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Abstract. The energy efficiency of manufacturing systems represents a topic of 
huge interest for the management of innovative production plants. In this paper, 
a production cell based on three operating machines has been taken into ac-
count. In particular, each machine has an independent lubrication system whose 
lubricant is cooled by a centralized cooling system, while the lubrication fluid 
temperatures must be maintained inside known upper and lower bounds, and 
the controller of the centralized cooling system has to minimize the cooling 
power. In order to control the lubrication and cooling processes, a Model  
Predictive Controller (MPC) has been designed, synthetized, implemented and 
simulated. 

The main advantage of the proposed algorithm consists in the possibility to 
directly consider the temperature limits together with the maximum bound of 
the cooling power directly into the optimization problem. This means that the 
control action is computed using the a-priori knowledge of these bounds, result-
ing in better temperature profiles then those obtained with standard controllers, 
e.g. with saturated Proportional, Integral, Derivative (PID) ones. 

Keywords: Model based control, Model predictive control, Hybrid optimal 
control, Production plant energy efficiency, Plant energy optimization. 

1 Introduction 

Improving the energy efficiency of manufacturing production systems is nowadays a 
topic of huge interest. In fact, limiting the CO2 emissions [1, 2], resizing factory 
energy supply infrastructures and minimizing plant energy consumptions are leading 
factors to save plant installation and production costs. 

In particular, the reduction of energy consumption is possible through the optimi-
zation of the algorithms developed to manage their working function [3, 6]. 

This paper is focused on the definition of the control algorithms for the optimiza-
tion of the machines’ energy efficiency. Specifically, the control policy for a produc-
tion cell lubrication system has been designed, synthetized and implemented by 
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The logic behavior of the cooling system can then be defined by the following  
relations: 

ڀ     ݂݅  ሺ ௜ܶ  ൒ ௛ܶ௢௧௜ሻଷ௜ୀଵ  ՜   ௖ܲ௢௟ௗ ൌ ௖ܲ௢௢௟ ௖ܲ௢௢௟     ݁ݏ݈݁                                       (1)    ൌ 0  
 

Note however that, due to the different machine characteristics and machining 
processes, the transferred heat to the lubricant fluids is different from machine to 
machine, and it is not constant during the machine working cycle. 

Table 1 lists the maximum and minimum lubrication fluid temperatures for each 
machine, referred to a specific machining operation. In addition Table 2 presents the 
thermal power produced by the considered machining operations. The minimum pow-
er produced from a machine is equal to 0 that means that it is not working. 

Finally, the room temperature Ta is assumed to lie in the range 10-45 [°C] while the 
available cooling power can be modulated between the values 0-3500 [W]. 

Table 1. Machine lubrication systems temperature ranges [°C] 

Machines T1min T1Max T2min T2Max T3min T3Max

M1 10 140

M2 10 250
M3 10 125  

Table 2. Machine lubrication systems thermal power ranges [W] 

Machines P1min P1Max P2min P2Max P3min P3Max

M1 0 750

M2 0 500
M3 0 650  

3 MPC Design, Synthesis and Implementation 

The control problem related to the centralized lubrication fluid cooling system con-
sists of maintaining the three lubrication fluid temperatures in each specific range by 
minimizing the energy consumption of the centralized cooling system. 

Standard control systems based on industrial controllers are able to manage each 
lubrication fluid temperature, but they cannot minimize the overall cooling system 
energy consumption because, due to the resulting decentralized architecture, each 
local controller only knows the process under its control. 

A more suitable technique to solve this class of control problems is Model Predic-
tive Control, or MPC. Nowadays, MPC represents the most widely used advanced 
control method in the process industry. This is due to the possibility of reformulating 
the control problem as an optimization one, where different and possibly conflicting 
goals can be taken into account, as well as to explicitly include constraints on  
the input and output variables. Moreover, MPC allows for the design of multivariable 
regulators for large scale systems, with tens or hundreds of variables, see [8].  
Thanks to these unique advantages, MPC-based solutions are widely popular in many 
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industrial fields characterized by continuous processes, such as the chemical, petro-
chemical, pulp and paper industries, power networks control and related energy mar-
ket, see e.g. [9, 10, 11]. 

3.1 MPC Design 

The first step for the application of MPC consists of the modelling of the process to 
be controlled. In view of the previous considerations, each lubrication fluid receives 
heat from the machining operation and transfers this energy to the cooling fluid. 
Therefore, the dynamics of the temperature of the i-th machine can be described by 
the energy balance equation (2), where τ denotes the continuous time index: 

 ௗ்೔ሺதሻௗத ൌ ௜ߛ · ൫ ௔ܶ െ ௜ܶሺτሻ൯ ൅ ݇௛௜ · ௛ܲ௢௧௜ሺτሻ െ ݇௖௜ · ௖ܲ௢௟ௗሺτሻ    (2) 

 

where 

γi is the convection coefficient that models the thermal coupling between lubri-
cation fluid and the external environment at temperature Ta; 

khi is the coefficient modelling the heat exchanging between the machine and 
the lubrication fluid; 

kci is the coefficient modelling the heat exchanging between the cooling fluid 
and the lubrication one. 

MPC techniques rely on discrete-time models. Therefore, by exploiting the simple 
Forward Euler discretization, and denoting by Δτ the adopted sampling time, the dis-
cretized form of (2) is: 

  T୧ሺk∆τ ൅ ∆τሻ ൌ T୧ሺk∆τሻ ൅ ∆τൣγ୧ · ൫Tୟ െ T୧ሺkτሻ൯ ൅ k୦୧ · P୦୭୲୧ሺkτሻ െ kୡ୧ ·Pୡ୭୪ୢሺkτሻ൧   ,   ݇ ൌ 0,1,2, …         (3) 
 

or, denoting by t the discrete-time index, ௜ܶሺݐ ൅ 1ሻ ൌ ௜ܶሺݐሻ ൅ ∆߬ · ሾߛ௜ · ൫ ௔ܶ െ ௜ܶሺݐሻ൯ ൅ ݇௛௜ · ௛ܲ௢௧௜ሺtሻ െ ݇௖௜ · ௖ܲ௢௟ௗሺݐሻሿ (4) 

Equations (1), (4) represent the set of dynamic equations and logic statements ac-
cording to which the MPC can be synthetized. 

3.2 MPC Synthesis 

The MPC synthesis is carried out by implementing the hybrid model defining the discre-
tized physical process (4) and the control logic propositions (1), by means of the 
HYSDEL software tool [12] which translates the corresponding high level structured 
language into a Mixed Logic Dynamical (MLD) system formalism [13] of the form (5): 

ݐሺݔ                              ൅ 1ሻ ൌ ሻݐሺݔܣ ൅ ሻݐሺݑ௨ܤ ൅ ሻݐሺߜఋܤ ൅ ሻݐሺݕ   ሻݐሺݖ௭ܤ ൌ ሻݐሺݔܥ ൅ ሻݐሺݑ௨ܦ ൅ ሻݐሺߜఋܦ ൅ ሻݐሺߜఋܧ                                  ሻ      (5)ݐሺݖ௭ܦ ൅ ሻݐሺݖ௭ܧ ൑ ሻݐሺݑ௨ܧ  ൅ ሻݐሺݔ௫ܧ ൅  ௖ܧ
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where x is the state variable representing the temperatures Ti, u is the control varia-
ble representing the cooling power Pcool, y is the output corresponding to the measured 
state x, while ߜ and z are vectors of logical and continuous auxiliary variables, re-
spectively. 

As previously discussed, the optimization problem is stated to minimize at any 
sampling time the peak of the overall cooling power Pcool along a future prediction 
horizon specified by the positive integer N. Therefore, the adopted performance index 
J is: ܬ ൌ min௞ୀ௧,…,௧ାேିଵ ௖ܲ௢௢௟ሺ݇ሻ           (6) 

In order to fulfil the required bounds on the lubricant fluid temperatures, the opti-
mization problem is subject to the following constraints: 

ଵܶ,௠௜௡ ൑ ଵܶሺݐሻ ൑ ଵܶ,௠௔௫    (7-a) 

ଶܶ,௠௜௡ ൑ ଶܶሺݐሻ ൑  ଶܶ,௠௔௫    (7-b) 

ଷܶ,௠௜௡ ൑ ଷܶሺݐሻ ൑  ଷܶ,௠௔௫    (7-c) 

௖ܲ,௠௜௡ ൑ ௖ܲ௢௢௟ሺݐሻ ൑ ௖ܲ,௠௔௫    (7-d) 

At any sampling time t, once the optimal sequence ௖ܲ௢௢௟௢ ሺ݇ሻ, ݇ ൌ ,ݐ … , ݐ ൅ ܰ െ 1 
of future control variables has been computed, only its first element, i.e. ௖ܲ௢௢௟௢ ሺݐሻ, is 
effectively applied. Then, according to a moving horizon strategy, at the new sam-
pling time t+1 the overall procedure is repeated. 

It is important to note that the optimization problem above stated may be infeasible 
due to the nature of the problem under study. In fact, since the cooling system is 
shared among different machines, it may not be possible to fulfil all the constraints at 
the same time. For instance, if only one machine is operating and its lubricant has to 
be cooled, then the others will be cooled as well, by possibly violating their lower 
bounds. In order to prevent infeasibility of the control solution, it is common practice 
to transform the hard constraints into soft constraints, in order for them to be violated 
only if infeasibility occurs. This feature is achieved by heavily weighing these viola-
tions in the cost function to be minimized. 

In order to complete the MPC synthesis, the heating powers ௛ܲ௢௧௜  have been con-
sidered as disturbances acting on the processes. Two solutions are commonly ex-
ploited in order to take these disturbances into account, depending on the availability 
of their future behavior: 

a) Prediction available: whenever the future value of the disturbances is available, it 
should be included into the optimization problem in order to achieve the optimal 
solution; 

b) Prediction not available: if it is not available, it is common practice to assume 
that the disturbances are constant over the whole prediction horizon, and in par-
ticular equal to the current value. 

In this work the production cycles have been assumed to be known, then the solu-
tion a) has been considered. 
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3.3 MPC Implementation 

The application of the MPC law to a real lubrication system or to an equivalent dy-
namic simulation model, requires to run the algorithm into a control platform. Then a 
customized control environment based on the C++ object oriented programming lan-
guage has been used, by implementing the MPC according the steps showed in Fig. 2: 

 

Fig. 2. MPC implementation into the C++ customized control environment 

4 Simulation Results 

Since it has not been possible to apply the developed control system to the real pro-
duction cell, some simulation experiments have been carried out by running the MLD 
model of the lubrication system in the MATLAB platform [14] and the MPC in the 
C++ customized control platform, by interfacing them by means of synchronizing 
signals. The constraints on the lubricant fluid temperatures have been set accordingly 
to Table 1. In addition, soft constraints on upper bounds of the temperatures have 
been used to prevent infeasibility, as previously discussed. The must-be-cooled tem-
peratures Thoti have been set equal to 100, 110 and 85 [°C] respectively for M1, M3 
and M4 while the ambient temperature to 25 [°C] constant. Finally, the cooling power 
range is 0-3500 [W]. The left plots in Fig. 3 depict the selected heating power pro-
files, corresponding to the working cycles of M1, M3 and M4, from top to bottom. 
The first three plots on the right in Fig. 3 show the lubricant temperatures (in solid 
blue) together with their bounds (in dashed red) and the must-be-cooled temperatures 
(in solid-dotted magenta). It can be noted that the lower bounds are never violated 
because they are set as hard constraints. On the other hand, the soft upper bounds are 
occasionally crossed. As expected, the violations only occur when at least one tem-
perature is close to the lower bound, which cannot be crossed, leading to the upper 
one crossing (e.g. see the plots at time 7-10s). The bottom-most plot on the right 
presents the cooling power which always lies inside the given range. 
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Fig. 3. Simulation experiment results 

5 Concluding Remarks 

In this paper, a production cell based on three operating machines has been consi-
dered. In particular, the centralized lubrication cooling system energy management 
has represented the case study for the design, synthesis and implementation of a mod-
el predictive controller. The simulation experiment that has been carried out shows 
the ability of the MPC to cope with the hybrid control problem in which continuous 
process variables and corresponding logic constraints have been taken into account. 
The control action is computed using the a-priori knowledge of the bounds, resulting 
in better temperature profiles then those obtained with standard controllers. Moreover 
the small system dimensions require a low computational demand, which leads to fast 
computing time. 

Future works should firstly focus on the deployment of the controller in a real pro-
duction cell in order to compare the simulation experiment results with the real data 
acquired from the field. Secondly, a more detailed cooling system modelling would 
allow for more accurate MPC law calculation and a more realistic control action defi-
nition. Finally, an explicit formulation of the MPC, which is currently under study, 
will allow to replace the on-line optimization with an equivalent, and much lighter, 
piecewise affine controller, see [15]. 
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