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With the extensive application of air-conditioning/refrigeration (A/
C-R) systems in homes, industry, and vehicles, many efforts have
been put toward the controller development for A/C-R systems.
Therefore, this paper proposes an energy-saving model predictive
controller (MPC) via a comparative study of several control
approaches that could be applied in automotive A/C-R systems. The
on/off controller is first presented and used as a basis to compare
with others. The conventional proportional-integral (PI) as well as
a set-point controller follows. In the set-point controller, the sliding
mode control (SMC) strategies are also employed. Then, the MPC
is elaborated upon. Finally, the simulation and experimental results
under the same scenario are compared to demonstrate how the
advanced MPC can bring more benefits in terms of performance
and energy saving (10%) over the conventional controllers.
[DOI: 10.1115/1.4034505]
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1 Introduction

Considerable amounts of energy are being consumed as A/C-R
systems have been extensively adopted in residences, industry, as
well as vehicles [1]. Meanwhile, researchers are driven to design
more efficient and green devices because of the continuously
increasing demands on energy conservation and environment pro-
tection. It is known that efficient operation of A/C-R systems
could bring significant benefits in terms of operating costs and

effects on the environment [2]. For any A/C-R system, an impor-
tant step in making it work efficiently is to apply a proper control
strategy. Therefore, this paper will focus on presenting the con-
troller development process as well as the simulation, validation,
and comparison work. The comparison results show that the MPC
as the promising controller can not only save about 10% energy
but also enhance the controlled temperature performance under
the examined condition.

A literature review on the existing controllers of A/C-R systems
is presented in Sec. 2 followed by the difference discussion; then,
a simplified model based on moving boundary and lumped param-
eter method is briefly introduced. Several controllers from the
conventional to the advanced are developed step by step in Sec. 6.
In addition, the simulation and experimental results of the control-
lers are presented and compared to demonstrate the advantages of
the advanced MPC. In Sec. 7, comments and future work are
discussed.

2 Previous Research

In general, the compressor, the evaporator, the expansion valve,
and the condenser—the four main components connecting end to
end—form the vapor compression cycle or A/C-R system, as pre-
sented in Fig. 1. Due to extensive applications of A/C-R systems
in different fields, many researches with different objectives have
been conducted on their controller development, which could be
summarized as: (1) proper temperature or humidity of a specific
area; (2) improvement of system steady-state performance and
robustness; and (3) reduction of energy consumption [3].

The on/off controller was initially introduced because of its
simplicity and ease of application. It is capable of maintaining the
controlled temperature within a certain range by turning the com-
pressor on or off. However, it is unable to schedule the tempera-
ture oscillation amplitudes when conditions are changing, such as
the ambient temperature and varying temperature requirements. In
addition, frequent compressor on/off activations can lead to exces-
sive power consumption and cause mechanical components to
wear over time [3]. More importantly, energy saving is not of any
importance in on/off controllers, which is the reason why Leva
et al. [4] and Li et al. [5] improved the original on/off controller
by adding adaptive or optimization algorithms to make it more
efficient. Nevertheless, the nature of such a controller hinders its
enhancement to a large extent. In recent years, the employment of
continuous variable components in the A/C-R system makes the
development of more efficient controllers possible. Especially, as
the anti-idling technologies and electric vehicles become more
and more popular, the electrification technology of the A/C-R

Fig. 1 Schematic diagram of an A/C-R system
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system in the vehicle will separate the compressor from the engine
such that the compressor is able to actively change its speed
instead of passively following the engine speed. The current con-
trollers of A/C-R systems other than the on/off one can be classi-
fied into three types: the classic feedback controller, the
intelligent controller, and the advanced controller [4] or the classi-
cal control, the soft controller, and the hard controller [6]. As the
most popular type of conventional feedback controller, the PI con-
troller has been used for a long period. A relevant example is the
superheat-expansion valve and temperature-compressor control
[7]. This continuous feedback controller could indeed reduce
mechanical wear of the compressor. However, it is hard to tune
the controller parameters due to the nonlinear and multi-input
multi-output nature of A/C-R systems. Petersen and Lund in Ref.
[8] proposed a method to decouple the controllers. This conven-
tional feedback control strategy considers system efficiency by
controlling superheat in the evaporator [9].

Artificial intelligent control techniques including artificial neu-
ral network (ANN) control, fuzzy logic control, expert system,
etc., have been utilized to treat nonlinearities or uncertainties in
A/C-R operation processes. In some cases, these control
approaches are combined with A/C-R system control [4]. How-
ever, Ref. [10] mentions their limitations, which include over
training, extrapolation, network optimization, and their not being
optimal, all of which impede their development.

Koo et al. [11] presented a second-order SMC for the single-
input single-output refrigeration system, which regulates the
superheat by manipulating the compressor speed. This controller
can also effectively alleviate chattering phenomenon but does not
directly deal with power consumption. Shah et al. [12] presented a
multivariable adaptive controller. The idea behind is that this con-
troller is able to identify different linear models for a nonlinear
system over the domain of operating conditions, so it is a kind of
nonlinearity compensation for a general dynamic system. There
are other kinds of nonlinearity compensation controls like robust
control and gain scheduling control [13,14]. Larsen proposed two
kinds of optimization control methods [15]: set-point optimizing
control and dynamic optimizing control. In all of these advanced
control methods, the MPC is a most successful and promising
control algorithm, which can simultaneously deal with more than
one objective to achieve multi-objective control such as the tem-
perature, humidity, energy saving, enhancement of air quality,
and improvement of steady-state performance and robustness
[16–23]. Furthermore, it is very powerful when future related
information is known as a priori [16] and used in constrained sys-
tems [17,18]. A comprehensive review of the controllers, espe-
cially the MPCs, for the Heating ventilation air conditioning
systems in buildings was reported in Refs. [6] and [19]. Authors
in Ref. [20] developed an adaptive MPC for a reefer container by
combining a linearizing controller and a MPC, which ran once per
hour due to the large computational efforts and included some
constraints as barriers in the objective function instead of taking
the advantage of MPC strategy for constraint treatment. In Ref.
[21], an online trained ANN was utilized as the model to design a
MPC for temperature manipulation without concern for energy
saving, and it needed extra efforts for the online training.

3 Differences From the Previous Work

For all of these MPC algorithms developed for A/C-R systems
in the existing literatures, energy consumption as a part of the
objective function has seldom been considered, and computational
cost is a serious issue since a MPC usually involves a complex
online optimization to decide the optimal control law [3].
Recently, several solutions have been proposed such as the offline
optimization [22], a combination of a branch-and-bound search
technique to alleviate the computational cost of iterative optimiza-
tion techniques [23]. Due to the existing problems, this paper pro-
poses a linear discrete MPC for an automotive A/C-R system with
three discrete compressor speeds. The proposed linear MPC can

shorten the computation time and be implemented into real sys-
tems. First, a simplified control-oriented dynamic model of the A/
C-R system is developed, which is improved from the one pre-
sented in Ref. [24] and can capture the dominant dynamics of the
A/C-R system while keeping the simplicity compared to the data-
driven model such as ANN type model. Second, a linear discrete
MPC is designed based on the proposed model to regulate the
temperature of the cargo space and minimize the energy consump-
tion. Thanks to the simplicity of the model, the linear MPC only
takes tens of milliseconds compared to several seconds or even
minutes for the online optimization process for A/C-R systems in
current literatures. The simulation and experimental results show
the ability of the proposed MPC to immediately react to the large
disturbances. It is also possible to run several optimization proc-
esses simultaneously in one time instant for the discrete MPC
development. In addition, a series of control techniques are imple-
mented, simulated, and experimentally tested to demonstrate the
advantages of the proposed discrete MPC. Furthermore, the whole
design process can be extended to the A/C-R systems with fully
variable varying components. Due to the fact that there is no mini-
mum constraint (other than zero) on the compressor speed of those
systems, and the compressors are able to operate at a lower-speed
to meet the requirement while pursuing the minimum energy con-
sumption. In this scenario, the continuous MPC can help the sys-
tem save more than 20% energy. Above all, this discrete MPC can
not only achieve the temperature control objective in presence of
the ambient disturbance but also realize about 10% energy saving
compared to the conventional controllers under the same exam-
ined condition.

4 Modeling

The simplified dynamic model of the A/C-R system and cargo
space are provided and comprehensively validated in Ref. [25]. In
this paper, only the main dynamic equations are provided and
briefly explained.

4.1 Expansion Valve. The expansion valve is assumed to be
isenthalpic, i.e., the enthalpy at the inlet of the valve is identical to
that at the outlet. No matter what kind of expansion valve it is, the
refrigerant mass flow rate ð _mvÞ through the expansion valve is
modeled by

_mv ¼ CvAv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qvðPc � PeÞ

p
(1)

For different types, the discharge coefficient ðCvÞ and the valve
opening area Av have different correlations obtained by experi-
mental data [26–29].

4.2 Compressor. The dynamics of the compressor can be
demonstrated by

_mcomp ¼ NcompVdgvolqrefðPeÞ (2)

hoc ¼ gaðhisðPe;PcÞ � hicðPeÞÞ þ hicðPeÞ (3)

Equation (2) depicts the refrigerant mass flow rate throughout the
compressor with respect to compressor speed, and Eq. (3) shows
the enthalpy change of refrigerant after going through the com-
pressor [24].

4.3 Fin-Tube Type Evaporator. Two common types of heat
exchangers are used in A/C-R systems: fin-tube type and micro-
channel type. The modeling method proposed in Ref. [3] is suita-
ble for both types. More importantly, the modeling method takes
the fins’ effects into consideration and lumps it into two parame-
ters such that the model is simple and accurate.

The three-state evaporator model can be written as
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hlgeqle 1� �ceð ÞAe
dle
dt
¼ _mv hge � hieð Þ � aiepDiele Twfe � Treð Þ (4)

AeLe

dqge

dPe

dPe

dt
¼ _mv

hie � hle

hlge

� _mcomp þ
aiepDiele Twfe � Treð Þ

hlge

(5)

Cpmð Þwfe

dTwfe

dt
¼ aoeAoe Tae � Twfeð Þ � aiepDiele Twfe � Treð Þ

� aieshpDie Le � leð Þ Twfe � Treð Þ (6)

where the three states refer to length ðleÞ of the two-phase sec-
tion, pressure ðPeÞ of the evaporator, and equivalent temperature
ðTwfeÞ of tube wall and fins. Equation (4) simulates the energy
transfer from the refrigerant to the heat exchanger tube wall and
fins of the two-phase section [14]. Equation (5) denotes the vapor
refrigerant change rate throughout the evaporator tube. The first
term on the right-hand side of this equation is the vapor mass at
the inlet of the evaporator. Equation (6) reflects the heat conduc-
tion of the whole heat transfer process. The air-side heat transfer
coefficient aoe is changing with the speed of evaporator fan
ðNevapÞ.

4.4 Microchannel Type Condenser. Obviously, the total
mass ðmtotalÞ of the refrigerant inside the cycle is constant without
considering the leakage. The mass of refrigerant outside of the
two heat exchangers is defined as ðmpipeÞ. Thus, the difference
between these two masses is the mass inside the evaporator and
condenser, which can be shown by

mtotal � mpipe ¼ Ae½qleleð1� �ceÞ þ qgele�ce þ qsheðLe � leÞ�

þ Ac½qlclcð1� �ccÞ þ qgclc�cc þ qshcðLc � lcÞ� (7)

With the same modeling method, the condenser dynamics could
be represented by the following two-state model by considering
the above Eq. (7):

AcLc

dqgc

dPc

dPc

dt
¼ _mcomp �

aicpDiclc Trc � Twfcð Þ
hlgc

(8)

Cpmð Þwfc

dTwfc

dt
¼ aoc Ncondð ÞAoc Tac � Twfcð Þ

� aicpDiclc Twfc � Trcð Þ
� aicshpDic Lc � lcð Þ Twfc � Trc þ Ticð Þ=2ð Þ (9)

4.5 Cargo Space. The inside temperature of this cargo space
is one of the control objectives, and its dynamics can be shown by

dTcargo

dt
¼

_Qout þ _Qdoor � _Qvcc

MCð Þair

(10)

where _Qout represents the heating load from the ambient air, _Qdoor

is the load due to opening the door, and _Qvcc represents the cool-
ing capacity produced by the A/C-R system to balance the heating
load from outside [26].

5 Simulation Model and Experimental System

By integrating the cargo space model into the A/C-R system,
the whole model becomes a six-state dynamic model. The inputs
are compressor speed ðNcompÞ, the control frequencies of the
evaporator fan variable frequency drive ðNevapÞ, and condenser
fan variable frequency drive ðNcondÞ which are proportional to
the two fan speeds. The states ½Pe;Pc; le; Twfe;Twfc; Tcargo� include
pressures of the evaporator and condenser, the two-phase section
lengths, the equivalent tube wall and fins’ temperatures of two
heat exchangers, and the temperature of cargo space, respectively.
The output is the air temperature ð TcargoÞ of the cargo space.
The Simulink model is shown in Fig. 2.

The whole experimental system is shown in Fig. 3. The A/C-R
system is connected with two chambers by pipes. The condenser-
side chamber can set the temperature of air sent to the condenser,
whereas the temperature of air in the other chamber (called cargo
space) is the controlled parameter. Among the three inputs, the
two fan speeds are continuously changeable, but the compressor
speed can only switch between three discreet values. Pressure sen-
sors, thermal couples, and flow meter are installed in different
locations for the measurements. The data acquisition system of
national instrument is employed to collect data from the thermo-
couples, pressure transducers, direct current power supply, and

Fig. 2 Simulink model

Fig. 3 Experimental system
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flow meters, and send them to a computer. LABVIEW software is
employed to obtain all the measured data from the sensors.

6 Controllers’ Development

In this section, several controllers are developed and compared
in terms of performance and energy consumption.

6.1 On/Off Controller. The on/off controller is most com-
monly used in automotive A/C-R system. Thus, the on/off control-
ler developed in this section serves just as a basis to compare with
other controllers. The on/off control strategy is actually a simple
hysteresis, where the hysteresis bound is used to reduce the com-
pressor’s frequent switching [26]. The schematic of the whole sys-
tem with the on/off controller is displayed in Fig. 4.

The operating conditions and initial values of some parameters
are listed in Table 1.

Based on the above conditions, the simulation results of the on/
off controller can be obtained as shown in Figs. 5 and 6. During
the 1200-s simulation, some extra heat (for 200 s) is given as a dis-
turbance to simulate the door opening of the cargo. In Fig. 5, the
temperature performance of the controller is presented. The cargo
temperature could reach the set-point quickly and then fluctuate
between the lower bound and the upper bound with the compres-
sor on and off. In the extra heating load period, the compressor
will be in the on mode for a longer time so that the energy con-
sumption will be more. Figure 6 shows the system inputs during
the simulation. All of them switched between the maximum
speeds to zero.

6.2 Conventional PI Controller. Because of its simplicity,
this controller is also commonly used in the A/C-R system with
variable-speed components. Høgh and Nielsen in Ref. [7] used
two separate PIs to control air temperature and superheat, respec-
tively. In this study, the superheat is adjusted automatically by a
thermostatic expansion valve such that one PI controller is utilized
to manipulate evaporator fan speed. Due to the existence of a dis-
crete input, a simple logic rule shown in Eq. (11) will be applied
for compressor speed control instead of using a PI controller

Ncomp ¼ 4500 if e > 1

Ncomp ¼ 3500 elseif 0:5 <e � 1

Ncomp ¼ 2500 else

8<
: (11)

Table 1 Operating and initial conditions

Tamb

(�C)
Tinit

(�C)
Tsetpoint

(�C)

_Qout

(kW)

_Qdoor

(kW)
Nevap,

Ncond (Hz)
Ncomp

(Hz)

25 22.5 17 0.7 0.15 40 4500

Fig. 4 Diagram of A/C-R system with on/off controller

Fig. 5 Controlled temperature performance

Fig. 6 Three inputs of the system

Fig. 7 Diagram of A/C-R system with PI controller

Fig. 8 Controlled temperature performance

Fig. 9 Three inputs of the system
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The control system is simulated under the same operating and ini-
tial conditions shown in Table 1. The structure of the whole model
is described in Fig. 7. The outputs of the controller are compressor
pump speed ðNcompÞ and ðNevapÞ, and they serve as two inputs for
the A/C-R block; whereas, the other one input, condenser fan
speed ðNcondÞ, is kept unchanged at their initial values.

The temperature performance is given in Fig. 8. It can be seen that
the temperature can also reach its set-point quickly but with relatively
large undershoot; it takes much longer time to settle down. The gains
for PI ðkp ¼ �0:05; ki ¼ �10Þ are chosen manually to improve the
performance. Any further tuning did not show any improvement in
the controller performance as the temperature is affected by not just
compressor speed but other factors. For example, in order to stabilize
the superheat, the thermostatic expansion valve will adjust its open-
ing degree, which could change the refrigerant flow rate throughout
the valve and then the air temperature. That means the high nonlinear
plant cannot achieve good performance via the PI controller. Figure 9
presents the inputs of the system.

6.3 Set-Point Controller. Due to the drawbacks of the above
two controllers, Larsen in Ref. [15] proposed the set-point opti-
mizing controller by using the steady-state model of the A/C-R
system.

The basic idea behind this control strategy is that the steady-
state of the A/C-R system is only related to the temperature set
point of the cargo space, the ambient temperature, and the heating
load. That means if these parameters are kept unchanged, the A/
C-R system will stay at a steady-state after settling down. How-
ever, these parameters are related to the working conditions and
change in low frequency. The study of the steady-state model
shows that there is a global minimum of total power consumption
with respect to condenser and evaporator pressure. As a result, the
condenser and evaporator pressure can be found according to the
steady-state model and sent to controllers as the set-points.

In fact, the optimizer as the supervisory controller to find the
set-points of two pressures according to the changes of working
conditions, which is in the outer-loop and works in low frequency;
whereas the inner-loop controller consists of one PI controller,
one logic controller, and one SMC. The structure of this controller
is shown in Fig. 10. The set-point controller could also be imple-
mented as a lookup table to find pressure set-points based on the
working condition changes. In this paper, only one working condi-
tion is considered in order to demonstrate the performance of this
controller.

In the simulations below, the same initial conditions (Table 1)
are used. The two pressure set-points can be found by using a

gradient or other methods based on the steady-state model
[15,23–25]. By using the steady-state model, the set-points are
calculated: 2.55 bar for evaporator pressure and 7.8 bar for con-
denser pressure. Together with the air temperature set-point 17
�C, all the set-points are determined and sent to local controllers.

The preliminary analysis of some simulation results suggests
that the condenser fan is chosen to control condenser pressure via
a PI controller; whereas the evaporator fan is manipulated by a
SMC to control the temperature thanks to its robustness. In this
SMC, the saturation function is used instead of sign to get rid of
the chattering phenomenon [30]. The sliding surface S and the
control input ðNevapÞ are obtained by the sliding mode algorithm
[31] and system model

S ¼ kðTcargo � Tset�pointÞ (12)

Nevap ¼ Nevap0

ksat S=/ð ÞqairVCpair
þ Qload

ke2Ae Tae � Twfeð Þ

( ) 1�ke1ð Þ

(13)

The gains and the controller parameters are provided in Table 2.

Fig. 10 Diagram of A/C-R system with set-point controller

Table 2 Controller gains and parameters

PI controller SMC

kp¼�1 k¼ 0.01
ki ¼�1 k¼ 0.18, /¼ 0.5

Fig. 11 Controlled temperature performance

Fig. 12 Three inputs of the system
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The cargo space temperature response is provided in Fig. 11.
The temperature quickly gets to its set-point and then stays there
even under the extra heating load. Figure 12 describes the three
inputs of the system. Although this controller can achieve better
temperature performance and fares better for energy-saving pur-
poses; however, the controller performance is highly dependent
on the working conditions. As a result, the controller’s perform-
ance deteriorates as the working conditions change.

6.4 Model Predictive Controller. A linear MPC will be
developed in this paper. The main idea is that an optimization
problem should be solved at each time instant [32]. By introduc-
ing a prediction of horizon length and control horizon length N,
the discretized objective function in next N steps will be
formulated

Jðx0; u0Þ ¼ eðNÞTPeðNÞ þ
XN�1

k¼0

eðkÞTQeðkÞ þ DuðkÞTSDuðkÞ

with eðkÞ ¼ yðkÞ � yrefðkÞ; k ¼ 1; 2; :::N

(14)

s:t:

xmin � xðkÞ � xmax

umin � uðkÞ � umax

Dumin � DuðkÞ � Dumax

where the first item, i.e., the final state costs, and the last item,
i.e., the increment of inputs, are added in order to make the con-
troller more robust and prevent the over-aggressive control
actions. Meanwhile, the optimization problem is always subjected
to some constraints. The objective function of this tracking

problem is transferred into quadratic form with respect to the
increment of control inputs in order to prepare to use the convex
quadratic programming problem solver [32]. The convex quad-
ratic objective function only with respect to the increment of input
item is obtained by using the linearized and discretized system
model and reformulating the original objective function by

J x0; u0ð Þ ¼
1

2
D �U

T
HD �U þ D �U

T
g (15)

s:t:

D �U � maxðD �UminðUÞ; D �UminðD �UÞ;D �UminðXÞÞ;
D �U � minðD �UmaxðUÞ; D �UmaxðD �UÞ;D �UmaxðXÞÞ

where the Hessian matrix ðHÞ is symmetric and positive or semi-
positive definite, and the g is the gradient vector. The constraints
shown in Eq. (14) are also reformulated into the ones only related
to the increment of system inputs. After solving the above prob-
lem, the first element of the optimal solution will be applied to the
real system. The structure of the linear MPC is shown in Fig. 13,
where the lookup tables are used to implement thermodynamic
properties of the refrigerant. Then, several unknown parameters
are identified and sent to the algorithm and the solver together
with all other known information.

In this linear MPC, the values of controller parameters are
shown in Table 3, where the time-step length ðTsÞ is used for

Fig. 13 (a) Diagram of A/C-R system with MPC and (b) struc-
ture of MPC

Fig. 14 Structure of the discrete MPC

Fig. 15 Controlled temperature performance

Table 3 MPC parameters

TsðsÞ Q N P R S

5 100; 000 10 1000Q
5 0 0

0 0 0

0 0 0

2
4

3
5 0 0 0

0 1000 0

0 0 1000

2
4

3
5

Fig. 16 Three inputs of the system
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simulation while the actual time used for one step simulation is
only 0.04 s on a regular computer, which is fast enough for real-
time implementation.

Because of the existence of the discrete compressor speed, a
discrete MPC is developed, which is composed of three sub-
MPCs as shown in Fig. 14. Three MPCs are running simultane-
ously at three different compressor speeds (2500, 3500, and 4500
rpm) to find the optimal solutions of other two inputs. Then, three
cost values are recalculated by the two optimal input values as
well as the corresponding compressor speed. By comparing their
values, the minimum one will be the optimal cost of the current
time instant, and the corresponding input values are the optimal
solution. For example, if the J3500 is the minimum cost value, then
the optimal solution is 3500 rpm Ncomp as well as the optimal val-
ues of Nevap and Ncond founded by MPC3500.

The simulation results are presented in Figs. 15 and 16. It can
be seen from the results that the cargo temperature quickly settles
down and stays there. Under the period of large disturbance
brought by extra heating load, the controller tries to maintain the
temperature at its set-point by increasing fan speeds of evaporator and condenser instead of changing the compressor speed, which is

largely related to the energy consumption.

6.5 Experimental Results. The experimental system is moni-
tored and controlled by LABVIEW software, so the first step is to
implement the controllers mentioned previously. The Mathscript
RT module and “Call Library Function Node” are employed for
algorithm and solver implementation, respectively. The quadratic
programming solver [33] originally written by c code should be
converted to the dynamic link library file before the implementa-
tion. The structure of the experimental system with the embedded
controllers is presented in Fig. 17.

The experimental tests are done with the controllers mentioned
previously under the same working conditions as those used in
simulation process. The results are shown from Figs. 18–23. It can
be seen that, although the 200 s large disturbance exists, the set-
point and MPC controllers can produce better control performance
than that of the conventional on/off controller because of their
robustness. For the sake of saving energy, the MPC penalizes the
terms related to energy consumption more than that of the per-
formance when solving the optimization problem.

Fig. 17 Diagram of experimental system with controllers

Fig. 18 Controlled temperature performance by on/off
controller

Fig. 19 Three inputs of the system by on/off controller

Fig. 20 Controlled temperature performance by set-point
controller

Fig. 21 Three inputs of the system by set-point controller

Table 4 Results comparison of controllers

Controllers On/off PI Set-point MPC

MAPE between real and
simulation (%)

1.92 — 1.04 1.72

MAPE between real and
set-point (%)

4.20 3.03 2.18 3.00

Max APE (%) 8.9 32.15 4.28 5.91
Controller performance Bad Bad Good Good
Energy consumption (kWh-1200 s) 0.2041 0.2184 0.1818 0.1793
Energy improvement (%) 0 �5.96 9.25 10.33
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6.6 Controllers’ Comparison. This section compares both
experimental and simulation results obtained from each of the
above controllers, and the conclusions are shown in Table 4.

Regarding the cargo space temperature performance shown in
above figures, by observation, conclusions can be drawn that the on/
off controller can only keep the temperature in a range; whereas the
PI could reach the steady-state after experiencing a large variation
from the set-point, but with bad robustness. Due to better robustness
characteristics of the SMC, the set-point controller could provide a
better performance. As a multivariable control strategy, the MPC is
capable to deal with such complex plant. Obviously, the tempera-
ture performance of the MPC is as good as that of set-point control-
ler not only during the dynamic period but also in the steady-state
region. By data analysis, a more convinced conclusion can be drawn
from the values in Table 4: both the set-point controller and MPC
bring a better performance than the two conventional ones. More
specifically, the first mean absolute percentage error (MAPE) meas-
ures the deviation between real and simulation temperature
responses. The small MAPE values mean that the model used for
the controller development has enough accuracy. The second
MAPE demonstrates the offset between the temperature response
and its set-point, whereas the maximum APE shows the largest drift
of the temperature from its set-point. It can be seen that on/off con-
troller and PI controller have worse performance than two others.

From the energy consumption perspective, it can be seen from
Table 4 that the set-point controller and the linear MPC consume
less energy than the conventional controller during the whole sim-
ulation process; this is because both of them can manipulate three
inputs toward their optimal values. In order to further compare
each controller, the energy consumption improvements for the
controllers with respect to the on/off controller are calculated and
presented in the last column of Table 4.

7 Discussion and Conclusions

This research is aimed at proposing the most energy-saving
controller for automotive A/C-R systems via a comparative study

on the controllers currently used by modeling, simulating, experi-
mentally testing, and comparing each of them. Before developing
the controllers, a simplified control-based model is developed and
validated. Based on this model, all the controllers have been built
and simulated under the same working conditions.

The comparison of simulation and experimental results shows
that the set-point controller and the discrete MPC can satisfy the
objectives of the A/C-R system. However, due to the high nonlin-
ear and multi-input multi-output nature of the system, the PI con-
troller in the set-point controller could not perform well when
working conditions change fast. The discrete MPC is an optimal
controller, mostly suitable for complex, multivariable, and nonlin-
ear plants. The energy consumption term is included into the
objective function when this discrete MPC is designed, which is
also applicable to the real system. All of these attributes can dif-
ferentiate itself from others in previous literature. Therefore, the
MPC is a promising controller for A/C-R systems. Future work
includes that the power consumption expression will be as a part
of the objective function instead of just the quadratic form of con-
trol inputs, and the heating load from ambient environment will
be identified online.
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Nomenclature

hgeðhgcÞ ¼ enthalpy of vapor refrigerant
hic ¼ enthalpy of refrigerant at the inlet of condenser
hie ¼ enthalpy of refrigerant at the inlet of evaporator
his ¼ isentropic of refrigerant in compressor

hlcðhleÞ ¼ enthalpy of liquid refrigerant
hlgcðhlgeÞ ¼ latent enthalpy of refrigerant

hoc ¼ enthalpy at the outlet of condenser
j ¼ Calburn factor

LcðLeÞ ¼ total length of the heat exchanger tube
m ¼ total heat exchanger mass

mpipe ¼ total refrigerant mass in the pipes
_mv ¼ refrigerant mass flow rate through the expansion

valve
_mcomp ¼ refrigerant mass flow rate through the compressor
Ncomp ¼ compressor speed
Ncond ¼ condenser fan control input
Nevap ¼ evaporator fan control input

Pc ¼ pressure of condenser
Pe ¼ pressure of evaporator
Pr ¼ Prandtl’s number of air
S ¼ slip ratio

St ¼ Stanton number
Ta ¼ air temperature around the heat exchanger
Tic ¼ refrigerant temperature at the inlet of condenser

TrcðTreÞ ¼ saturation temperature of refrigerant
Tsh ¼ superheat

TwfcðTwfeÞ ¼ equivalent temperature of tube wall and fin
Vd ¼ volumetric displacement of compressor

�ccð�ceÞ ¼ mean void fraction of two-phase section
ga ¼ adiabatic efficiency of compressor

gvol ¼ volumetric efficiency of compressor
qv ¼ density of refrigerant through the valve

qgcðqgeÞ ¼ density of vapor refrigerant
qlcðqleÞ ¼ density of liquid refrigerant

qref ¼ density of refrigerant
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