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Abstract

The paper presents some results of the Model Predictive Controller (MPC) methodology applied to the case of the cooling system
of an Internal Combustion Engine. To this end, a small spark ignition engine, about 1.2 dm?® displacement volume, is equipped
with an electric pump, which is actuated by the controller, independently of engine speed. The goal of the proposed control is to
achieve a faster engine warm-up and an effective engine cooling with a much lower coolant flow rate than the one usually
adopted, by bringing the cooling system to operate around the onset of nucleate boiling. The developed Model Predictive Control
application makes use of a lumped-parameter model, which predicts the heat transfer both in the case of a single-phase forced
convection condition and in the presence of nucleate boiling. The performance of the proposed controller is evaluated during the
city driving part of the NEDC homologation cycle, which was replicated at the engine test rig. The results show that the proposed
controller is robust in terms of disturbance rejection and is effective in reducing warm-up time.
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1. Introduction

The reduction of fuel consumption and the increase of efficiency of Internal Combustion Engines is nowadays
one of the most important goals for car manufacturers’, owing to the severe requirements of the regulatory agencies
on CO2 emissions [1, 2]. The engine thermal management is one of the most promising and low-cost solutions for
achieving this goal [3]; the cooling system is therefore widely investigated both by modelling and by experimental
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tests [4-8]. Today, production engines are characterized by poor regulation capability as coolant flow rate is fixed by
the engine speed, so that they are over-cooled for about 95% of their operating time [9].

Several strategies were investigated and proposed over the years to regulate coolant flow rates by using electric
pumps [9-12]. However, the proposed approaches and control strategies were all based on empirical methods.

This paper presents a more systematic approach to the engine cooling, based on electric pump and low coolant
flow rates, which may be working in the presence of nucleate boiling. It is known, in fact, that reducing the coolant
flow rate in some operating conditions has the advantages of a faster engine warm-up, lower fuel consumption and
CO; emission during warm-up and lower pump power under fully warmed conditions. The real question is how
much and when the coolant flow rate can be reduced safely. It is commonly accepted that some nucleate boiling is
allowed, but severe boiling must be avoided. So, the main goal of this work is the presentation of a methodology for
controlling the coolant flow rate.

The proposed methodology is based on Robust Model Predictive Control and on the possibility of predicting the
heat transfer regime in the cooling system for given values of engine speed and fuel flow rate. To this aim, a lumped
parameter model of the cooling system was developed [13]. The model predicts the occurrence and the extent of the
nucleate boiling and calculates the spatial-averaged metal temperature and the average coolant temperature, by the
use of simple input data. By taking advantage of the in-line results of the predictive model, a control algorithm,
widely described in [14, 15], adjusts the coolant flow rate in order to fulfill the control strategy requirements. Both
the engine model and the control algorithm were developed by using the Matlab-Simulink® platform, and were
widely validated through test-rig experiments [16].

It is worth pointing out that the proposed methodology has a wide validity and allows the definition of different
control strategies for the cooling system according to manufacturers’ requirements. In this case, the control strategy
aims to gain a fast rise of engine wall temperatures at cold start and, in order to evaluate the advantages of the novel
control strategy with respect to the traditional cooling system, the low part of the New European Driving Cycle
(NEDC) is imitated in laboratory experiments. The experimental set-up includes an electric pump instead of the
standard crank-shaft driven one. Therefore, in order to assess the advantages of the proposed control strategy with
respect to the mechanical pump, this last one was ‘imitated’ by the electric pump by enforcing the coolant flow rates
recorded at the roll test bed under the same operating conditions.

2. Cooling system model

For determining the heat transfer mechanism between the engine walls and the coolant, the model makes use of
Chen’s approach [17], which includes the forced convection and nucleate boiling contributions according to the
following equation:

Qc:hmaCA(Tw'Tc)+hmicAnb (Tw'Tsat) M

In Eq.1, hma is the forced-convection heat transfer coefficient and is computed through the Dittus-Boelter
correlation [ 18], hmic is the nucleate boiling heat transfer coefficient [17], A is the total heat exchange area and A is
the part of the engine walls involved in the nucleate boiling phenomenon. Ty, Tc and T are wall average, coolant
average and saturation temperature, respectively. Nucleate boiling occurs only if the total heat flux qy is higher than
the needed one qons:

qWZqONB:hmac((ATsat)ONB+ATsub) 2

Therefore, a metrics has been defined [14], NB_Index, which measures the distance of the system thermal state
from the Onset of Nucleate Boiling:

qdw — q9onB
NBindex = WQT 3)

According to this formulation, the following model was developed [13]:

Twcw:Qg'Qc (4.2)
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