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h i g h l i g h t s

� Control-oriented modeling of storage evaporator.
� Demonstrate the benefits through simulations in Matlab/Simulink.
� Benchmark solution of optimization problem using dynamic programming.
� Preliminary application of hybrid optimal control problem.
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a b s t r a c t

Automotive Air Conditioning (A/C) system significantly affects fuel consumption and emission. Thus,
Phase Change Material (PCM) is exploited in an innovative storage evaporator to improve the A/C system
performance. Due to hybrid features introduced by mode switching when PCM changes its status be-
tween liquid and solid, the task of control-oriented modeling is particularly challenging. Upon the
energy-based model built, an optimal control problem of an advanced A/C system with a storage
evaporator is formulated as to find an optimal clutch command sequence balancing fuel consumption,
cabin comfort and drivability constraints. In the scope of vehicle energy management, Dynamic Pro-
gramming (DP) algorithm usually serves as a tool of obtaining benchmark optimal solution, against
which results from other optimal algorithms are compared. However, a direct application of DP algo-
rithm to the optimal control problem faces unexpected difficulty, because the discretization of state
space is not feasible for an irregular multi-dimensional subspace formed by the multi-mode model.
Alternatively, hybrid optimal control theory is pursued and a preliminary study is conducted to illustrate
its promising application.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Automotive A/C system has profound effects on the vehicle fuel
economy. The majority of A/C system is still heuristically controlled
andoperates in an inefficientway. An analysis conducted inNREL [1]
showed that the use of systems is equivalent to 5.5% of the domestic
light duty vehicle fuel consumption. Two directions are mainly
pursued in order to reduce fuel consumption of A/C system, namely
model-based optimization and control design as well as hardware
upgrades. The mass migration and heat transfer inside refrigerant
loop is usually modeled using energy-based method [2], and its

energy management is a typical a multi-objective optimization
problem balancing fuel consumption, cooling requirement and
mechanical weariness [3]. In Refs. [4e8], the optimal compressor
clutch sequence is found using online implementable model pre-
dictive control (MPC) method. Recently, storage evaporator [9] is
introduced to improveA/C systemperformance, because it increases
thermal inertia and expands energy storage capability when the
PCM changes its status between liquid and solid.

PCM has been widely applied in industrial areas, such as solar
power plants, electronic devices, and transport [10,11]. Depending
on the specific application, differentmodels have been developed to
characterize the heat transfer and phase change dynamics. Gener-
ally, these models belong to two categories, namely distributed-
parameter model and lumped-parameter model. In Refs. [12e14],
the PCM is treated using a one dimensional heat transfer model, a
partial differential equation with boundary conditions specified. In
Refs. [15], a simplified dynamic model is developed for predicting
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the energy impact due to the addition of the PCM. Usually, these
models are tailored for performance analysis at design stage,
helping the designers determine appropriate geometric parameters
or material types. However, little attention has been paid to the
optimal operation of the PCM after the design stage.

This paper is aimed to apply optimal control theoryautomotiveA/
C system with storage evaporator. This work is challenging as it re-
quires the modeling of phase change dynamics and choosing of
appropriate control methods. The A/C loop dynamics changes
significantly over PCM status, such as completely frozen, freezing/
melting and completely melt. In other words, hybrid system dy-
namics exists and should be captured by the control-orientedmodel
developed. The hybrid feature also affects the optimization process,
as optimization algorithms applicable only in continuous domain
might fail. Therefore, hybrid optimal control theory specifically
developed for hybrid system is pursued herein. Different versions of
HybridMinimumPrinciple (HMP) exist. Ageneralversionof theHMP
is presentedby Sussmann [16] based ona set of needle variations and
a Boltyanski approximation cone. Two version of HMPs are intro-
ducedbyRiedinger et al. [17,18] andShaikh andCaines [19] for hybrid
systems with autonomous and controlled switching. Although the
aboveHMPshave solid theoretical foundation, they have hardly been
applied to a practical problembefore, like the energymanagement of
A/C system. Therefore, this paper is aimed to illustrate the benefit of
storage evaporator and the potential application of hybrid optimal
theory in the A/C system energy management.

The paper is organized as follows. Section 2 models the A/C
system dynamics using a lumped-parameter approach and resulted
system equations are in descriptor form. Section 3 compares the
performances between storage evaporator and conventional
evaporator, and identifies the benefits of enhanced thermal inertia.
Section 4 fits the problem of optimal control of A/C system into the
field of vehicle energy management, and tests two common opti-
mization algorithms for a specific driving scenario. A conclusion is
given in Section 5.

2. Modeling A/C system with storage evaporator

As shown in Fig. 1, the A/C system of a passenger car is generally
based on a simple vapor compression cycle realized through a
fixed-displacement rotary piston compressor, a condenser with a
fan, an evaporator with a blower, and a thermal expansion valve.
The compressor is clutched on/off to remove heat from the air
flowing through the evaporator and reject heat into the air flowing
through the condenser, determined by the blower and fan rotation
speed, respectively.

In an innovative A/C loop, the conventional evaporator is replaced
with a storage evaporator with PCM added [9]. Physically, PCM in the
outer tube is assembled around an inner tube which the refrigerant
flows through. When the compressor is turned on, the refrigerant
evaporates to solidifyPCMthat furthercoolsdownairflowing through
fins;when the compressor stops, thePCMstarts tomelt toprevent the
air temperature rising up quickly until it is completely melted.

In addition to the refrigerant phase change between vapor and
liquid, another phase change happens in the storage evaporator is
the PCM melting or freezing between liquid and solid. Both dy-
namics need to be captured in order to fully characterize the dy-
namics of the storage evaporator. In order to develop a supervisory
controller, it is necessary to build suitable control-oriented A/C
models balancing model accuracy and simulation time. Therefore,
an energy-based model for the A/C systemwith storage evaporator
is developed herein with major assumptions introduced sequen-
tially to reduce the model complexity, since the computation bur-
dens of optimization algorithms later developed strongly rely on
the total number of states within the A/C model.

2.1. Lumped-parameter modeling approach

The methodology of building a high-fidelity A/C model is gener-
ally classified into two categories, namely finite-volumemethod and
moving-boundarymethod [31]. However, the total number of system
states in both cases are much more than the level that can be toler-
ated by those optimization algorithms commonly adopted in vehicle
energymanagement. Themain drawback of bothmethods is that the
physical properties are treated as distributed parameters, meaning
that a group of thermodynamic variables are required to characterize
the thermo-fluid dynamics inside individual control volume. Instead,
a lumped-parameter modeling approach is adopted to facilitate
future optimization algorithms development.

Assumption I. The temperature spatial distribution of refrigerant,
wall and PCM is uniform along the tube length direction.

Hence, the condenser is modeled as a lumped thermal mass
with two control volumes representing, respectively, the volume
occupied by the refrigerant flowing in the tubes and themetal mass
(walls). Similarly, the evaporator consists of four control volumes,
two of which are closely related to PCM dynamics. Considering the
schematic of a storage evaporator with refrigerant flowing in the
inner tube and PCM stored in the outer tube, as shown in Fig. 2, the
spatially averaged PCM temperature Tpcm and exterior wall tem-
perature Tewo are determined by the heat transfer rates between
refrigerant, PCM and air.

Fig. 1. Conventional A/C loop with refrigerant phase change.
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