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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 

• 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.

• Strong interactions between Scheduling 
and Control.

• Part of an overall problem: Planning, 
Scheduling and Control.
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Objectives of this work

• 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

• 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.

Given
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• Optimal cyclic sequence     
(production wheel PW).

• 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 
only once within each PW.

• 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

Transition Cost:

Approximating in terms of Radau quadrature:
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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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= 1 -> Transition from product i to product p

Time for manufacturing product i 

Duration time of slot k

Binary transition variable:

Upper bound on the time used for manufacturing product i at slot k

= 0 - >  Otherwise
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Transition time from product i to poduct p at slot k

Time at the beginning of the production wheel (first slot)

Time at the end of each slot (Processing+Transition times)

Starting time for each slot k

End time at each slot <= production wheel cyclic time

Time values inside each element f and each
collocation point c
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Dynamic Optimization Problems Problem 

• Few discrete decisions

• Can exhibit instability due to:
• Open loop models
• Choice of control laws
• Can add stability 

constraints

• Requires simultaneous approach
• Large, nonlinear NLP 
sub-problem

• NLP expense >> MILP 
expense 
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Solution Algorithms

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

Initial guess length transition times

Non-aggressive Controlled Transitions

(1) Direct Method: Transition time is a decision variable.
(2) Iterative Method: Transition time determined using an iterative approach.
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Simultaneous Scheduling and Control Transitions

Sequence: 
A->B->C->D->

Cost: $6070

Cycle time: 100.6 hrs



Carnegie MellonIsothermal MMA Polymerization in a CSTR



Carnegie MellonSimultaneous Scheduling and Control Results

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

Dynamic Transitions Profiles
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High-Impact Polystyrene Process Flowsheet
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Nonlinear Bifurcation Behaviour-1
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Nonlinear Bifurcation Behaviour-2
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Isothermal HIPS Polymerization in a CSTR
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Simultaneous Scheduling and Control Results

Dynamic Transitions Profiles

Sequence: E->A->B->C->D Profit: $1456/h, Cycle time: 32.3 hrs
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Conclusions

• 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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Additional Future Work
Parallel Plants 

• Scheduling, Control, Grade Design

• Batch Processes

• Handling Uncertainty 

• Real Time Formulation  

• Planning, Scheduling, Control 
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