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1 Executive summary 
Besides coordinating the operation of different plants, the Copro project aims at integrating different 
decision layers of the control pyramid, in order to improve decisions taken by production 
management. Instead of making isolated decisions that only consider the interchange of static 
information with other layers, the integration of different decision layers provides additional degrees 
of freedom to each layer which can improve the global performance.  

Within the CoPro project, Task 4.3 considers the integration of scheduling and optimal batch 
operation to develop a hierarchical control and optimisation scheme. The scheme is applied to the 
FRINSA use case where it integrates the optimal operation of batch operations into the production 
scheduling.  

This deliverable analysis the challenge of such an integration and describes different approaches to 
combine control and scheduling, some of which have been tested for the use case of FRINSA. Special 
attentions is paid to the real-time and computational aspects of the implementation.    

The task was coordinated by UVa and FRINSA, ASM, CSIC and CERTH contributed as partners. 
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2 Introduction 
The typical control architecture that is implemented in most industrial plants comprises several 
hierarchical levels, where each level receives work orders from the layers above and operates with 
the information provided from below. 

Starting from the bottom, the instrumentation and control layer allows to get information from the 
process and it provides a stable operation of the different assets. Better control is obtained if 
dynamic interactions among variables and operational constraints are taken into account explicitly. 
This functionality is provided by the advanced control and supervision layer with model predictive 
control (MPC), which is the key technology at this level. 

Above, the MES (Manufacturing Execution Systems) layer provides a set of functionalities among 
which determining the best operating process conditions can be considered as the most relevant 
one. In continuous processes, this task is accomplished by RTO (Real Time Optimisation) systems that 
compute the operating points of the process that, satisfying the current process constraints, provide 
the optimal value of a cost function defined by the user, typically related to an economic objective. 
The computed optimal operating point is sent as set-points to the MPCs of the layer below. Most of 
the times, a RTO is based on static first principles models of the process and it is executed at a low 
sampling rate, while MPC controllers use dynamic linear models that were obtained by identification 
from step tests of the process. MPCs run at a higher frequency compared to RTOs. This creates 
inconsistences, both between the models and the way disturbances are handled. This calls for a 
better integration of these two layers. Several proposals have been made in the literature giving 
birth to the so called economic MPC, which integrates MPC and RTO using dynamic process models 
and economic targets, optimizing the degrees of freedom of the plant w.r.t. process performance 
rather than following pre-defined targets. See [1], [2] for more details about this approach. 

In processes where batch or semi-batch units play an important role, the MES layer uses production 
scheduling to determine where and when each product must be processed. Potentially, a cost 
function is optimised respecting process and operational constraints and production targets. 
Scheduling is closely related to production organisation and has a big impact on the performance of 
the installation and results obtained. Because of this coupling, formulating and solving scheduling 
problems requires information from, and at the same time impacts, many other aspects and 
activities, e.g. production planning, assets maintenance, state of the process and actual capacities… If 
the decisions related to all these elements are taken in an isolated fashion, then this requires to fix 
some of the important variables, which leads to an operation with less degrees of freedom compared 
to the situation in the decisions are integrated.  

Many proposals have been made to integrate scheduling with other elements with varying degrees 
of success. Integration of planning and scheduling seems natural, but the greater level of detail of 
scheduling and the large time horizons of planning poses serious dimensionality problems. 
Integration of scheduling and maintenance such that the changing state of health of the assets is 
considered when generating a schedule, has been proposed in the literature and appears to be a 
promising line of work that can bring clear benefits. See [3], [4] for a couple of applications in heat 
exchanger networks and evaporation plants. 

In practice, scheduling is performed off-line at low frequency and the results are passed to the 
control layer with little feedback from the process, which is partly due to the lack of digitalisation in 
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many plants. Only when significant changes or disturbances are present, manual adaptation or re-
scheduling is applied, which may generate suboptimal production plans. In a similar way, since the 
scheduling uses models with limited granularity that not always represent all important information 
required for control, the generated control targets may not be feasible. 

The integration of batch control and scheduling appears as natural as the integration of RTO and 
MPC, as it has similarities; however, it has its specific challenges. An integration makes more sense if 
scheduling is used in real-time using current information from the plant. Proposing future optimal 
actions are the adapted to cope with model uncertainties or changes that may take place in the 
process or production targets. Sequential control or MPC of the batch units operates within the same 
general framework, controlling the operation of those products assigned for processing to each 
batch unit and using the shared resources available according to the scheduling. Notice that 
depending on this availability, as well as to the control targets and the way of operation, the batch 
control / MPC may change critical parameters for the solution of the scheduling, such as duration of 
the batch cycle or consumption of energy or other resource. An integration of batch control and 
scheduling provides more flexibility and feasibility to the control recipes, improves common 
information and increases the space of feasible decisions of the scheduling. In contrast to this, 
standard structures impose rigid boundaries to each problem. 

The integrated problem manages the main discrete and continuous degrees of freedom of the 
system. Nevertheless, the implementation of the solution in the process requires a layer of 
sequential control that uses DCS or PLC hardware. Also, the integration of advanced process control 
and scheduling requires a certain degree of digitalisation such that the information needed is 
available in a reliable and automated way. This is in line with the current trends favoured by Industry 
4.0 programs which in a first step push for improving data collection and treatment as a base for 
exploiting the available information and for an implementing of better automated decision-making 
systems.  
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3 Integration of scheduling and optimal control of 
batch processes 

Typical scheduling problems are formulated as mix-integer optimisation problems that use models of 
simple structure, but which involve a large number of equations and variables, many of which are 
binary. Sampled values of the process variables are used to describe the process dynamics that 
covers large horizons. In contrary, MPC of batch process typically uses smaller sets of DAEs to model 
the process, which involves fewer binary variables, but a significant number of process units may be 
in operation. 

3.1 Monolithic approaches 
There are several ways in which the integration can be formulated. Ideally, monolithic or full 
integration of the two problems in a single one offers clear advantages as it manages all available 
information and makes complete use of the degrees of freedom of the problem. Two main points of 
this approach are worth discussing: the first one is the modelling approach; the second one is related 
to the computation of the solution. 

Regarding modelling, one can see two alternatives for the model: Incorporating the (discretised) 
continuous equations of the control problem into the scheduling framework or, vice versa, including 
discrete elements from the scheduling into the control problem. 

The first alternative normally uses Resource Task Networks (RTN) to formulate the scheduling 
problem [5]. They model the availability of materials and process units as resources that are 
consumed or generated by the scheduling tasks. Time is divided into slots where tasks should take 
place, and the scheduling assigns tasks over time while ensuring feasibility of the resource levels. A 
typical resource balance equation is given as: 

𝑅𝑅𝑟𝑟,𝑡𝑡 = 𝑅𝑅𝑟𝑟,𝑡𝑡−1 + ��𝜇𝜇𝑖𝑖,𝑚𝑚,𝑟𝑟,𝜃𝜃 ⋅ 𝑤𝑤𝑖𝑖,𝑚𝑚,𝑡𝑡,𝜃𝜃

𝜏𝜏𝑖𝑖,𝑚𝑚

𝜃𝜃=0𝑖𝑖∈ℐ

 

        +��𝜈𝜈𝑖𝑖,𝑚𝑚,𝑛𝑛,𝑟𝑟,𝜃𝜃 ⋅ 𝜉𝜉𝑖𝑖,𝑚𝑚,𝑛𝑛,𝑡𝑡,𝜃𝜃

𝜏𝜏𝑖𝑖,𝑚𝑚

𝜃𝜃=0𝑖𝑖∈ℐ

+ Π𝑟𝑟,𝑡𝑡 

(1) 

Where 𝑅𝑅 is the resource level, 𝑤𝑤 and 𝜉𝜉 are the past values of the states of discrete and continuous 
tasks, 𝜏𝜏  is the task length, Π  are external transfer events and the other symbols represent 
parameters. The subscripts are: 𝑟𝑟, for each resource; 𝑡𝑡, for time slot; 𝑖𝑖, for tasks; and θ, for delays. 

To incorporate the dynamic control problem into this framework, the time slots of the scheduling are 
divided into a small number of finite elements and within each finite element the model equations of 
the controller are discretised using orthogonal collocation. Figure 1 represents this problem that 
results in a large set of algebraic equations, which are incorporated to the scheduling problem. The 
integrated scheduling and control problem tries to find the values of the continuous and discrete 
variables that minimises an economic cost function while satisfying the models and constraints of the 
scheduling and of the control. This is normally a mixed-integer non-linear programming problem 
(MINLP) that must be solved at every sampling time. 
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Figure 1: Time representation of the integrated scheduling and control formulation 

The second point that was mentioned above concerns the question how to solve the resulting MINLP 
problem efficiently in a short time. Unfortunately, even using decomposition methods, the 
integrated scheduling/control problems can be solved only when dealing with small size problems. 
Because of that, examples in the literature are limited to problems with a small number of discrete 
variables such as single unit sequencing, e.g., grade changes in polymerisation reactors, or similar, 
[6]. 

The second modelling alternative, includes binary variables into the framework of control (MPC) as a 
way of representing the discrete decisions of scheduling problems. The associated dynamic 
optimisation problem corresponds to what is known as hybrid MPC, which in fact covers a wider set 
of problems. There are many theoretical results and applications of hybrid control [7], but not so 
many for the specific case of scheduling. The optimisation problem to solve is a dynamic mixed-
integer programming (MIP) problem: 

min
𝒖𝒖,𝒚𝒚

𝐽𝐽(𝒙𝒙,𝒖𝒖,𝒚𝒚) 

𝒉𝒉(𝒙̇𝒙,𝒙𝒙,𝒖𝒖,𝒚𝒚) = 𝟎𝟎 
𝒈𝒈(𝒙𝒙,𝒖𝒖,𝒚𝒚) ≤ 𝟎𝟎 
𝒖𝒖 ∈ ℝ𝑛𝑛,𝒚𝒚 ∈ ℤ𝑚𝑚 

(2) 

This problem can be converted into a static MIP problem by discretisation, which leads to similar 
computational problems as the above-mentioned ones. Some alternative formulations avoid the use 
of integer variables by using sequential optimisation as in Figure 2, where the optimiser calls a 
dynamic simulation of the model each time it requires the values of the cost function 𝐽𝐽 or of the 
constraints 𝒈𝒈, [8]. The simulation contains all batch elements and the sequencing only requires to 
determine their starting times, which are continuous variables. Thus, the optimisation problem is 
reduced to a non-linear programming (NLP) one. Nevertheless, the sequential approach limits the 
performance of the solution such that only problems of limited size can be solved efficiently. 
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Figure 2: Sequential optimisation with the batch or discrete elements embedded in the simulation 

3.2 Cooperative solutions 
In order to deal with more realistic industrial problems, collaborative schemes with different 
modules that interchange information and share aims are required [9]. There, many possible 
schemes that range from hierarchical to more loose or cooperative structures. 

In the hierarchical approach, as shown in Figure 3, the scheduling typically acts as the coordinator, 
which receives information about the actual durations of the tasks and their consumption of 
resources. The results of the coordinator level for the allocation and sequencing decisions are 
transferred to the control layer where optimal trajectories are computed and implemented. The 
control layer operates each batch process and has certain flexibility in order to adapt to the process 
conditions and to implement local optimisations. Frequent re-scheduling allows to take advantage of 
the updated information provided by the control layer. 

 
Figure 3: Hierarchical approach for integration of scheduling and batch control 

An example application of these ideas can be seen in [10], where the joint operation of scheduling 
and MPC is performed via interchanging predictions and feasible ranges of operation between the 
individual layers. 

At this point, it is worth to mention that it is difficult to propose detailed schemes for these problems 
because of the wide variety of scheduling problems found in practice. Thus, it is necessary to focus 
on specific families. Common difficulties as, for instance, the way of computing efficient and robust 
numerical solutions remain for all of them. 
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In addition, the advance in the implementation of digitalisation and open information systems, 
following the Industry 4.0 directives, is paving the way for the implementation of coordinated 
solutions. These advances offer architectures closer to the right-hand side of the well-known 
automation pyramid in Figure 4 than to the classical one on the left. 

 

In the next section these integration procedures are applied to a particular industrial case. In a tuna 
canning plant (Frinsa use case), there is a discrete flow of product through continuous processing 
lines, that has to be submitted to a batch process in the middle of the production scheme. 
Sometimes, when a batch process is in the setup, it becomes the bottle neck of the production. This 
interruption in the continuous production can lead to decreasing the production rate of the whole 
system if the sections do not work at the same pace. 

 
Figure 4: Automation pyramid comparison between the classical with well-defined levels and one with levels blurred1 

  

                                                            
 
1 Pyramid diagrams adapted from an original by  © Copyright Showeet.com / CC BY-NC-SA 

https://www.showeet.com/
https://creativecommons.org/licenses/by-nc-sa/3.0/
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4 Application to the FRINSA use case – Part I 
In the tuna canning plant, a multiproduct thermal treatment is carried out in several parallel similar 
autoclaves. All the cans must go through this treatment known as sterilisation. The cans are 
introduced in industrial metallic carts that are gathered in groups up to the capacity of the 
autoclaves. The scheduler has to calculate the size of the groups, allocate them in the appropriate 
autoclave, and then compute the start instant of every sterilisation process. The type of 
cans/products inside the carts gathered determines the length of the sterilisation process relative to 
that group and the temperature set point. In addition, the scheduler must consider hard time 
constraints related to every cart, v.gr. every can has a maximum waiting time since it is released until 
it starts the sterilisation procedure. 

4.1 Optimised control of the autoclaves 
The thermal treatment guarantees that the temperature in the coolest spot of the can in the least 
accessible place is higher than a certain temperature for a predefined duration. This relation 
temperature/time is computed to assure that the bacteria lethality exceeds a fixed threshold. The 
evolution of temperature and other properties depends, not only on time, but on the spatial 
position. The models must be formulated in terms of partial differential equations (PDE). Each 
sterilisation unit consists of a plate heat exchanger, the autoclave and the cans. The whole 
sterilisation unit is modelled, from the heat transmission in the plates to the temperature 
distribution inside the cans. 

𝑚𝑚𝑤𝑤𝑐𝑐𝑝𝑝,𝑤𝑤
𝜕𝜕𝑇𝑇𝑤𝑤,𝑗𝑗

𝜕𝜕𝜕𝜕
= −𝑣𝑣𝑤𝑤𝑚𝑚𝑤𝑤𝑐𝑐𝑝𝑝,𝑤𝑤

𝜕𝜕𝑇𝑇𝑤𝑤,𝑗𝑗

𝜕𝜕𝜕𝜕
+ 𝑈𝑈 ⋅ 𝐴𝐴𝑝𝑝�𝑇𝑇𝑠𝑠,𝑗𝑗 − 2𝑇𝑇𝑤𝑤,𝑗𝑗 + 𝑇𝑇𝑤𝑤,𝑗𝑗+1� 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝛼𝛼 �
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝑟𝑟
�𝑟𝑟
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� +

𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2

� 
(3) 

For instance, these PDEs show the temperature evolution in the plates and the temperature in the 
product. There is a more detailed explanation on how to obtain accurate models in [11]. 

In the heat equation of the plate the parameters 𝑚𝑚𝑤𝑤 and 𝑣𝑣𝑤𝑤 are the mass and velocity of water 
respectively. Whereas 𝑐𝑐𝑝𝑝,𝑤𝑤 is the specific heat of water, 𝑈𝑈 is the heat transfer coefficient and 𝐴𝐴𝑝𝑝 the 
contact area between plates. Last 𝑇𝑇𝑤𝑤,𝑗𝑗 and 𝑇𝑇𝑠𝑠,𝑗𝑗  are the water and steam temperatures in the plate 𝑗𝑗 
respectively. In the retort temperature evolution model, 𝑟𝑟 and 𝑧𝑧 are spatial dimensions and 𝛼𝛼 is the 
thermal diffusivity. See [12] for a whole model explanation. Some model simulation results can be 
seen in Figure 5, where the evolution of the lethality (red line) is obtained from the sterilisation 
temperature evolution (blue line). 

A multi-objective problem is proposed, where the manipulated variables are the temperature set 
point and the duration of the sterilisation. The objectives are:  to minimise the heating resource 
consumption (steam); to maximise the quality, which is measured as colour loss; and minimising 
process duration. The lethality constraints have to be fulfilled. If we denote  as 𝐽𝐽1 steam consumption 
and as 𝐽𝐽2 colour loss, we can obtain the Pareto front by solving the optimisation problem (4) for 
several values of 𝜅𝜅, where the inputs 𝑝𝑝𝑝𝑝 and 𝑇𝑇𝑠𝑠𝑠𝑠 are the process time and the temperature set point 
respectively, 𝜅𝜅 is a fixed value to constrain the objective function 𝐽𝐽2, i.e. 𝜅𝜅 ∈ �𝜅𝜅, 𝜅𝜅�, where 𝜅𝜅 is the 
minimum possible loss colour and 𝜅𝜅 is the maximum one, and 𝒙𝒙 are the states of the model. 
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min
𝑝𝑝𝑝𝑝,𝑇𝑇𝑠𝑠𝑠𝑠

𝐽𝐽1 

𝑠𝑠. 𝑡𝑡. 𝐽𝐽2 ≥ 𝜅𝜅 
𝒉𝒉�𝒙̇𝒙,𝒙𝒙,𝑝𝑝𝑝𝑝,𝑇𝑇𝑠𝑠𝑠𝑠� = 𝟎𝟎 
𝒈𝒈�𝒙𝒙,𝑝𝑝𝑝𝑝,𝑇𝑇𝑠𝑠𝑠𝑠� ≤ 𝟎𝟎 

(4) 

By default, one Pareto optimal combination temperature/time has been chosen for every type of 
product. This set of durations of the different processes is passed to the scheduler to determine the 
order of the sterilisations. 

 
Figure 5: Comparison between experimental data (marks) obtained at a tuna canning site and model simulation results 
(continuous lines)2 

4.2 Optimised scheduling of the sterilisers 
The optimisation of the scheduling does not consider that the duration depends on the temperature, 
and therefore it is fixed during the computation. Usually, one scheduler will solve the mixed-integer 
lineal programming (MILP) optimisation problem (5), where 𝐼𝐼 is the set of sterilisation processes, and 
𝑠𝑠𝑠𝑠𝑖𝑖, and 𝑝𝑝𝑝𝑝𝑖𝑖  are the starting and processing times of every sterilisation process 𝑖𝑖 ∈ 𝐼𝐼, 𝑀𝑀𝑀𝑀 represent 
the makespan, which is the last ending time of the sterilisations, and the vector 𝒚𝒚 contains all 
Boolean and continuous variables used to model the cart gathering, the allocation in the autoclaves, 
and the ordering of the sterilisations in the optimisation problem. The parameters 𝐴𝐴 and 𝑏𝑏 model 

those constraints as linear constraints. 

Here, we have defined the problem using continuous slots. Defining the time base as continuous 
instead of discrete, allows to improve the accuracy of the solution. Despite this, the resolution time 
increases, although it is kept in an acceptable level [13]. 

The scheduler gathers the carts in groups, where the type of carts (meaning type of product inside 
the cart) must not be different, unless their sterilisation procedures are similar, one Boolean variable 
determines if one cart is included in one group. Then, the groups are assigned to an autoclave, which 

                                                            
 
2 Source: [12] / CC BY-NC 

min
𝒚𝒚
𝑀𝑀𝑀𝑀 

𝑠𝑠. 𝑡𝑡.𝑀𝑀𝑀𝑀 ≥ 𝑠𝑠𝑡𝑡𝑖𝑖 + 𝑝𝑝𝑡𝑡𝑖𝑖     ∀𝑖𝑖 ∈ 𝐼𝐼 
𝐴𝐴 ⋅ 𝒚𝒚 ≤ 𝑏𝑏 
𝒚𝒚 ≥ 0 

(5) 

http://creativecommons.org/licenses/by-nc/3.0
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is also represented by a Boolean variable. In addition, to ease the operators work, carts cannot travel 
far away from their releasing lines. As the carts have a maximum waiting time, the sterilisation 
process of any group must start before all the time limits of the carts included have past. The 
scheduler then has to compute the starting point (𝑠𝑠𝑠𝑠) of every sterilisation procedure. Their duration 
(𝑝𝑝𝑝𝑝) is dictated by the type of carts introduced. Precedence constraints are added to model the 
sterilisation order in every autoclave [14]. 

4.3 Including control into the scheduling 
To ensure convexity of the problem and a reduced computational time, the optimisation problem is 
modelled again as a MILP problem. First, the Pareto front is calculated offline (see Figure 6) by 
solving the multi-objective where the axes are scanned iteratively. This provides a hyperplane that 
relates all the Pareto optimal solutions to their respective combination of temperature set point and 
duration of the procedure. 

 
Figure 6: Representations of the Pareto fronts 

The lethality constraint sets a minimum value for sanitary reasons. This value can be exceeded, at the 
expense of penalizing the objective functions. This possible increase in the lethality value creates a 
feasible region over the curve that relates the manipulated variables. As this relation is convex, the 
feasible region created is also convex, see Figure 7. 

 
Figure 7: Extrapolation of the relation maintenance temperature set point vs. length of the sterilisation (left) and the 
representation of the feasible region (right) 

Therefore, this control decision can be included easily in the MILP scheduling problem by linearizing 
the region using as many straight lines as necessary to approximate the curve sufficiently well (Figure 
8), i.e. add the linear constraints shown in (6). 

Process time 

Maintenance temperature 

Process time 

Maintenance temperature 
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Figure 8: Linearization example of the feasible region 

𝑝𝑝𝑝𝑝 ≥ 𝛼𝛼𝑖𝑖 ⋅ 𝑇𝑇 + 𝛽𝛽𝑖𝑖      ∀𝑖𝑖 ∈ [1,𝑛𝑛] 
𝑝𝑝𝑝𝑝 ≤ 𝛼𝛼0 ⋅ 𝑇𝑇 + 𝛽𝛽0 (6) 

4.4 On considering shared resources 
When the parallel pieces of equipment share a common resource, it is distributed among all 
according to the current demand of each one. Usually, the parallel pieces of equipment do not start 
at the same time and the demands depends on the product they are processing. Consequently, their 
respective resource consumption profiles differ. Without incorporating the real consumption profiles 
to the scheduling, the available limit must be overestimated, which results into a waste of resources. 
On the other hand, if this is not taken into account, it could produce infeasible scenarios, where the 
supply does not match the demand. This will lead to a forced stopping of the previous lines in order 
to be able to handle all incoming production [15]. 

In the Frinsa use case, the autoclaves share steam from the boilers as the heating resource. The 
sterilisation process does not maintain a constant steam demand, but it varies during the process. 
The sterilisation process can be divided into three different phases: the heating phase, the plateau 
phase, and the cooling phase. During the first phase the temperature inside the autoclave is 
increased up to the temperature set point, where the sterilisation process itself begins. Then, the 
plateau or maintaining phase begins, where the temperature has to be kept above the set point for a 
precomputed duration to achieve the required lethality. Finally, during the cooling phase the cans 
temperature is reduced to certain value. See the Figure 9 for more information. 

 
Figure 9: Representation of one sterilisation process phases 

Process time (𝑝𝑝𝑝𝑝) 

Maintenance temperature (𝑇𝑇) 

𝑝𝑝𝑡𝑡1 = 𝛼𝛼1 ⋅ 𝑇𝑇 + 𝛽𝛽1 

𝑝𝑝𝑡𝑡2 = 𝛼𝛼2 ⋅ 𝑇𝑇 + 𝛽𝛽2 

𝑝𝑝𝑡𝑡𝑛𝑛 = 𝛼𝛼𝑛𝑛 ⋅ 𝑇𝑇 + 𝛽𝛽𝑛𝑛 

𝑝𝑝𝑡𝑡0 = 𝛼𝛼0 ⋅ 𝑇𝑇 + 𝛽𝛽0 

Time 

Temperature Steam demand 

COOLING MAINTAINING HEATING 
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Whereas the steam demand along the plateau phase does not affect the system significantly, during 
the heating phase of the autoclaves the high demand lowers the pressure of steam in the resource 
network. This decrease can produce an increase in the time required to achieve the temperature set 
point. In this case, the predefined schedule will no longer be suitable, and it will have to be tailored 
to the new scenario. 

Hence, the consumption profile must be included into the scheduling model. Here, we present two 
different approaches that were implemented in the sterilisation section. The first one sets the 
maximum supply capacity of the system so that the scheduler will prevent the autoclaves to demand 
more than it is available. The second one considers that the available capacity is never sufficiently 
large and it deals with the rise in the sterilisation duration, where this delay is modelled. 
Nevertheless, both options need to include some models of the performance of the autoclave. 

4.4.1 Maximum available supply 
Computing the aggregate of a continuous quantity at every time using a continuous time base is a 
complex task. Unlike using a discrete time basis, the evolution of a process cannot be directly known. 
To overcome this problem, we have introduced different time bases. The continuous time base to 
solve the scheduling; and a discrete time base, to compute the aggregation of the steam 
consumption of all the sterilisation processes. 

Each product has a different sterilisation program that varies in its span and temperature set point. 
Therefore, steam consumption profiles also differ. To include the steam consumption profiles in the 
scheduling problem, first they are linearized. As the system uses a continuous time base, the 
linearization of the profiles is done by approximating piecewise functions. However, the order of the 
sterilisation procedures is unknown, hence the profile followed by each procedure is also unknown. 
To be able to handle all possibilities, the set of time instants chosen to linearize every consumption 
profile coincide. Therefore, using the convex-hull method [16] and interpolation, one can estimate 
the actual consumption for every sterilisation process at every time instant. See Figure 10(a) for 
more information [17]. 

  
(a) (b) 

Figure 10: Example of piecewise functions to approximate steam consumption (a); Example of the overall steam 
consumption of the whole section (b) 

The scheduler includes these models and maintains the overall consumption under a limit in every 
sample of the discrete time base, see Figure 10(b). 

4.4.2 Altering the duration of the processes 
In this version, instead of estimating the real steam consumption, we consider the variations in the 
duration of the sterilisation processes due to a high resource demand in the system. If two high 
demanding processes run at the same time, both see their respective duration extended by a time 
proportional to the coincidence span, see Figure 11(a). 
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In the sterilisation section, this high demanding process corresponds to the heating phase of the 
sterilisation. Even though during the plateau phase there is also steam consumption, the capacity of 
the system can handle this without problem as shown in Figure 11(b). 

  
(a) (b) 

Figure 11: Representation of the effect of the coincidence of high demanding procedures (a); Representation of the effect in 
the sterilisation procedures (b) 

In order to cope with the variation of the process length caused by the optimizer, first the process 
time is divided into two variables (7). One variable indicates the heating phase duration (ℎ𝑖𝑖), the 
other variable indicates the sum of the plateau and cooling phases (𝑚𝑚𝑚𝑚𝑖𝑖), as they are constant with 
respect to their relative type of can. Then, the heating phase is computed as the minimum possible 
heating phase duration (𝜑𝜑) plus the interference suffered from the rest of heating phases. The 
interference is approximated as the aggregation of all the interferences suffered in pairs (𝜄𝜄𝑖𝑖,𝑖𝑖′: 𝑖𝑖, 𝑖𝑖′ ∈
𝐼𝐼, 𝑖𝑖 ≠ 𝑖𝑖′).  

𝑝𝑝𝑡𝑡𝑖𝑖 = ℎ𝑖𝑖 + 𝑚𝑚𝑚𝑚𝑖𝑖      ∀𝑖𝑖 ∈ 𝐼𝐼 

ℎ𝑖𝑖 = 𝜑𝜑 + � 𝜄𝜄𝑖𝑖,𝑖𝑖′
𝑖𝑖′∈𝐼𝐼:𝑖𝑖′≠𝑖𝑖

 (7) 

As a result, the scheduler will be able to handle the synchronisation of the heating phases to reduce 
the interference when possible, and to prevent infeasible situations where one sterilisation process 
is set to start but the previous one has not yet ended. 

In the Figure 12, one example solution for a scheduling is shown. On the vertical axis the different 
autoclaves are represented and on the horizontal axis the time is indicated. The sterilisation 
processes are divided into two: the heating phase and the phase of the plateau and cooling. The 
different colours represent the different types of products that have to be sterilised, therefore the 
length of the second phase is equal for all the procedures with the same colour. Meanwhile, the 
heating phase depends on the coincidence with other heating phases, therefore it changes for every 
sterilisation procedure [18], [19]. 
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Figure 12: Example of a scheduling solution with the high demand phase interference integrated  
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4.5 Real-time implementation 
Analogous to the control of the procedure, that reacts to changes in the system in real-time, the 
scheduler that integrates those controls must adapt itself. Hence, we propose to apply a rolling 
horizon approach, which enables a real-time execution of the tool. Rather than obtaining a solution 
for a whole week that cannot include the control parameters, the real-time optimisation will be able 
to propose optimal thermal profiles that focus just on a small period. Only the near future arrivals of 
carts are included as inputs to the system. At the beginning of every execution the system reads the 
current state, adapts and optimises again based on the current situation. 

To improve the performance of this real-time control and schedule optimisation, it has an interface 
to the MES system. It can be executed automatically by the system and suggests allocation and 
control policies to the operators. The suggestions incorporate the allocation of the carts and the 
control parameters to set. If the operator does not accept those suggestions, the scheduler must 
reorganise the system. 

To do so, we have defined a main procedure that reads the database, compares the current status to 
the predicted one, readjust the inputs of the optimiser and then runs it again. This procedure is 
explained in the pseudocode in Algorithm 1. First, it computes the time that has passed since the last 
iteration, then it captures the actions that occurred during this period and it makes a new prediction 
based on these past actions. Subsequently, it removes the wrong predictions and suggestions that 
were not followed and modifies the constraints of the optimisation problem. Afterwards, it executes 
the optimisation again. 

As the prediction of carts is updated at each iteration with information from the MES system, this is 
be able to handle changes in the processing lines, as emergency stops or increases in the production, 
or failures of the autoclaves, and readjust the schedule. 

Algorithm 1: Pseudocode for the real-time scheduling tool 

BEGIN 

    previous ← now 

    now ← getTime() 

    RealCartArrivals ← readDatabase(previous, now) 

    PredCartArrivals ← PredCartArrivals ∪ predictArrivals(previous, now, 

predictionHorizon) 

    cleanCarts(RealCartArrivals, PredCartArrivals, now) 

    adjustConstraints(model, PredCartArrivals, RealCartArrivals, now) 

    optimize(model) 

END 
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In the pseudocode shown in Algorithm 2, it is shown how the system handles an upgrade of the 
system to the current status. First, it modifies the model to include the real status of the system, i.e., 
the real arrival times of the carts instead of the predicted times. Then, it adds new constraints in case 
of a not predicted arrivals to the system. 

Algorithm 2: Pseudocode for the adjustContraints procedure 

adjustConstraints() 

    input: 

• model, optimisation model in OPL to pass to the optimizer 

• PredCartArrivals, matrix that has all the data respective to the carts 

predicted by the system using the overall planification from the ERP system, 

the first carts have been corrected to the real arrival of carts, in order to 

update the model to the current state of the section 

• RealCartArrivals, matrix that has all the data respective to the carts that 

have arrived but were not contemplated by the prediction and must be included 

in the current state  

• now, time instant where the software tool started to execute, to know up to 

when trust the prediction of carts 

BEGIN 

     i ← 0 

    while PredCartArrivals[i].arrivalTime ≤ now 

        alterConstraints(model,PredCartArrivals[i]) 

        i ← i + 1 

    end while 

    for j ← 0 to size(RealCartArrivals.arrivalTime) 

        appendCarts(model,RealCartArrivals[j]) 

    end for 

END 

 
Finally, in Algorithm 3 the procedure to compare the predicted arrivals to the real arrivals is shown. 
The optimisation model has to constrain the start point of the sterilisation procedures with respect 
to the real release times of the carts from the sealing lines. 

This procedure checks the list of predicted carts and compares it with the list of real arrival times. 
The carts that have been predicted but have not arrived are removed from the list. The carts that 
have arrived but have not been predicted are included in the next iteration of the optimiser. 
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Algorithm 3: Pseudocode  for the cleanCarts procedure 

cleanCarts() 

   input: 

• RealCartArrivals, matrix that has all the data respective to the carts that the 

system has freed from the sealing lines to the sterilisation section 

• PredCartArrivals, matrix that has all the data respective to the carts 

predicted by the system using the overall planification from the ERP system 

• now, time instant where the software tool started to execute, to know up to 

when trust the prediction of carts 

BEGIN 

    I ← 0 

    cartArrived ← new vectorIntegers() 

    cartChecked ← new vectorIntegers() 

    while PredCartArrivals[i].arrivalTime ≤ now 

        for j ← 0 to size(RealCartArrivals.arrivalTime) 

            if j ∉ cartChecked then 

                if compareCarts(PredCartArrivals[i], RealCartArrivals[j]) 

                    append(cartArrived, i) 

                    append(cartChecked,j) 

                    j ← size(RealCartArrivals.arrivalTime) 

                end if 

            end if 

        end for 

        I ← I + 1 

    end while 

    for I ← (I – 1) to 0 

        if I ∉ cartArrived then 

            remove(PredCartArrivals, i) 

        end if 

    end for 

    for j ∈ cartChecked 

        remove(RealCartArrivals,j) 

    end for 

END 
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4.6 Summary and Conclusion 
To adapt to the direction proposed by Industry 4.0, where flexibility becomes a key point, the 
automation methodology has to upgrade from the automation levels standard to a more adaptable 
one. The process lines must be variable aiming to on-demand production, where the intermediate 
stocks tend to disappear. Following this approach, the scheduling must be combined with control 
strategies, to incorporate the effects that they have one in the other. 

Here, different approaches have been presented to deal with the scheduling of batch processes 
incorporating the optimal control of the equipment. In addition, the problem of scheduling with 
shared resources is also managed. All the implementations paths have been designed to obtain real-
time optimization tools to apply in the plant. These tools can adapt to the current status of the 
system and offer decision support to the operators. 

The optimization algorithms have been shown applied to a particular use case in a tuna canning 
plant, however all the methods presented can be easily extended to others industries. 
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5 Application to the FRINSA use case – Part II 
Thermal food sterilisation process needs to optimally handle a number of products with different 
features and quality requirements. The optimisation in this case means that for a given number of 
products and plant equipment, it is necessary to find the optimum way to sterilise the products 
within minimum plant operation time, cost and energy consumption. The plant equipment refers to 
the number and capacity of the retorts as well as the available resources. Figure 13 shows an overview 
of the steriliser unit with the parallel heat exchanger (PPHE) into consideration.  

 
Figure 13: Steriliser unit with parallel heat exchanger3 

The operation cycle begins by the insertion of preheated water (≈ 60℃) into the steriliser and 
recycled to the PHE. The water temperature in the retort increases until it reaches the operation 
point (Tretort =110-130℃). Subsequently the temperature is kept for a given amount of time and the 
steam valve in the PHE is closed. After the lethality specifications are met, cold water is introduced to 
cool down the cans. The duration of the 2-stage cooling is 13mins. Initially the inlet water 
temperature is set at 65℃ while the retort temperature is above 75℃ and then the inlet water 
temperature is set at 20℃ for the remaining cooling time. 

This work involves the development of a model-based optimisation and control framework for the 
network of sterilisers based on FRINSA case study. A reduced order model (ROM) was developed 
with low computational complexity, which was verified against experimental data from FRINSA. 
Subsequently an NMPC framework was developed that relies on the ROM and a Nonlinear 
Programming Problem (NLP) problem formulation. Finally, the NMPC interacts with an RTO 
framework that considers economic and energy consumption aspects. The goals of the coordinated 
RTO and NMPC framework are: 

• the optimum operation of multiple sterilisers using common steam resources 
• the online determination of the start of cooling phase (lethality target) 

                                                            
 
3 Source: [12] / CC BY-NC 

http://creativecommons.org/licenses/by-nc/3.0
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• the usage priorities to improve the overall utilisation of the sterilisers 
• the consideration of energy consumption  

5.1 Control oriented reduced order model (ROM) of the 
sterilissation process 

The reduced order model (ROM) that was developed consists of three parts and was used at the 
coordinated optimisation and control framework. It was necessary to capture the generic trend and 
behaviour of the involved subsystems at the system level and to derive a model which is suitable for 
control. 

5.1.1 Can temperature governing equations 
The governing equations for the can temperature (Tcan) evolution profiles are: 

can
2 w,R o 1 2 1 o w,R

R w,R o 1 2

dT
Bi (T - (c c c )(1 q / 2)) - Bi (c (1 q / 2) - T )

dt
2MBi (T - (1 q)(c c / 2 c / 3))

= + + + +

+ + + +
 

 
(8) 

where                (9) 

 

 

where Tw,R is the retort water temperature, k is the thermal conductivity, L and R are the length and 
the radius, h(R,Z1,Z2) is the convective heat transfer coefficient right, top and bottom of the can. In each 
time step co, c1 and c2 have to be found from the solution of the following 3x3 system of nonlinear 
algebraic equations: 

 (10a) 

 (10b) 

 (10c) 

 

Integrating a single ordinary differential equation in conjunction with a system of three algebraic 
equations the evolution of complete two-dimensional temperature profile in the can is derived.  

5.1.2 Parallel plate heat exchanger model (PPHE) 
Let us assume a parallel plate heat exchanger (PPHE) with mass flow rate of water Mw and mass flow 
rate of steam Ms. A steady state problem for the counter current parallel heat exchanger is 
considered. The equations can be integrated in closed form and scaled back to the whole heat 
exchanger to give: 

 (11) 

 (12) 

 (13) 
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where Q is the rate of heat transferred in the PPHE. The heat transfer coefficient and the (one side) 
surface area of the plate is U and A respectively. Q can be eliminated between the above equations 
to leave with a system of two equations with two unknowns (the outlet temperatures). The system 
of equations (11)-(13) is highly non-linear and can be replaced by the linear system: 

 (14) 

 (15) 

 (16) 

 (17) 

For a given inlet temperatures to PHE the outlet temperatures are computed by (14) and (15) and 
then Q by equation (11). 

5.1.3 Steriliser model 
The heat balance in the steriliser is the leading equation of the model. The water temperature Tw,R is 
dominated by the equation: 

 (18) 

s,in ,( )PHE s ps s outQ M c T T= −  (18a) 

 (18b) 

 (18c) 

where MwR is the water mass in steriliser, Qcan is the heat adsorbed by the cans and Qenv is a simple 
loss term where hc, Ac are the corresponding heat transfer coefficient and the metal cover area of 
the retort respectively and Tenv is the environment temperature. The total model consists of the main 
equation (18) which must be solved simultaneously to the can heating submodel (one ODE and three 
algebraic equations) and to the PPHE model (two algebraic equations). Everything else is post 
processing (e.g. lethality, colour) or control actions (e.g. steam valve) of the core model. 

The model is verified against experimental data from FRINSA. Figure 14 shows the simulated retort 
temperature (solid line) compared to the experimental data (dots).  
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Figure 14: Evolution of the retort temperature 

5.2 Problem formulation of the RTO and NMPC  
An NMPC framework was developed that considers both the temperature and the lethality set-points 
in order to coordinate the operations of the steriliser. Preliminary results were obtained for the 
concurrent operation of the sterilisers using the specifications for real cans used by FRINSA. 

5.2.1 Nonlinear Model Predictive Control (NMPC) Framework 
The objective was to reach a predefined temperature and a lethality limit under hard constraints 
when multiple sterilisers are at the heat-up stage concurrently. The control framework considers the 
steam availability limitations and its effect to the operation of the sterilisers. Also, different start-up 
time profiles and various lethality set-points due to product variation were considered. Furthermore, 
the cooling stage initiates based on the lethality set-point instead of a fixed time duration from the 
beginning of the heat-up process. NMPC computes online a finite-time constrained optimisation 
problem over a prediction horizon ( pT ), using the current state of the process as the initial state. The 

optimisation yields an optimal control sequence ( ..k k Ncu u + ) over a control horizon ( cT ), which is 

partitioned into cN  intervals and only the first control action ( ku ) for the current time is applied to 

the system. We consider the following formulation of the NMPC problem: 

 (19) 

s.t.:      (20a) 

( )k pred meas ke y y= −  (20b) 

,ˆk j pred k j ky y e+ += +  (20c) 

where u,y,x are the manipulated, the controlled and the state variables,  are the 

predicted, the measured variables and the desired set-points and QR, R1 are the output tracking and 
the input move weighing matrices. The minimisation of functional J (eq. 19) is also subject to 

constraints of u, x and y. The controlled variables are the retort temperature ( ) and the lethality (

)  and the manipulated variable is the steam flow. A centralised approach (Figure 15) is applied for 

the control of the sterilisation process that uses the nonlinear model described by eq (8)-(18). 
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Figure 15: Centralised NMPC architecture 

5.2.2 Tuning of the NMPC parameters 

The response of the NMPC controller depends on the model and its parameters. The validity of the 
model was verified at the previous sections. The values for the necessary parameters were selected 
after a thorough analysis by running various operating scenarios. We were interested on determining 
the appropriate sampling time and the prediction horizon duration at the minimum computational 
cost and the maximum accuracy for the results. A model mismatch was introduced at the 
optimisation of the NMPC controller (ideal and process model) in order to be able to study the 
response of the NMPC controller under uncertainties and deviations imposed by the process 
measurements against the mathematical model.  

Initially a scenario where only one steriliser operates was simulated with different prediction horizon 
length (Tp=1-5). At Figure 16 the NMPC scenario results are shown. The scenario involved the 
operation of one steriliser for one batch of cans. The scenario duration was 1.5hr. We can observe 
that the simulation time increases along with the prediction horizon and decreases as the sampling 
interval of the model increases. In order to select the appropriate parameter values the accuracy of 
the model against the experimental data is explored. 

 

Figure 16: Sampling interval and optimisation time for one steriliser 

As far as the accuracy is concerned, the modification of the sampling interval does not affect the 
model accuracy. On the other hand, accuracy is improved for a prediction horizon of Tp=2, compared 
to Tp=1 and the overshoot after the heat-up stage is minimized. The selected NMPC parameters for 
the rest of the analysis Tp=2, ts=60sec. 

5.2.3 Operation of multiple sterilisers concurrently  
After the tuning of the parameters of the NMPC, a set of scenarios where multiple sterilisers operate 
concurrently was explored. The sole purpose of this study was to evaluate the flexibility of the NMPC 
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under various conditions and different operation requirements. An indicative list of the executed 
scenarios is: 

• Scenario C1. Simultaneous operation at different lethality set-points 
- A) apply a common maximum steam flow constraint for each steriliser 
- B) apply different maximum steam flow constraints  

• Scenario C2. Operation with different start-up time  
- A) common lethality set-point 
- B) different lethality set-point 

• Scenario C3. Operation with different start-up time and lethality set-point 
• Scenario C4. Simultaneous operation of sterilisers with different priorities 

At each scenario the behaviour of 1 to 16 sterilisers is studied along with the respective 
computational requirements. We assume that each steriliser processes the same amount and type of 
cans. Figure 17 presents the temperature evolution of 5 sterilisers that start to heat-up at the same 
time and have the same steam flow upper bound but each one has a different lethality set-point. 

 
Figure 17: Concurrent operation of 5 sterilisers a) temperature evolution b) lethality evolution 

Figure 17 shows that each steriliser reached at the same time the temperature set-point and that the 
overall operation is affected by the lethality set-point. The results of another scenario are presented 
at Figure 18. 

 
Figure 18: Concurrent operation of 16 sterilisers with different steam flow upper bound a) temperature evolution b) lethality 
evolution 

The heat-up duration is affected by the steam flow’s upper bound. As the upper bound decreases, 
the heat-up time increases. Also, since each steriliser has different lethality set-point the retention 
time varies.  
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Figure 19: Computational requirements under common or different set-points for lethality and steam flow 

Figure 19 presents the computational requirements when different lethality set-point and maximum 
steam flow rate is applied at each steriliser (Scenario C1). It can be seen that the computational 
requirements increase significantly when different set-points are applied to each steriliser. Another 
case is presented at Figure 20. We can see how the sterilisers operate when different start up time is 
applied and each one has its own lethality set-point.  

 
Figure 20: Operation of 16 sterilisers that start to heat-up at different time a) temperature evolution b) lethality evolution 

In all scenarios the lethality requirement is satisfied and the overall operation time is modified 
according to the start-up time or the bounds of the steam flow rate. As a result, we can conclude 
that the centralised NMPC can operate under a wide range of conditions. 

5.2.4 Development of a distributed NMPC architecture 
The next part of our study involves the response analysis of a distributed NMPC architecture. For this 
purpose, a distributed NMPC framework was developed and applied to the same can sterilisation 
process. The models of the can, the PPHE and the steriliser (eq. (8)-(18)) were used by each 
controller with the same assumptions. The main difference from the previous formulation is that the 
upper bounds of the steam flow rate are modified and depend on the number of concurrent 
sterilisers that are on heat-up stage. 

 
Figure 21: Information flow of the distributed NMPC architecture 
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A nonlinear NLP problem is solved at each iteration while the NMPC parameters of the individual 
controllers remain the same as in the centralised architecture (Tc=1, Tp=2, ts=60sec). In order to 
explore the response of the distributed NMPC architecture a scenario where 3 sterilisers start to 
operated concurrently is presented. At each steriliser two subsequent batches of cans are entered. 

Figure 22 presents the retort temperature evolution while Figure 23 presents the duration of the 
batches at each steriliser. The steam flow rate is adjusted according to the number of sterilisers that 
are concurrently at heat-up stage. Thus, the heat-up time is affected accordingly when multiple 
sterilisers are activated. For example, the slope of the 2nd (yellow) steriliser changes when the 1st 
steriliser reaches the heat maintenance stage and when the 3rd steriliser enters the heat-up stage. 

 

 
Figure 22: Operation of 3 sterilisers that start to heat-up concurrently 

 
Figure 23: Batch duration 

 
Figure 24: Steam distribution between 3 sterilisers during heat-up stage 

Finally, Figure 24 shows the distribution of steam between the 3 sterilisers. Initially the 1st steriliser 
operates. The 2nd steriliser start to heat-up at t=8min and the steam is shared equally between the 2 
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sterilisers. Finally, the 3rd steriliser is activated at t=30min and the shared steam is further reduced 
between the 3 sterilisers. At t=50min the 1st steriliser reaches the temperature target and the steam 
request is reduced. After an hour only the 3rd steriliser is still at heat-up stage and is allowed to use 
the maximum steam flow rate from the network. Overall it can be seen that the steam is adjusted 
according to the operating stage of the sterilisers. 

Another scenario that was applied, involves the concurrent operation of multiple sterilisers (1 to 16) 
for one batch of cans. The goal of this scenario was to evaluate the response of the NMPC 
architectures. 

 
Figure 25: Comparison between centralised and distributed NMPC a) Lethality set-point deviation, b) Computational 
requirements  

Figure 25 shows the lethality set-point deviation and the computational requirements. It is observed 
that both type of controllers, centralised and distributed NMPC, are able to satisfy the requirements 
regardless of the number of the steriliser. The main difference is at the significant decrease of the 
optimisation time in case the distributed NMPC is deployed. 

5.2.5 Real-time Optimisation (RTO) framework 
The RTO application optimises the process operating conditions and updates the local NMPCs. 
Dynamic RTO does not require steady-state conditions to be applied and the formulation of the 
DRTO problem is similar to the approach used to solve NMPC. The main difference is the inclusion of 
economic aspects in the objective function. Thus, the objective of the RTO framework is to improve 
the economic performance of the network of sterilisers that use common resources, in terms of 
increasing the usage time of the sterilisers and reducing the overall energy consumption. 

5.2.6 Problem formulation 
RTO incorporates different aspects related to the steriliser’s operation in order to compute 
operational decisions that optimizes the operation efficiency and maximizes economy in terms of 
operating cost (consumed energy and operation time of each steriliser). The goals of the coordinated 
RTO and NMPC framework are to: 

• Maximise production profit 
• Minimise operation cost 
• Minimise energy consumption 
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The RTO considers the cost of materials (canned food), values of products, and costs of production as 
functions of operating conditions. An objective function is specified in terms of these quantities over 
a predetermined period of time and it can be expressed as: 

 (21) 

where prcan and pregy are the costs related to the can that are being processed and the cost of energy, 
OCcan is the operating cost related to the specific product, tproc is the processing time of the specific 
batch and Eproc is the energy consumption related to the specific batch. Also w[Bcan,proc,egy] are the 
weights for each term. Both the operating and economic terms include constraints on operating 
conditions, as process variables must be within certain limits due to steam availability (valve ranges 
(0% to 100% open). Figure 26 shows the hierarchical structure of the RTO and the NMPC. At the higher 
layer, RTO is performed to compute the optimal operating conditions with respect to the 
performance index representing an economic criterion. At the lower layer the NMPC framework that 
was discussed earlier is applied and guarantees that the target values transmitted from the higher 
layer are attained. 

 
Figure 26: Hierarchical structure of the RTO and the NMPC 

In this work the RTO and the NMPC formulation use the same nonlinear dynamic model of the 
process as described at Section 5.22. The adopted model needs to be periodically updated by means 
of some kind of reconciliation procedure to deal with changing operating conditions due to 
disturbances. The NMPC framework updates the RTO about the current state of the sterilisation 
process when RTO is invoked.  

5.2.7 Evaluation of steriliser’s operation using coordinated RTO and 
NMPC 

In order to explore the response and behaviour of the coordinated RTO with the NMPC an indicative 
scenario is presented. The RTO runs every 20mins while the NMPC has a sampling time of 1min. A 
minimum steam flow rate is available for the sterilisers when they are initially activated and we 
assume that the total amount of available steam can be distributed to the sterilisers that are in heat-
up stage. The execution of the RTO yields the values of each steriliser’s priority, which is 
subsequently translated into available amount of steam flow.  

The scenario involves the operation of 5 sterilisers that are initially activated within a 30min window 
time frame. Overall the scenario shows the operation of the sterilisers for one work shift (8hrs). 
During this time period 33 batches are accommodated. The batches are not identical to each other, 
which means that they have different number of cans and type of cans to process. The interval 
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between two consecutive batches is randomly selected and ranges from 5mins to 15mins which is a 
typical time for the steriliser to empty and the new batch to be loaded for processing. We assume 
that there is always a cart waiting to enter the steriliser and there are no periods of inactivity of the 
sterilisers.  

 

  
Figure 27: Operation of 5 sterilisers that have an overlap during their heat-up stage (1 batch) 

Figure 27 show the retort temperature evolution for the first batch of each of the sterilisers. The slope 
of the temperature is affected every time the RTO is executed and new sterilisers are activated. The 
coordinated RTO gives priority to the sterilisers that are closer to the end of the heat-up stage 
compared to the sterilisers that were recently activated. 

 
Figure 28: Steam distribution between the sterilisers (1 batch) 

Figure 28 presents the distribution of the steam flow among the sterilisers during the first batch of 
their operation. It is observed that the steam flow is adjusted appropriately based on the outcome of 
the real-time optimisation. 

An overview of the temperature evolution is presented at Figure 29. It is observed that they have a 
significant overlap during their heat-up stage. Figure 30 shows how the steam is distributed among the 
sterilisers during the 8-hour shift. Overall it is observed that there are only short periods of time 
where only one steriliser is activated and can have the maximum amount of steam during its heat-up 
stage. Finally, at Figure 31 we can see how that batches are being processed during the 8-hour shift.  
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Figure 29: Operation of 5 sterilisers (during an 8-hour shift) 

 
Figure 30: Steam distribution between the sterilisers (during an 8-hour shift) 

 
Figure 31: Gantt chart of the batches (during an 8-hour shift) 

Overall the coordinated RTO and NMPC framework is able to handle the variability between the 
batches and can successfully perform the sterilisation of the cans by utilizing the optimum amount of 
steam under strict constraints related to the quality of the canned food (lethality and colour). The 
computational requirements of the entire simulation are within an acceptable range (3-5mins).  
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5.3 Summary and conclusion 
Here, the optimal control of the thermal food sterilisation process have been considered. In 
particular, the optimal way to sterilise a given number of products to be processed utilising the plant 
resources, e.g. number and size of retorts, steam availability etc. is found.  

Initially, a reduced order model (ROM) is developed that captures the behaviour of all related 
subsystems in just 2 ODEs and five algebraic equations, which has been verified against experimental 
data from the FRINSA plant. As a result, a compact model of the complex sterilisation process that is 
suitable for control has been generated. Based on that model, a coordinated RTO and NMPC 
framework has been developed for the consideration of this problem, whose objectives are the 
maximisation of production profit, minimisation of operation cost and minimisation of energy 
consumption. The role of the NMPC is to reach the temperature and lethality limits imposed by the 
RTO under the given resource considerations. A centralised and a distributed NMPC architecture has 
been developed, both being able to operate under a wide range of conditions, however the 
distributed NMPC architecture proved to be computationally superior. The RTO operates in a higher 
level and is responsible for updating the local NMPCs and optimizing the process operating 
conditions.  

The proposed framework has been successfully evaluated through numerous use cases using real 
data provided by FRINSA. Overall, optimal solutions were generated that can significantly reduce the 
amount of steam used and improve the plant productivity within acceptable CPU times. 
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