
 

 

 

Abstract—This work is aimed to investigate the regulation 

problem for thermal comfortableness and propose control strategies 

for cabin environment of electric vehicles (EVs) by constructing a 

reduced-scale air-conditioning (A/C) system which mainly consists of 

two modules: environmental control box (ECB) and air-handling unit 

(AHU).  Temperature and humidity in the ECB can be regulated by 

AHU via cooling, heating, mixing air streams and adjusting speed of 

fans.  To synthesize the near-optimal controllers, the mathematical 

model for the system thermodynamics is developed by employing the 

equivalent lumped heat capacity approach, energy/mass conservation 

principle and the heat transfer theories.  In addition, from the 

clustering pattern of system eigenvalues, the thermodynamics of the 

interested system can evidently be characterized by two-time-scale 

property.  That is, the studied system can be decoupled into two 

subsystems, slow mode and fast mode, by singular perturbation 

technique.  As to the optimal control strategies for EVs, by taking 

thermal comfortableness, humidity and energy consumption all into 

account, a series of optimal controllers are synthesized on the base of 

the order-reduced thermodynamic model.  The feedback control loop 

for the experimental test rig is examined and realized by the aid of the 

control system development kit dSPACE DS1104 and the commercial 

software MATLAB/Simulink.  To sum up, the intensive computer 

simulations and experimental results verify that the performance of the 

near-optimal reduced control law is almost as superior as that of 

standard Linear Quadratic Regulator (LQR). 
 

Keywords—Singular Perturbation Technique, Near-Optimal 

Control, Thermal Comfort, Air-Conditioning System. 

I. INTRODUCTION 

UE to global warming and rapid decay of fossil energy 

reserve, recently hybrid electric vehicles (HEV) and 

electric vehicles (EV) have become new targets for the vehicle 

market.  Among them, EV is specifically emphasized, owing to 

its property of zero emission.  The air cooling mode of 

air-conditioning system for gasoline vehicle is realized by the 

compressor driven by engine, but in EV it is by motor (or called 
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electric air-conditioning).  On the other hand, the heating mode 

of air-conditioning system for gasoline vehicle is to employ the 

exhaust heat out of engine, but in EV it is driven by electric 

heater.  For EV, the electric heater definitely consumes 

significantly partial battery energy.  The evolution for EV is 

somehow deterred due to the problem of short mileage.  As to 

the shortcoming of limited mileage, the electric energy 

provided by battery is consumed by air-conditioning system up 

to 30% [1].  Hence how to reduce energy loss for 

air-conditioning system in EV becomes a significant research 

target nowadays.   

In order to analyze and improve the dynamic behavior of the 

air-conditioning system, at first it is necessary to establish the 

dynamic models of the air-conditioned space (ACS) and 

air-handling unit (AHU).  Modeling techniques on air 

conditioning system can be divided into two categories.  One is 

based on thermodynamic/heat transfer theory [2]-[6], while the 

other is based on experimental measurement data and system 

identification such as black-box method [7] and grey-box 

modeling technique [8].   

For controller design, energy consumption is beyond the 

primary concern by these researches.  Instead, the propose of 

this work is to employ an appropriate control policy 

particularly for the EV air-conditioning system such that the 

comfortableness for passengers, least energy consumption and 

electric power efficiency can be all taken into account together.  

To maintain the comfortableness of cabin environment, it is 

necessary to regulate not only interior temperature but also 

humidity.  In order to reduce the energy consumption for 

general air conditioning process, a few optimal control 

strategies were reported [9]-[13].  Nevertheless, the dynamics 

of air conditioning system for EVs is pretty complicated, 

high-order and highly nonlinear.  The singular perturbation 

theory is usually employed to deal with the plant with the 

presence of parasitic parameters.  By singular perturbation 

technique, the plant can be split into two lower-order 

subsystems in two time scales.  For controller synthesis, by 

singular perturbation method, the control laws can be 

developed for slow-mode subsystem and fast-mode subsystem 

separately.  Therefore, the resulted composite control can be 

obtained by summation of the outputs of these two controllers 

[14]-[15]. 

In this paper, a scale-down experimental test rig of air 
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conditioning system to imitate the temperature/humidity of 

cabin in electric vehicle is constructed.  After thermodynamic 

model linearization of system by taking Taylor’s Expansion 

around the operational point, the thermodynamic models of the 

full system are derived and decoupled into two subsystems, 

“Slow Mode” and “Fast Mode”, based on the singular 

perturbation technique.  By considering the comfortableness 

for passengers, least energy consumption and electric power 

efficiency, a series of optimal controllers, namely near-optimal 

regulator, near-optimal reduced control and corrected linear 

quadratic regulator [16], are proposed for the EV 

air-conditioning system.  In addition, the standard LQR plays 

the role of benchmark and is to be compared with the 

preliminarily proposed controllers.  By computer simulation 

results, the efficacy of various optimal controllers proposed by 

this paper is all acceptable, with respect to the benchmark by 

LQR.  The near-optimal reduced control strategy is the simplest 

and carries the least computation load so that it is chosen for the 

efficacy examination by experiments.  The experimental results 

show that under near-optimal reduced control strategy, the 

preset temperature and humidity for cabin can be achieved and 

then retained not only at summer mode but also at winter mode. 

II. THERMODYNAMIC MODEL OF HVAC 

A.  Configuration of HVAC Module 

The HVAC module, shown in Fig. 1, mainly consists of two 

major portions.  One is the cabin, referred to “Environmental 

Control Box (ECB)” in the experimental setup.  The other is 

“Air-Handling Unit (AHU)” which can actively adjust the 

temperature and humidity of ECB.  These two sub-systems are 

to be analyzed and discussed respectively in the following 

sections. 

 
Fig. 1  Schematic of Environmental Control for Electric Vehicles 

 

B.   Thermodynamic Model of Cabin 

The cabin is mainly constituted by two physical elements: 

cabin wall and the air in cabin.  The governing equations of 

energy conservation for the air in cabin and mass conservation, 

due to water vaporization, can be described respectively as 

follows[17]-[19]: 

ININShcIN Vffdtd /))(
~~

(/  

     INppcININcSShcpg VcYYffh   /)
~~

(   

INpaINWINhcfn
IN
W VcSffhhA  /)](/)

~~
(ˆˆ[

3/23/2   

                                                                                                (1) 

WWOfntOOfn
O
WW ChhIhhAdtd /})]ˆˆ/(){[ˆˆ(/

3/23/2
 

WWININhcfn
IN
W CSffhhA /)}(]/)

~~
[(ˆˆ{ 3/2     

(2) 

where SH
WA  is the effective surface area for the solar heat 

radiation applied upon the surface of cabin, SHGF the 

corresponding Solar Heat Gain Factor, SHGC the Solar Heat 

Gain Coefficient, a  the air density in cabin, pc  the specific 

heat constant, INV  the volume of the air in cabin, p   

proportional coefficient, IN  the temperature in cabin, S  the 

temperature of AHU and loadQ  the heat load which causes the 

temperature of the cabin increased.  IN
WA  is the interior surface 

area of the cabin wall, W  the temperature of the cabin wall, 

nĥ  the heat transfer coefficient of natural convection, fĥ  the 

heat transfer coefficient of forced convection and gh  the 

enthalpy of saturated vaporization.  hf
~

 is the volume flow rate 

of air inside the heating section, cf
~

 the volume flow rate of air 

inside the cooling section, O
WA  the exterior surface area of the 

cabin wall,   the absorptance of solar radiation, tI  the 

irradiation of the exterior surface of cabin wall and O  the 

wind speed of ambient environment.   , p  and c  are the 

corresponding coefficients of thermal sensation scale defined 

by ASHRAE (American Society of Heating, Refrigerating and 

Air-Conditioning Engineers) [19].  INY  is the thermal 

sensation scale for the air in cabin and SY  the thermal sensation 

scale for the supplied air by AHU [19]. 

C.   Thermodynamic Model of Air-Handling Unit (AHU) 

 The AHU module, shown in Fig. 1, is mainly constituted by 

the air cooling/heating section, the mixing section and the 

humidifying section.  The equation of energy conservation by 

the heater can be described as follows: 

])/
~
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where HTC  is the heat capacitance of the heater, HT  the 

temperature of the facial surface of the heater and HTP  the 

supplied electric power by electric heater. 

Based on the experimental setup shown in Fig. 1, the 

equations of thermodynamics and absolute humidity inside the 
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humidifying section can be expressed respectively as follows: 

HFShcHhCcmixS Vfffffdtd /])
~~

/()
~~

[(
~

/    

)
~~

/(
~

[
~

hcCcmixpg ffpffh   

phccININh ffYf  )
~~

/()(
~

  

HFppcSS VcY /]/)(                                   (5)              

where hcmix fff
~~~

                                                            

mixf
~

 is the volume flow rate of mixed air composed by the cold 

air component, cf
~

, and the hot air component, hf
~

.  HFV  is the 

total volume of humidifying section. 

D.  Comfort Temperature and Humidity 

The two key factors on thermal comfortableness perceived 

by driver and guests in the car are: (i) air temperature (or called 

dry-bulb temperature) and (ii) relative humidity of air.  The 

corresponding linear regression equation of thermal 

comfortableness can be expressed by [19]-[20]： 

         cvpv ppY   ),(                                         (6)  

where ),( vpY   is the so called “thermal sensation scale”,  

the dry-bulb temperature, and vp  the partial pressure of water 

vaporization.  The physical value of ),( vpY   indicates the 

degree of thermal sensation by human.  The typical values are 

shown in Table I.   
TABLE I   

THERMAL SENSATION SCALE BY ASHRAE 

Value Thermal Sensation 

+3 

+2 

+1 

0 

-1 

-2 

-3 

Hot 

Warm 

Slightly warm 

Neutral 

Slightly cool 

Cool 

Cold 

 

The thermal sensation scale for the air in cabin and the 

supplied air by AHU can be described respectively as follows:  
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To sum up, the thermodynamic model of cabin and AHU can 

be described by these seven state equations ( i.e., (1) to (6) and 

(8)). 

E.   Linearization of System Model 

 Since the air conditioning system is assumed to operate in a 

long time frame but be controlled to remain at certain constant 

temperature and relative humidity, the state equations, (1) to (6) 

and (8), can be linearized by taking Taylor’s Expansion around 

an operational point.  For simplicity, the linearized system 

model around the operational point will be named as “nominal 

plant” hereafter.  The eigenvalues of the nominal open-loop 

system are shown in Fig. 2.  It is observed from Fig. 2 that the 

eigenvalues of the nominal open-loop system can be clustered 

into two groups: fast mode and slow mode.  In other words, the 

HVAC system possesses two-time-scale property.  Therefore, 

the HVAC is a type of singular perturbation system. 
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Fig. 2  Groups of Eigenvalues of Open-loop System 

 

III. MODEL REDUCTION BY SINGULAR PERTURBATION 

The singular perturbation theory is often employed to deal 

with the plant with parasitic parameters.  By singular 

perturbation approach, the original system model can be split 

into two reduced-order subsystems in two time scales, i.e., 

slow-mode subsystem and fast-mode subsystem. 

In this paper, the ratio of volume of AHU with respect to that 

of cabin is defined as the singular perturbation parameter for 

the studied air-conditioning system.  That is, the singular 

perturbation parameter,  , is defined as: 

INHFHT VVV /)(                                                          (9) 

Assume the linearized plant model and the measurement can 

be expressed as follows [16]: 
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where nx , mz , ru  and py . 

The original above (i.e. (10) and (11)) system can be 
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separated into two reduced-order subsystems: 

(i) Slow-mode subsystem ),,( 000 BAM . 

(ii) Fast-mode subsystem ),,( 2222 BAM . 

Hence, the state of the original system, x~ , is divided into 

slow-mode state x , and fast-mode state z .  For different 

seasons, these two state vectors can be defined as follows: 

(i) Summer Mode: 

 T 
WININs Y x                                                   (12) 

 T 
HSSs Y z                                                       (13) 

(ii) Winter Mode: 

 T 
WININw Y x                                                   (14) 

 T 
HTHSSw Y z                                           (15) 

IV. NEAR-OPTIMAL REDUCED CONTROLLER DESIGN 

Since the system submatrix, 22A , for either summer-mode 

or winter- mode is Hurwitz, the order-reduced controller can be 

synthesized by solely taking the slow-mode subsystem model 

into account.  In other words, we can directly ignore the 

fast-mode stable subsystem to obtain the order-reduced 

controller.  Hence, the near-optimal reduced controller can be 

constructed by simplifying as follows [16]: 









 

z

x
FxKBMNRu )( T

00
T
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where F  is the feedback control gain.   

V.   COMPUTER SIMULATIONS 

At the first stage, the proposed control policies: 

Near-optimal regulator, near-optimal reduced control and 

corrected Linear Quadratic Regulator (LQR) are examined by 

intensive computer simulations.  In addition, the standard LQR 

plays the role of benchmark and is to be compared with the 

preliminarily proposed controllers by this work.  The initial 

values and the desired values of the system outputs are 

summarized in Table II and Table III respectively. 
 

TABLE II 

INITIAL VALUES OF SYSTEM OUTPUT 

Preset Initial 

Values of System 

Output 

 Value 

 Summer Winter 

Temperature of air 

in cabin 
)0(IN  C30   C16   

Thermal sensation 

scale of air in cabin 
)0(INY  5062.1  4197.2  

 

TABLE III 

DESIRED VALUES OF SYSTEM OUTPUT 

Set Values of System Output to 

Achieve 

 Nominal Value 

 Summer  Winter 

Temperature of air in cabin e
IN  C25   C22   

Thermal sensation scale of air in 

cabin 
e
INY  0  0  

 

In addition, all the physical quantities of system parameters 

are listed in Table IV.  Under various control strategies, the 

corresponding response of the system outputs, i.e., IN  and 

INY , are shown in Fig. 3 to Fig. 6.  It can be observed that the 

discrimination of the temperature response under various 

control policies is fairly limited.  In other words, by splitting the 

original system model into two reduced-order subsystem 

models: slow mode and fast mode, the efficacy of various 

optimal controllers proposed by this paper is all acceptable, 

with respect to the benchmark by LQR.  Furthermore, even if 

merely the slow-mode model, obtained by singular perturbation 

technique, is employed to replace the original system model, 

the degree of downgraded performance in terms of time 

response of the temperature and humidity regulation by the 

proposed control strategies is still satisfactory, to some extent.  

Since the near-optimal reduced controller is the simplest and 

carries least computation load, it is chosen for the efficacy 

verification of later-on experiments in the next section. 
 

TABLE IV   

SYSTEM PARAMETERS 

Parameter  Value 

Outdoor temperature (summer 

mode) 
SO,  C32   

Outdoor temperature (winter mode) WO,  C7   

Solar irradiation intensity (summer 

mode) 
StI ,  2 W/m450  

Solar irradiation intensity (winter 

mode) 
WtI ,  2 W/m225  

Specific heat of air  pc  CkJ/kg 1.005   

Density of air  a  3kg/m 1.225  

Specific enthalpy of saturated vapor  gh  kJ/kg 2546.8  

Parameters of ASHRAE thermal 

sensation equation 
  -1C0.245   

 p  -13 Pa 100.248   

 c  475.6  

Natural convective heat transfer 

coefficient nĥ  K W/m15 2   

Forced convective heat transfer 

coefficient fĥ  K W/m160 2   

Heat capacity of cabin wall WC  CkJ/ 4.908   

Volume of air in cabin INV  -1C0.245   

Exterior surface area of cabin wall 
O
WA  

 

2m 0.451  

Interior surface area of cabin wall 
IN
WA

 

2m 0.430  

Exterior irradiated surface area of 

cabin wall 

SH
WA

 

2m 0.1  

Absorptance of solar radiation 

 
  %6  

Solar-Heat Gain Coefficient  SHGC  87.0  
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Fig. 3(a)  Temperature of Air in cabin, IN , at Summer Mode 

 

   
Fig. 3(b)  Zoom-up of Lowest of Temperature of Air in Cabin, IN , at 

Summer Mode 

 

 
Fig. 4  Thermal Sensation Scale of Air in Cabin, INY , at Summer 

Mode 

 

 
Fig. 5  Temperature of Air in Cabin, IN , at Winter Mode 

 

 
Fig. 6  Thermal Sensation Scale of Air in Cabin, INY , at Winter Mode 

VI. EXPERIMENTAL RESULTS 

In order to verify the efficacy of the proposed near-optimal 

reduced control strategy, intensive realistic experiments for 

HVAC are undertaken.  The schematic diagram and its 

photography of the test rig are shown in Fig. 7 and Fig. 8 

respectively.  In the experimental test rig, by using the ECB 

(Environmental Control Box) to imitate the vehicle cabin, the 

interface module DS1104 by dSPACE and the commercial 

software MATLAB/Simulink are employed to realize the 

proposed control loops.  The interface module DS1104 acquires 

the voltage signals in terms of the temperature in ECB, IN , by 

the temperature sensor and the relative humidity in the ECB, 

IN , by the humidity sensor respectively.  In fact, the 

ASHRAE thermal sensation scale, INY , which is nothing but 

one of the system outputs, is the linear combination of IN  and 

the partial pressure of water vaporization, vp .  The partial 

pressure of water vaporization, vp , can be obtained as follows 

[21]: 

 INgv pp 
                                     (17) 

where gp  is the saturated vapor pressure. 
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Fig. 7  Schematic Diagram of Experimental Test Rig  

 

 
Fig. 8  Photography of Partial Experimental Test Rig (Outdoors) 

 

By added-on power amplifier circuit modules to drive AHU, 

humidifier and electric heater, the performance of the proposed 

control law: near-optimal reduced control strategy, is 

examined.  The desired system outputs under summer mode 

and winter mode of the ECB are preset in Table V and Table VI 

respectively. 
TABLE V   

DESIRED VALUES OF OUTPUT UNDER SUMMER MODE 

The Variables to be Preset 
Summer 

Mode 

Desired temperature of air in ECB ()
e

IN  C25   

Desired thermal sensation scale of air in ECB 

environment (
e

INY ) 
0  (Neutral) 

 

TABLE VI   

DESIRED VALUES OF OUTPUT UNDER WINTER MODE 

The Variables to be Preset 
Winter 

Mode 

Desired temperature of air in ECB (
e

IN ) C42   

Desired thermal sensation scale of air in ECB (
e
INY ) 

( C42  , RH %50 )  

8316.4  

 

At summer mode, the local temperature of the atmospheric 

temperature is about C30 ~28  .  At winter mode, due to the 

subtropical environment of Taiwan, it is not cold at all.  More 

importantly, in order to accomplish the experiments both for 

Summer Mode and Winter Mode during the same week, we 

always preset the ambient temperature as C30 ~28  .  

However, to imitate Winter Mode, the desired temperature of 

the air in ECB is set as C42   so that it makes sense for the 

heating subsystem, instead of cooling subsystem, to the 

engaged.  In the same manner, the corresponding ASHRAE 

thermal sensation scale for Winter Mode is referred to the 

relative humidity 50% and the temperature C42  . 

The experimental results are shown in Fig. 9 to Fig.12.  At 

summer mode, under near-optimal reduced control strategy, the 

AHU is able to regulate the temperature in the ECB to C25  , 

and limit the temperature  fluctuation in the range of C0.5  , 

as shown in Fig. 9.  In comparison, once the control loop is 

removed, the temperature in ECB, shown in Fig. 9, will be 

continuously increased.  After a certain period of time, the 

temperature of air in ECB, IN , is expected to be far higher 

than the atmosphere temperature since the solar energy is 

continuously absorbed by the ECB.  The ASHRAE thermal 

sensation scale inside the ECB can be controlled to merely vary 

below 0.5 , i.e., the thermal comfortableness zone, and 

maintain at thermoneutral level ( 0Y ), shown in Fig. 10.  On 

the contrary, at winter mode, the AHU can heat the air in the 

ECB to the desired temperature C42  , shown in Fig. 11.  The 

real-time actual ASHRAE thermal sensation scale, shown in 

Fig. 12, gradually merges to the desired value specified in 

Table VI. 

    
Fig. 9 Temperature of Air in ECB, IN , at Summer Mode 
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Fig. 10  Thermal Sensation Scale of Air in ECB, INY , at Summer 

Mode 

 

 
Fig. 11  Temperature of Air in ECB, IN , at Winter Mode 

 

 
Fig. 12  Thermal Sensation Scale of Air in ECB, INY , at Winter Mode 

VII.  CONCLUSION 

In this study, a scale-down test rig of Heating, Ventilation, 

and Air Conditioning (HVAC), which mainly consists of the 

Environmental Control Box (ECB) and the Air-Handling Unit 

(AHU) to imitate the environment of cabin in vehicle, is 

constructed.  The AHU module is constituted by the air 

cooling/heating sections, the mixing section and the 

humidifying section.  The thermodynamic models of ECB and 

AHU are successfully derived and can be described by seven 

state equations.  By system model linearization and singular 

perturbation technique, the studied system can be decoupled 

into two order-reduced subsystems: slow-mode subsystem and 

fast-mode subsystem.  A series of optimal controllers, namely 

near-optimal regulator, near-optimal reduced control and 

corrected linear quadratic regulator, are proposed for the 

studied HVAC system.  According to the computer simulation 

results, the efficacy of various optimal controllers developed by 

our work is all acceptable, with respect to the benchmark by 

LQR.  The near-optimal reduced control strategy is the simplest 

and carries the least computation load so that it is chosen for the 

follow-up efficacy examination by experiments.  The 

experimental results show that under near-optimal reduced 

control law, AHU is able to regulate the temperature in the ECB 

to C25  , and continue to stay thermoneutral at summer mode.  

On the other hand, at winter mode, the AHU is able to heat the 

air in the ECB up to the preset temperature.  In addition, the 

time response of actual ASHRAE thermal sensation scale 

gradually tends to achieve the desired value.  By experiments, it 

is preliminarily verified that the near-optimal reduced control 

strategy is almost as superior as that by Linear Quadratic 

Regulator (LQR). 
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