (4.11)—(4.12) into one common form:
h(u,z;) <0 (4.18)

with h = [hl, ey hm+2nu]T where hj = gj,j =1,...,m,and hpyy1,..., hm+2nu
represent the domain constraint (4.12), note that i is a linear function for every j, due to
the linearity of g and €2 is a convex polytopic set.

With a given Slater vector u; as mentioned in Assumption 4.3, we can pick a value c¢; such
that:

O0<e < min {—hj(Q,z)} (4.19)

j=1,...,m+2ny
and form the tightened problem:
= min  f(u, z) (4.20)
st. A'(u,z) <0 4.21)
with the new constraint function h’ defined as:
B (w, ) 2 h(w,2) + Lpyon,ct (4.22)
where 1,,9,, is a column vector with m + 2n,, entries that are all equal to 1.

Due to (4.13) and (4.19), we have

max  {hj(ag,z¢)} =  max _ {hj(@, )} +¢ <0 (4.23)

J=1,...,m+2ny J=1,...,m+2ny
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Hence h}(ﬁt, x¢) < 0,7 =1,...,m + 2ny, this means @, is also a Slater vector for the
constraint (4.21).

Tightening of coupled constraints only:

In the second case, we consider the following tightened problem:

i =min f(u,,) (4.24)
st. g (u,x) <0 (4.25)
uc) (4.26)
with the tightened constraint:
g (u,z;) £ g(u,z¢) + 1,6 (4.27)
where ¢'(u,z¢) = [, ..., 9,,]F and
0<é < jzrlr}.i.r.l)m{—gj(ﬁt,xt)} (4.28)

Due to (4.13) and (4.28), we have

jzr?axm{g; (Gg, )} = j:nilaxm{gj(ﬁt, )} + ¢ <0 (4.29)
and this also confirms that 4 is a Slater vector for (4.25). Moreover, using (4.17) and the
triangle inequality of the 2-norm, we will get L’y = L; + ¢; as the norm bound for g,
ie., L'y > ||¢'(u,z¢)]|2, Yu € Q. Note that L’; implicitly depends on ¢, as @i; and ¢ are
updated based on the current state x;.

Remark 4.5 Due to the fact that h includes g and additional decoupled constraints, com-
paring (4.19) and (4.28) we see that max c; < max ¢;. This means the range for tuning
¢y is narrower than the range for tuning ¢, i.e., the tightening approach for the function
h is more conservative than tightening g only. It will be shown in the next section that by
tightening also the local constraints, the resulting dual problem can be treated with more
algorithms.

Now we have two tightened optimization problems that are (4.20)—(4.21) and (4.24)-
(4.26). Note that due to the dynamical and constraint couplings in the MPC formulation,
both these problems are large-scale quadratic optimization problems, and we can write the
functions as

fu,z;) = ul Hu + b7 (z;)u (4.30)
R (a,x) = Cu—d(z) + linson,Ct (4.31)
g (u,z) = Cu—d(zy) + 1,6 (4.32)

where H is a positive definite matrix, b, d, and d are constant vectors depending on the ini-
tial state value, and both H and C have sparse structure resulting from the interconnection
of subsystems.
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4.2.3 Dual problem formulations

We consider solving the dual problem of (4.20)—-(4.21) or (4.24)—(4.26), since the dual
decomposition approach allows dealing with the coupled constraints in a hierarchical way.

The exact dual problem

The Lagrangian of problem (4.20)—(4.21) is defined as
L(u,p) = f(u) +pu"h' (u) (4.33)

in which p € RT”"“ is called the dual variable.

The dual function of (4.20)—(4.21),

¢ (u) = min L(u, p) (4.34)

u

is a concave function. Note that if f and i’ are continuous functions, and if £(-, i) attains
the minimum at a unique point u(u), then according to (Bertsekas, 1999, Proposition
6.1.1), ¢’ is differentiable everywhere and

Vq () = B (u(n), Vpe R (4.35)

Given the assumption that the Slater condition holds for (4.20)-(4.21), duality theory
(Bertsekas, 1999, Chapter 5) shows that

1%

q" = f (4.36)

where ¢} = Max,, cgrmt2n ¢’ (1) and f/* is the minimum of (4.20)—(4.21).

The inexact dual problem

Now we consider the dual problem of (4.24)—(4.26), which has the following Lagrangian:

L(u,p) = f(u) + 1" g'(u) (4.37)

and the dual function is defined as:

¢'(p) = min L(u, ) (4.38)

In case an optimum of the Lagrangian is not attained due to termination of the optimization
algorithm after a finite number of steps, a value G(jz) that satisfies

L(a(f), i) < min £(u, i) 4+ 6 (4.39)
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will lead to the following inequality:
q'(n) < q()+0+ (n—pm)"g' (a(n), VueRY (4.40)
where ¢'(t(f2)) is called a d-subgradient of the dual function ¢’ at the point fi. The set of

all §-subgradients of ¢’ at i is called §-subdifferential of ¢’ at ji.

This also means we do not have to look for a subgradient (or J-subgradient) of the dual
function, as it is available by just evaluating the constraint function at the primal value

u(f) (or (7).
In the next sections, we will present a projected gradient method for solving the exact dual

problem of (4.20)—(4.21), and then another method for solving the inexact dual problem of
(4.24)-(4.26).

4.3 Hierarchical MPC using a conjugate gradient method (HPF-DEG)

In this section, we focus on the solution of the optimization problem (4.20)—(4.21), which
needs to be calculated in each MPC update step. For simplicity of exposition, the depen-
dence of functions on z; will be omitted. The main idea is to solve the exact dual problem
of (4.20)—(4.21).

4.3.1 Projected gradient method
The projected gradient iteration for solving (4.20)—(4.21) is given by

u® = argmin £(u, u™) (4.41)
pk D) — Pgrn-ans { p®) 4 ath’(k)} (4.42)

where k stands for the iteration index, the operator Ppm+2nu is the projection onto the
+

nonnegative orthant, c; is the constant step size (used for time step t), u(*) is the dual
iterate at iteration & (for the first iteration, ;(©) = 0 - 1,,), and b’ = B (u®, z,) is the
gradient of the dual function ¢’(p) at iteration k.

The step size «; for the dual update (4.42) should satisfy the inequality:
where A is provided by (4.15), and L} is the norm bound for /’ (k) This step size is chosen
to facilitate showing the monotonic decrease of f(u;, ;) in Section 4.3.4.

The projected gradient iteration (4.41)—(4.42) is performed for k = 1,...,k;, with k;, €
Z defined a priori as

2
+ OétL/t> (444)
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We will show in Section 4.3.4 that once the number of iterations (4.41)—(4.42) exceeds
k; steps, then we will obtain a feasible solution for the original problem (4.10)-(4.11) by
averaging the primal iterates:

mm:igyw (4.45)

Remark 4.6 In order to implement the algorithm in a hierarchical fashion, we need a
hierarchical method to solve problem (4.41) and perform (4.42). Even though (4.41) is
indeed an unconstrained quadratic optimization problem that has an analytical solution,
we will not use this solution due to the computational burden when inverting the Hessian
matrix. Instead, we will employ a conjugate gradient method (Bertsekas and Tsitsiklis,
1989, Chapter 2) and use a hierarchical implementation to find the solution of (4.41). The
dual update (4.42) will also be done locally by letting each constraint be updated by a
local controller.

In the next subsection, we describe a decomposition of the large-scale system, and present
the hierarchical conjugate gradient method using the decomposition structure.

4.3.2 Subsystem decomposition

Note that the functions f and A’ have particular structure since the matrices @, P, and R
in the cost function (4.10) are block-diagonal. It is straightforward to verify (Venkat et al.,
2007) that if matrices A and B are sparse (meaning that the large-scale system consists
of subsystems with neighboring interactions only), then H and C' will also be sparse, and
b and d will have a structured dependence on z;. Now, consider the following subsystem
decomposition:

e Each subsystem i = 1,..., M has an associated decision variable u’ with the same
dimension as u, but containing only the variables corresponding to subsystem ¢ in
its nonzero entries’. We define u’ as

u' =Ju (4.46)

where J¢ € R™*™u is a diagonal matrix with zeros and ones on its diagonal. Ma-
trices J* (and thus the subsystem decomposition) are chosen such that there is no
overlap between the subsystems’ variables.

e For each subsystem 4, there is a neighborhood A/ that contains i itself and any other
subsystem j that is coupled with ¢ either via the objective function f (i.e., there is at
least one term involving both variables of i and j € A% in f), or via the constraint
function A’ (i.e., there is at least one constraint that involves some variables of ¢ and

jeND).

>Typically u’ contains the control inputs of subsystem i over the prediction horizon of the MPC problem.
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In order to distribute the dual update (4.42), we will let each subsystem be in charge of
updating a subset of dual variables, denoted by D'. There are different methods for parti-
tioning the dual variables, among them one simple partitioning algorithm is the following:
if the maximum absolute value of entries in a row r of C' corresponds to a variable of
subsystem 7, then r € D*. Note that each dual variable is updated by one and only one
subsystem.

Since h/(u) = Cu — d, we see that in order to perform the update (4.42) for the dual
variables within D¢, subsystem 7 will only need to communicate with subsystems j € N/*
during iteration k to get the necessary entries of u(*).

4.3.3 Hierarchical conjugate gradient method

The algorithm we propose to use for solving (4.41) is an adaptation of the conjugate gra-
dient method as described in (Bertsekas and Tsitsiklis, 1989, Chapter 2). Hereby we sum-
marize the main steps and underlying ideas of this iterative method:

e The algorithm starts at some u(0) and selects 5(0) = —V,L(u(0),u®) =
—(Hu(0) + b(x;) + CT ™).

e The iteration has the form:
u(p+1)=u(p) +v@)sk), p=0,1,... (4.47)

with p the (inner) iteration index, s(p) the direction of update at iteration p, and y(p)
an optimal scalar step size.

e The algorithm stops if Vo £(u(p), u®)) = 0. Otherwise, update s(p) by

s(p) = —VuL(u(p), u™) + B(p)s(p — 1) (4.48)

where (p) is generated by

VIL(u(p), n®)VuL(u(p), p*)

- 4.49
o) VEL(u(p — 1), u")VuL(u(p — 1), u) (4.49)
e We update y(p) by
s(p)"VuL(u(p), p™)
- (4.50)
V(p) T ()

e One feature of this iteration method is the conjugate property of s(p), i.e.,

s(p)" Hs(r) = 0,Vr #p (4.51)

It has been proved that the conjugate gradient algorithm terminates after at most n,, steps”,
where n is the size of u (Bertsekas and Tsitsiklis, 1989, Chapter 2).

3The number of iterations can be significantly reduced with proper preconditioning.
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For application in hierarchical MPC, it is required that the communications and computa-
tions of (4.47), (4.48), (4.49), (4.50), (4.42) and (4.45) can be done in a hierarchical setting.
We propose to use a hierarchical optimization method, in which a coordinator communi-
cates with all local controllers, and each local controller can also communicate with others
in its neighborhood. In summary, we propose a nested iterative algorithm in which the
outer loop is the projected gradient method for the dual problem (4.41)—(4.42), and the
inner loop is the hierarchical conjugate gradient method for solving (4.41).

Algorithm 4.1 Hierarchical Primal Feasible method with Dual Exact Gradient (HPF-
DEG)

1. Input: uy, 0+, Ly. The coordinator computes cy, \¢, oy, and k:, then sends ¢y, oy and
k; to all local controllers.

2. Setk = .O' Choose u(o) =0 1n+tang u® =90. 1, then each local controller
hasu®’ =0-1,,.

3. Solve (4.41) at step k by the following iterative process:

(a) Setp = 0. Initialize each local controlleri € {1,..., M} with u(0)" = u®’,

(b) Eachlocal controlleri € {1,..., M} communicates with j € N to getu(p)?,
then computes

VL(u(p))’ =7 (H Z w(p) +b+ C’Tu(k)>
JEN

(c) Each local controlleri € {1,..., M} computes VLT (u(p))'VL(u(p))!, and
then sends the result to the coordinator.

(d) The coordinator makes the sum:
M . .
VL  (u(p)VL(u(p)) = > VL (u(p))'VL(u(p))’
i=1

Note that steps 3(b), 3(c), and 3(d) are aimed at updating V LT (u(p))VL(u(p)),
which appears in (4.49), by computing its subsystem components.

(e) The coordinator checks whether VL(u(p)) = 0. If so, then it announces
“stop” and each controller takes u™)" = u(p)’. Go to step (4). If VL(u(p)) #

0, the coordinator computes 3(p) by (4.49), and sends B(p) to all local con-
trollers.

(f) Each local controller i € {1,..., M} computes s(p)* = —VL(u(p))® +
B(p)s(p — 1) ifp > 0, or s(p)t = —VL(u(p)) if p = 0, and then com-

municates with j € N to get s(p)’. The purpose of this step is to use local
implementation for computing (4.48).

(g) Each local controlleri € {1,..., M} computes [s(p)' ]V L(u(p))* and also
[s(p)]TH D jent s(p)?, and then sends these results to the coordinator.
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(h) The coordinator makes the sums:

M
SO)TVL@) = 3 ls0)TVL ()
=1
M . .
@) s =Y {[s@y]TH 3 s(p)-f},
=1 JEN

computes ~(p) according to (4.50), and then sends y(p) to all local controllers.
(i) Eachlocal controlleri € {1,..., M} updatesu(p+1)" = u(p)’ +~(p)s(p).
(j) Setp=p+1, go to step 3(b).

4. Each local controlleri € {1,..., M} communicates with j € N to get u*)”,

5. Each local controlleri € {1,..., M} updates the dual variables in the set D* by:

p D (1) = Py, {w (1) + o ( Z C(l,v)u® (v) — d(l)) } vieD'

v=1

where all C(l,v) that are nonzero correspond to variables v of the subsystems j €

N, and therefore the knowledge ofu(k)J .j € N is enough for this computation.

6. Setk =k + 1. Ifk < ki, go to step (3).

7. Each local controller i € {1,..., M} computes ii* = Elf Zi;o u®’. The corre-

sponding global output is atk) = Zi\il .

Remark 4.7 Algorithm 4.1 needs a coordinator to compute and deliver common variables
ct, oy and ky to the local controllers. However, most of the computations are carried out by
local controllers. Each local controller needs to exchange information with its neighbors
and the coordinator. Regarding communications, major communications between subsys-
tems are in the order of 2k; X ny X Ef\il |N¢| messages (occuring at steps 3(b) and 4
of Algorithm 4.1), while the communications between the coordinator and all local con-
trollers are in the order of 2k¢ X ny X M messages (occuring at steps 3(c) and 3(g) of
Algorithm 4.1).

In the next section, we will show that a(**) generated by Algorithm 4.1 is a feasible solu-
tion of (4.10)—(4.11), and it ensures cost reduction for the MPC problem.

4.3.4 Properties of the HPF-DEG algorithm

Denoting the primal average sequence by a®) = 157" u® where u®, ..., u® are
generated by (4.41), we will make use of the following results (Nedic and Ozdaglar, 2009)
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for k > 1:
+ 1 /3 a, L'
1 (k) 2 =\ tH ¢ /
H[h ()] 2skat<&[f(ut> a1+ S5 +atLt) (4.52)
)2 2
Fa®) < g+ —Hgka!}? + —O‘tQLt (4.53)

where the notation 1’ " indicates the constraint violation, i.e., A’ = max{h’,0- Ly 1on,}
Using the constraint violation bound (4.52) and the cost upper bound (4.53) for the tight-
ened problem (4.24)—(4.25), we will show that (k) is a feasible solution of (4.10)—(4.11),
and f(ug, x;) < f(ue—1,T1—1).

Feasible primal solution

Proposition 4.2 Let Assumptions 4.1—4.5 hold and Algorithm 4.1 be executed until k = k;
defined by (4.44). The primal average 0\*") is a feasible solution of (4.10)—(4.11).

Proof: Applying the result in (4.52) leads to
SN+
[l ()]

Moreover, ¢, = f{* > 0 because f(u) > 0,Vu due to the use of a positive definite
quadratic stage cost in the MPC setting. We have

[l

Combining (4.54) and (4.44), and noticing that k; and c; are both positive leads to

2
OétL/t

2

1 3 .
< - - — o l:/
2 - ktOét <At [f(Ut) % } at t)

1 (3, oLl? ,
< = ~ + + o L 4.54
2 - ktOét <)\tf(Ut) 2)\t it ( )

H [h’ (ﬁ<’5t>)]+ < (4.55)
2

N (ﬁ@) <er j=1,...,m+2ng (4.56)

= hy (ﬁ@t)) <0, j=1,....,m+2ny (4.57)

in which the last inequality is due to (4.27). This means that a®1) s a feasible solution of
the problem (4.10)—(4.11). (I

Decreasing cost function

Let us recall that the optimization problem formulation is motivated by an MPC problem
for which Assumption 4.4 holds. The following proposition shows that the cost function of
the MPC problem is a decreasing function.
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Proposition 4.3 Let u;_1 and x;_1 be given and satisfy (4.14), and Assumptions 4.1-4.5
hold. Considering u; = 0'**) generated by Algorithm 4.1, the following inequality holds:

fug,ze) < flug1,26-1) (4.58)

Proof. Using (4.53), (4.43), and noting that ,u(o) = 0 leads to

2
OétL/t

Flug, z,) 2 f(ﬁ@) <4 (4.59)

Due to (4.43), we then have

flug, ) < f7 4+ Ay (4.60)

Notice that u; is also a feasible solution of (4.20)-(4.21) (due to the way we construct the
tightened problem: 1, still belongs to the interior of the tightened constraint set), while
f/" is the optimal cost value of this problem. As a consequence,

7 < f(tg, my) (4.61)

Combining (4.60), (4.61), and (4.15) results in the cost decrease property: f(u;,z;) <
fag—1, 1) U

In summary, the algorithm HPF-DEG is able to generate a feasible solution for the MPC
optimization problem at each time step ¢, which is used to show that the cost function is
decreasing thanks to Assumption 4.4. In order to employ this algorithm for hierarchical
MPC, one needs to make sure that a feasible prediction 1, of the input sequence, and a
cost reduction A; are available before each time step t. We will discuss the method to
update 0 in Section 4.5.1, while A; can be computed by (4.15).

4.4 Hierarchical MPC using a distributed Jacobi method (HPF-DAG)

The objective of this section is to use dual decomposition for the tightened problem (4.24)—
(4.26). This section differs from the previous one by using an inexact dual problem. We
will show that a similar approach as in the previous section can be used, with a distributed
Jacobi algorithm instead of the conjugate gradient method in the inner loop, and extending
the results for the projected gradient method in the outer loop.

Recall that the tightened problem to be considered in this section is:

fy =min f(u,z,) (4.62)

st. ¢ (u,x) <0 (4.63)
uecQ (4.64)
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The Slater condition also holds for the tightened problem (4.62)—(4.64), with u; being the
Slater vector.

4.4.1 Projected gradient method with approximate gradient

With the same subsystem decomposition as described in Section 4.3.2, we organize our
algorithm for solving (4.10)—(4.12) at time step ¢ in a nested iteration of an outer and inner
loop. The main procedure is described as follows:

Algorithm 4.4 Hierarchical Primal Feasible method with Dual Approximate Gradient
(HPF-DAG)

1. Given a Slater vector 0y of (4.10)—(4.12), determine ¢; and construct the tightened
problem (4.62)—(4.64).

2. Determine the step size &, the suboptimality €, and ky (the sufficient number of
outer iterations), see later in Section 4.4.3.

3. Outer loop: Set i©) =0 -1,,. Fork =0,. ...k, findu®™  p*+Y such that:

La® 0y < mem Llu, y®) + ¢, (4.65)
R { p*) 4 dtd(k)} (4.66)

where ’P]Rm denotes the projection onto the nonnegative orthant, d®) = ¢ (u(k), xt)
is a e-subgradient of the dual function ¢’ at p® (see (4.40)).
Inner loop:
e Determine py (the sufficient number of inner iterations), see later in Sec-
tion 4.4.5.
e Solve problem (4.65) in a distributed way with a Jacobi algorithm. For p =

0,...,pk every subsystem i computes:

u'(p+1) =arg Jnin L(u'(p),...,u"  (p),u’,

u(p), ..., uM(p), u®) (4.67)

where S; is the local constraint set for control variables of subsystem 1.
o Defineu™ 2 [u'(py)7, ..., uM (px)"]7, which is guaranteed to satisfy (4.65).

4. Compute k) = Zz ou D, and take v, = a'*) as the solution of (4.10)—
(4.12).
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Remark 4.8 Algorithm 4.4 is suitable for implementation in a hierarchical fashion where
the main computations occur in the Jacobi iterations and are executed in parallel by local
controllers, while the updates of dual variables and common parameters are carried out
by a higher-level coordinating controller. In the inner loop, each subsystem only needs to
communicate with its neighbors, which will be discussed in Section 4.4.6. This algorithm
is also amenable to implementation in distributed settings, where there are communication
links available to help determine and propagate the common parameters i, €+, ki, and Dk-

Remark 4.9 Algorithm 4.4 uses a similar projected gradient update as in (4.41)—(4.42)
for maximizing the dual function; however, it uses the distributed Jacobi iteration for min-
imizing the Lagrangian, as opposed to the conjugate gradient method in Section 4.3.

In the following sections, we will describe further results in terms of an upper bound on the

cost function and the convergence rate of the Jacobi iteration, leading to the determination
of the parameters of the algorithm.

4.4.2 Extended upper bound for the primal cost function

The outer loop at iteration k uses an approximate subgradient method. Let us formulate
the bounds on constraint violation and on the cost function by the next proposition.

Proposition 4.5 The primal average sequence 1'% = % Ef:o u® generated at iteration
k > 1 of the Algorithm 4.4 has the following properties:

+ 1 /3 AL
1 o (k) )} < 245 _ 4 L’ AL, 4.68
H[Q (u , Lt 27k0~4t <%[f(ut7$t) (]t]'i‘ 2 + aly ( )
o Ol GL?
f(ﬁ(k)’xt) <4 M T (4.69)
2k04t 2

where g’ denotes the constraint violation, i.e., ¢ = max{g’,0- 1,,}.

Proof. The bound on the constraint (4.68) is from Nedic and Ozdaglar (2009) and was
mentioned before at (4.52), while the bound on the cost (4.69) is an extension of (4.53) for
the case where £;-subgradient is used instead of exact subgradient. Hereby we focus on the
proof for (4.69).

This proof is an extension of the proof of Proposition 3(b) in Nedic and Ozdaglar (2009),
the main difference being the incorporation of the suboptimality ¢; in the update of the
primal variable (4.65).

Using the convexity of the cost function, we have:

1 k—1 k—1
Ja®) = f(EZu”)) <> f®)
=0 =0

(F@®) + ()T g'(uD)) -

ol

k

|
—
e

|
—

()T g (u®) (4.70)

| =
T
(=)
| =
T
(=)
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Note that £(u®, ) = f(u®) + ¢'(u®)T O and

L(u®, uM) < umeig,é(u”),u(“) te=¢ (") +e, W<k @.71)

Combining the two inequalities above, we then have:

1 k—1 _ 1 k—1
F@®) < 23 7d (W) e =2 > (1) g ()
=0 =0
1 k—1
<y 4er— . (W Ta® (4.72)
=0

where d¥) = ¢/(u")), and the last inequality is due to q~’: > (u(l)) , V.
Using the expression of the squared sum:
DS < s + éed |3
= V113 + 26, (1) TdV + [ ad® |3 (4.73)

we have:

— (g < —

< oo (OB B+ aa0) @

forl=0,...,k— 1.
Summing side by side for ! = 0,...,k — 1, we get:

k—1 ~ k-1

1 (%
=2 (1T < 5= (Ilu“’)IS - Iu““’llﬁ) +5 2 V5 @7s)
=0 =0

Linking (4.72) and (4.75), we then have:

k—
. ~ 1 Ot
Fa0) < 7+ 2 g (WO - OIR) + 5 Z )
=0

[ =
—_— 4.7
t + 2]€ o + 2 + Et ( 6)

in which we get the last inequality by using L} as the norm bound for all ¢'(uV),l =
0,....k—1.

Finally, due to the Slater condition, there is no primal-dual gap, i.e., qN’ : = f} (cf. (4.36)),
and hence:

0) 12 O~CL/2
HM | 4 Qe te

FEO) < 7+ T+ =5
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4.4.3 Determining the step size &, the suboptimality c;, and the outer loop termi-
nation step k;

Similarly to Section 4.3, we need to determine &, £, and l;t such that at the end of the
algorithm, we will get a feasible solution for problem (4.10)—(4.12), which is the average
of primal iterates generated by (4.65):

w2 a0 = 1 S u® (4.77)

and the monotonic decrease of the cost function, i.e., f(u, z:) < f(wi—1,zi—1).
The step size &; and the suboptimality €; should satisfy:

~ 2
OétL;

+ e < Ay (4.78)

where A is defined in (4.15), and L} is the norm bound for ¢’. This condition allows us to
show the monotonic decrease of the cost function in problem (4.3)-(4.9), which can then
be used as a Lyapunov function.

Note that a larger a; will lead to a smaller number of outer iterations, while a larger €; will
lead to a smaller number of inner iterations. For the remainder of the chapter we choose
their values according to

A
e = % (4.80)

The subgradient iteration (4.65)—(4.66) is performed for £ = 1,..., ke, with &, € Zy
defined a priori as

- 1 /3 a L)?
ke > — (—f(ut,xt) 4 2 +dtL§) (4.81)
QCt \ 7Vt 2

Slater vector of (4.62)—(4.64). This choice of k; comes from the results in Proposition 4.5,
so that after k; outer iterations, Algorithm 4.4 generates a feasible solution, as will be
pointed out in Section 4.4.6.

4.4.4 Convergence rate of the distributed Jacobi algorithm

The inner iteration (4.67) performs parallel local optimizations based on a standard Jacobi
distributed optimization method for a convex function E(u, u(k)) over a Cartesian product
set 2, as described in (Bertsekas and Tsitsiklis, 1989, Section 3.3). In order to find a suffi-
cient stopping condition for this Jacobi iteration, we need to characterize the convergence
rate of this algorithm.
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Firstly, let us define the block-maximum 2-norm of a vector.

Definition 4.1 For a vector x = [zT,... 2T,] with z; € R™, let p denote the tuple
(n1,...,na) and let || - ||2 stand for the Euclidean norm. The block-maximum 2-norm of

x with respect to the partitioning p is defined as:

2l [o—m,2,p = max ;|2 (4.82)

Next we provide the condition for convergence of the Jacobi iteration. Note that since
f(u,x;) is a strictly convex quadratic function, and ¢'(u, x;) contains only linear func-
tions, the function ﬁ(u, ,u(k)) is also a strictly convex quadratic function with respect to u.
Hence, it can be written as:

L(u, 1™y =u"Hu+b"u+c (4.83)

where H is a symmetric, positive definite matrix, b is a constant vector and c is a constant
scalar.

Proposition 4.6 Suppose the following condition holds:

Amin(Hii) > Z a(Hij), Vi (4.84)
J#i
where H;; with i,5 € {1,..., M} denotes the submatrix of the Hessian H ofﬁ~ w.r.t. u,

containing entries of H in rows belonging to subsystem i© and columns belonging to subsys-
tem j, Amin denotes the smallest eigenvalue, and & denotes the maximum singular value.

Then there exists ¢ € (0, 1) such that the aggregate solution of the Jacobi iteration (4.67)
satisfies:

[lu(p) —u*f]2 < MeP m;cmxHui(O) —u”y, Vp>1 (4.85)
where u* = arg minycq £~(u7 u(k)), and u™ is the component of subsystem i in u*.

Proof. According to Proposition 3.10 in (Bertsekas and Tsitsiklis, 1989, Chapter 3), the
Jacobi algorithm has a linear convergence w.r.t. the block-maximum 2-norm.

Proposition 3.10 in (Bertsekas and Tsitsiklis, 1989, Chapter 3) states that u(p) generated
by (4.67) will converge to the optimizer of E(u, 1®)) with a linear convergence rate w.r.t.
the block-maximum 2-norm (i.e. ||[u(p) — u*|lb—m2,p < @*|u(0) — u*||b—m,2,p, With
u* = argmingen £(u, u*)) and ¢ € [0, 1)) if there exists a positive scalar v such that
the mapping R : @ — R™, defined by R(u) = u—~V,L(u, u*)), is a contraction w.r.t,
the block-maximum 2-norm.

Our focus now is to derive a condition such that R(u) is a contraction mapping.

In order to derive a condition for R(u) to be a contraction mapping, we will make use of
Proposition 1.10 in (Bertsekas and Tsitsiklis, 1989, Chapter 3) for the 2-norm case, stating
that:
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If f : R™ — R™ is continuously differentiable and there exists a scalar ¢ € [0,1) such
that

1= AGH(VF ) 2+ D IWGT (Vi F(w) |2 < ¢, Yu e 2,V (4.86)
J#i

then the mapping 7' : © — R™ defined by T;(u) = u; —yG; ' F(u) for each component
i €{l,..., M} is a contraction with respect to the block-maximum 2-norm.

The mapping 7T'(u) will become the mapping R(u) if we choose G; = ["ui, Vi (the iden-
tity matrix with the size ny:), and take F(u) = V,L(u, u*)) = 2Hu + b. With such
choice, and evaluating the induced 2-norm in (4.86), the condition for contraction map-
ping of R(u) is to find ¢ € [0, 1) such that:

[T = 29Hiill2 + D _129vHijll2 < ¢, Vi (4.87)
i
where H;; with ¢,j € {1,..., M} denotes the submatrix of  containing entries at rows

belonging to subsystem ¢ and columns belonging to subsystem j. Note that the matrix
I™wt — 2vH,;; inside the first induced matrix norm is a square, symmetric matrix, while
the matrices H;; are generally not symmetric, depending on the number of variables of
each subsystem. The scalar ¢ € [0, 1) is also the modulus of the contraction.

Using the properties of eigenvalue and singular value of matrices, we transform (4.87) into
the following inequality:

max|29A(Hi) = 1|+ 27 ) 7(Hij) < 6,Vi (4.88)
J#i

where \ means eigenvalue, and ¢ denotes the maximum singular value.

In order to find v > 0 and ¢ € [0, 1) satisfying (4.88), we need:

max|29A(Hs;) — 1] + 27 > (i) <1,V (4.89)
i

27)\max(%ii) -1+ 27 Zj;&i &(HZJ) <1

1— 2'7/\min(Hii) + 2’}/ Zj;éi 0_'(7'[1'3‘) <1

@{ 1< (M) + S0 (His)) “.91)
Amin(Hii) > D252 0(Hij)

Vi (4.90)

where Amax(-) and Apmin(+) respectively denotes the maximum and the minimum eigen-
value of a square and symmetric matrix.

The first inequality of (4.91) shows how to choose 7y, while the second inequality of (4.91)
needs to be satisfied by the problem structure, which implies there are weak dynamical
couplings between subsystems.
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In summary, the mapping R(u) satisfies (4.86) and thus is a contraction mapping if the
following conditions hold:

1. For all 4:
Amin (M) > Za'(Hij) (4.92)
J#i
2. The coefficient v is chosen such that:

1
Y < — ,\V/Z (493)
/\max(Hii) + Zj;ﬁl U(Hij)

So, when condition (4.92) is satisfied and with  chosen by (4.93), we can define ¢ € (0, 1)
as:

¢ = max { max {ZV(AmaX(Hii) + Z a(Hij)) — 1,

i
1= 2y(Amin(Hais) — > 5(Hij)) }} (4.94)

J#i

This ¢ is the modulus of the contraction R(u), and also acts as the coefficient of the linear
convergence rate of the Jacobi iteration (4.67), which means:

Hu(p) - u*||b—m,2,p < (ZSPHU(O) - U*||b—m,2,p7 Vp>1 (4.95)

where u* = arg mingecq £(u, x;).

Note that the closer ¢ is to 0, the faster the aggregate update u(p) converges to the opti-
mizer of the Lagrangian function.

In order to get the convergence rate w.r.t. the Euclidean norm, we will need a link from the
Euclidean norm to the block-maximum norm:

M
lzll2 < lla’llz < M max |la*]|2 = M2 ]b-mz2 (4.96)
=1

Hence, the convergence rate of Jacobi iteration (4.67) w.r.t. the Euclidean norm is:

lu(p) = u*l2 < M¢” max [u’(0) —u™[l2, ¥p>1 (4.97)
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Remark 4.10 Proposition 4.6 establishes a linear convergence rate of the Jacobi itera-
tion, under the condition of weak dynamical couplings between subsystems. For the sake
of illustrating condition (4.84), let all subsystems have the same number of inputs. Conse-
quently, H;; is a square and symmetric matrix for each pair (i, j). Hence, the maximum
singular value (H;) equals to the maximum eigenvalue. Inequality (4.84) thus reads:

)\min (Hu) > Z /\max (Hij)v Vi
j#i
which implies that the couplings represented by ‘H are small in comparison with each local
cost.

Remark 4.11 Note that the strong convexity of L and the condition (4.84) are required
only for the convergence rate result of the Jacobi iteration in which Lisa quadratic
function. Extensions to other types of optimization problems, where the Lagrangian can
be solved with bounded suboptimality, are immediate. In such cases we simply need to
replace the Jacobi iteration with the appropriate algorithm that meets the suboptimality
requirement in the inner loop, while the outer loop will remain intact.

4.4.5 Determining the number of stopping iteration p; for the Jacobi algorithm

As E(u, -) is continuously differentiable in a closed bounded set €2, it is Lipschitz contin-
uous.

Suppose we know the Lipschitz constant A of E(u, -) over €2, i.e., for any u', u? € Q the
following inequality holds:

[L(ut, ™) — L(u?, M)z < Allu’ —u?||2 (4.98)

Taking u! = u(py) and u? = u* in (4.98), and combining it with (4.85), we obtain:

I£(a(@r), 1)~ min £(u, a2 < Alfu(pr) — a2

< AM¢PF max [[u’(0) — u®™ ||z (4.99)

For each i € {1,..., M}, let D; denote the diameter of the set ; w.r.t. the Euclidean
norm, so we have ||u’(0) —u®*||o < D;. Hence the relation (4.99) can be further simplified
as

L(u(p), p) < min £(u, p) + AM ¢ max D; (4.100)
uec 7

Based on (4.100), in order to use u(py) as the solution u®) that satisfies (4.65), we need
an integer py, such that AM ¢P* max; D; < &4, thus we choose:

Et

Dk > 10g¢ m 4.101)
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4.4.6 Properties of the HPF-DAG algorithm

The algorithm HPF-DAG has similar properties as the algorithm HPF-DEG, which are the
existence of a feasible primal solution and the monotonic decrease of the cost function.
Moreover, the algorithm HPF-DAG is built upon a distributed iterative algorithm, and
hence almost all the computations are done by the local controllers, thus the only role of
the coordinator is to define common parameters that will be transfered to local controllers
at the beginning of each MPC sampling step.

Distributed Jacobi algorithm with guaranteed convergence

The computations in the inner loop can be executed in parallel by the subsystems. Let
us define an r-step extended neighborhood of a subsystem i, denoted by N, as the set
containing all subsystems that can influence subsystem ¢ within r successive time steps.
So N is the union of subsystem indices in the neighborhoods of all subsystems in A/_;:

N= U ™M (4.102)

JENT

where N = N, We can see that in order to get update information in the Jacobi itera-
tions, each subsystem ¢ needs to communicate only with subsystems in N}'\,_l, where N
is the prediction horizon. This set includes all other subsystems that couple with ¢ in the
problem (4.10)—(4.12) after eliminating the state variables. This communication require-
ment indicates that we will benefit from communication reduction when the number of
subsystems M is much larger than the horizon IV, and the coupling structure is sparse.

Assume that the weak coupling condition (4.84) holds. Then after p;, iterations as com-
puted by (4.101), the Jacobi algorithm generates a solution u(®) £ u(py,) that satisfies
(4.65) in the outer loop.

Feasible primal solution

Proposition 4.7 Suppose Assumptions 4.1-4.5 hold. Construct g’ as in (4.27), &y as in
(4.43). Let the outer loop (4.65)—(4.66) with w® =0- 1., be iterated for k = 0, .. ., ky.
Then 0*) is a feasible solution of (4.10)~(4.12), where 0\**) is the primal average, com-
puted by (4.45).

Proof. We now make use of Proposition 4.5. With a finite number of ky iterations (4.68)
reads as

o))

Moreover, the dual function ¢/, is a concave function, and therefore q : > ¢'(0, ). Recall
that f(u,z¢) > 0,Vu # 0,z; # 0. Thus, ¢’ (0, 2;) = mingeq f(u, z:)+0-11 ¢'(u,2;) =

3 = o dtL:S2 ~ 7/
b [f(ut,ﬂﬁt) - Q’J + 2 + oLy (4.103)
t t

1
< =
2 kidy
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minyeq f(u,z;) > 0, and therefore
JECRN

Combining (4.104) with (4.81), and noticing that l;t and ¢; are all positive leads to

1 /3, &L ,)
< — | —f(ug, x¢) + + oy L 4.104
) ktdt (%f( t t) 2%5 thig ( )

+
H R g } <& (4.105)
2
:>gj(ﬁ( t>,xt) <&, j=1,....m (4.106)
=g (ﬁ@f),xt) <0, j=1,....,m (4.107)

where the last inequality implies that a(") is a feasible solution of problem (4.10)—(4.12),
dueto & < minj—1,  m{—g;(Q,x)}. O

Closed-loop stability

Proposition 4.8 Suppose Assumptions 4.1—4.5 hold. Then the solution ake) generated by
Algorithm 4.4 satisfies the following inequality:

flag, zy) < fug—1,20-1), VEEZ4 (4.108)
Proof. Using (4.53) and (4.78), and noting that ,u(o) = 0, we obtain:

(0) &, L2 -
£(a,2) < Py + ||/]f€ dH + 2 e < A (4.109)
tCt

Notice that u; is also a feasible solution of (4.62)—(4.64) (due to the way we construct the
tightened problem: 1, still belongs to the interior of the tightened constraint set), while
f/" is the optimal cost value of this problem. As a consequence,

717 < fag, ) (4.110)

Combining (4.109), (4.110), and (4.14), and noting that u; = ake) Teads to:
f(ut,xt) < f(ut_l,xt_l), Vit € Z+ (4111)
(I

Note that besides the monotonic decrease of f(uy,x;), all the other conditions for Lya-
punov stability of MPC (Mayne et al., 2000) are satisfied. Therefore, Proposition 4.8 leads
to closed-loop MPC stability, where the cost function f(uy,z;) is a Lyapunov candidate
function.
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4.5 Realization of the assumptions

In this section, we discuss a method to update the Slater vector and the constraint norm
bound for each time step, implying that Assumptions 4.3 and 4.5 are only necessary in the
first time step (t = 0).

4.5.1 Updating the Slater vector

Lemma 4.9 Suppose Assumption 4.2 holds. Let u; be the solution of the MPC problem
(4.3)-(4.9) at time step t, computed by Algorithm 4.4. Then 0,41 constructed by shifting
uy one step ahead and adding uy+ n = Kxyy N, is a Slater vector for constraint (4.11) at
time step t + 1.

Proof. Note that ak) is a feasible solution of problem (4.10)-(4.12). Moreover, the strict
inequality (4.107) means that a*) is in the interior of the constraint set of (4.3)-(4.9).
This also yields:

Tegn € int(Xy) 4.112)

Moreover, due to Assumption 4.2, we have (A + BK)x;4n € int(X¢). This means that if
we use Ut Ny = K x4y N, then the next state is also in the interior of the terminal constraint
set X¢. Note that I/ and X do not change when problem (4.3)—(4.9) is shifted from ¢ to
t 4+ 1. Hence, all the inputs of u;y; and their subsequent states are in the interior of the
corresponding constraint sets. Therefore, G,y as constructed at step 5 of Algorithm 4.4 is
a Slater vector for the constraint (4.11) at time step ¢ + 1. [l

This means we can use 0,1 = U1 as the qualifying Slater vector for Assumption 4.3 at
time step ¢ + 1.

4.5.2 Updating the constraint norm bound

In our general problem setup, g(u, x) is composed of affine functions over u and z, and
thus can be written compactly as

g(u,z) =Ex+0Ou+r7 (4.113)

with constant matrices =, © and a constant vector 7. Then for each x;_1, z¢, and u € €,
the following holds:

g(u, ) = g(u,z—1) + E(ze — 24-1)
= llg(u,z)ll2 < lg(w,ze—1)ll2 + [|E(zt — 24-1)]|2 (4.114)

In order to find a bound L, for g(u, ;) in each step ¢ with ¢ > 1, we assume to have the
constraint norm bound available from the previous step:

Li—q1 > ||g(u,z4—1)]|2, Yu € 4.115)
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Combining the above inequalities a norm bound update for g(u, x;) can be obtained as:

Li=L;_1+ ||E($t — $t_1)H2 4.116)

Note that if we do not want to update L, at every step t, there is an alternative method
to compute a bound L,,,x that fits all steps. By formulating a nonlinear maximization
problem with the cost function is the norm of g(u, x;), where both u € € and z; € X are
the variables, we can solve this problem offline and assign the result to Ly,,x. This value
Lax s also the upper limit for L, that is updated by (4.116), hence L; will not grow too
high that could lead to inefficient estimation of ky.

Remark 4.12 When Algorithm 4.1 is used to solve the exact dual problem, we need to use
Ly as the norm bound for the function h(u, ;). The similar way for updating L, can be
used, by replacing g(u, x;) by h(u, x).

4.6 Simulation example

In this section, we present the results of an application example on MPC with the con-
straint tightening approach proposed in this chapter. We focus on applying the Algorithm
HPF-DAG, as it is less conservative than the Algorithm HPF-DEG, i.e., the interior of the
constraint set g(u, o) > 0 is larger than the interior of the set i(u,zp) > 0, moreover
Algorithm HPF-DAG allows the control inputs to reach the hard limits, while with Algo-
rithm HPF-DEG the bounds for control inputs are also tightened, leading to a reduction of
MPC performance.

The example system is the same canal system that is described in Section 2.4, with the
same control problem. There are some differences in the setting used in this chapter in
comparison to the example used in Chapter 2: here the terminal point constraint z = 0 is
removed, the state variables are eliminated from the MPC optimization problem by using
dynamical constraints, the prediction horizon is N = 5 (a shorter horizon so that the
number of inequality constraints to be tightened is less).

The Algorithm HPF-DAG is used in this example, it is expected to generate at every MPC
step ¢ a feasible solution with respect to the physical constraints:

Lmin Sxt-ﬁ-k < Trax, kzl,,N (4117)
umingut+k§umaxa kZO,...,N—l (4118)

The constraints described in (4.117) are then packed into the inequality constraint g(u, x;) >
0 after the state variables are eliminated, and the constraints (4.118) are cast into the form
u € Q in this chapter.

With 2, = —0.514, Tmax = 0.514, Umin = —0.515, umax = 0.515, and an initial
nonzero state xg, we are able to find a Slater vector such that ¢g = 0.2 (recall ¢; in (4.28)),
and the initial constraint norm bound Ly = 13.4.

The control example is simulated in 20 MPC steps. In each MPC step ¢, Algorithm 4.4 is
used to generate a solution to the MPC optimization problem (4.3)—(4.9), with the number
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of outer loop iterations k; determined by (4.81), and the number of inner loop iterations
Dy, 1s determined by (4.101). Then the first control input in the solution generated by Algo-
rithm 4.4 is used to simulate the system, and the routine restarts with the next MPC step.
In every MPC step, we also solve the centralized optimization problem to get the optimal
solution and the optimal cost, for a comparison purpose.

The simulation results give feasible solution at each MPC step. For illustration, the pre-
dicted input generated by Algorithm 4.4 in the first MPC step is compared with the optimal
solution and the Slater vector, given in Figure 4.1. These inputs are all feasible, recall that
the constraint set for every input is [—0.5; 0.5].

In Figure 4.2(a), the number of outer loop iterations k; and the average number of inner
loop iterations py, forall k € {1, ..., l;t}, denoted by pmax,, are plotted for each sampling
step. The corresponding CPU time spent by Algorithm 4.4 at each sampling step is showed
in Figure 4.2(b). The CPU time is measured by implementing all the computations in
one PC, running MATLAB on Windows with an Intel(R) Core(TM) i7 CPU at 2.30 GHz
and with 8 GB RAM. We can see that the simulation takes long time for computation,
since at every sampling step, there must be ke x Pmax, X M small optimization problems
to be solved, where M is the number of subsystems (in this example M = 4). If the
algorithm is simulated in a distributed setting, the computation task would be divided into
M subsystems, thus the computation time is much less than the total number we obtain in
this simulation.

Note that the computation time is amplified by the number of iterations required to mini-
mize the Lagrangian function using the distributed Jacobi algorithm, which can be consid-
ered as a price for using a very straightforward method to solve a centralized optimization
problem. As shown in Proposition 4.6, the convergence rate of the distributed Jacobi al-
gorithm is influenced by the coupling nature of the problem, i.e., depending on the level
of coupling presented by the Hessian of the problem, we can obtain a bigger (worse) or
smaller (better) value of ¢ - the contraction modulus that has a key role for the convergence
of the distributed Jacobi algorithm.

The evolutions of cost functions associated with the MPC solutions are plotted in Fig-
ure 4.2. In this figure, we compare the optimal cost, the cost associated with the Slater
vector, the cost generated by Algorithm 4.4, and the upper bound of the cost for guaran-
teeing stability. Although it is easy to obtain closed-loop stability with this example, the
comparison of the cost nevertheless confirms that the upper bound of the cost is always
respected by the averaging result of Algorithm 4.4. Moreover, as t increases, the upper
bound is put closer to the optimal cost, thus the performance of the Algorithm HPF-DAG
is also closer to the optimal centralized MPC performance.

4.7 Conclusions

In this chapter, we have presented a constraint tightening approach for solving MPC op-
timization problems involving large-scale systems with coupling in dynamics and con-
straints. This new approach provides guaranteed feasibility and stability after a finite num-
ber of iterations. We have presented two variations following this approach: the HPF-DEG
algorithm is based on conjugate gradient method, and the HPF-DAG one is based on a
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Figure 4.1: Comparison of predicted input series in the first sampling step, between
the optimal solution (black), the initial Slater vector (dash-dotted blue), and the
feasible solution of Algorithm 4.4 (dashed red).
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Jacobi iterative method, and both variations combine this with a simple projected gradient
update for the dual problem. These algorithms facilitate implementation in a hierarchical
way. The performance of this approach is discussed with an illustrative example of a sim-
ple canal system. Future extensions of this approach includes a posteriori choice of the
solution between either the Slater vector @, or the primal average u**) /(%) generated
by the algorithm HPF-DEG/HPF-DAG. Another topic for research is to find the optimal
parameters «;/dy, ¢/¢é, and g¢ so that the algorithms take the least amount of time to
generate a feasible solution that leads to monotonic decrease of the MPC cost function.



Chapter 5

Application of distributed model
predictive control to a hydro power
valley

In this chapter, we design a distributed model predictive controller for the power-
reference tracking problem of a Hydro Power Valley (HPV) system, using the
distributed accelerated proximal gradient method that was described in Chap-
ter 3. There are a number of challenges posed by the HPV benchmark, includ-
ing the nonlinearity, nonsmoothness, and couplings in the constraints and in the
cost function. We propose approximation methods for modeling of the HPV, and
approximate optimization problems that fits in the DMPC framework. Through
simulations, DMPC is shown to be able to achieve comparable performance as
centralized MPC, while using neighbor-to-neighbor communication only. Pro-
vided numerical studies also suggest that for the sparsely interconnected system
at hand, the proposed distributed solver is more computationally efficient than a
standard centralized QP solver.

5.1 Introduction

Hydro power plants generate electricity from potential energy and kinetic energy of the
natural water, and often a number of power plants are placed along a long river or water
body systems to generate the power at different stages. Currently, hydro power is the most
important means of renewable power generation in the world. In order to meet the world’s
electricity demand, hydro power production should continue to grow due to the increasing
cost of fossil fuels. However, hydroelectricity, like any renewable energy, depends on the
availability of a primary resource, in this case: water. Most natural locations, where power-
generating infrastructure can be built economically, have already been utilized (PEW Cen-
ter on Global Climate Change, 2011). The expected trend for future use of hydro-power
is to build small-scale plants that can generate electricity for a single community. Thus,
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an increasingly important objective of hydro power plants is to manage the available wa-
ter resources efficiently, while following an optimal production profile with respect to the
change in the electricity market, to maximize the long-term benefit of the plant. This water
resource management must be compatible with ship navigation and irrigation, and it must
respect environmental and safety constraints on levels and flow rates in the lakes and the
rivers. This is why the real-time control of the water flows in a Hydro Power Valley (HPV)
becomes important and can increase significantly the power efficiency of these systems.

An HPV may contain several rivers and lakes, spanning a wide geographical area and ex-
hibiting complex dynamics. In order to tackle the plant-wide control of such a complex
system, an HPV is often treated as a large-scale system consisting of interacting subsys-
tems. Large-scale system control has been an active research area that has resulted in a
variety of control techniques, which can be characterized by several main categories: de-
centralized control, distributed control, as well as centralized control. Such control ap-
proaches can be found in a rich literature on control of water canals for irrigation and
hydrosystems (Mareels et al., 2005, Litrico and Fromion, 2009). For the control problem
of open water systems, centralized MPC has been studied with simulations of nonlinear
MPC in combination with model smoothing and/or model reduction techniques (Igreja
and Lemos, 2009, Nederkoorn et al., 2011), and with linear MPC of low-dimension sys-
tems in real implementations (van Overloop, 2006, van Overloop et al., 2010). However,
centralized MPC has a drawback when controlling large-scale systems due to limitations
in communications and the computational burden. These issues fostered the studies of
decentralized MPC and distributed MPC for large-scale water systems. Early decentral-
ized MPC methods for irrigation canals used the decomposition-coordination approach
to obtain decentralized versions of LQ control (Fawal et al., 1998). Several decentralized
MPC simulations applied to irrigation canals and rivers were presented in (Georges, 1994,
Sawadogo et al., 1998, Gomez et al., 2002, Sahin and Morari, 2010). Distributed MPC ap-
proaches based on coordination and cooperation for water delivery canals were presented
in Georges (1994), Negenborn et al. (2009), Igreja et al. (2011), Anand et al. (2011). The
typical control objective in these studies is to regulate water levels and to deliver the re-
quired amount of water to the right place at some time in the future, i.e., the cost function
does not have any special term except the penalties on the states and the inputs. On the
other hand, in hydro power control, there are output penalty terms in the cost function
that represent the objective of manipulating power production. Recent literature taking
into account this cost function includes centralized nonlinear MPC with a parallel version
of the multiple-shooting method for the optimal problem using continuous nonlinear dy-
namics (Savorgnan et al., 2011), and a software framework that formulates a discrete-time
linear MPC controller with the possibility to integrate a nonlinear prediction model and
to use commercial solvers to solve the optimization problem (Petrone, 2010). The hydro
power control problem considered in this chapter is similar to the set-up in Savorgnan
etal. (2011), Petrone (2010). However, it distinguishes itself by using a distributed control
structure that aims to avoid global communications and to divide the computational tasks
into local sub-tasks that are handled by subsystems, making the approach more suitable for
scaling up to other even more complicated hydro power plants.

The proposed distributed MPC design approach is enabled by a state-of-the-art distributed
optimization algorithm that has recently been developed in Chapter 3. This optimization al-
gorithm is designed for a class of strongly convex problems with mixed 1-norm and 2-norm
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terms in the cost function, which perfectly suits the power-reference tracking objective in
HPV control. The underlying optimization algorithm, although being implemented in a
distributed way, is proved to achieve the global optimum with an O( k%) convergence rate,
which is a significant improvement compared to the distributed MPC methods presented
in Chapter 2 and in Giselsson and Rantzer (2010), Negenborn et al. (2008), which achieve
an O( %) convergence rate. By means of numerical examples, we will demonstrate the fast
convergence property of the distributed algorithm, which can outperform a centralized QP
approach for solving the same optimization problem.

The remaining parts of the chapter are organized as follows. In Section 5.2, we describe the
hydro power valley (HPV) system and the power-reference tracking problem. Section 5.3
summarizes the treatment of the HPV model, followed by the control framework in Sec-
tion 5.4, where we describe the distributed MPC algorithm that is used in the simulations.
The simulation results are presented in Section 5.5 which also features a comparison with
centralized MPC and decentralized MPC. Through the various aspects of the comparison
including performance, computational efficiency, and communication requirements, the
advantages of the distributed MPC algorithm will be highlighted. Section 5.6 concludes
the chapter and outlines future work.

5.2 Problem description

In this section, we provide a summary to the HD-MPC hydro power valley benchmark
(Savorgnan and Diehl, 2011) and then discuss the main control challenges.

5.2.1 Hydro power valley system

We consider a hydro power plant composed of several interconnected subsystems, as illus-
trated in Figure 5.1. The plant can be divided into 8 subsystems, of which subsystem S;
is composed of the lakes L1, Lo, the duct U; connecting them, and the ducts C, T} that
connect L1 with the reaches' Ry, Ry, respectively. Subsystem Sy is composed of the lake
L3 and the ducts Co, T5 that connect L3 to the reaches Ry, R5, respectively. There are 6
other subsystems, each of which consists of a reach and the dam at the end of the reach.
These six reaches R1, Re, R3, R4, R5, and Rg are connected in series, separated by the
dams D, Dy, D3, Dy, and Ds. The large lake that follows the dam Dy is assumed to have
a fixed water level, which will absorb all the discharge. The outside water flows enter the
system at the upstream of the reach I?; and at the middle of the reach Rs.

There are structures placed in the ducts and at the dams to control the flows. These are
the turbines placed in the ducts 77, T and at each dam for power production. In the ducts
C1, Cs there are composite structures that can either function as pumps (for transporting
water to the lakes) or as turbines (when water is drained from the lakes).

The whole system has 10 manipulated variables, which are composed by six dam flows
(gp1, D25 4D3, 4D45 4D55 4D6), tWO turbine flows (¢r1, g72), and two pump/turbine flows
(gc1, qe2)-

! A reach is a river segment between two dams.
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qtributary

Figure 5.1: Overview of the HD-MPC hydro power valley system (Savorgnan and
Diehl, 2011)

The detailed setup of the HPV is given in Savorgnan and Diehl (2011), with the continuous-
time nonlinear model constructed by using the Saint Venant partial differential equations
and employing spatial discretization for obtaining a system of ordinary differential equa-
tions.

5.2.2 Power-reference tracking problem

The control problem is to track a power production profile on a daily basis with the fol-
lowing cost function:

T 8
Jé/o v |pe(t) —;pi(x(t),u(t)) dt
8 T
#3000 = a0 )T Quat) — )t
zgl .,
+ Z/ (ql (t) - QSs,i)TRi (ql (t) - qss,z)dt (51)
i=170

subject to the nonlinear dynamics and the operational constraints on water levels and water
flows, which are denoted by the variables  and g, respectively. The index 1 is the subsys-
tem index. The weights @Q;, R;,i = 1,...,8, 7, and the testing period 1" are parameters of
the benchmark.

Note that the cost function (5.1) contains two components. The power tracking error is put
in the 1-norm term to reflect the economical cost, with p, the power reference and p; the
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power produced/consumed by subsystem ¢ € {1,...,8}. The quadratic term in the cost
function represents the penalties on the state deviation from the steady state x¢s and the
energy used for manipulating the inputs away from steady state flows ggs.

The function p; for ¢ = 1, 2 is the produced/consumed power (c.f., Savorgnan and Diehl
(2011)):

pi(2(t),q(t)) = ko, (gc.(t))go, () Azc, () + kr.qr, (1) Az, () (5.2)

where g¢, and g7, are flows through ducts C; and T;, Azc, and Az, are the relative
differences in water levels before and after ducts C; and T; respectively, k7, is the turbine
power coefficient and

B chi qc,(t) 2 0
kci (qcl (t)) - { kPCi qo; (t) <0

is a discontinuous power coefficient that depends on whether duct C; acts as a pump or a
turbine. For i = 3, ..., 8 we have

Di (Q?(t), q(t)) = k:Di—2 4dD;_» (t)AxD¢72 (t) (53)

which is the power produced by the turbine located at dam D;_.

Remark 5.1 There are several challenges posed by this control problem, of which the most
critical ones are the relatively large size, the nonlinearity and moreover nonsmoothness
(for subsystems 1 and 2) of produced/consumed power functions. In the current setting, the
rate for updating control input is not critical, with Ty = 30min that is long enough for
solving a centralized MPC problem online. For demonstration, we will apply a distributed
accelerated proximal gradient algorithm (cf. Chapter 3) for the hydro power valley control
problem to show that distributed MPC can achieve close performance to centralized MPC,
while avoiding the communication need and being even more computationally efficient
than a classical centralized MPC method.

Before describing the distributed MPC approach, we will first discuss the modeling of the
hydro power valley in the next section.

5.3 Hydro power valley modeling

5.3.1 Nonlinear modeling, spatial discretization and linearization

The model of the reaches is based on the one-dimensional Saint Venant partial differential
equation, representing the mass and momentum balance:

q(t,z)  0s(t,z)
o "o O

10 (alt,2)\ | 10 (d(t2)) , 0kt =) )
s (2) + oo (D) + P )~ no) =0

5.4
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with z the spatial variable, ¢ the time variable, g the river flow (or discharge), s the cross-
section surface of the river, h the water level w.r.t. the river bed, I; the friction slope, Iy(z)
the river bed slope, and g the gravitational acceleration constant.

The partial differential equation (5.4) can be converted into a system of ordinary differ-
ential equations by using spatial discretization. To this aim, each reach is divided into 20
cells, yielding 20 additional states, which are the water levels at the beginning of the cells.
As a consequence, a set of nonlinear dynamical equations is obtained, with in total 249
states (Savorgnan and Diehl, 2011).

A linear model of the hydro power valley is obtained by linearizing the nonlinear model
at a steady operating condition, followed by discretization in time. Due to the coupling
structure of the system, the discrete-time linear model of each of the eight subsystems
1 =1,...,8 can be expressed in the following form:

8
xi(k+1) = Ajzi(k) + Z Bijuj(k) (5.5)
j=1

in which the variables x, u, and y stand for the deviation from the steady-state values, and
the subscripts ¢, 7 stand for the subsystem index. Note that the subsystems are coupled
through the inputs only.

The use of a discrete-time linearized model enables controller design with some specific
approaches, which include the distributed accelerated proximal gradient (DAPG) algo-
rithm that has been developed in Chapter 3 of this thesis. However, the linear discrete-time
model cannot be directly used in an MPC context due to the existence of a number of
uncontrollable and unobservable modes. These uncontrollable/unobservable modes are a
result of the discretization in time since we cannot expect to control/observe the water
levels independently in each segment in every reach due to the dependencies of the wa-
ter levels in adjacent segments. Moreover, the linear model has a large number of states,
causing computational burden. Therefore, we will use balanced truncation for model order
reduction (Moore, 1981, Gugercin and Antoulas, 2004) to remove less significant modes,
including all unobservable and uncontrollable ones.

5.3.2 Decentralized model order reduction

The block-diagonal structure of the discrete-time dynamical system (5.5) makes it possible
to do model reduction on each subsystem individually. Under the condition that the model
(5.5) is stable, reachable and observable (which can be easily verified), we can use bal-
anced truncation (Gugercin and Antoulas, 2004) to reduce the order of each local model
(5.5). Below we briefly review the balanced truncation technique. To this end we introduce
B; = [Bi1...Big] and u = [(u1)T ... (ug)T]T to get the following discrete-time linear
model of each subsystem:
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We can compute the local controllability Gramian W,; by solving the following matrix
equation:

AuWei Al + BB = W (5.7)
and the local observability Gramian W, by:
ATWo Aii + CF G = W, (5.8)

Let us consider a state transformation z; = 1'x; with an invertible matrix I". The Gramians
are transformed to:

We, = TWe, T, W, =T TW,, 77! (5.9)

For each subsystem 4, we can find a particular matrix 7; such that

WCi = W()'i = diag(alia cee 7Uni) (510)
with o, > 0, Vjand o1; > 09; > ... > 0,,;. This is called a balancing transformation
(Moore, 1981). The controllability and observability Gramians of the new system realiza-
tion are equal and diagonal, consisting of entries oy, ..., 0,; Which are called Hankel
singular values.

The truncated model is obtained by removing the modes that correspond to small o;,. All
the modes of the reduced model are both controllable and observable (corresponding to
o, > 0). Denoting the number of kept modes by n; for each subsystem 7 the resulting
transformation matrices become

Ti[lo]
T" — : T;"“":[T.‘ll]...T.‘l ] (5.11)

i . i[e i[en]

where Tj[;,) denotes the j-th row of T; and Ti[_.lj]

denoting the new state variables, z} = T[x?, and the control variable ¢* = g, we represent
the reduced order model as:

denotes the j-th column of Ti_l. By

zi (k4 1) = AL2i(k) + Biq" (k) (5.12)
yi (k) = Ciz;(k) (5.13)

where A, = TF A, TF™, BY = T'B; and CT = C;T"™ . It should be noted that the
sparsity structure of B; is the same as in the non-reduced input matrix B;.

This balanced truncation is performed for each local subsystem. The aggregate truncated
model can then easily be constructed. By truncating less important modes which are sorted
based on the relative proportion of the Hankel singular values, we can obtain a 32-state re-
duced model that approximately represents the dynamics of the full linear model with 249
states. As now we have a small-size system, real-time control could be fulfilled relatively
easily by centralized MPC, however here we focus on illustrating benefits of distributed
MPC on other aspects, notably performance comparison with centralized MPC with the
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difference in communication requirement.

5.3.3 Treatment of nonlinear and nonsmooth power functions

One of the difficulties in applying a linear MPC approach to the hydro power valley is the
nonsmoothness of the power functions associated with the ducts C; and Cs. The nons-
moothness is caused by the fact that the flow through C; and C can have two directions
and the powers generated or consumed do not have equivalent coefficients. In order to
handle this nonsmoothness, we use a double-flow technique, which means introducing
two nonnegative positive variables to express the flow in C;, i = 1,2 at a sampling step k:

® qc,. (k): virtual flow such that C; functions as a pump

® qc,. (k): virtual flow such that C; functions as a turbine

When the solution is obtained, we combine the virtual flows to get the real flow through
Cii

qc; (k) = qCir (k) —d4c;p (k) (5.14)

The introduction of virtual flows requires the input-matrices, B}, to be augmented with
two extra columns identical to the ones multiplying q¢,, ¢ = 1, 2 with the opposite sign to
capture that pump action is also introduced with positive flow. The resulting reduced order
model has 12 inputs instead of the original 10. Using the introduced flows ¢¢,, and g¢
the power function (5.2) for subsystems 1 and 2 can be rewritten as

iT?

pl(x(k)v Q(k)) = (kTC,i qC;r (k) - kPC’,i qac;p (k)) Axci (k) + kTiqTi (k)Axﬂ (k) (5.15)
which is a continuous function.

The resulting nonlinear expression (5.15) can in turn be linearized around the steady-state
solution (2%, ¢>). Since ¢¢% = 0 for i = 1,2 we get the following linear local power
production/consumption approximation for subsystems ¢ = 1, 2:

(el a0) = A, ore, = ke |19 O] + bt (Qm 1) - D) +

+ leAJZ% (qTi(k) — q%) + kTiqsﬂsi Ah%

For subsystems 7 = 3,...,8 we have the smooth power production expression (5.3) that
can be directly linearized without introducing virtual flows:

pi(z(k),q(k)) = kp, g5, Axs, + kp,qp, (Azp, (k) — Ax%,) +
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5.4 HPYV control using distributed MPC

The structured sparse model of the hydro power valley prompts us to consider design-
ing a distributed MPC algorithm in which the subsystems’ controllers cooperate locally to
achieve a centrally optimal solution. In our distributed MPC framework, each subsystem
only needs to communicate with a few neighboring subsystems, hence relaxing the com-
munication requirements. Another advantage is that the computational tasks are divided
into subtasks that are handled by local controllers in parallel, thus reducing the need for a
powerful computing unit which is often needed in a centralized MPC implementation.

5.4.1 Distributed MPC algorithm using dual accelerated projected gradient method
(DAPG)

In this section, we summarize the distributed dual accelerated projected gradient (DAPG)
method that has been described in Chapter 3. The main idea is to exploit the problem struc-
ture of the dual problem such that the APG computations can be distributed to subsystems.
Hence, the distributed algorithm effectively solves the centralized optimization problem.

The MPC optimization problem of the HPV will be cast into the following form

1
min EXTHX—FQTX—I—")/HXaHl (5.16)

st. Aix =B,
AgX S Bg
X, =Px—p
where x € R" includes all the states and inputs of the reduced model (5.12)—(5.13) and

X, € R™ is the auxiliary decision vector that captures the errors of power-reference track-
ing. Denote M as the number of subsystems in the HPV, x is partitioned according to:

x=[xT, ..., x5, (5.17)

and x; € R". Further, the matrix H € R"*" is positive definite and block-diagonal with
block-matrices H; € R™i; the matrices A; € R7*", Ay € R"™*", and P € R™*"™ have
sparse structures.

As formulated in Chapter 3, the dual problem of (5.16) is to minimize the convex function:
f(z)=J(—AT2)+ B2~
= %(ATz+g)TH_1(ATz+g) + BTz (5.18)
with the following notation:
A=[AT A7 PT]T B=[B] B; p']" 2=\ttt

where A € Rlgtrtm)xn B o Retr+m and » ¢ RIT™HM The set of feasible dual
variables is defined as
Z =RT xRy x [=7,7]™ (5.19)
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We also name each line of .A by using the following notations:
A=lar - agrrim)” (5.20)

with a; € R™,l = 1,...,q + r + m. Furthermore, each a;,l = 1,...,q+7r + m is
composed of the components that correspond to the variables of subsystems:

ap=lak,...,ah )", 1=1,....q+r+m (5.21)

in which a;; € R™i 5 = 1,..., M, where ny, is the size of the subsystem variable x;.

The implementation of the algorithm also requires defining the sets of neighbors N; that
have direct communications to a subsystem (including itself) and of the sets of constraints
£, that are assigned to each subsystem ¢ € {1,...,8}. In general, the sparse structure
of A determines how small N; and £; are, and the smaller these sets are, the shorter
range and less communication need to be used. For brevity and simplicity of the algorithm
description, the notion £; in this chapter is the merger of £} and £2 in Chapter 3, i.e., we
will not distinguish between equality and inequality constraints here. A slightly simplified
distributed dual APG algorithm for solving the dual problem is presented as follows.

Algorithm 5.1 Distributed Accelerated Proximal Gradient (DAPG)

Initialize 2° = 2z~ and x~ with the last values from previous sampling time. For the first
sampling time, these variables are initialized by zeros.

In every node, i, the following computations are performed in parallel and with synchro-
nization:

For k=0,1,2,...,

1. Compute

xf=-H" (> ( > zlkali) + g (5.22)

JEN: Nleg;
k1, k-1 .,

T2 ka2 (5-23)
2. Send X% to each j € N, receive )’c? from each j € N
3. Compute with eachl € £;
df =Y al;xy — by (5.24)
JEN;
zl]”'l = lk + Z—_T_;(zlk — zlk_l) + %df, 1<q (5.25)
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k—1 1
Pl :max{O,zf—i— (=F —zlk_l)—i—zdf},

k+2
g<l<qg+r (5.26)
k—1
lk-l-l = min {"y,max {—Py,zf—km(zk_zlk—l)
1
+Ed§“]}, g+r<i<q+r+m (5.27)

4. Send {2/ }ice, 10 each j € N;,
receive {zf+1}lezj from each j € N;.

5. Each local controller checks the local termination criteria. If local termination cri-
teria are satisfied, the algorithm stops, otherwise increase k and go to step 1) to
start a new iteration.

We note that the updates (5.25)—(5.27) involve L which is the smallest Lipschitz constant
of V f and which is computed using the following formula (cf. Chapter 3, Proposition 3.1):

L= AH*AT|, (5.28)

In other words, L is the largest singular value of the matrix AH “1AT and L > 0since H
is positive definite and A is full-rank. We only need to compute L once and use it through
the entire MPC control process.

5.4.2 HPV optimization problem formulation

In this section we will formulate an optimization problem of the form (5.16) that can be
used for power-reference tracking in the HPV benchmark using MPC. We have obtained
a linear discrete-time dynamical system (5.12)-(5.13) for the HPV with state variables z"
and control variables ¢". The constraints are upper and lower bounds on the outputs and
inputs and can be found in Savorgnan and Diehl (2011). Using the transformation matrices
(5.11) these constraints can readily be recast as linear constraints for the reduced order
model variables =", ¢". The power-reference tracking problem formulation (5.1) specifies
a quadratic cost on states and control variables and a 1-norm penalty on deviations from
the provided power reference, p*f. For a given control horizon N let the current MPC step
t = 0 to simplify the expression, this optimization problem can be written as

I){l}g:Z{Z B Qi (>+q§<k>TRiq;<k>}+w||xa<k>||1} (5.29)

= i=1

st. (5.12),(5.13) k=0,....N—1 i=1,....8
Crat(k) €Y k=0,...,N—1 i=1,....8
ql(k)EQl k=0,...,N—-1 i=1,...,8

8

za (k) = prf (k) — i Di(a*(k),q"(k)) k=0,...,N—1
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where ); and Q; are sets representing the local output and input constraints, and the addi-
tional variable x, captures the power-reference tracking mismatch.

There is an issue that prevents this optimization problem from being implemented in a
distributed fashion using Algorithm 5.1, due to the fact that the original cost function is
non-separable. Consequently, the power-reference constraints with the linearized power
functions p; include all variables. This implies that global communication is needed.

In order to obtain a suitable dual problem, we first need to reformulate the cost function
(5.1) in a separable form. Next we present two ways of power reference division for the
HPV problem. For the sake of brevity, we focus on one sampling step and drop the time
index k. Thus for now our simplified objective is to decompose the following problem:

8
min ref N px (5.30)
O ; '
with x = [x¥' ... xI17, and P; the matrix coefficient such that the power function pro-

duced or consumed by each subsystem p; (2" (k), ¢* (k)) is linearized as P;x(k).

Static power division

In order to avoid global communications, we can divide the total power reference into
several sequences of local power references, i.e., the following cost function can be used
instead of (5.30):

M

pofiin >

j=1

prcf,j _ Z PiX

iegj

(5.31)

with M the number of separate power references such that Zj\il p”f’j = Pret, and G; the
group of subsystems that are assigned to track the power reference p"!+/. The disadvantage
of the power reference division is that the total power production may not be able to track
the total power reference in some cases. This issue will be discussed with the illustrative
results for the case study in Section 5.5.

We list here the strategies of dividing total power reference into different sequences that
will be considered in the case study:

1. DIST-REF1: Use two sequences p**"1, pr°f:2 such that pr*f = pref:l 4 prefi2 The
total power production of subsystems 1, 3, 4, and 5 will track prefvl, while the sum
of power produced by subsystems 2, 6, 7, and 8 will track p°f-2.

2. DIST-REF2: Use 4 sequences: p™°f = pref:l 4 prefs2 o gref3 4 prefid with prefil o
be tracked by subsystems 1, 3, and 4, p™%2 to be tracked by subsystem 5, p 3 to
be tracked by subsystems 2, 6, and 7, and p*!* to be tracked by subsystem 8.

3. LOCAL-REF: Use 8 sequences: p™f = S°°_ prfi, with each local power refer-

ence p**b¥ to be tracked by subsystem i € {1,...,8]}.
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In all these schemes, the local power reference sequences are computed by keeping the
same proportion to the total power reference as in the steady-state operating conditions.
The scheme LOCAL-REF means that each subsystem tracks a local power reference; how-
ever, this does not mean the setting is decentralized MPC, since the subsystems have to take
into account the coupled dynamics. Note that the ways we define the tracking tasks with
DIST-REF1 and DIST-REF2 are aimed at exploiting the existing structure of couplings in
dynamics between subsystems.

Dynamic power division

The static power division essentially means that each subsystem always tracks a fraction
of power reference that is equal to the proportion it produces in the steady-state condition.
When the total power reference deviates significantly from the steady-state power, this idea
may not work well since the proportional change of the local power reference can lead to
sub-optimal performance. Inspired by an idea in Madjidian et al. (2011), we now introduce
the dynamic power division, in which the subsystems have more flexibility in choosing the
appropriate local power reference to be tracked. The main idea is that each subsystem will
exchange an amount of power references with its direct neighbors.

Let us define for each pair (7, j) with j € N; a node that is in charge of determining the
power exchange variable between subsystems ¢ and j, denoted by d;; if node ¢ is in charge
and by &;; if node j is in charge 2. Then for each subsystem we form the set *:

A; ={j|j € N;,iisin charge of d;;}. (5.32)
Now we replace (5.30) by the following cost function:

p]ief + Z dij — Z 0js — Pix

JEA; JEN\A;

8

min E
{xi,0i}i=1,...8

..... o

(5.33)

with §; the vector containing all §;;,j € A,;, and pgef the nominal power reference for
subsystem 7. In words, the local power reference for each subsystem ¢ deviates from the
nominal value by adding the exchange amounts of the links that ¢ manages and subtracting
the exchange amounts of the links that affect 7 but are decided upon by its neighbors. Note
that problem (5.33) has a sparse structure that complies with the existing sparse structure of
the HPV system, i.e., this method does not expand the neighborhood set of each subsystem.

The advantage of this dynamic power division is that it makes use of the existing network
topology to form a sparse cost function, and the total power reference is preserved even if
the local power references can deviate from the nominal values, i.e., we always have:

8
Z {p?f + Z dij — Z 6jz} =pf (5.34)

=1 JEA; JENI\A;

2Note that here we discuss the power division for each sampling step, i.e., there are &;; (k) or &;;(k) with
kE=0,...,N —1.
3 A simple way is to let the subsystem with smaller index lead the exchange, i.e., A; = {j|j € N;,j > i}.
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Now that we have a separable cost function by using either a static or a dynamic power
division technique, we can form a separable dual problem and apply a distributed opti-
mization algorithm for the dual problem. In the case study of Section 5.5, we will choose
the distributed dual accelerated proximal gradient (DAPG) algorithm introduced in Chap-
ter 3, as it was designed to treat the problems with mixed absolute and quadratic terms like
the HPV problem in a more efficient way than translating the problem into a QP, and this
method also has fast convergence rate.

5.5 Comparison of MPC schemes

We performed numerical simulations of the HPV using centralized MPC, decentralized
MPC, and distributed MPC based on the DAPG algorithm with the 3 static power division
schemes: DIST-REF1, DIST-REF2, and LOCAL-REF, and the dynamic power division
scheme referred to as DYN-REF. For centralized and decentralized MPC, the optimization
problems are transformed into QPs and are solved by the solver quadprog in the Optimiza-
tion Toolbox of MATLAB (The Mathworks, 2012). For distributed MPC, at each MPC
step, our own DAPG solver, also implemented in MATLAB, iterates until a small toler-
ance is achieved; thus, we almost get the exact solution for the optimization problem. The
closed-loop simulation is obtained by simulating the computed inputs with the original
nonlinear continuous-time model, using the function odel5 of MATLAB. The simulations
were implemented on a PC running MATLAB on Linux with an Intel(R) Core(TM)2 Duo
CPU running at 2.33 GHz and with 2 GB RAM.

5.5.1 Performance comparison

The power reference tracking results are plotted in Figures 5.2(f)-5.2(a). We can see the
trade-off due to the division in power reference: centralized MPC achieves the best track-
ing performance at the cost of using global communications, while distributed MPC with
static power division schemes DIST1-REF, DIST2-REF, and LOCAL-REF shows dete-
rioration of the tracking performance. Another interesting point is that the scheme DIST-
REF?2 achieves a better tracking performance than LOCAL-REF, while they use the same
communication structure. This observation suggests to consider finding the division of
power reference that resembles the structure of dynamical couplings between subsystems,
i.e., defining groups for tracking group power references such that any pair of subsystems
in a group are neighbors of each other. The tracking performance of decentralized MPC is
very poor, due to the lack of communications. The best result, in view of both achieving
performance and using local communications only, is distributed MPC with the dynamic
power division scheme DYN-REF, which achieves almost the same tracking performance
as centralized MPC, while relying on the same communication structure as the LOCAL-
REF scheme (see also the comparison of communication requirements).

Figures 5.3 and 5.4 show the evolution of the inputs and outputs and the corresponding
constraints with the scheme DYN-REEF as an example. These results for the cases of DIST—
REF1, DIST-REF2, and LOCAL-REF are slightly different, however all the constraints
on the inputs and outputs are also satisfied. We note that this is guaranteed due to the fact
that constraints are not relaxed, and the couplings in dynamics are taken into account.
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5.5.2 Computational efficiency

In Figure 5.5, we plot the comparison of computation time of the solvers quadprog and our
own solver DAPG (recall that both are implemented in MATLAB), for solving the same
optimization problem for centralized MPC at each sampling step. Figure 5.5 shows that
the total computation time of the DAPG solver is much lower than the computation time of
quadprog, in average the DAPG solver reduces 80% computation time of quadprog. This
difference reflects the fast convergence rate of the DAPG algorithm and the efficiency of
dealing with the absolute term in the cost function.

5.5.3 Communication requirements

In Table 5.1, we provide the comparison of the communication neighborhood sets between
the distributed MPC schemes. The communication neighborhood set of a subsystem <,
denoted by M, indicates which subsystems that subsystem ¢ needs to communicate with.
Note that these communication neighborhood sets do not only contain the neighbors in the
sets AV; coming from the coupling dynamics, but can be extended due to the additional
coupled constraints that are introduced by the power reference division schemes. In the
scheme DIST-REF], the sets M; are larger than ;, since we form power tracking groups
that involve subsystems which are not dynamically coupled, e.g., between subsystems 1
and 5, 2 and 8. With the schemes DIST-REF2, LOCAL-REF, and DYN-REEF, the sets
M, are the same as N;.

Combining the comparison of communication requirement and performance, distributed
MPC with the dynamic power division scheme DYN-REF would be the best choice for
the total power reference tracking problem of the HPV, as it achieves almost the same
optimal solution as centralized MPC, while allowing a distributed implementation using
the existing dynamical coupling structure. Among distributed MPC with static power di-
vision schemes, the scheme LOCAL-REF is the most naive idea and its performance
suffers the most; the scheme DIST-REF1 shows a fairly good tracking performance of
the total power reference; however, it employs a more complex communication structure;
the scheme DIST-REF2 provides a good balance between tracking performance and lim-
iting communication requirement, and it achieves a much better result than the scheme
LOCAL-REF while sharing the same communication structure with this basic scheme. It
should also be noted that decentralized MPC is not recommended unless communication
is prohibited, otherwise the performance will deteriorate significantly.

5.6 Conclusions and recommendations for future research

The distributed MPC scheme using distributed accelerated proximal gradient algorithm
introduced in Chapter 3 has been applied to the power reference tracking problem of the
HD-MPC hydro power valley benchmark. Several distributed schemes have been compared
to centralized and decentralized MPC methods. We have provided relaxations and approx-
imations for the original nonlinear and non-smooth problem as well as modifications of
the centralized power reference that lead to separable cost functions. The simulation re-
sults show that the introduced approximate problem formulation captures the behaviour of
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Table 5.1: Communication neighborhoods of subsystems (M)

i DMPC DMPC DMPC DMPC
DIST-REF1 DIST-REF2 LOCAL-REF DYN-REF
1| {1,3,4,5} | {1,3,4F | {1,3,4} | {1,3,4}
2| {2,6,7,8} | {2,6,7} | {2,6,7F | {2,6,7}
3| {3,1,4,5} | {3,1,4F | {3,1,4} | {3,1,4}
4| {4,1,3,5} | {4,1,3,5} | {4,1,3,5} | {4,1,3,5}
511{5,1,3,4,6} | {5,4,6F | {5,4,6} | {546}
6| {6,2,7,8,5} | {6,2,7,5} | 16,2,7,5} | {6,2,7,5}
71 {7,2,6,8F | {7,2,6,8} | {7,2,6,8} | {7,2,6,8}
8| {8,2,6,7} (8,7} 8,7} (8,7}

Centralized MPC uses global communications: M; = {1,...,8},Vi
Decentralized MPC does not use communications: M; = {i}, Vi

the system well and that very good control performance is achieved with distributed MPC
with the dynamic power division technique. Further, a comparison of computational time
shows that the proposed DAPG algorithm is more efficient than the quadratic program
solver quadprog for centralized MPC.

As the next step before implementation in real plants, the proposed distributed MPC ap-
proach should be tested against different hydraulic scenarios. To cope with varying water-
flows entering the system, these should be estimated and compensated for. Further a
weather model could be included that estimates the future in-flows to the HPV system.
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Chapter 6

Conclusions and recommendation for
future research

We provide a summary of the methods presented in this thesis and highlight the
main contributions. We conclude the thesis by giving recommendations for ex-
tending our research and for exploring related topics in distributed MPC.

6.1 Summary and main contributions of the thesis

6.1.1 Summary of the proposed methods

In this section, we summarize the properties of the algorithms that have been presented in
this thesis, and discuss the advantages as well as disadvantages of these methods.

For each method, we state the problem classes that the method is applicable to, and then we
list the properties of the optimization algorithm and the closed-loop MPC process based
on that method.

In Chapter 2, a distributed decomposition scheme based on Han’s parallel method is pre-
sented. This scheme provides a distributed approach to solve the centralized optimization
problem corresponding to an MPC formulation for linear systems. The algorithm can be
used when the MPC optimization problem is a strongly convex quadratic problem, i.e., the
cost function is positive definite, and subject to linear constraints. Another condition is that
the constraint coupling is sparse, i.e., each subsystem only couples with a small number of
other subsystems through constraints. We have shown that the distributed Han’s algorithm
generates the same solution as the centralized Han’s algorithm, hence its convergence is
inherited from the centralized counterpart. The distributed MPC scheme using distributed
Han’s algorithm guarantees feasibility and stability upon optimality of the solution at every
sampling step.

In Chapter 3, a distributed accelerated proximal gradient (DAPG) method is developed
that also provides a distributed approach for solving the centralized MPC optimization
problem for linear systems. This scheme can handle a larger problem class than distributed

99
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Han’s method, since there can be an 1-norm term in the cost function in addition to the
strongly convex quadratic one in the cost function. The constraints are required to be linear,
and also to introduce sparse couplings between subsystems. We have shown that the dual
problem has a Lipschitz continuous gradient and the maximum Lipschitz constant of the
gradient is used to derive an optimal step size of the algorithm. One merit of the DAPG
algorithm is that it exhibits fast convergence, i.e., the solution error is reduced with the rate
of O(k—lg) where k is the iteration index. This convergence rate is the best convergence rate
for a gradient method in the literature, and in comparison, the distributed Han’s method
is similar to the classical proximal gradient algorithm which has a convergence rate of
O( %) only. For the problem class considered, the DAPG algorithm can obtain a centralized
solution by using a distributed implementation. The feasibility and stability of the closed-
loop MPC are also established upon optimality.

In Chapter 4, a constraint tightening approach is employed that leads to two hierarchi-
cal MPC methods that provide feasible solutions after a finite number of iterations, even
in the framework of dual decomposition. The two hierarchical methods are applicable to
optimization problems with convex decoupled cost functions and weakly coupled, linear
inequality constraints. Note that all equality constraints should be eliminated in advance,
so that the constraint set of the MPC optimization problem has non-empty interior. At the
first MPC step, it is necessary to provide a Slater vector, i.e., a point in the interior of the
feasible set of the optimization problem; however for the subsequent steps the algorithm
can generate suitable Slater vectors itself. The hierarchical algorithms can generate fea-
sible primal solutions after a finite number of iterations using a dual conjugate gradient
method (HPF-DCG) and using a dual approximate gradient with Jacobi methods (HPF-
DAG). Hence they avoid solving the dual problem until an optimal solution is found. The
two algorithms use different sub-algorithms to get the primal update at each iteration: the
algorithm HPF-DCG uses a conjugate gradient method to obtain an exact solution of the
primal problem, while the algorithm HPF-DAG uses the Jacobi iteration and obtains an in-
exact solution instead. Both algorithms achieve closed-loop MPC stability by guaranteeing
a monotonical decrease of the cost function, which then can act as a Lyapunov function.

In Chapter 5, we use the distributed approach based on accelerated proximal gradient
method (DAPG) for designing a distributed MPC controller for a Hydro Power Valley
benchmark, and we compare the results against centralized MPC and decentralized MPC.
We use decentralized model order reduction to obtain a suitable model for applying these
three control methods. Furthermore, we propose a dynamic division scheme to decouple
the cost function, thus obtaining an optimization problem that is suitable for distributed op-
timization. The results show that the distributed MPC algorithm can handle the economic
MPC problem of the Hydro Power Valley benchmark efficiently. Distributed MPC pro-
vides a nearly optimal performance that resembles the centralized MPC performance, and
outperforms decentralized MPC. Moreover, distributed MPC using DAPG method is more
computationally efficient than centralized MPC using a standard quadratic programming
solver.

6.1.2 Main contributions

In this section, we highlight the main contributions of the work presented in this thesis:
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1. We have developed a distributed optimization method based on Han’s parallel al-
gorithm; the distributed version is able to generate the same iterate as the parallel
(centralized) counterpart, and is guaranteed to converge to the centralized solution.

2. We have developed a distributed version of the accelerated proximal gradient method
that can handle optimization problems with mixed 1-norm and 2-norm penalty terms
in the cost function and with linear constraints having a sparse coupling structure.
The distributed accelerated proximal gradient algorithm achieves the best conver-
gence rate of a gradient method.

3. We have proposed an approach using constraint tightening that leads to two hierar-
chical algorithms for solving the MPC optimization problem based on dual decom-
position. The algorithms can be terminated after a finite number of iterations, but
still provide feasible solutions to the MPC problem. The algorithms also guarantee
a monotonic decrease of the cost function, thus leading to MPC stability.

4. We have performed a numerical study of hydro power valley benchmark, where the
nonlinear model is treated with linearization and model order reduction that lead to
a simplified linear model to which a distributed MPC controller is applied. The nu-
merical simulations show that distributed MPC can obtain comparable performance
with centralized MPC, while the total computational time of distributed MPC can
be significantly lower than a standard algorithm for centralized MPC.

6.2 Recommendations for future research

6.2.1 Further improvements to distributed MPC design

We have proposed methods to deal with the MPC optimization problem in a distributed
way. However, the properties of the MPC controllers depend on several assumptions of
which the realization is beyond the scope of this work. In order to enable a procedure
for distributed MPC design and implementation, the following open issues should be ad-
dressed next:

e Computation of structured terminal penalty matrix: Stability must be ensured
for the distributed MPC algorithm when using a dual decomposition approach. The
standard MPC problem formulations that guarantee stability apply a terminal point
constraint which uses the cost function as a Lyapunov candidate function, and the
dual-mode MPC formulation which uses the terminal cost as a Lyapunov candidate
function. The former approach is quite conservative, though it results in a sparse
optimization problem that is favorable for distributed MPC. The latter approach is
less conservative, however it requires computing a penalty matrix as a solution of
the Riccati equation. Moreover, the penalty matrix should have a sparse structure
in order to facilitate distributed MPC. As of present, a distributed algorithm for
computing a structured solution of the Riccati equation is still missing. We intend
to generalize the parallel algorithm to solve the Riccati equation of (Gajic and Shen,
1993, Chapter 7), and then approximate the solution with a diagonal banded matrix
so that the cost function has some kind of sparsity structure.
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e Design of decentralized stabilizing controllers and positively invariant sets: The
formulation of dual-mode MPC also requires using a terminal stabilizing controller
when the terminal state is driven into an invariant set of that controller. In the context
of distributed MPC, we need to design decentralized stabilizing controllers and the
corresponding local invariant sets. Although there are results on these topics (Ker-
rigan, 2000, Blanchini and Miani, 2008), these methods require centralized com-
putation, there is still neither a distributed scheme available to construct the decen-
tralized terminal controllers and local invariant sets, nor a verification method to
check whether these results actually exist. We suggest to tackle this problem by a
partitioning approach that neglects the coupling between subsystems, thus allowing
terminal stabilizing controllers and positively invariant sets to be designed by each
local controller, and then verify a posteriori the applicability of the results when the
dynamical coupling is taken into account.

6.2.2 Towards real-life implementations of distributed MPC

The ultimate research goal is to apply distributed MPC in real-world applications, where
the control objective is suitable for MPC, and the problem is too complex to be handled in
a centralized manner. To the author’s best knowledge, there has not been a complex system
that is operated using distributed MPC in practice yet, since there are several topics that
need further research:

e Non-cooperative approach for large-scale infrastructure systems: A potential
application field for distributed MPC is large-scale infrastructure systems, which
can be wide-area networks, e.g., power transmission networks, open water networks,
or traffic networks, where different agents participate in a non-cooperative manner.
In such scenario, the cooperative approach taken in this thesis may not be applica-
ble, and hence a game theory-based approach is worth considering. Relevant topics
for further research are: how to set the regulation laws in a network such that the
agents will contribute to the global performance while they are optimizing their own
benefits, how to quantify the sub-optimality of the non-cooperative distributed so-
lutions, and which level of cooperation should be imposed to balance the global and
individual benefits.

e Reconfigurability, robustness of networks controlled by distributed MPC: An-
other application field with much prospect is the class of large-scale systems that
operate in a fixed area, belonging to the same owner, e.g., transportation system in
a large storage area or a factory, resource handling in a large business system. Since
in this area all subsystems can be designed by a single designer, the cooperative
frameworks proposed in this thesis are applicable. However further steps are needed
before practical implementation. The open questions include: how a subsystem is
plugged in or detached out of the whole network, how to make use of the knowledge
about repetitive patterns like daily task loads or periodic disturbances, how to ensure
robustness of the whole or part of the network against disturbances such as model
mismatch, communication link missing, or subsystem failure.
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6.2.3 Related topics in distributed MPC

The work presented in this thesis can also be extended to related topics that were not
carried out in the time frame of research. These ideas can be developed as open directions
for further research in distributed MPC.

e Distributed MPC using primal decomposition-based methods: The distributed
and hierarchical MPC approaches proposed in this thesis are based on dual decom-
position, i.e., aim to exploit the separable property of the dual problem. For some
classes of problems, even the primal problem can have structures that foster decom-
position; hence primal decomposition approaches can be used then. The research on
primal decomposition for large-scale MPC optimization problems can be built upon
the well-known Gauss-Seidel (serial) or Jacobi (parallel) distributed algorithms.

e Formulation of closed-loop distributed MPC using a robustness approach: In
most cases distributed MPC only achieves sub-optimal results. Hence, there is the
need to quantify the sub-optimality of a distributed MPC scheme with respect to the
number of iterations that subsystems exchange information, and find some bounds
for the sub-optimality. Those bounds, being available in advance, can be used in the
design phase with a robustness approach, so that MPC stability is guaranteed.

e Dealing with periodic behaviors: In many applications the systems operate under
periodically changing inputs or conditions, e.g., the demands for resources such as
electricity or irrigation water in infrastructure networks. Hence, the design of dis-
tributed MPC may not need to start off solving an optimization problem, but instead
efficient controllers can be constructed using self-adapting methods of each sub-
system based on the nominal globally-designed profile. By judging the difference
between the current situation and the nominal case, local controllers can adapt the
stored MPC solutions to get a feasible solution that can be implemented locally.

¢ Distributed moving-horizon state estimation (MHSE): The problem of distributed
MHSE shares a significant similarity with distributed MPC, where the main task is
to solve an optimization problem online with respect to the estimated/predicted vari-
ables in a finite horizon, and the major challenge is to generate converging/stabilizing
solutions in a distributed manner. Hence, distributed optimization techniques can
also be applied to distributed MHSE in a similar way like in distributed MPC, with
appropriate re-definition of local estimators and local variables.

o Partitioning of large-scale interconnected systems: In some large-scale systems
such as a power transmission network of a region or a water distribution network
of a city, the whole system could be too complicated to build a centralized dynam-
ical model, instead the component models are constructed and then connected to
each other. Hence, the definition of subsystems in these large-scale systems is not
straightforward. One needs to find an appropriate method to partition the system,
resulting in subsystems that have their own inputs and outputs, and there are weak
couplings between subsystems. Graph theory could be used to obtain such partition.






Symbols and Abbreviations

Constants and Indices

1,7 Indices indicating different subsystems

kort Discrete time index

P Iteration index in optimization algorithms

N Prediction horizon of MPC

T Sampling time of discrete-time systems

I, Identity matrix of dimension n X n

1, Column vector of dimension n with all entries equal to 1

Network notations

M Number of nodes (usually subsystems)

N Neighborhood set of subsystem 7, containing indices of itself
and subsystems that have direct couplings with it

3¢ Index matrix of subsystem ¢ (a selection matrix to keep the
variables of subsystem ¢ in the aggregate variable, and to
replace the other entries in the aggregate variable by zeros)

Dynamical Systems

x State vector

U Input vector

X Prediction vector of states, or all the variables in the opti-
mization problem

u Prediction vector of inputs

X Constraint set for the states

U Constraint set for the control inputs

Xy Constraint set for the terminal states, i.e., states at the last
predicted step

A, B Matrices of state-space dynamics

Notations in optimization problems

H

Hessian matrix of a quadratic cost function
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f Cost function of an optimization problem

Vf Gradient of function f

r Conjugate function of function f

g,h Constraint functions of an optimization problem

q Dual function of an optimization problem

Q Domain for an optimization problem (Cartesian set)

L Lagrangian of an optimization problem

£ Set of constraint indices that are assigned to subsystem ¢ for

local computations

i Union of all sets £; with j € N
Abbreviations

MPC Model Predictive Control

DMPC Distributed Model Predictive Control

QP Quadratic Program
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