Carnegie Mellon

UNIVERSIDAD
[BEROAMERICANA

Simultaneous Scheduling and Control of
Polymer Grade Transition Operations

Antonio Flores T., Sebastian Terrazas
Universidad Iberoamericana
Mexico DF, Mexico

and
Ignacio E. Grossmann

Carnegie Mellon University
Pittsburgh, PA USA

Eighth US-México Workshop on Optimization and its Applications Huatulco, México, 8-12 Jan, 2007



Carnegie Mellon

Rl
lay™ ;' A1
I (YRR --k i -
UNIVERSIDAD O t I
IBEROAMERICANA u I n e

e Introduction

* Objectives

* Problem formulation

e Scheduling formulation

e Optimal Control Formulation
o Case Studies

e Conclusions



g Carnegie Mellon
UNIVERSIDAD

SR, Introduction

* Polymer chemical plants can produce several
different products (Grades)

— Different grades are manufactured by changing
processing conditions (i.e. flows, pressure,
temperature, etc).

— A common problem in the polymer industry deals with
determining the best product sequence for
manufacturing the grades (scheduling).

— Grade transition operations generates off-
specification material that should be minimized by
optimal grade transition operations.
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Introduction

o Traditional Scheduling and Control
problems have been addressed
sequentially.

— Scheduling deals with determining optimal assignments,
production sequences, inventory levels, etc.

— Optimal control may deal with determining minimum time optimal
transition trajectories.

— Commonly, in Scheduling formulations process dynamics is
neglected.

— Similarly, in Control formulation normally the production
sequence is fixed.

e Strong interactions between Scheduling
and Control.

« Part of an overall problem: Planning,
Scheduling and Control.
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Obijectives of this work

e To cast the Simultaneous Scheduling and
Control problem as an optimization problem.

— Integer variables used to determine the best production sequence.

— Continuous variables used to determine production times, cycle times
and inventory levels.

— The dynamic profiles of both manipulated and controlled variables are
also decision variables.

* The resulting optimization problem is a Mixed-
Integer Dynamic Optimization (MIDO) problem.

* To solve the MIDO problem, we apply the
simultaneous approach (based on collocation) to
transform it into a MINLP.
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Problem Formulation

Given

A number of products to be manufactured.

Lower bounds on the product demands.
Steady-State operating conditions for each product.
Cost of raw materials, inventory and products.

Determine:

* Cyclic scheduling (i.e. production wheel):

— Best production sequence, transition times, production times, lengths of
processing times, amounts to be manufactured.

« Control profile for manipulated and controlled variables.
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Scheduling and Control Formulation
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Transition period

)_L—r’——’. ...... )——{ * Optimal cyclic sequence

, , (production wheel PW).
Slot 1 Slot 2 Slot Ns

Production period

* Time is divided into slots.

* Inside each slot there is
transition and production
period.

*The number of slots and
product transitions are equal.

« Each product is produced

Transition period | Production period .
only once within each PW.

Dynamic system behaviour

Time « When a PW is completed, a
new identical cycle begins.
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Total process profit: Amount and cost of manufactured product
- Inventory cost - Transition Cost

e Objective function.
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a) Product assignment

E Ve = 1, Vi
E=1
N,
E e = 1, 7k
i=1
f Ve
U = Yik—1, ThEkF1
T W e
y‘i,l y'ii-,j'\'—a! Vi

b) Amounts manufactured
W, =z DT, Vi
W, = G0, ¥i

G, = F°(1-X,),¥i

Any product can only be manufactured once.

One product at each slot
Backward binary variable

Backward binary variable in the first slot

Total amount manufactured >= (Demand)(Production wheel time)
Total amount manufactured = (Production rate)(Production time)

Production rate = F(Operating conditions)
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c) Processing times

O < 0"y, Vi k Upper bound on the time used for manufacturing product i at slot k
Na
e, = Zﬂm, Vi Time for manufacturing product i
k=1
Np
[ Zgﬁk-‘ vk Duration time of slot k
i=1

d) Transitions between products

Ziph 2 y;k +ya — 1, ¥i,p,k  Binary transition variable:
= 1 -> Transition from product i to product p

=0 -> Otherwise
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e) Timing relations

jD
b = Z Zt Zipks VK Transition time from product i to poduct p at slot k
i=1l p=1
£ = 0 Time at the beginning of the production wheel (first slot)
P P
e = t . W . . .. .

fy = Tp+ e+ Z Z tpiZipks VK Time at the end of each slot (Processing+Transition times)
i=1l p=1

fp = thoy ThF1 Starting time for each slot k

£ L s
te < Te, Yk End time at each slot <= production wheel cyclic time

&, H
tree = (f—1] N T e vf,e,k  Time values inside each element f and each
fe e collocation point ¢
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Indices N, Number of products

N, Number of slots

Products i,p=1,...N, = _
Nye Number of finite elements

Slots k=1,...N; Nep Number of collocation points

Finite elements f=1,...Ng N, Number of system states

Collocation points cl=1,... Ny N, Number of manipulated variables

System states n=1,...N; D Demand rate [kg/hj

Manipulated variables m=1,... N, i Price of products [3/ke]
Cs Cost of inventory [$]
cr Clost of raw material [§]
b Length of finite element f in slot k
ONepNep Matrix of Radau quadrature weights
e Upper bound on processing time
tip Estimated wvalue of the transition time between product i and p
T n-th state steady value of product @
Uges m-th manipulated variable value of product i
Fe Feed stream volumetric low rate
X; Conversion degree
af at o Minimum and maximum value of the state

e f £ . 5 . _— m
s U Minimum and maximumn value of the manipulated variable u

VNep Roots of the Lagrange orthogonal polynomial
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Decision variables

Yik
!

Yk

Zipk

Binary variable to denote if product i is assigned to slot &

Binary auxiliary variable

Binary variable to denote if product i is followed by product p in slot k
Processing time at slot

Final time at slot k

Start time at slot k

Time value inside each finite element & and for each internal collocation point ¢
Production rate

Total production wheel time [h]

N-th system state in finite element f and collocation point ¢ of slot &

M-th manipulated variable in finite element f and collocation point ¢ of slot £
Amount produced of each product [kg]

Processing time of product i in slot &

Transition time at slot k

Total processing time of product 4

n-th state value at the beginning of the finite element f of slot &

Desired value of the n-th state at the end of slot %

Desired value of the m-th manipulated variable at the end of slot k

n-th state value at the beginning of slot &

m-th manipulated variable value at the beginning of slot £

Conversion

Carnegie Mellon



Simultaneous Approach for solving carmegie metion
sEEh  Dynamic Optimization Problems Problem

e - 0 -
min / 12(2) — 3|%dt « Few discrete decisions
0]

e Can exhibit instability due to:
e Open loop models
* Choice of control laws
e Can add stabillity

A ) dz constraints

5.T.

e Requires simultaneous approach

nedl N s  Large, nonlinear NLP
= e thsz ( 7 ) dt iy sub-problem
 NLP expense >> MILP
ned gy 4 expense
u(t) = U, ( e ) Uy -
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Collocation on Finite Elements
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a) Dynamic mathematical model discretization d)
a?'\'-c_p
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=1

b) Continuity constraint between finite elements
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¢) Model behavior at each collocation point
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Control Formulation

Initial and final controlled and manipulated
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Solution Algorithms
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(1) Direct Method: Transition time is a decision variable.
(2) Iterative Method: Transition time determined using an iterative approach.

Initial Guess of:
t;ui! J'\"fe

Solve
MINLP

Update
t; and/or Ny,

Feasible
Solution?

Smooth
Transition
Profiles?

Initial guess length transition times

Outer-Approximation (DICOPT)
Branch and Bound (SBB)

Non-aggressive Controlled Transitions

Solution of MIDO problem
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CSTR with Output Multiplicities Carnegie Mellon
1.3 . , , | |

!BERL}{}L.{ER.ICANA . . .
1.2¢ ¢ y1=0.0944, y2=0.7766, u=340 (s) |
v/ y1=0.1367, y2=0.7293, u=390 (s)
1.1} O y1=0.1926, y2=0.6881, u=430 (u) | -
dijy 1 — v/ ° * y1=0.2632, y2=0.6519, u=455 (1)
- = = 'EL:ICI'P_‘ -'yiyl 5 1L |
dt H 5
i U — 12 _Njya, £ O° T
= =" 4 ke 1 2 R
: \ @ B
— vl _ap c C
| 1o Ye) S 07t 3 _D .
c
5 K
g 0.6F -

Product Demand  Product  Inventory | 0.5¢ Cemmmmm T B il
[Kg/h]  cost [§/kg]  cost [§] <
A 100 100 1 047 - y
b o o L3 03— s a0 20 w0 w0 40 40 500
' 400 30 1.4
D 500 0 1.1 Cooling flowrate
f 20 Residence time Ty 300 Feed temperature
J 100 (—AH)/(pCy) ko 300 Preexponential factor
Cy 7.6 Feed concentration T, 290 Coolant temperature
a  1.95x107* Dimensionless heat transfer area | N 5  Ey/(RJcy)
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| /\_/—_ »\' 380 |
=T 0.1 L 075} = |
360
N T——— 1
0 07 340'
0 5 10 0 5 10 0 5 10
Time [hrl Time [hrl Time [hrl
Sequence 0.25 e 0.74 \ 440 rll
A->B->C->D-> 0.2 0.72}\ 420 |*/\f
g o \ 5 |
0.15 07} \ 400§
Cost: $6070 o el
0 5 10 0 5 10 0 5 10
. 03 Time [hrl 07 Time [hrl 480 Time [hrl
Cycle time: 100.6 hrs \ |
— CD 0.68}* 460 |||
= 0.2 -~ = I
0.66 440f'|
0.1 0.64 420
0 5 10 0 5 10 0 5 10
04 Time [hrl 1 Time [hrl 500 Time [hrl
DA
|
=T 02 “\-.ﬂ S 08} | S 400 I|I
".\ j,-“ |
0 06 300
0 5 10 0 5 10 0 5 10
Time Thrl Time Thrl Time Thrl
Slot  Product Process time Production rate w Transition Time T start T end
] Kg/ly [Ke] 1y b [
1 A 28.3 559.9 15831.7 10 {0 383
2 B 13. l 613.6 =044.9 10 38.3 6G1.4
3 ' 13.4 656.1 =T48.9 10 6G1.4 =48
4 D 5.8 688.3 40225 10 8408 100.6
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—=———(k,+ £k PpA| ———= 4 Ty —T —t] =
Jt m'[ jE fm-) 1 JE'ffar-FJEi’fc Qm{ lin lj : :E Tuo
dz, Vi, 1 .. _ | ==
d_ = —— EIQ + ﬁ['@ic@IQin — QQOfi.rgj n— I - i |__ %T
! @ @mC _'"mi/f T
dzs  V(0.5ke + keq) [2f kiCiza] | VgmCin irownise
== = = \ '-\. T a: Few=0, }
dt QDo Keg + ke QmDo .
g
dry  VMu(kp+ kim)Cm |2 kCizs - H
= — I » T QmT4; £
dt QmDy kta + ke E
2
>

Initiator volumetric flowrate (m3/h)

Grade design information. The demand rate is in [kg/h] and the price in [§/kg].

Grade € Ch C; Dy Dy MWD  Demand rate  Price
A 0.05245 5.1788 04153 0.0055  52.2185 15000 0.8 10
B 0.01673 55068  0.1325 0.0020 493761 25000 0.7 12
C 0.006863  5.6745  0.0543  0.0009 325877 35000 1 13
D 0.003114 57768  0.0247  0.0005  22.3467 45000 0.8 15
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Dynamic Transitions Profiles

x 10"
45
0.08
A
C.osf
IZE
ooef
— [1] A=
— - RD-=C
_ —. BlCc-=B =
& [4] E-=A 5
E oo 3
o 2
o2 J 15+
1 -
Coif
] — T
ast — - @Io-=2 |
-— [ C-=3
- [4] B-=A
a 1 1 1 1 1 L 1 1 1 - 1 1 1 1 1 1 1 T
o o.os o1 a1s a2 0.2s 0.3 03s o4 24z os 2 o o1 o.is 0.2 0.2s o3 Q.35 a4 o4z os
Time jn) Time [h]
(a) (k)

Sequence: A->D->C->B-> Cycle time: 400 hrs

Simultaneous scheduling and control results for grade transtion in a MMA polymerization
CSTR. The objective function value is $ 54 and 400 h of total cyele time,

Slot  Produet Process time Produetion rate w Transition Time 7T start T end

[h] [Kg/h] [Kg] [h] [b] (]
1 A 80 4 320 5 0 85
2 D 100 5 500 5 85 190
3 C 100 4 400 10 190 300
4 B 05 5 475 5 300 400
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ngh Impact Polystyrene Process Flowsheet

P! TUBULAR HEAT
e p—— REACTOR EXCHANGER
STYRENE
— —-[ R2 |—-| R3 ]—@
STYRENE /]

™

R1 SYSTEM

| IMITIATOR
STYREME } | OV MOROMER
‘ RECOVERY

CSTR ov2

£8 <i <?

{1 1 3 <q

Figure 1. (a) Flowsheet of the HIPS plant and (b) approxamation of the
HIP'S plant by a set of seven senes-conneced CSTRs. The dashed box stands
for the five CSTEs emploved for approximating the steady-state behavior
of the B2 tubular reactor.
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Nonlinear Bifurcation Behaviour-1

25 —
& 20 yd
§15 o
@ e
g 1of
g s
0.. Reactor 1
1 2 3
100 Q)
-
§ e
= =
L] —
0b— [Reactor 4
1 2 3
Q (Us)

50 a0
j.‘i‘é"'w“ﬂ-o.,__ ;E -
@ - P A0f -~ —
g 20 L g S
gm’ﬁf 520”#,,&-
Réachor 2 Feanhor 3
1] 0
1 2 3 1 2 3
Q (Lis) Q (Lis)
100 W r——————— —
E I"- -"'_F-'___|__h % I“.. /.r’f
5§ [~e 7 5§ [-°
- -
i1 d__,_ﬂ'__ﬁ_ & d_,_m"_'d_
ok |Rieactor & ok |Reactor 6
1 2 3 1 2 3
Q (L's) Gk (Lis)
100 R ———
R A
5 1,-"_‘_'_6-"__—-:-‘?_—-
% 50
§ N
—
U-F Rector 7
1 2 3
Chilis)

Carnegie Mellon

Figure 2. Monomer conversion bifurcation diagram using the monomer flow rate (J) as the main continuation parameter. The “O" symbol stands for the
nominal steady state. The continuous and dashed lines represent open-loop stable and unstable steady states, respectively.
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Figure 3. Monomer conversion bifircation diagram using the monomer flow rate () as the main confinnation parameter and the initiator flow rate () as
the secondary continuation parameter. 1, 0y =15 x 107%L/s: 2. @i= 7.3 x 10~*Lis; and 3. & = 3 x 10~* Lis.
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Isothermal HIPS Polymerization in a CSTR

IHER.Q.’..“’!ER.IC{",NA
t—E-'Lll . Q’émaril lolly — ‘gmar Ly g - \._1_)
R E — kdr (A R
dt it ‘_';-_M.a. . "'_|""'-, - Ciia
t'E;L'g Ta, — I v 0 " <,r// | Q\
E = Qmﬂf'ufT — kprg (.“‘mar‘rﬂ + F{'&maril?) m ' — F,
ra | —— Two
dr T ) e
d_-: - Qmﬂf'uf¥ — 23(kr2Crmarrs + ;i.st{{EmGT Tg + kfbl‘[{'gmar‘r'rj ' 0
GE;L'4 II'L.d{:_f'-z'maI I T e 7 EE i Ci
—4 _ 9 — aalkr O - . - j L
7 fa c. ra(kr1Cmmaz T2 + k12CtmaxTs) L ¢
drs Ch T3 ) . T
E = %[kfﬂcrmarxﬂ‘ + ;i'f&(#-?mgriﬁ + ﬁ{'gmarl"?)) — Iy [:JE':IECmmarilﬂ + 'Ii'f
L “brmazx
(l‘r-{'Emarxﬂ + ﬁ{'gmaril'r + Chmax 15]')
ﬁ . 2krg (C"mmarilﬁ )2 + k11 ComarT4CmmarTa + c'mmar$2kfs#8marxﬁ ﬁ{'gmari'-".’
dt #{'Emar
- (kp'[:rmmari'? + k (-‘[{'Emar g+ #i-gmar&t'*r + C"ﬁrmarx-'i) + I;":j".s'[:_"'m.m.a.:r:'-L".':!
+ Jil'fbcrbmar-fﬂ Jre + IIt‘»';i:-1:_;'01!.1"11!.a:t'-'L"Zli"B
t'E.‘L'*.r ;l'f:} C-',r;. C. rra ] ,
7 — rm:;‘j mmaz — (ﬁ'pﬂmmar.l'g + Ky (I{_{-Emar;ﬁﬂ + ﬁ{'gmaril'n’ + C-bf-mar.i'.'_ﬁ)
" bmax
+k fsC'.mmaI Iy k fﬁC'.-’;-maI ! ]'il'.’ + kpc'.mmar Lol
Grade | @[1/s] | Conv. | Demand (kg/hr) | Inv. Cost | Monomer Cost | Initiator Cost | Price
A 1.14 15 50 0.15 1 101 3.2
B 0.75 25 60 0.20 1 10 4.3
C 0.56 35 65 0.15 1 10 4.5
D 0.60 40 70 0.10 1 10 5.0
E 0.53 45 60 0.25 1 10 5.5




Carnegie Mellon

mgﬂémﬁmSlmultaneous Scheduling and Control Results

Dynamic Transitions Profiles
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Sequence: E->A->B->C->D
Process T [h]

Time [h]

Profit: $1456/h, Cycle time: 32.3 hrs
Trans T [h] | T start[h] | T end [h]

Product production [kg]

=

S QW m

1937

1614

1937

2099
11370

1.34
1.15
1.11
(.58
0.67

()
3.83
7.85
12.14
15.82

3.583
7.85
12.14
15.82
32.29
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* Solving the Scheduling and Control problem
sequentially, rather than simultaneously, can lead to
suboptimal solutions.

 We have proposed a simultaneous scheduling and

control optimization formulation.

— A dynamic process model was used to remove the constant transition time
assumption

— The solution of the underlying MIDO problem turned out to be computationally
intensive as process nonlinearities increased.

 Future work is aimed at using MINLP decomposition
techniques for addressing larger scale and complex
dynamic systems.
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SR, Additional Future Work

Parallel Plants
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