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Market-­‐Driven	
  systems	
  
•  Aim	
  

To	
  teach	
  the	
  basic	
  principles	
  for	
  automaBon	
  systems	
  in	
  the	
  manufacturing	
  
industries	
  and	
  their	
  dynamic	
  interacBon	
  with	
  market	
  factors	
  such	
  as	
  
variaBons	
  in	
  demand	
  and	
  prices	
  for	
  raw	
  material,	
  transports,	
  and	
  
inventory.	
  To	
  give	
  insight	
  into	
  current	
  problems	
  and	
  trends	
  of	
  companies	
  
in	
  region,	
  through	
  guest	
  lectures	
  and	
  projects.	
  Modern	
  producBon	
  
companies	
  interact	
  with	
  the	
  market	
  in	
  many	
  ways,	
  some	
  examples	
  are	
  
internaBonal	
  standards,	
  industrial	
  trends,	
  fluctuaBons	
  in	
  demands,	
  and	
  
variaBons	
  	
  in	
  raw-­‐material	
  prices.	
  	
  	
  	
  	
  

	
  A/	
  ge	
  kunskap	
  om	
  grundläggande	
  principer	
  för	
  automa:onssystem	
  i	
  
:llverkningsindustrin	
  och	
  dess	
  dynamiska	
  samspel	
  med	
  marknadsfaktorer	
  såsom	
  
varia:oner	
  i	
  e>erfrågan	
  och	
  priser	
  för	
  råvaror,	
  transporter	
  och	
  lagerhållning.	
  A/	
  genom	
  
gäsAöreläsningar	
  och	
  projekt	
  ge	
  inblick	
  i	
  aktuella	
  frågeställningar	
  och	
  trender	
  hos	
  
företag	
  i	
  regionen.	
  Dagens	
  produk:onsföretag	
  interagerar	
  med	
  marknaden	
  på	
  många	
  
olika	
  sä/,	
  några	
  exempel	
  är	
  interna:onella	
  standarder,	
  industriella	
  trender,	
  varia:oner	
  
i	
  e>erfrågan	
  och	
  råvarupriser.	
  	
  

Market-­‐Driven	
  systems	
  
Aim	
  II:	
  
The	
  course	
  helps	
  future	
  managers	
  to	
  understand	
  the	
  role	
  and	
  value	
  of	
  control	
  

in	
  modern	
  companies	
  as	
  well	
  as	
  to	
  give	
  them	
  an	
  intuiBon	
  about	
  the	
  
parallels	
  of	
  controlling	
  technical	
  systems	
  and	
  managing	
  an	
  enterprise	
  in	
  
the	
  market.	
  As	
  such	
  it	
  helps	
  to	
  build	
  a	
  bridge	
  between	
  managers	
  and	
  
engineers.	
  

	
  
Kursens	
  målsä/ning	
  är	
  även	
  a/	
  hjälpa	
  fram:da	
  ledare	
  a/	
  förstå	
  reglertekniks	
  roll	
  och	
  

värde	
  i	
  dagens	
  företag,	
  samt	
  a/	
  ge	
  förståelse	
  för	
  parallellerna	
  mellan	
  a/	
  styra	
  e/	
  
tekniskt	
  system	
  respek:ve	
  a/	
  leda	
  e/	
  marknadsföretag.	
  På	
  de/a	
  vis	
  hjälper	
  kursen	
  
:ll	
  a/	
  skapa	
  en	
  bro	
  emellan	
  ledare	
  och	
  ingenjörer.	
  	
  

Market-­‐Driven	
  Systems	
  
Aim	
  III:	
  
•  To	
  provide	
  a	
  management	
  	
  
perspecBve	
  on	
  industrial	
  producBon	
  
and	
  automaBon	
  systems	
  
–  Part	
  I	
  

•  To	
  provide	
  some	
  tools	
  and	
  
methods	
  that	
  are	
  relevant	
  for	
  	
  
financial	
  engineering	
  in	
  general	
  

•  Game	
  theory	
  
•  Model-­‐PredicBve	
  Control	
  
•  Distributed	
  Control	
  using	
  Price	
  Mechanisms	
  

–  Part	
  II	
  

Reglerteknik	
  AK	
   PID	
  

Market-­‐Driven	
  
Systems	
  

Contents	
  

•  Course	
  Formalia	
  
•  ProducBon	
  Systems	
  
–  ConBnuous/Discrete/Batch	
  Systems	
  
–  ProducBon	
  Strategies	
  

•  ProducBon	
  Systems	
  Models	
  
– MatemaBcal	
  Models	
  –	
  Topology	
  
–  Enterprise	
  Models	
  

•  OpBmizaBon	
  in	
  ProducBon	
  Systems	
  
•  ConBnuous	
  ProducBon	
  Systems	
  

Lecturers	
  
•  CharloXa	
  Johnsson	
  
–  CharloXa.johnsson@control.lth.se	
  
–  046-­‐2228789	
  
–  Course	
  responsible	
  
–  Lectures:	
  2,3,4,5,projects	
  
–  Lecture	
  1:	
  Karl-­‐Erik	
  Årzen	
  

•  Anders	
  Rantzer	
  
– Model-­‐PredicBce	
  Control	
  
–  Distributed	
  OpBmizaBon	
  
–  Lectures	
  8,9	
  

•  Bo	
  Bernhardsson	
  
–  Game	
  Theory	
  
–  Lectures	
  10,11	
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Guest	
  Lecturers	
  
•  Krister	
  Forsman	
  
–  Corporate	
  Specialist	
  at	
  Perstorp	
  Specialty	
  Chemicals	
  
–  Industrial	
  IT	
  and	
  Control	
  
–  Lecture	
  6	
  

•  Anna	
  Lindholm	
  
–  ÅF	
  ConsulBng	
  	
  
–  Industrial	
  IT	
  
–  Lecture	
  7	
  

•  Kurt	
  Jörnsten	
  
–  Prof	
  at	
  Norwegian	
  School	
  of	
  Economics	
  
– Modern	
  ProducBon	
  Management	
  and	
  LogisBcs	
  
–  Lecture	
  12	
  

Lectures	
  
•  12	
  lectures	
  

+	
  one	
  lecture	
  where	
  the	
  projects	
  are	
  introduced	
  
+	
  one	
  or	
  two	
  lectures	
  for	
  the	
  project	
  presentaBons	
  

•  Nominal	
  lecture	
  hours:	
  
–  Tuesdays	
  10:15	
  –	
  12:00	
  in	
  M:E	
  
–  Thursdays	
  10:15	
  –	
  12:00	
  in	
  M:D	
  

•  Changes:	
  
–  First	
  lecture:	
  Thursday	
  26/3	
  
–  Lectures	
  on	
  15/4,	
  13/5	
  and	
  22/2	
  will	
  be	
  held	
  in	
  the	
  department’s	
  

Seminar	
  room	
  (M:2112B).	
  
–  No	
  lecture	
  25/5	
  

•  Hollidays	
  (no	
  lectures):	
  
–  Easter:	
  2/4	
  
–  Valborg:	
  30/4	
  
–  Exam-­‐period:	
  4-­‐8/5	
  
–  KrisBhimmelsfärd:	
  14/5	
  

Exercises	
  
9	
  Exercises	
  
Two	
  exercises	
  /	
  week	
  
•  Wednesdays	
  8-­‐10,	
  M:X2a	
  
•  Fridays	
  8-­‐10,	
  M:L1	
  
Changes:	
  

First	
  exercise:	
  27/3	
  
Not	
  used:	
  26/5	
  
Some	
  exercise-­‐sessions	
  will	
  be	
  used	
  for	
  	
  
Guest	
  lecturers	
  or	
  project-­‐presentaBons	
  

Holliday	
  (no	
  exercises)	
  
Easter:	
  3/4	
  
May	
  1st:	
  1/5	
  
Exam-­‐period:	
  4-­‐8/5	
  
KrisBhimmelsfärd:	
  15/5	
  

Josefin	
  Berner	
  

Olof	
  Troeng	
  

Laboratories	
  
•  Lab	
  1:	
  Batch	
  Control	
  
–  4	
  hours	
  
– Week	
  7/4	
  –	
  10/4	
  
–  Sign	
  up	
  at	
  the	
  course	
  homepage	
  
–  Responsible:	
  Josefin	
  Berner	
  

•  Lab	
  2:	
  Linear	
  Progr.	
  and	
  MPC	
  
–  4	
  hours	
  
– Week	
  12/5	
  –	
  22/5	
  
–  Sign	
  up	
  at	
  the	
  course	
  home	
  page	
  
–  Responsible:	
  Olof	
  Troeng	
  

Projects	
  
•  Two	
  types:	
  
–  ”Industrial”	
  
–  ”Department”	
  

•  Learn	
  to	
  know	
  an	
  industrial	
  control	
  system	
  

•  In	
  groups	
  of	
  around	
  4	
  	
  
•  Projects	
  presented	
  16	
  Apr	
  
•  Projects	
  presented	
  during	
  final	
  week:	
  21-­‐22/5	
  
•  Requirements:	
  
– WriXen	
  report	
  
– Oral	
  presentaBon	
  

Exams	
  

•  Monday	
  June	
  1,	
  14-­‐19,	
  MA:10D-­‐E	
  
•  Wednesday	
  August	
  19,	
  8-­‐13,	
  MA:10E	
  

•  Closed	
  book	
  exam	
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Course	
  Material	
  
•  Folder	
  with	
  	
  
–  Course	
  texts	
  
–  Copies	
  of	
  slides	
  
–  Exercises	
  with	
  soluBons	
  
–  Lab	
  manuals	
  

•  Free	
  of	
  charge	
  
•  Handed	
  out	
  today	
  	
  
–  Incomplete	
  
–  You	
  will	
  complete	
  it	
  yourself	
  using	
  material	
  handed	
  out	
  at	
  
the	
  lectures	
  

•  Course	
  material	
  also	
  available	
  through	
  the	
  course	
  
home	
  page	
  
–  User	
  name:	
  control	
  
–  Password:	
  sunryspif	
  (write	
  it	
  down,	
  not	
  in	
  your	
  handouts)	
  

CEQ	
  
•  ”What	
  has	
  this	
  course	
  to	
  do	
  in	
  the	
  I-­‐programme’s	
  
Finance	
  and	
  Risk	
  specializa:on	
  (too	
  much	
  
automa:on)?”	
  
–  A	
  specializaBon	
  must	
  contain	
  a	
  certain	
  width	
  and	
  not	
  all	
  
(probably	
  very	
  few)	
  of	
  you	
  will	
  end	
  up	
  in	
  the	
  finance	
  
sector.	
  

–  ProducBon	
  system	
  are	
  a	
  very	
  important	
  part	
  of	
  Swedish	
  
industry	
  and	
  several	
  of	
  you	
  will	
  probably	
  end	
  up	
  as	
  
managers	
  in	
  the	
  producing	
  industry	
  

–  An	
  effort	
  has	
  been	
  made	
  this	
  year	
  to	
  moBvate	
  the	
  course	
  
beXer	
  and	
  to	
  connect	
  the	
  two	
  parts	
  of	
  the	
  course	
  
•  New	
  material	
  about	
  producBon	
  strategies,	
  producBon	
  systems	
  
models,	
  and	
  opBmizaBon-­‐based	
  planning	
  and	
  scheduling	
  

•  More	
  Bme	
  for	
  the	
  game	
  theory	
  material	
  

CEQ	
  

•  ”Course	
  material	
  system	
  did	
  not	
  work	
  well.	
  
Few	
  students	
  managed	
  to	
  fill	
  their	
  binders	
  
with	
  all	
  the	
  material.”	
  
– All	
  material	
  that	
  is	
  handed	
  out	
  and	
  in	
  the	
  binder	
  is	
  
also	
  available	
  for	
  download	
  from	
  the	
  home	
  page	
  

– We	
  don’t	
  charge	
  anything	
  for	
  the	
  binder	
  and	
  the	
  
material	
  in	
  it	
  

CEQ	
  

•  ”A	
  lot	
  of	
  gramma:cal	
  errors	
  and	
  bugs	
  in	
  the	
  
lecture	
  notes	
  and	
  the	
  exercises”	
  
– The	
  lecture	
  notes	
  and	
  exercises	
  have	
  been	
  revised	
  

Contents	
  -­‐	
  Check	
  

•  Course	
  Formalia	
  
•  Produc>on	
  Systems	
  
–  ConBnuous/Discrete/Batch	
  Systems	
  
–  ProducBon	
  Strategies	
  

•  ProducBon	
  Systems	
  Models	
  
– MatemaBcal	
  Models	
  –	
  Topology	
  
–  Enterprise	
  Models	
  

•  OpBmizaBon	
  in	
  ProducBon	
  Systems	
  
•  ConBnuous	
  ProducBon	
  Systems	
  

Market-­‐driven	
  systems	
  

•  System	
  =	
  industrial	
  producBon	
  
•  Market-­‐driven	
  =	
  interacBon	
  with	
  the	
  
surroundings/market	
  
– Prices	
  
– Demands	
  
– CompeBBon	
  
– Laws	
  and	
  regulaBons	
  	
  
– Standards	
  and	
  guidelines	
  
– Trends	
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Industrial	
  producBon	
  
What	
  industrial	
  producBon	
  sectors	
  are	
  there?	
  	
  
•  Food	
  &	
  Beverage	
  
•  PharmaceuBcal	
  
•  Metal	
  
•  Pulp	
  &	
  paper	
  
•  Chemical	
  and	
  PetroChemical	
  
•  Refining	
  
•  AutomoBve	
  
•  Biotechnology	
  
•  Machine	
  parts	
  
•  Etc…	
  	
  

Industry	
  vs	
  AutomaBon	
  level	
  

Industrial	
  ProducBon	
  
The	
  industrial	
  producBon	
  systems	
  all	
  have	
  the	
  same	
  overall	
  goal;	
  

to	
  make	
  money!	
  

ProducBon	
  	
  
Process	
   Products	
  Materials	
  

•  This	
  is	
  done	
  by	
  transforming	
  raw-­‐materials	
  into	
  products	
  through	
  the	
  
uBlizaBon	
  of	
  material,	
  energy,	
  equipment,	
  personnel/manpower.	
  

•  Minimize	
  CAPEX	
  and	
  OPEX	
  
•  CAPEX	
  –	
  Capital	
  expenses	
  

•  Costs	
  associated	
  with	
  the	
  acquirement	
  or	
  upgrade	
  of	
  physical	
  assets	
  such	
  as	
  
equipment,	
  property,	
  or	
  industrial	
  buildings.	
  

•  OPEX	
  –	
  OperaBng	
  expenses	
  
•  The	
  ongoing	
  cost	
  for	
  running	
  a	
  product,	
  business,	
  or	
  system	
  

•  However,	
  the	
  conBnuous,	
  discrete	
  and	
  batch	
  producBon	
  processes	
  are	
  
different	
  in	
  key	
  aspects	
  of	
  their	
  operaBons.	
  

	
  

Industrial	
  producBon	
  

How	
  can	
  the	
  producBon	
  be	
  performed?	
  
•  ConBnuous	
  	
  
•  Discrete	
  
•  Batch	
  

=>	
  There	
  are	
  three	
  types	
  of	
  producBon	
  
processes	
  

ConBnuous	
  ProducBon	
  Processes	
  
In	
  a	
  conBnuous	
  producBon	
  process	
  the	
  raw	
  materials	
  are	
  consumed	
  in	
  

a	
  conBnuous	
  stream	
  and	
  a	
  product	
  result	
  as	
  a	
  conBnuous	
  ouzlow.	
  	
  

ConBnuous	
  ProducBon	
  Processes	
  
General	
  CharacterisBcs	
  of	
  conBnuous	
  producBon	
  

processes:	
  
	
  
•  ConBnuous	
  flow	
  of	
  material	
  (o{en	
  fluid-­‐

based).	
  
•  ConBnuous	
  producBon	
  of	
  product,	
  	
  i.e.	
  

conBnuous	
  ouzlow.	
  
•  Open-­‐ended	
  producBon	
  runs.	
  
•  The	
  process	
  is	
  most	
  o{en	
  ”invisible”.	
  
•  Disassembly-­‐oriented	
  producBon	
  is	
  not	
  

unusual.	
  
•  The	
  equipment	
  operates	
  in	
  steady-­‐state.	
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Discrete	
  ProducBon	
  Processes	
  
A	
  discrete	
  producBon	
  process	
  is	
  the	
  assembly	
  of	
  piece	
  parts	
  into	
  

products.	
  The	
  product	
  is	
  a	
  discrete	
  enBty.	
  	
  
	
  

Discrete	
  ProducBon	
  Processes	
  

General	
  CharacterisBcs	
  of	
  discrete	
  producBon	
  
processes:	
  

	
  
•  DisconBnuous	
  producBon	
  of	
  product,	
  	
  i.e.	
  

discrete	
  output.	
  
•  DisconBnuous	
  flow	
  of	
  material	
  (o{en	
  pieces	
  

and	
  parts).	
  
•  Assembly-­‐oriented	
  producBon.	
  
•  Staged	
  producBon	
  through	
  work	
  cells	
  
•  Well	
  defined	
  producBon	
  runs.	
  
•  The	
  process	
  is	
  most	
  o{en	
  ”visible”.	
  
•  The	
  equipment	
  operates	
  in	
  on-­‐off	
  manner.	
  

Batch	
  ProducBon	
  Processes	
  
In	
  a	
  batch	
  producBon	
  process	
  the	
  product	
  is	
  made	
  in	
  batches	
  or	
  lots.	
  	
  

Batch	
  ProducBon	
  Processes	
  

General	
  CharacterisBcs	
  of	
  batch	
  
producBon	
  processes:	
  

	
  
•  ProducBon	
  of	
  products	
  in	
  batches	
  
•  DisconBnuous	
  flow	
  of	
  materials.	
  
•  ProducBon	
  run	
  determined	
  by	
  Bme/

end	
  point.	
  
•  ProducBon	
  goes	
  through	
  steps	
  of	
  

operaBons.	
  
•  Fluid	
  and	
  dry	
  processing.	
  	
  

ProducBon	
  Strategies	
  
•  Two	
  main	
  types:	
  
– Make-­‐to-­‐stock	
  

	
  
	
  
– Make-­‐to-­‐order	
  

A	
  business	
  produc:on	
  strategy	
  that	
  typically	
  allows	
  consumers	
  to	
  purchase	
  products	
  
that	
  are	
  customized	
  to	
  their	
  specifica:ons.	
  The	
  make	
  to	
  order	
  (MTO)	
  strategy	
  only	
  
manufactures	
  the	
  end	
  product	
  once	
  the	
  customer	
  places	
  the	
  order.	
  This	
  creates	
  
addi:onal	
  wait	
  :me	
  for	
  the	
  consumer	
  to	
  receive	
  the	
  product,	
  but	
  allows	
  for	
  more	
  

flexible	
  customiza:on	
  compared	
  to	
  purchasing	
  from	
  retailers'	
  shelves.	
  	
  
	
  

A	
  tradi:onal	
  produc:on	
  strategy	
  used	
  by	
  businesses	
  to	
  match	
  produc:on	
  with	
  
consumer	
  demand	
  forecasts.	
  The	
  make-­‐to-­‐stock	
  (MTS)	
  method	
  forecasts	
  demand	
  
to	
  determine	
  how	
  much	
  stock	
  should	
  be	
  produced.	
  If	
  demand	
  for	
  the	
  product	
  can	
  

be	
  accurately	
  forecasted,	
  the	
  MTS	
  strategy	
  can	
  be	
  an	
  efficient	
  choice.	
  	
  

Make-­‐to-­‐stock	
  

Raw	
  Material	
   Customer	
  

Demand	
  

Stock	
  

•  Push	
  model	
  
•  Necessary	
  when	
  it	
  takes	
  longer	
  to	
  produce	
  than	
  the	
  customer	
  

is	
  willing	
  to	
  wait	
  
•  Relies	
  on	
  the	
  accuracy	
  of	
  demand	
  forecasts.	
  	
  

–  Inaccurate	
  forecasts	
  will	
  lead	
  to	
  losses	
  stemming	
  from	
  excessive	
  
inventory	
  or	
  stockouts.	
  

•  Approaches:	
  
–  MRP	
  (Material	
  Requirements	
  Planning),	
  MRP	
  II	
  (Manufacturing	
  

Resources	
  Planning),	
  ERP	
  (Enterprise	
  Resources	
  Planning),	
  SCM	
  
(Supply	
  Chain	
  Management)	
  

•  Using	
  control	
  terminology	
  this	
  corresponds	
  to	
  feedforward	
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Make-­‐to-­‐order	
  

Raw	
  Material	
   Customer	
  

Demand	
  

Stock	
  

•  Pull	
  model	
  
•  Possible	
  when	
  the	
  Bme	
  to	
  produce	
  is	
  shorter	
  than	
  the	
  customers’	
  

acceptable	
  waiBng	
  
•  Downstream	
  producBon	
  units	
  are	
  views	
  as	
  customers	
  to	
  upstream	
  

producBon	
  units	
  
•  Short	
  change	
  over/setup	
  Bmes	
  a	
  necessity	
  
•  Smaller	
  batches	
  àless	
  inventory	
  à	
  shorter	
  cycle	
  Bmes	
  and	
  faster	
  

detecBon	
  of	
  defects	
  
•  Approaches	
  

–  Just	
  in	
  Time	
  (JIT)	
  producBon	
  (Kanban,	
  Toyota),	
  Lean	
  manufacturing,	
  ….	
  
•  Using	
  control	
  terminology	
  this	
  corresponds	
  to	
  feedback	
  

Make-­‐to-­‐Stock	
  vs	
  Make-­‐to-­‐Order	
  
•  In	
  pracBce	
  it	
  is	
  always	
  a	
  combinaBon	
  of	
  make-­‐to-­‐
stock	
  and	
  make-­‐to-­‐order	
  

•  Make-­‐to-­‐stock	
  has	
  a	
  reputaBon	
  of	
  being	
  slightly	
  
old-­‐fashioned	
  

•  Make-­‐to-­‐order	
  has	
  been	
  the	
  focus	
  of	
  research	
  
the	
  last	
  10-­‐15	
  years	
  

•  However,	
  the	
  current	
  low	
  capital	
  costs	
  has	
  made	
  
make-­‐to	
  stock	
  more	
  interesBng	
  again	
  
– Assuming	
  that	
  the	
  product	
  will	
  eventually	
  be	
  sold	
  
–  ”Double-­‐batching”	
  

Contents	
  

•  Course	
  Formalia	
  
•  ProducBon	
  Systems	
  
–  ConBnuous/Discrete/Batch	
  Systems	
  
–  ProducBon	
  Strategies	
  

•  Produc>on	
  Systems	
  Models	
  
– MatemaBcal	
  Models	
  –	
  Topology	
  
–  Enterprise	
  Models	
  

•  OpBmizaBon	
  in	
  ProducBon	
  Systems	
  
•  ConBnuous	
  ProducBon	
  Systems	
  

ProducBon	
  System	
  Models	
  
•  MathemaBcal	
  Models	
  

–  Model-­‐based	
  
•  Design	
  of	
  producBon	
  system,	
  incl	
  producBon	
  units	
  
•  Analysis	
  
•  Planning	
  and	
  scheduling	
  (opBmizaBon)	
  
•  Reliability	
  analysis	
  
•  ……..	
  

–  A	
  large	
  variety	
  of	
  model	
  types	
  (determinisBc/stochasBc,	
  discrete/
conBnuous,	
  linear/nonlinear)	
  

•  Enterprise	
  Models	
  
–  A	
  "model"	
  or	
  a	
  "framework”	
  which	
  represents	
  the	
  enterprise	
  at	
  one	
  

point	
  in	
  its	
  life	
  cycle,	
  is	
  needed.	
  This	
  ”model/framework”	
  is	
  called	
  an	
  
Enterprise	
  Architecture.	
  

–  Assist	
  with	
  planning	
  and	
  analysis	
  of	
  the	
  enterprise,	
  to	
  select	
  hardware	
  
and	
  so{ware	
  products,	
  to	
  design	
  organizaBonal	
  "reporBng	
  
structures",	
  and	
  to	
  study	
  flow	
  of	
  materials	
  and	
  informaBon	
  through	
  
the	
  enterprise.	
  

–  The	
  focus	
  of	
  this	
  course	
  	
  

MathemaBcal	
  ProducBon	
  System	
  Models	
  
•  Topology	
  
–  Shows	
  how	
  the	
  units/machines	
  are	
  connected	
  and	
  the	
  
flows	
  within	
  the	
  system	
  

•  Machine	
  models	
  
– Model	
  the	
  operaBon	
  of	
  the	
  machines/units	
  wrt.	
  
producBvity,	
  reliability,	
  quality	
  

•  Media/product	
  models	
  
– Models	
  the	
  behaviour/dynamics	
  of	
  the	
  products	
  flowing	
  
through	
  the	
  machines	
  

•  Buffer	
  models	
  
•  Models	
  for	
  the	
  interacBon	
  between	
  buffers	
  and	
  
machines	
  

•  Performance	
  measures	
  
– Metrics	
  quanBfying	
  the	
  efficiency	
  of	
  the	
  system	
  operaBon	
  

Topologies:	
  Serial	
  ProducBon	
  Line	
  

•  ProducBon	
  units:	
  
– Machines,	
  work	
  cells,	
  equipment	
  units,	
  process	
  cell	
  …..	
  

•  Buffers	
  with	
  storage	
  capacity:	
  
– Material	
  handling	
  devices,	
  e.g.,	
  boxes,	
  conveyors,	
  
autonomous	
  guided	
  vehicles	
  (AGVs),	
  trucks,	
  …	
  

–  Buffer	
  tanks	
  
–  Filter	
  out	
  producBon	
  randomness	
  (disturbances,	
  
variaBons,	
  …)	
  

Buffer	
  ProducBon	
  
Unit	
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Topologies:	
  Serial	
  ProducBon	
  Line	
  with	
  
Finished	
  Goods	
  Buffer	
  

•  FGB	
  -­‐	
  Finished	
  Goods	
  Buffer	
  
–  Inventory	
  of	
  finished	
  products	
  
– Filter	
  out	
  producBon	
  randomess	
  (disturbances,	
  
variaBons,	
  …)	
  

– Compensate	
  for	
  variaBons	
  in	
  demand	
  

FGB	
  

Demand	
  

Topologies:	
  Assembly	
  Systems	
  

•  Two	
  or	
  more	
  serial	
  lines	
  (”component	
  lines”)	
  
•  Two	
  or	
  more	
  merge	
  operaBons	
  
– Components	
  are	
  assembled	
  or	
  mixed	
  

Merge	
  
operaBon	
  

General	
  Topology	
  

Recycles	
  
Split	
  

operaBons	
  

Synchronous	
  producBon	
  units	
  

Enterprise	
  Models	
  
•  A	
  "model"	
  or	
  a	
  "framework”	
  which	
  represents	
  the	
  enterprise	
  at	
  one	
  point	
  

in	
  its	
  life	
  cycle,	
  is	
  needed.	
  This	
  ”model/framework”	
  is	
  called	
  an	
  Enterprise	
  
Architecture.	
  

•  This	
  framework	
  can	
  be	
  used	
  to	
  assist	
  with	
  planning	
  and	
  analysis	
  of	
  the	
  
enterprise,	
  to	
  select	
  hardware	
  and	
  so{ware	
  products,	
  to	
  design	
  
organizaBonal	
  "reporBng	
  structures",	
  and	
  to	
  study	
  flow	
  of	
  materials	
  and	
  
informaBon	
  through	
  the	
  enterprise.	
  	
  

•  Without	
  an	
  Enterprise	
  Architectural	
  model,	
  execuBves,	
  managers,	
  and	
  
technologists	
  in	
  an	
  enterprise	
  are	
  essenBally	
  "running	
  blind":	
  making	
  
decisions	
  based	
  on	
  their	
  personal	
  percepBon	
  of	
  the	
  enterprise	
  which	
  is	
  
o{en	
  not	
  shared	
  with	
  the	
  rest	
  of	
  the	
  organizaBon.	
  

	
  

How	
  can	
  industrial	
  producBon	
  
companies	
  be	
  modeled?	
  

•  PERA	
  –	
  Purdue	
  Enterprise	
  Reference	
  Architecture	
  
•  PERA	
  was	
  defined	
  in	
  1980s.	
  	
  
•  The	
  PERA	
  generic	
  enterprise	
  model	
  sees	
  an	
  enterprise	
  as	
  composed	
  of	
  three	
  main	
  

components	
  
–  Physically	
  (ProducBon	
  Facility)	
  
–  OrganisaBonally	
  (People)	
  
–  FuncBonally	
  (Control	
  and	
  informaBon	
  systems)	
  

•  UEML	
  –	
  Unified	
  Enterprise	
  Modeling	
  Language	
  
•  UEML	
  is	
  an	
  iniBaBve	
  funded	
  by	
  the	
  European	
  

Research	
  Programs	
  FP5	
  and	
  FP6.	
  	
  
•  The	
  aim	
  is	
  to	
  provide	
  an	
  underlying	
  formal	
  

theory	
  for	
  enterprise	
  modelling	
  languages.	
  A	
  
major	
  moBvaBon	
  was	
  enterprise	
  integraBon	
  in	
  
the	
  face	
  of	
  a	
  wide	
  variety	
  of	
  enterprise	
  
modelling	
  languages.	
  

PERA	
  
•  The	
  PERA	
  model	
  describes	
  the	
  complete	
  life	
  cycle	
  of	
  an	
  enterprise;	
  from	
  

enterprise	
  definiBon	
  (what	
  should	
  the	
  enterprise	
  do),	
  through	
  conceptual	
  
engineering,	
  preliminary	
  engineering,	
  detailed	
  engineering,	
  construcBon,	
  
to	
  operaBons,	
  and	
  from	
  operaBons	
  through	
  decommissioning	
  to	
  
enterprise	
  dissoluBon	
  (tear	
  down	
  of	
  an	
  enterprise).	
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PERA	
  
•  FaciliBes:	
  describes	
  the	
  structure	
  of	
  the	
  company	
  and	
  its	
  equipment.	
  In	
  

addiBon	
  to	
  a	
  generic	
  physical	
  structure,	
  a	
  more	
  detailed	
  structure	
  is	
  used:	
  
–  conBnuous	
  processing	
  faciliBes	
  are	
  described	
  with	
  "Process	
  Flow	
  Diagrams”	
  
–  discrete	
  manufacturing	
  is	
  described	
  wBh	
  Material	
  Flow	
  diagrams.	
  	
  
–  batch	
  processes	
  are	
  described	
  by	
  sequences.	
  

•  People:	
  describes	
  the	
  people	
  working	
  at	
  the	
  company	
  and	
  the	
  
realBonships	
  amongs	
  them.	
  The	
  organizaBonal	
  structure	
  may	
  be	
  
represented	
  by	
  a	
  series	
  of	
  "Org	
  Charts”.	
  	
  

•  Control	
  and	
  InformaBon	
  Systems:	
  may	
  be	
  represented	
  through	
  a	
  Control	
  
and	
  InformaBon	
  Architecture	
  Diagram	
  (CIAD)	
  or	
  a	
  Control	
  and	
  InformaBon	
  
Network	
  Diagram	
  (CIND).	
  	
  

OrganisaBonal	
  Model	
  (People)	
  of	
  an	
  Enterprise	
  

•  Not	
  included	
  in	
  the	
  course	
  

Physical	
  Model	
  of	
  an	
  Enterprise	
  

ENTERPRISE	
  

SITE	
  

AREA	
  

PROCESS	
  
CELL	
  

UNIT	
  

PRODUCTION 
UNIT	
  

PRODUCTION 
LINE	
  

WORK	
  
CELL	
  

Lower	
  level	
  	
  
equipment	
  used	
  

in	
  batch	
  	
  
operations	
  

Lower	
  level	
  	
  
equipment	
  used	
  
in	
  repetitive	
  or	
  
discrete	
  operations	
  

Lower	
  level	
  	
  
equipment	
  used	
  
in	
  continuous	
  
operations	
  

STORAGE	
  
ZONE	
  

STORAGE	
  
UNIT	
  

Lower	
  level	
  	
  
equipment	
  used	
  
in	
  inventory	
  
operations	
  

UNIT	
  

Work	
  	
  
centers	
  

Work	
  	
  
units	
  

Physical	
  Model	
  of	
  an	
  Enterprise	
  
ENTERPRISE	
  

SITE	
  

AREA	
  

PROCESS	
  
CELL	
  

UNIT	
  

PRODUCTION	
  
UNIT	
  

PRODUCTION	
  
LINE	
  

WORK	
  
CELL	
  

STORAGE	
  
ZONE	
  

STORAGE	
  
UNIT	
  UNIT	
  

Equipment	
  
Module	
  

Control	
  
Module	
  

Equipment	
  
Module	
  

Control	
  
Module	
  

Device	
  

Control	
  
Module	
  

Work	
  	
  
centers	
  

Work	
  	
  
units	
  

Example	
  –	
  AstraZeneca	
  ProducBon	
  Sites	
  

AstraZeneca,	
  Gärtuna	
  Produc>on	
  Site	
  
• 	
  Receiving	
  Goods	
  Area	
  (red)	
  
• 	
  Produc>on	
  Area	
  (green)	
  
• 	
  Shipping	
  Area	
  (orange)	
  

Example	
  –	
  AstraZeneca	
  ProducBon	
  Areas	
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may	
  contain	
  
Control	
  
Module	
   may	
  contain	
  

may	
  contain	
  
Equipement	
  
Module	
   may	
  contain	
  

Process	
  
Cell	
  

may	
  contain	
  

Unit	
  

MUST	
  contain	
  

Site	
  

may	
  contain	
  
	
  

Enterprise	
  

Area	
  

may	
  contain	
  

AstraZeneca	
  

Gärtuna	
  
ProducBon	
  Site	
  

ProducBon	
  Area	
  

Example	
  –	
  AstraZeneca	
  Process	
  cells	
  

may	
  contain	
  
Control	
  
Module	
   may	
  contain	
  

may	
  contain	
  
Equipement	
  
Module	
   may	
  contain	
  

Process	
  
Cell	
  

may	
  contain	
  

Unit	
  

MUST	
  contain	
  

Site	
  

may	
  contain	
  
	
  

Enterprise	
  

Area	
  

may	
  contain	
  

Example	
  –	
  AstraZeneca	
  lower	
  levels	
  

FuncBonal	
  Model	
  of	
  an	
  Enterprise	
  

Level	
  4	
  

Level	
  1	
  

Level	
  2	
  

Level	
  3	
  

Business	
  Planning	
  	
  
&	
  LogisBcs	
  
Plant Production Scheduling, 
Operational Management, etc	
  

Manufacturing	
  	
  
OperaBons	
  Management	
  
Dispatching Production, Detailed Production 
Scheduling, Reliability Assurance, ... 

Discrete	
  
Control	
  

1	
  -­‐	
   	
  Sensing	
  the	
  producBon	
  process,	
  manipulaBng	
  the	
  
producBon	
  process	
  

2	
  -­‐	
   	
  Monitoring,	
  supervisory	
  control	
  and	
  automated	
  
control	
  of	
  the	
  producBon	
  process	
  

3	
  -­‐	
   	
  Work	
  flow	
  /	
  recipe	
  control	
  to	
  produce	
  the	
  desired	
  
end	
  products.	
  Maintaining	
  records	
  and	
  opBmizing	
  
the	
  producBon	
  process.	
  	
  

	
  
Time	
  Frame	
  

	
  Shi{s,	
  hours,	
  minutes,	
  seconds	
  

4	
  -­‐	
   	
  Establishing	
  the	
  basic	
  plant	
  schedule	
  -­‐	
  producBon,	
  
material	
  use,	
  delivery,	
  and	
  shipping.	
  Determining	
  
inventory	
  levels.	
  	
  

	
  
Time	
  Frame	
  

	
  Months,	
  weeks,	
  days,	
  shi{s	
  	
  

Level	
  0	
   0	
  -­‐	
   	
  The	
  physical	
  producBon	
  process	
  

ConBnuous	
  
Control	
  

	
  

Batch	
  
Control	
  

	
  

Level	
  5	
  
Company	
  Management	
  

5	
  -­‐	
   	
  Receive	
  sales	
  orders,	
  assure	
  shipping	
  and	
  customer	
  
relaBons.	
  	
  

Time	
  Frame	
  
	
  Years,	
  Months	
  

FuncBonal	
  Model	
  –	
  NNE	
  Example	
  

Historian 
System 

Finance 
Management  

Production 
Management 

Maintenance 
Management 

Learning & 
Training 

Quality 
Management 

Electronic 
Document 

Management 

Laboratory 
Management 

MES 
Spec 

Management 

MES 
Resource 

Management 
 

MES 
Planning & 
Scheduling 

 

MES 
Execution 

 

MES 
Data 

Collection 
 

MES 
Analysis 

 

MES 
Tracking 

BMS System PEMS System DCS System SCADA 
System 

PLC 
System 

PAT 
System 

 

Q 

 
 

PRISM 

S
9

5
 L

ev
el

 2
 

S
9

5
 L

ev
el

 3
 

S
9

5
 L

ev
el

 4
 

Typical	
  control	
  hierarchy	
  of	
  a	
  chemical	
  
plant	
  (Skogestad)	
  

Scheduling	
  
(weeks)	
  

Site-­‐wide	
  opBmizaBon	
  
(day)	
  

Local	
  opBmizaBon	
  
(hour)	
  

Supervisory	
  
control	
  
(minutes)	
  

Regulatory	
  
control	
  
(seconds)	
  

Control	
  	
  
layer	
  

Typical	
  control	
  hierarchy	
  of	
  a	
  chemical	
  plant	
  
(Skogestad)	
  -­‐	
  extended	
  

Scheduling	
  
(weeks)	
  

Site-­‐wide	
  opBmizaBon	
  
(day)	
  

Local	
  
opBmizaBon	
  

(hour)	
  

Superviso
ry	
  control	
  
(minutes)	
  

Regulator
y	
  control	
  
(seconds)	
  

Control	
  	
  
layer	
  

Planning	
  
(years,	
  months,	
  weeks)	
  

Strategy	
  
(years)	
  

KNOW-­‐	
  
WHY	
  

KNOW-­‐	
  
HOW	
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Contents	
  

•  Course	
  Formalia	
  
•  ProducBon	
  Systems	
  
–  ConBnuous/Discrete/Batch	
  Systems	
  
–  ProducBon	
  Strategies	
  

•  ProducBon	
  Systems	
  Models	
  
– MatemaBcal	
  Models	
  –	
  Topology	
  
–  Enterprise	
  Models	
  

•  Op>miza>on	
  in	
  Produc>on	
  Systems	
  
•  ConBnuous	
  ProducBon	
  Systems	
  

Planning	
  and	
  Scheduling	
  	
  
•  Good	
  planning	
  and	
  scheduling	
  are	
  o{en	
  the	
  key	
  
to	
  successful	
  producBon	
  	
  

•  Decide	
  
– Amount	
  of	
  raw	
  material	
  
– When	
  to	
  perform	
  the	
  producBon	
  	
  -­‐	
  scheduling	
  
– Which	
  producBon	
  units	
  to	
  use	
  
– Which	
  operaBng	
  point	
  to	
  use	
  
– How	
  to	
  do	
  the	
  closed	
  loop	
  control	
  

•  Model-­‐PredicBve	
  Control	
  (MPC)	
  
– ……	
  

•  At	
  several	
  levels	
  in	
  the	
  automaBon	
  strategy	
  

OpBmizaBon:	
  General	
  FormulaBon	
  

General	
  formula>on:	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  objec&ve	
  func&on	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  s.t	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  constraints	
  
	
  
where	
  	
  are	
  the	
  decision	
  variables,	
  	
  are	
  funcBons	
  that	
  
depend	
  on	
  	
  and	
  	
  are	
  constants	
  
	
  
A	
  soluBon	
  	
  that	
  fulfills	
  the	
  constraints	
  and	
  minimizes	
  	
  is	
  
called	
  an	
  op&mal	
  solu&on	
  and	
  is	
  denoted	
  	
  
	
  

Linear	
  Programming	
  
(P)	
  is	
  a	
  linear	
  programming	
  problem	
  (LP)	
  if	
  
–  all	
  funcBons	
  	
  𝑓, ​𝑔↓𝑖 	
  are	
  linear	
  
–  all	
  variables	
   ​𝑥↓𝑗 	
  are	
  conBnuous	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ​​min┬    ⁠𝑧=∑𝑗=1↑𝑛▒​𝑐↓𝑗 ​𝑥↓𝑗   	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  s.t	
  	
  	
  	
  	
  	
  	
  ∑𝑗=1↑𝑛▒​𝑎↓█■𝑖𝑗 ⁠    ​𝑥↓𝑗   ≤ ​𝑏↓𝑖     
𝑖=1,  ..,𝑚 	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ​𝑥↓𝑗 ≥0      𝑗=1,  ..,  𝑛	
  	
  	
  	
  	
  
More	
  in	
  Lecture	
  6	
  
	
  	
  

Integer	
  Programming	
  

•  The	
  problem	
  is	
  an	
  integer	
  programming	
  problem	
  
(IP)	
  when	
  all	
  the	
  decision	
  variables	
  are	
  integer	
  
variables	
  

•  The	
  problem	
  is	
  a	
  binary	
  programming	
  problem	
  
(0/1	
  problem)	
  when	
  all	
  the	
  decision	
  variables	
  are	
  
binary	
  (boolean)	
  variables	
  

•  The	
  problem	
  is	
  a	
  mixed	
  integer	
  programming	
  
problem	
  (MIP)	
  when	
  it	
  contains	
  both	
  integer	
  and	
  
conBnuous	
  variables	
  

•  The	
  problem	
  is	
  a	
  mixed	
  linear	
  integer	
  
programming	
  problem	
  (MILP)	
  if,	
  in	
  addiBon,	
  all	
  
funcBons	
  involved	
  are	
  linear	
  

Integer	
  Programming	
  cont.	
  
•  Integer	
  programming	
  problems	
  are	
  NP-­‐complete	
  (”very	
  difficult	
  to	
  

solve”),	
  i.e.,	
  	
  
–  There	
  are	
  no	
  guarantees	
  that	
  a	
  soluBon	
  will	
  be	
  found	
  even	
  it	
  exists	
  
–  There	
  are	
  no	
  guarantees	
  that	
  a	
  soluBon	
  found	
  is	
  the	
  global	
  minimum	
  
	
  

•  Many	
  of	
  the	
  planning	
  and	
  scheduling	
  problems	
  in	
  discrete	
  and	
  
batch	
  producBon	
  systems	
  are	
  of	
  integer	
  nature,	
  typically	
  different	
  
forms	
  of	
  search	
  problems	
  
–  Select	
  which	
  machine	
  to	
  use,	
  which	
  path	
  to	
  take,	
  ….	
  
–  Select	
  the	
  order	
  in	
  which	
  things	
  should	
  be	
  done	
  
–  …..	
  
	
  

•  However,	
  in	
  may	
  cases	
  heurisBcs	
  exist	
  that	
  in	
  most	
  cases	
  will	
  
generate	
  a	
  feasible	
  but	
  not	
  provable	
  opBmal	
  soluBon	
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Nonlinear	
  Problems	
  
Problem	
  (P)	
  is	
  nonlinear	
  problem	
  if	
  at	
  least	
  one	
  of	
  
the	
  funcBons	
  𝑓,   ​𝑔↓𝑖 	
  is	
  a	
  nonlinear	
  funcBon	
  
	
  
Nonlinear	
  problems	
  can	
  be	
  classified	
  in	
  different	
  
ways:	
  
– DifferenBable	
  vs	
  non-­‐differenBable	
  

•  A	
  problem	
  is	
  differenBable	
  if	
  the	
  funcBons	
  involved	
  have	
  
conBnuous	
  first	
  and	
  second	
  derivaBves	
  

•  SoluBon	
  techniques	
  using	
  the	
  Jacobian	
  and	
  Hessian	
  may	
  be	
  
used,	
  e.g.	
  variaBons	
  of	
  steepest-­‐decent	
  

–  Convex	
  vs	
  non-­‐convex	
  

Convex	
  Problems	
  
The	
  problem	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ​​min┬    ⁠𝑓(𝑥) 	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  s.t	
  	
  	
  	
  𝑥∈𝑋	
  
	
  
is	
  a	
  convex	
  problem	
  if	
  𝑓(𝑥)	
  is	
  a	
  convex	
  func&on	
  and	
  𝑋	
  is	
  a	
  convex	
  set.	
  
	
  
For	
  a	
  convex	
  problem,	
  each	
  local	
  opBmum	
  is	
  also	
  a	
  global	
  minimum	
  
	
  
RelaBvely	
  easy	
  to	
  solve	
  
	
  
LP	
  problems	
  are	
  convex,	
  while	
  nonlinear	
  problems	
  o{en	
  are	
  non-­‐
convex	
  
	
  
IP	
  problems	
  are	
  always	
  non-­‐convex	
  

Convex	
  FuncBon	
  

•  No	
  line	
  segment	
  connecBng	
  two	
  points	
  on	
  the	
  
funcBon	
  lies	
  below	
  the	
  funcBon	
  at	
  any	
  point	
  
(in	
  𝑅)	
  

•  Extended	
  to	
  higher	
  dimensions	
  

Convex	
  funcBon	
   Non-­‐convex	
  funcBon	
  

Convex	
  Set	
  

A	
  set	
  𝑋∈ ​𝑅↑𝑛 is	
  a	
  convex	
  set	
  if	
  for	
  any	
  pair	
  of	
  
points	
   ​𝑥↑(1) , ​𝑥↑(2) ∈𝑋	
  and	
  0≤𝜆≤1	
  we	
  have	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  𝑥=  𝜆​𝑥↑(1) +(1−𝜆) ​𝑥↑(2) ∈𝑋	
  

Convex	
  Set	
   Non-­‐convex	
  Set	
  

QuadraBc	
  Problems	
  	
  

An	
  important	
  class	
  of	
  convex	
  problems:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ​​min┬    ⁠​1/2 ​𝑥↑𝑇 𝑄𝑥+   ​𝑐↑𝑇 𝑥 	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  s.t.	
  	
  	
  	
  	
  	
  𝐴𝑥=𝑏	
  	
  	
  	
  equality	
  constraint	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  𝐸𝑥≤𝑑	
  	
  	
  inequality	
  constraint	
  
where	
  𝑄	
  is	
  symmetric	
  and	
  posiBve	
  definite	
  	
  
	
  
QuadraBc	
  objecBve	
  funcBon	
  and	
  linear	
  
constraints	
  
More	
  in	
  Lecture	
  6	
  
	
  

OpBmizaBon	
  in	
  ConBnuous	
  ProducBon	
  
Systems	
  

•  In	
  conBnuous	
  producBon	
  systems,	
  e.g.,	
  in	
  
chemical	
  process	
  industries	
  opBmizaBon	
  is	
  very	
  
common:	
  
–  The	
  objecBve	
  funcBon	
  is	
  o{en	
  related	
  to	
  cost,	
  energy	
  
consumpBon,	
  ….	
  

–  The	
  equality	
  constraints	
  describe	
  the	
  performance	
  of	
  
the	
  system,	
  e.g.,	
  material	
  balances,	
  producBon	
  rates,	
  
…	
  

–  The	
  inequality	
  constraints	
  can	
  define	
  process	
  
specificaBons	
  or	
  constraints	
  for	
  feasible	
  plans	
  and	
  
schedules	
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Model	
  PredicBve	
  Control	
  (MPC)	
  
•  A	
  controller	
  where	
  the	
  control	
  signal	
  is	
  obtained	
  through	
  the	
  soluBon	
  of	
  a	
  

convex	
  opBmizaBon	
  (LP	
  or	
  QP)	
  problem	
  
–  The	
  problem	
  is	
  solved	
  each	
  sample	
  
–  Dynamic	
  opBmizaBon	
  

•  In	
  the	
  opBmizaBon	
  problem	
  
–  the	
  decision	
  variables	
  are	
  the	
  control	
  signals	
  from	
  the	
  current	
  sample,	
  𝑘ℎ,	
  up	
  

to	
  the	
  control	
  horizon,	
  𝑘ℎ+ ​𝐻↓𝑐 ℎ	
  
–  the	
  objec>ve	
  func>on	
  penalizes	
  the	
  deviaBon	
  between	
  the	
  process	
  output	
  

(states)	
  and	
  their	
  desired	
  values	
  over	
  a	
  predicBon	
  horizon	
  
–  the	
  equality	
  constraint	
  is	
  the	
  discrete-­‐Bme	
  linear	
  process	
  model	
  
–  the	
  inequality	
  constraints	
  are	
  linear	
  bounds	
  on	
  the	
  states	
  and	
  the	
  control	
  

signal	
  
•  The	
  output	
  of	
  the	
  opBmizaBon	
  is	
  

𝑢(𝑘ℎ),  𝑢(𝑘ℎ+ℎ),  …,𝑢(𝑘ℎ+ ​𝐻↓𝐶 ℎ)	
  
•  Only	
  𝑢(𝑘ℎ)	
  is	
  used	
  (sent	
  to	
  the	
  process)	
  

–  The	
  receeding	
  horizon	
  principle	
  
•  At	
  the	
  next	
  sample	
  	
  everything	
  is	
  repeated	
  

Receeding	
  Horizon	
  

•  Strengths:	
  
–  Works	
  for	
  MIMO	
  (mulB-­‐input,	
  mulB-­‐output)	
  systems	
  
–  Allows	
  inequality	
  constraints	
  on	
  states	
  
–  Can	
  take	
  known	
  future	
  changes	
  in,	
  e.g.,	
  set-­‐points,	
  into	
  account	
  

(predicBon)	
  
•  O{en	
  used	
  at	
  the	
  supervisory	
  level	
  

–  Control	
  signals	
  are	
  the	
  setpoints	
  of	
  PID	
  controllers	
  at	
  the	
  control	
  level	
  
•  More	
  in	
  Lecture	
  6	
  

OpBmizaBon	
  Techniques	
  in	
  
ConBnuous	
  ProducBon	
  Systems	
   Contents	
  

•  Course	
  Formalia	
  
•  ProducBon	
  Systems	
  
–  ConBnuous/Discrete/Batch	
  Systems	
  
–  ProducBon	
  Strategies	
  

•  ProducBon	
  Systems	
  Models	
  
– MatemaBcal	
  Models	
  –	
  Topology	
  
–  Enterprise	
  Models	
  

•  OpBmizaBon	
  in	
  ProducBon	
  Systems	
  
•  Con>nuous	
  Produc>on	
  Systems	
  
	
  

ConBnuous	
  ProducBon	
  Processes	
  
General	
  CharacterisBcs	
  of	
  conBnuous	
  producBon	
  

processes:	
  
	
  
•  ConBnuous	
  flow	
  of	
  material	
  (o{en	
  fluid-­‐

based).	
  
•  ConBnuous	
  producBon	
  of	
  product,	
  	
  i.e.	
  

conBnuous	
  ouzlow.	
  
•  Open-­‐ended	
  producBon	
  runs.	
  
•  The	
  process	
  is	
  most	
  o{en	
  ”invisible”.	
  
•  Disassembly-­‐oriented	
  producBon	
  is	
  not	
  

unusual.	
  
•  The	
  equipment	
  operates	
  in	
  steady-­‐state.	
  

71	
  

Example	
  of	
  a	
  	
  
ConBnuous	
  ProducBon	
  Process	
  	
  

72	
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The	
  basic	
  control	
  enBty	
  in	
  conBnuous	
  processing	
  is	
  the	
  PID	
  controller	
  
and	
  the	
  feedback	
  control	
  loop	
  (Reglerteknik	
  AK)	
  

	
  
	
  
	
  
	
  
	
  
	
  
IniBally,	
  companies	
  that	
  became	
  involved	
  with	
  the	
  automaBon	
  of	
  

conBnuous	
  processes	
  where	
  companies	
  that	
  made	
  
instrumentaBons:	
  Honeywell,	
  Foxboro	
  (today	
  Invensys),	
  Bailey	
  
(today	
  Rockwell),	
  etc	
  

+

-­‐1	
  

Process	
  PID	
  
controller	
  

73	
  

How	
  do	
  we	
  control	
  a	
  plant?	
  
Design	
  of	
  Process	
  and	
  Control	
  System	
  

Step	
  1:	
  SelecBon	
  of	
  control-­‐parameters:	
  chose	
  the	
  measured-­‐
variables	
  and	
  sensors	
  

Step	
  2:	
  SelecBon	
  of	
  manipulated	
  variables;	
  select	
  the	
  actuators	
  
Step	
  3:	
  Control	
  structure;	
  combine	
  the	
  sensors	
  with	
  the	
  actuators	
  
Step	
  4:	
  SelecBon	
  of	
  (opBmal)	
  working-­‐point	
  (arbetspunkt)	
  
Step	
  5:	
  Controller;	
  selecBon	
  of	
  controller	
  and	
  tuning	
  
Step	
  6:	
  EvaluaBon:	
  control,	
  process	
  and	
  economy	
  	
  

74	
  

Step	
  1:	
  	
  
SelecBon	
  of	
  Control	
  Parameters	
  

Control	
  Parameter	
   What	
  to	
  measure	
  

ProducBon	
  rate	
   Flow	
  

Inventory-­‐variables	
   Gas	
  –	
  pressure	
  
Liquids	
  –	
  level	
  
Solids	
  -­‐	
  weight	
  
ConcentraBons	
  -­‐	
  analysis	
  
Energy	
  –	
  temp	
  or	
  pressure	
  	
  

Surrounding	
  variables	
   Temperature	
  –	
  temperature	
  
Pressure	
  –	
  pressure	
  
ConcentraBon	
  -­‐	
  analysis	
  
	
  

Product	
  quality	
   Physically	
  -­‐	
  	
  physical	
  properBes	
  
Chemical	
  -­‐	
  	
  analysis	
  

Economics	
  

75	
  

Step	
  1:	
  	
  
SelecBon	
  of	
  Control	
  Parameters	
  

76	
  

Control	
  
Parameter	
  

What	
  to	
  meassure	
  

ProducBon	
  

Inventory	
  	
  
variables	
  

Surrounding	
  	
  
variables	
  

Quality	
  

Step	
  1:	
  	
  
SelecBon	
  of	
  Control	
  Parameters	
  

Control	
  
Parameter	
  

What	
  to	
  meassure	
  

ProducBon	
   Flow	
  4	
  

Inventory	
  	
  
variables	
  

Level	
  1,6,10	
  

Surrounding	
  	
  
variables	
  

Temperature	
  3,7,9	
  
Pressure	
  5	
  
	
  

Quality	
   ConcentraBon	
  2,8,11	
  
Temperature	
  12	
  

77	
  

•  Should	
  measure	
  the	
  
control	
  parameter	
  

•  SensiBvity	
  and	
  reliability	
  
•  Dynamic	
  effects	
  	
  
•  Cost	
  	
  
o  Common	
  Examples:	
  level-­‐,	
  

flow–,	
  temp-­‐	
  sensors	
  and	
  
instruments	
  for	
  analysis	
  

Step	
  2:	
  	
  
Actuators	
  

	
  

Step	
  1:	
  	
  
Sensors	
  

	
  
•  The	
  manipulated	
  variables	
  

should	
  be	
  controllable	
  
•  Capacity,	
  precision	
  and	
  

reliability	
  
•  Dynamic	
  effects	
  
o  Common	
  Examples:	
  

Valves,	
  pumps	
  

78	
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Step	
  3:	
  	
  
Control	
  structure	
  

What	
  makes	
  a	
  process	
  difficult	
  to	
  control?	
  
•  Time	
  delays	
  
–  The	
  amount	
  of	
  Bme	
  it	
  takes	
  for	
  the	
  process	
  to	
  react	
  to	
  
the	
  change	
  	
  

•  Lag	
  
– A	
  measure	
  of	
  how	
  quickly	
  a	
  process	
  repond	
  to	
  a	
  
change	
  (e.g.,	
  volume	
  of	
  a	
  tank).	
  	
  

•  Non	
  minimum	
  phase	
  (zeros	
  in	
  Right	
  half	
  plane)	
  
–  The	
  step	
  response	
  starts	
  in	
  a	
  negaBve	
  way.	
  

•  Slow	
  feedback	
  loop	
  but	
  quick	
  dynamics	
  in	
  the	
  
disturbances	
  

79	
  

Step	
  3:	
  	
  
Control	
  structure	
  

Might	
  require	
  process	
  redesign:	
  
•  Replace	
  sensors	
  and/or	
  actuators	
  in	
  order	
  to	
  
modify	
  the	
  dynamics.	
  

•	
  Move	
  the	
  placement	
  of	
  sensors	
  and/or	
  
actuators	
  in	
  order	
  to	
  avoid	
  Bme	
  delays.	
  

•	
  Add	
  sensors	
  in	
  order	
  to	
  measure	
  closer	
  to	
  
important	
  disturbances.	
  

•	
  
	
  

80	
  

Step	
  3:	
  	
  
Control	
  structure	
  

There	
  are	
  several	
  possible	
  control	
  structures.	
  
One	
  example	
  is:	
  
	
  

Pair	
  sensors	
  with	
  actuators	
  
•  ProducBon,	
  Fut	
  –	
  ouzlow	
  
•  Inventory,	
  Lref	
  –	
  inflow	
  B	
  
•  Surrounding,	
  Tref	
  –	
  flow	
  to	
  the	
  

jacket	
  
•  Quality,	
  Cref	
  –	
  inflow	
  A	
  

81	
  

Step	
  4:	
  	
  
SelecBon	
  of	
  working-­‐point	
  

•  What	
  are	
  suitable	
  numbers	
  on	
  the	
  reference	
  
variables?	
  

Step	
  5:	
  	
  
Controller	
  

•  Select	
  controller	
  type	
  (e.g.	
  PID)	
  
•  Tune	
  the	
  controllers,	
  i.e.,	
  find	
  values	
  for	
  the	
  	
  P,	
  I,	
  
and	
  D	
  variables	
  of	
  the	
  controller.	
  

82	
  

Step	
  5:	
  
Controller	
  

83	
  

Step	
  6:	
  	
  
EvaluaBon	
  

•  Economics	
  
	
  Is	
  the	
  budget	
  for	
  the	
  process	
  and	
  control	
  design	
  phase	
  met?	
  

	
  	
  
•  Safety	
  
	
  Is	
  the	
  plant	
  safe	
  enough	
  to	
  run?	
  	
  

84	
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Improvements	
  of	
  	
  
ConBnuous	
  ProducBon	
  Plants	
  

•  Control	
  performance	
  	
  
	
  The	
  control	
  performance	
  is	
  o{en	
  regulatory,	
  e.g.	
  holding	
  a	
  
measured	
  and/or	
  computed	
  quanBty	
  at	
  its	
  desired	
  value.	
  

	
  	
  
•  Process	
  performance	
  
	
  The	
  process	
  performance	
  is	
  a	
  measure	
  of	
  how	
  well	
  the	
  process	
  
meets	
  its	
  objecBves.	
  This	
  could	
  for	
  example	
  be	
  producBon	
  rate.	
  

	
  
•  Economic	
  performance	
  	
  
	
  The	
  economic	
  performance	
  is	
  measured	
  in	
  financial	
  terms,	
  e.g.,	
  
financial	
  producBon	
  rate	
  which	
  is	
  expressed	
  as	
  Money	
  (Euros/
dollars/SEK)	
  per	
  producBon	
  Bme.	
  	
  

85	
  

Control	
  Improvement	
  

The	
  plant	
  improves	
  the	
  control	
  of	
  concentraBon	
  in	
  the	
  reactor.	
  The	
  variaBon	
  in	
  the	
  
concentraBon	
  is	
  reduced	
  by	
  40%	
  (control	
  improvement)	
  

86	
  

Process	
  Improvement	
  

The	
  plant	
  improves	
  the	
  control	
  of	
  concentraBon	
  in	
  the	
  reactor.	
  The	
  variaBon	
  in	
  the	
  
concentraBon	
  is	
  reduced	
  by	
  40%	
  (control	
  improvement).	
  The	
  control	
  improvements	
  allow	
  
the	
  eliminaBon	
  of	
  delays	
  for	
  product	
  analysis,	
  so	
  the	
  plant	
  can	
  now	
  turn	
  out	
  10%	
  more	
  
product	
  per	
  day	
  (process	
  improvement).	
  	
  

87	
  

Process	
  Improvement	
  
Common	
  process	
  improvement	
  factors:	
  
• 	
  Higher	
  output	
  
• 	
  Lower	
  uBlity	
  cost	
  
• 	
  BeXer	
  yield	
  
• 	
  Fewer	
  unwanted	
  byproducts	
  
• 	
  Less	
  labor	
  	
  
• 	
  BeXer	
  quality	
  

	
  

88	
  

Economic	
  Improvement	
  

If	
  there	
  is	
  market	
  for	
  the	
  addiBonal	
  product,	
  there	
  will	
  be	
  an	
  economical	
  improvement.	
  
	
  
If	
  there	
  is	
  no	
  market	
  for	
  the	
  addiBonal	
  product,	
  there	
  will	
  be	
  an	
  economical	
  net	
  loss	
  since	
  
the	
  adiBonal	
  product	
  will	
  require	
  addiBonal	
  raw	
  material.	
  	
  

in
co
m
e	
  

in
co
m
e	
  

Co
st
	
   Co
st
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Physical	
  Model	
  of	
  an	
  Enterprise	
  

ENTERPRISE	
  

SITE	
  

AREA	
  

PROCESS	
  
CELL	
  

UNIT	
  

PRODUCTION 
UNIT	
  

PRODUCTION 
LINE	
  

WORK	
  
CELL	
  

Lower	
  level	
  	
  
equipment	
  used	
  

in	
  batch	
  	
  
operations	
  

Lower	
  level	
  	
  
equipment	
  used	
  
in	
  repetitive	
  or	
  
discrete	
  operations	
  

Lower	
  level	
  	
  
equipment	
  used	
  
in	
  continuous	
  
operations	
  

STORAGE	
  
ZONE	
  

STORAGE	
  
UNIT	
  

Lower	
  level	
  	
  
equipment	
  used	
  
in	
  inventory	
  
operations	
  

UNIT	
  

Work	
  	
  
centers	
  

Work	
  	
  
units	
  

ConBnuous	
  
ProducBon	
  
Processes	
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FuncBonal	
  Model	
  of	
  an	
  Enterprise	
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Level	
  4	
  

Level	
  1	
  

Level	
  2	
  

Level	
  3	
  

Business	
  Planning	
  	
  
&	
  LogisBcs	
  
Plant Production Scheduling, 
Operational Management, etc	
  

Manufacturing	
  	
  
OperaBons	
  Management	
  
Dispatching Production, Detailed Production 
Scheduling, Reliability Assurance, ... 

ConBnuous	
  
Control	
  

1	
  -­‐	
   	
  Sensing	
  the	
  producBon	
  process,	
  manipulaBng	
  the	
  
producBon	
  process	
  

2	
  -­‐	
   	
  Monitoring,	
  supervisory	
  control	
  and	
  automated	
  
control	
  of	
  the	
  producBon	
  process	
  

3	
  -­‐	
   	
  Work	
  flow	
  /	
  recipe	
  control	
  to	
  produce	
  the	
  desired	
  
end	
  products.	
  Maintaining	
  records	
  and	
  opBmizing	
  
the	
  producBon	
  process.	
  	
  

	
  
Time	
  Frame	
  

	
  Shi{s,	
  hours,	
  minutes,	
  seconds	
  

4	
  -­‐	
   	
  Establishing	
  the	
  basic	
  plant	
  schedule	
  -­‐	
  producBon,	
  
material	
  use,	
  delivery,	
  and	
  shipping.	
  Determining	
  
inventory	
  levels.	
  	
  

	
  
Time	
  Frame	
  

	
  Months,	
  weeks,	
  days,	
  shi{s	
  	
  

Level	
  0	
   0	
  -­‐	
   	
  The	
  physical	
  producBon	
  process	
  

Discrete	
  
Control	
  

	
  

Batch	
  
Control	
  

	
  

Level	
  5	
  
Company	
  Management	
  

5	
  -­‐	
   	
  Receive	
  sales	
  orders,	
  assure	
  shipping	
  and	
  customer	
  
relaBons.	
  	
  

Time	
  Frame	
  
	
  Years,	
  Months	
  


