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EU Project DYMASOS

Dynamic Management of Physically Coupled Systems of
Systems

Dealt with systems that
 Possess partial local autonomy

« Are tightly interconnected by
streams of material and energy

e Examples:
— Electric power grid
— Chemical plants
— Smart buildings
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Management Methods

Coalition games,
where agents
group
dynamically to
pursue common
goals

DALY
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NEQOS in Kdln
INEQS

 Large integrated petrochemical
production site

19 different plants

» Internal distribution networks for
shared resources, e.g.,

Source: INEOS in Kdln

— Steam (30, 15, and 5 bar) P &

— Electricity ?w === . ?

— Fuel gas +_|:*——‘—J

— Intermediates =P,

— Products “1— | \?
«  Cyber-physical system of systems

&Pormasos Y
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INEOS in KOIn - Site management

INEQS

* The units are managed by plants

different business units . .
o . . economic cost functions
* Individual optima and site-
optimum may conflict
n
u ?é [U1 ) Un] min Z Ji(ui)
=1

uelU; Vi 4

Goal: Site-wide optimum

The goal Is to reduce the total cost n
of operation of the site while St ; Ai(uy) =0
meeting the production targets. / -

complicating constraint

—»
YMASOS ' Nl
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INEOS in KOIn — Need for distributed optimization

INEQS

Centralized optimization cannot be  «  Confidentiality

appligd: Mathematical and Distributed solutions offer the
technical reasons. possibility to keep certain data

* Problem size confidential (e.g. profit functions)
» Missing information / failures = Can handle competing

business units or several
chemical companies within a
Chempark or cluster.

« Scalability (adding new
subsystems)

 Confidentiality

)

&Pormasos i
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QOutline

Distributed optimization and market-based techniques
Case study

Simulation results

Conclusions and outlook
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MARKET-BASED TECHNIQUES FOR
DISTRIBUTED OPTIMIZATION
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Distributed optimization problem

Resource constrained
optimization problem

n

min Ji(Uu; cost reduction
ueU;, i Z ’( !)}

i=1

n
st Y Ri(u) = 0} network constraint
i=1

2
2

N
ﬁ Agent 1

@ @Agent n
Agent 3 L
hysical
o\% ; po% .

cohnection
Agent 2 @Agent i
S DYMASOS
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Requirements for the coordination
mechanism:

Small or no changes to the
Individual cost functions (leads
to higher acceptance)

Restricted communication

Quantity
(frequency of exchanges)

Quality (which data)
of shared information
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Distributed optimization problem

Resource constrained Different decomposition methods:

optimization problem Price-based coordination
n . -

min ZJ,-(U,')} cost reduction Primal decomposition
U;GH;,VI i—1 ADMM
n .
S.t. Z Ri(u;) = 0} network constraint Population control

i—1

S Different communication
N Agent 1 @ mechanisms and degrees of
Agent n

@ @mms L autonomy of the subsystems

N 5

Agent 2 @Agent i
S DYMASOS i
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Tatonnement process — Walrasian Auction

. L Excess demand: A ﬁ
 Auctioneer (invisible hand of

the market) adjusts the prices

Excess supply: 1 4

—————————————————————————

. . . I A
Iteratlvely unti Supply and : [ central site management J |
demand match | : |

- . : Ak | RE M RK
 Only resource utilization or » . p .
production and prices are R - Lopt.n_ |,
Uy A Un A
shared R A
 Objective: find the equilibrium _plant1 e | plantn
price of the market A* i I
—> balanced networks [ J
shared resources
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Price-based coordination

Minimization of the Lagrangian

n
min £(u,\) = min_ ZJ, u;) )\TZ:R;(Uf);

_agrange multipliers A can be interpreted as transfer
nrices —> Price-based coordination

Problem Is decomposable

r _ T
melﬂ (Ui, \) = |T1€|5!J,(u,)+)\ Ri(u;)

Example: + 25€/t-34t/n

S DYMASOS ALY i
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Price-based coordination — Subgradient price-update

n
N =X 1) Fz’,-(u,-)k} coordinator
e

C k-t )
uttt = argumin (J,;(u,;) +)\k+1’TF:’,-(u,~))
" > plants

k-+1

/

Strategy converges under strict assumptions, e.g. strict
convexity, sufficiently small a*

= Need for a more robust coordination strategy

S DYMASOS ™
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Augmented Lagrangian

min £(uj,\) = min Ji(u) + 2T T Ri(w)
uielU;,vi ( u,EMIr Vi 21: f f + Z ’

I'\)ITD

The augmentation term convexifies the problem.

Alternating Direction Method of Multipliers (ADMM) Is an
extension that enables decomposition.

)
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ADMM - Reformulated network constraint

n
min ZJ;(U;)} cost reduction

S.1. R;(U,f) —zZi=0 VIA
v reformulated constraint
BERL

Minimization of the augmented Lagrangian

n
7
U!renbllnw (Ui, Zj, A) U;renz/}nw > 1J uj) + \ Z i(u) + = ZH — 2|12

S DYMASOS i
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ADMM - Update steps

Additional variables z; need to be updated by the coordinator

k n
AT =2k % > Ri(u)
= y coordinator, z = addtional ref.

1 n
z | = Ri(uy)* - - Z Ri(uy)"

2
utrtt = = argr min Ji(u;) + AT Ri(u) + 5 2 H( (ur) = Zk+1) Hz

/
> plants

K+
Rt ZFi’i(U}k M

)
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Challenge: Speed of convergence

Available strategies: New price-update strategies are

- Alarge amount of iterations is required that
needed  Preserve confidentiality.

= Unrealistic if applied to semi- - Have a significantly lower number
automated systems of systems of communication rounds.

(humans in the loop).

DYMASOS:

* Novel price update strategy in LR
by guadratic approximation of the
response to speed up
convergence.

&Pormasos i
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Promising simulation results

It was shown that the approach R woveradient |
outperforms the simple T o —
subgradient updates in -
simulation studies. A
Works well if no (few) individual 0 l . . :
constraints of the subsystems T w w0

are active.

218750
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156250
125000
93750
62500
31250
0
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optimization and dynamic pricing,” at —
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Jun 2016.




Comparison

Price-based

e Minimal
communication
o Strict
assumptions
« Many iterations
o Difficult to tune
(possible

divergence)

Sy DYMASOS

Augm. Lagr.

e Less
assumptions

 Not suited for
completely
distributed
coordination

ADMM

Robust
Difficult to tune
Communica-
tion of z
variables

ROA

Minimal
comminication
e Less iterations
 No proof for
convergence
* Openissue of
individual active
constraints
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CASE STUDY: INEOS SITE
MANAGEMENT
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Topology of the case study

[ Cracker J [ Power Plant ] [ Ammonia PIantJ
@ = exp./imp.
@D: = exp./imp.
exp./imp. —-679 /

69— exp./imp.
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Mathematical modeling: generic plant

(ms) (mMso) { Mz {Mcs
" w “ ______________
Model equations s
g Y
% generic plant model
—M... . V E. Up —— states: x
X = Myx - U+ Vi =
E
y = Mxy - X T T
R:Muﬂ'u+Mxﬂ'X Uq Ué

shared resources

—
- ~

input dependent variables

— (MUR + MxFi‘Mux) - U+ MXR Vx
Linear (affine) functions of the manipulated variables

The shared resources are a linear combination of states and inputs

S DYMASOS
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The individual optimization problems

Formulation of the optimization problems

. 1
min PuU+pxX+prAR—pyy ‘|‘§AyTWyAy

linear economic terms tracking
S.1.
Ay =Y — Vref
Ib<u<ub
Aineq - U < bjneg ¢ €quipment and input constraints
uc C,

Model equations.

S DYMASOS i
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The site-wide optimization problem

The site-wide optimization
problem is made up of the
single plant problems

Additionally, the complicating
constraint is added

n
min Y Ji(uy)
i

Ufo

Compact form of plant i
min  J;(u;)
Uj

s.t. u; €C;

s.t. u; € C;jVi...individual constraints

S DYMASOS
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SIMULATION RESULTS
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 Designed to facilitate the

The DYMASOS Simulation and Validation Framework

simulation of SoS with
distributed coordination
mechanisms

Standard interfaces for

* The interconnection of the
local and global
management systems

e The Interconnection of
physical models

* The interconnection of
physical models and the
management systems

Validation models

SoS Subsystem

SoS Subsystem

SoS Subsystem

Communication

£8onunsos

Process Control Workshop, Lund, 28.9.2016
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The DYMASOS Simulation and Validation Framework

Modelica-based environment

Features
Different communication structures

Different time discretization mechanisms
Discrete-event, discrete-time,...

Co-simulation of non Modelica-based models
Tested environment:

Simulation of non external white-box and black-box controllers
Tested model implementations:

MATLAB - ~ B
| | SIMULINK P p U t h O n PROGRAMMING f—. EAUONCCKT{J%NAL

SRAMMING =mmy |INTERFACE
LANGUAGE

| —
SZEDYMASOS -
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Implementation of the simulation study

Modular implementation of the
subsystems in Matlab®

The simulation and validation
framework (SVF) calls the
models as *.dll files

Information platform collects
data from the (e.g., production
references)

The coordination Is done via
ADMM within the SVF

S DYMASOS

INEOS Site

Models_of_Subsysterns
@ model 01 cracker.m
‘a model_02_powerplant.m

‘EI model_03_ammaoniaplant.m
f*‘-‘j model_04_acnplant.m

r“-‘j model 05_peplant.m
‘EI model_06_naplant.m

‘H model_07_bdplant.m
‘a model_08_poplant.m

ﬁ‘j model 09_ecplant.m
‘a model_10_importexport.m

Process Control Workshop, Lund
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Setup of the simulation study

Initial point (A%, u?) is 9 production plants and one
announced at the start of the export/import node coupled by
simulation. four networks:

The first responses cause 5 bar + 30 bar steam networks
imbalanced networks (selfish C2 and C3 intermediate streams
plants). ( S s =0\
ADMM is used to find a new Z I
equilibrium price vector A* (one —

. . . Z R; — 0= ‘L.
operating point) for which the - > e =
networks are balanced. .

\Z Mc3 =
Goal: balance all networks j /

S DYMASOS
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Imbalance in the networks

Initial imbalance for A° for all
four networks

Fast initial reduction of the

Imbalance

Many iterations to fulfill
the convergence criterion

S DYMASOS

<e=103
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Adjustment of resource consumption and production (1)

. . Cracker . . . . . ACN Plant . . ‘ . ‘ hylene Oxi . i lan
[ s (L I
\\\\\\\\\\\\\ : F'ropy‘lene OmderP\anl . F'el]:ethylene Plant
; I [\ a
r-(n-—_ | L] L] n
| The different plants adjust their resource
g

| | consumption and production as a result of
e )t —— | changing transfer prices.
— The neworks become balanced.

S DYMASOS -
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Adjustment of resource consumption and production (2)

Ammonia Plant

Initially reduces the Ammonia Plant
consumption of one
resource

Then slow increase of
one resource and slight
reduction of two others

Centralized solution Is
reached upon

convergence ! | ! ! ! !
0 20 40 60 80 100 120 140

iterations

S DYMASOS i
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Adjustment of inputs (1)

Cracker ACN Plant Ethylene Oxide Plant Nitric Acid Plant
T I T T T T T T T T T T T T T T T
@ @ @ @
ElS k| 3 s
2 2 g 2
= = =] =] =]
a a a a
£ £ c £
) 20 40 GO &0 100 120 140 140 a 0 40 B0 B0 100 120 14 ) 20 40 GO B 100 120
iterati teratf iterati
ta ropylene Cride Plant Folyethy

@ @ 3 B
2 2 = 2
g 2 g g
5 5 5 5
2 2 a 2
£ £ £ £

iterations iterations iterafions iterations

Import Export Node
T T

" ‘\? 4

The different plants adjust their resource
consumption and production as a result of
_ I L . . 1 changing transfer prices.

— The neworks become balanced.

S DYMASOS Y
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Changes of transfer prices

Observations

lterative update of the . . .
prices during the auction

Price lowered for excess
supply of resources

Price raised for excess
demand of resources

The pri
e prlces.grqdually.settle* &/ _
to the equilibrium prices A

transfer prices

| I | I | I
0 20 40 60 &0 100 120 140

iterations

S DYMASOS i
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Reacting to the scenario

 Recoordination every hour

 After 4 and after 7 hours major
changes occur

« The PE plant reduces
significantly its capacity (20%)

bounds

» The C2 intake capacity of the
EO plant is reduced by 50%

____________________________

The market-based mechanism Is
able to balance the networks for
the investigated scenario!

Bonusos

Process Control Workshop, Lund, 28.9.2016
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Dynamic response

« Recoordination every hour
- After 4 and after 7 hours major o 1
changes occur
« The PE plant reduces ]
significantly its capacity (20%) L =
» The C2 intake capacity of the | | |
EO plant is reduced by 50% : -
The market-based mechanism is :
able_ to ba_lance the netyvorks for | =)
the investigated scenario! n 2 o

Bonusos

Process Control Workshop, Lund, 28.9.2016
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CONCLUSIONS AND OUTLOOK

ooooooooooooooooooooooooooooooooooooo




Conclusions

Realistic case study based on real
data of INEOS in KoIn

Market-based coordination balances
the site and reaches the site-wide
optimum with a high level of
confidentiality.

Implementation and validation was
done using the Modelica-based
DYMASOS Simulation and Validation
Framework (TUDO and euTeXoo0) with
access to real plant data of INEOS In
KoIn via the DYMASQOS Information
Platform (RWTH Aachen).

S DYMASOS

Process Control Workshop, Lund

, 28.9.2016
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Outlook

Future research New EU Project (under the last
Strong industrial interest in SPIRE Call):
discrete decisions (e.g., partial  CoPro — Improved energy and
shutdown of single plants). resource efficiency by better
Improve the speed of coordination of production in
convergence (less iterations, ~ the process industries
less communication) (Start Nov. 2016)

Extension of the methodology
to balance resources between
companies (within an industrial
cluster)

S DYMASOS i
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Thank you very much for your attention!

This project has received funding from the European Union’s Seventh
Framework Programme for research, technological development and
demonstration under grant agreement No 611281.
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