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A varied air volume (VAV) air-conditioning system comprises diverse input and/or output disturbances, which are commonly
nonlinear, with large lag and uncertainty. Based on the traditional control methods, testing the controlling parameters of a VAV
air-conditioning system is challenging. Sliding mode control could improve the robustness of the system due to the adaptive
capacity of disturbance rejection. Moreover, the fuzzy algorithm could be employed to determine the stability of a sliding control
system by adjusting the parameters in the approach rate, reducing the switching frequency, and weakening chatter. Fuzzy sliding
mode control is investigated in this paper to improve the performance of a VAV air-conditioning system. Simulation results verify
that the sliding mode control is suitable for a VAV air-conditioning system to achieve good adaptability and robustness
considering the influence of multiple external variable disturbances. In addition, the chattering of the system is improved after the
introduction of fuzzy control.

1. Introduction

A variable air volume air-conditioning system belongs to an
all-air air-conditioning system, which can automatically
adjust the air supply volume of air conditioning according to
the change in air-conditioning load and indoor air pa-
rameters. However, appropriate control strategies should be
developed to solve the problems caused by the complexity of
the control system because of the intricate VAV air-con-
ditioning system terminal equipment and the high re-
quirements for the overall control of the system.

Many scholars have proposed VAV air-conditioning
control methods. For example, hysteresis relay feedback
control was introduced into the model parameter identifi-
cation of indoor temperature hysteresis characteristics,
thereby providing a new method for the identification of the
characteristics of indoor temperature hysteresis in [1]. For
indoor fresh air demand, the total fresh air flow is dy-
namically corrected on the basis of the detected occupancy

rate of each area and relevant measurement values using
fresh air from the overventilated area [2]. A fault-tolerant
control method was proposed in [3] to control the outdoor
air circulation and AHU supply air temperature, which are,
respectively, related to indoor air quality and humidity, to
meet the ASHRAE standard in a VAV system. A neural
fuzzy structure of a parameter self-tuning decoupled fuzzy
neural PID controller was proposed in [4]. An adaptive
neural network-based supply air temperature controller was
introduced in [5] for the air handling unit in heating,
ventilation, and air-conditioning systems.

2e classical PID control equation with a decoupled
coefficient was used as the Sugeno function to introduce the
following part of the fuzzy rule, which improves the anti-
interference capability of the system. However, some
problems occur when only fuzzy control in air-conditioning
systems is used. 2e two steps do not have a systematic
design method and mainly rely on expert experience and
repeated experiments of designers because of the two
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important steps of fuzzy control design: the quantization
range of parameters and the design of fuzzy rules. In ad-
dition, the design of fuzzy control is not systematic.
2erefore, fuzzy control should be combined with some
other control strategies in most cases to achieve the desired
control effect. Since its emergence in the 1950s, sliding mode
control (SMC) has been proven to be an effective control
strategy for many nonlinear complex physical systems. SMC
has witnessed considerable efforts undertaken in the field of
theoretical analysis and SMC application. 2e following
examples are provided.2e issue of SMC for stochastic semi-
Markovian jump systems was studied in [6, 7] with appli-
cation to space robot manipulators. A sliding mode con-
troller of active magnetic bearing was proposed in [8] to
achieve rotor 3D trajectory control. A constraint design with
a sliding mode strategy was proposed in [9] to improve the
stability of aircraft engine control. A terminal sliding mode
controller was designed in [10] to track the planned speed
signal, which can timely suppress the adverse dynamic
behavior of an electric vehicle after a tire blows out on a
highway. A high-speed nonsingular terminal switch SMCl
strategy for robots was proposed in [11]. 2is strategy en-
hanced the performance of the control system by switching
between the sliding mode controllers according to different
control requirements in different regions of the state space.
A nonsingular terminal SMC algorithm was introduced in
[12] to track the body position of a hexapod walking robot
stably and accurately. 2is algorithm provided a reliable
method to improve the walking and operating capability of a
multilegged walking robot in a special environment. For the
real-time tracking and stability of the control system, [13, 14]
provide a good solution. Considering SMC combined with
the fuzzy method, the research results were also rich. For
instance, a fuzzy SMC strategy was proposed in [15] to solve
the problem of independent control of temperature and
humidity in air conditioners. In [16, 17], the prediction and
dynamic analysis of the data model of the environment
detected by the sensor is helpful to the accuracy of air-
conditioning control. In view of the influence of data noise
obtained by air-conditioning sensors on intelligent control,
the filter designed in [18, 19] can be used to improve the
control accuracy of the indoor environment. A novel in-
tegral fuzzy SMC for T-S fuzzy systems was also proposed in
[20, 21] to address the issues of stabilization and dissipation
(additional details are provided in [22–24] and references
therein).

2is study addresses the issue of SMC design for a VAV
air-conditioning system. A VAV air-conditioning system
with multiinput and multioutput, nonlinearity, large lag,
uncertainty, and other characteristics is suitable because of
the strong robustness of the SMC to the external distur-
bance and modeling dynamics of the system and the ad-
vantages of order reduction, decoupling, fast response, and
easy implementation. However, some problems emerge in
the design of SMC, and the most prominent one is chat-
tering. 2erefore, this study selects the improved power
index approach rate and the parameters of the sliding mode
approach rate through fuzzy control to minimize
chattering.

2. VAV Air-Conditioning System Overview and
Mathematical Model

2.1. VAV Air-Conditioning System Structure. 2e schematic
of a VAV air-conditioning system is illustrated in Figure 1. A
VAV air-conditioning system mainly comprises five com-
ponents: air handling unit, air supply pipeline module, in-
door air supply terminal, electric control unit, and a
common all-air module.

Figure 1 shows the primary VAV return air system. After
the indoor return air and outdoor fresh air are mixed, the
mixed air is cooled and dehumidified and sent to each room.
2e air supply volume of the air conditioner is controlled by
the air supply sensor and the blower at the end of the air
conditioner to achieve the desired indoor temperature.

2.2. Air Supply VolumeControlling of a VAVAir Conditioner.
As shown in Figure 2, the total air supply is adjusted by the
fan speed and the guide vane valve, which is generally re-
ferred to as the fan control. An appropriate coordinated
control algorithm should be designed and adopted to bal-
ance the fan speed and the room temperature by controlling
the total air supply volume. 2ree common parameters are
used to control the fan speed, namely, constant static
pressure, variable static pressure, and total air volume
control. In a prior study [25], a static pressure
reset algorithm was proposed to minimize the static pressure
in the air supply duct while maintaining regional comfort.
2is method is proven to be economical in practice and can
reduce fan power consumption in VAV.

As shown in Figure 3, in a VAV air-conditioning system,
the set value of the air supply temperature could directly
influence the control of indoor temperature. 2e energy of
an air-conditioning system is inefficiently used when the air
supply temperature is substantially high. Meanwhile, uni-
form indoor air supply and minimum fresh air volume are
required when the air supply temperature is substantially
low.2emethods of the set value determination of air supply
temperature mainly include trial, error, and voting methods.

2.3. Room Temperature Control of a VAV Air-Conditioning
System. Room temperature controls physical processes in a
VAV terminal device, which changes the air supply volume
by adjusting the deviation of indoor and desired room
temperatures. 2e terminal of a VAV air-conditioning
system can be divided into pressure-dependent and pres-
sure-independent terminals according to different control
modes.2e pressure-independent terminal is adopted in this
study because of the poor stability of the pressure-dependent
type and serious system coupling. 2e control strategy is
shown in Figure 4. A sliding mode controller is adopted to
the room temperature control in this paper.

2.4. Mathematical Model of Air-Conditioning Room
Temperature. 2e investigated area is an air-conditioned
room, which is located in an office building.2e temperature
of the building is considerably higher in summer and/or
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Figure 1: Structure diagram of the VAV air-conditioning system.
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Figure 2: Diagram of the total air volume of a VAV air conditioner control system.

Set supply
air

temperature 
Regulator Water valve

actuator 
Surface air

cooler 

Temperature
sensor 

Supply air
temperature 

+

–

X

Figure 3: Diagram of the air temperature control of a VAV air-conditioning supply.
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Figure 4: Diagram of the room temperature control of a VAV air-conditioning system.
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daytime. 2e boundary conditions of air-conditioning
rooms are affected by many factors, including solar radia-
tion, internal heat dissipation, lighting energy, and radiation
of walls and equipment. An accurate mathematical model of
such a complex system is unavailable. 2e following as-
sumptions are assigned to simplify the mathematical model
of room temperature.

(1) Temperature is in a uniform distribution status in the
air-conditioned room

(2) 2e air input and output in the air-conditioned room
is in a balanced state

(3) 2e heat storage of enclosures is neglected
(4) Default adjacent rooms have a similar influence on

the air-conditioned room
(5) Other parameters, including heat load of indoor

equipment and individuals, are defined as indoor
heat load interference

Considering these assumptions, the differential equation
of the heat balance of the room based on the law of ther-
modynamics can be obtained as follows:

ρairVcair
dT

dt
� Qr(t) + Qw(t) + Qin, (1)

where V is the volume of the air-conditioned room, m3; ρair
is the air density, kg/m3; cair is the specific heat capacity of
air, kJ/(kg·°C); T is the temperature of the air-conditioned
room, °C; Qr(t) is the heat provided by the air conditioner;
Qw(t) is the indoor sensible heat; and Qin is the indoor
thermal load interference.

Because the air input and output of the air-conditioned
room are in balance. So, Qr(t) is, respectively, expressed as
follows:

Qr(t) � Gscair Ts − T( 􏼁. (2)

2e heat storage of enclosures is neglected. So, Qw(t) is,
respectively, expressed as follows:

Qw(t) � k1F1 Ti − T( 􏼁 + koutFout Tout − T( 􏼁, (3)

where Gs is the air supply volume, kg/s; Ts is the air supply
temperature, °C; k1 is the heat transfer coefficient of the
adjacent room inner wall, kW/(m2·°C); F1 is the heat transfer
area of the adjacent room inner wall, m2; kout is the heat
transfer coefficient of the external wall, kW/(m2·°C); Fout is
the heat transfer area of the external wall, m2; Tout is the
outdoor ambient temperature, °C; and Qin is the indoor heat
load, kW.

3. Design of the Fuzzy Sliding Mode Controller

3.1. Design of the Sliding Mode Controller

3.1.1. Selection and Design of the Sliding Surface and Ap-
proach Rate. An integral sliding surface can smoothen the
torque, reduce the steady-state error of a system, weaken the
chattering, and enhance the stability of a controller. 2e
integral sliding surface can be expressed as follows:

s � e + ks 􏽚

t

0

edt, (4)

where e is the deviation of actual and desired room tem-
peratures; e � T − Td, where T and Td are the actual and
desired temperatures of the air-conditioned room,
respectively.

2e exponential approach rate _s � −εsgn(s) − ks is a
typical approach rate, which can gradually reduce the ap-
proach speed from a large value to zero through the ex-
ponential approach term and help the moving point reach
the switching surface at a low speed. However, if the constant
k is increased, then the convergence rate is accelerated, but
the chattering in the sliding mode stage is strengthened; if
the constant ε is reduced, then the chattering in the sliding
mode stage is weakened, but the convergence rate in the
motion stage is slow. 2e general index approach rate is
usually a compromise method to determine the constant but
does not efficiently solves this problem [26].

2e improved power exponential approach rate is se-
lected to overcome the shortcomings of the exponential
approach rate [27]:

_s � −ε|s|αsgn(s) − ks
β
, (5)

where ε> 0, 0≤ α< , k≥ 0, and β is a positive odd number.
Given that lims⟶ 0+ _s � lims⟶ 0+ − ε|s|asgn(s) − ksβ < 0

and lims⟶ 0− _s � lims⟶ 0− − ε|s|asgn(s) − ksβ > 0, the power
reaching law guarantees the existence of the sliding mode
and the global arrival condition. In particular, when α � 0
and β� 1, the above formula is the exponential approach
rate; when k � 0, the above formula is the power approach
rate.

When the moving point is far from the sliding mode
switching surface, that is, when |s|≥ 1, ε|s|α ≥ ε, and ksβ ≥ k,
the improved power index approach rate has a faster ap-
proach speed than the general index approach rate. When
the moving point is close to the sliding mode surface, that is,
when |s|< 1, ε|s|α ≤ ε, and ksβ ≤ ks, the approach speed slows
down, and the chattering weakens.

3.1.2. Calculation of Control Rate. 2rough simultaneous
formulas (1)‒(3) and setting Qr(t) to u, the differential
equation of the temperature of an air-conditioned room can
be obtained as follows:

ρairVcair
dT

dt
� u + k1F1 Ti − T( 􏼁 + koutFout Tout − T( 􏼁 + Qin.

(6)

2e derivation of formula (4) can then be organized as
follows:

_s � _e + kse �
1

ρairVcair
u + k1F1 Ti − T( 􏼁(

+ koutFout Tout − T( 􏼁 + Qin􏼁 + kse.

(7)
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2e convergence rate of the improved power index
shown in simultaneous formula (5) can be further expressed
as follows:

1
ρairVcair

∗ u + k1F1 Ti − T( 􏼁 + koutFout Tout − T( 􏼁 + Qin( 􏼁

+ kse � −ε|s|
αsgn(s) − ks

β
.

(8)

In order to solve the problem of sensor measurement
noise in sliding mode control, the noise of temperature
measured by an air-conditioning sensor is generally un-
known but bounded, and compared with the measured
temperature, the noise is small, so the stability of the system
can be guaranteed in the case of ignoring the noise.
2erefore, the SMC law based on the improved power ex-
ponential approach law can be calculated as follows:

u � ρairVcair −ε|s|
αsgn(s) − ks

β
− kse􏼐 􏼑 − k1F1 Ti − T( 􏼁

− koutFout Tout − T( 􏼁 − Qin.

(9)

A defined Lyapunov function is provided as follows to
prove the stability of the system:

v �
1
2
s
2
,

_V(s) � _ss � _e + kse( 􏼁s

�
1

ρairVcair
× u + k1F1 Ti − T( 􏼁(􏼠

+ koutFout Tout − T( 􏼁 + Qin􏼁 + kse􏼁s.

(10)

_V(s) � −εs|s|αsgn(s) − ksβ+1 can be obtained by inte-
grating equation (9) into the above equation. 2e limitation
of the approach rate parameters indicates that the value
range of each parameter is ε> 0, 0≤ α< 1, k≥ 0, and β is the
positive odd. 2erefore, _V(s)< 0, and the system is as-
ymptotically stable.

3.2. Design of the Fuzzy Switching Surface

3.2.1. Fuzziness of Approach Rate Parameters. An improved
power index approach rate, which can reduce the chattering
to a certain extent, is selected in this study. A one-dimen-
sional fuzzy controller is proposed in this paper to improve
the air-conditioning system and enhances its robustness in
the operation process and ensures that the system can
quickly access the sliding mode state while suppressing
chattering. 2e comparison between sliding mode con-
trollers without/with the fuzzy controller is investigated
through simulation using the Matlab interface.

2e input signal of the fuzzy adaptive sliding mode
controller is the temperature error e, and the output signal is
the approach law parameters ε and k. 2e fuzzy subsets of
input variables are {negative big, negative middle, negative

small, invariant, positive small, positive middle, positive
big}, which can be shorted as {NB, NM, NS, Z, PS, PM, PB},
respectively. 2e fuzzy subsets of output variables are {NB,
NS, Z, PS, PB}. 2e input quantization is in the (−1, 15)
region, the output ε quantization is in the (0.003, 0.03)
region, and the k quantization is in the (5, 40) region.

2e entire fuzzy SMC process is shown in Figure 5.

3.2.2. Membership Function and Fuzzy Rules. 2e mem-
bership function is selected as a triangle membership
function. Equal values are assigned to the fuzzy subset. 2e
membership functions of the input and output signals are
shown in Figures 6–8.

According to the actual control effect, the fuzzy control
rules of the approach rate parameters ε and k are shown in
Table 1.

According to the above fuzzy rules, when the deviation
signal e is large, the fuzzy control system selects large ε and k
to ensure that the system can approach the sliding surface at
a fast speed. When e is small, the fuzzy control system selects
small ε and k to reduce the approach speed and weaken
system chattering [28].

3.2.3. Fuzzy Reasoning. 2e fuzzy controller in this study is
built with the fuzzy module of MATLAB, and the center of
gravity method is used to solve the fuzzy problem:

ε �
􏽒 εuε(ε)dε
􏽒 uε(ε)dε ​

,

k �
􏽒 kuk(k)dk

􏽒 uk(k)dk
,

(11)

where uε(ε) and uk(k) are the corresponding membership
functions.

4. Simulation Analysis

4.1. Design of a SimulationModel. 2e air-conditioned room
is 5m long, 4m wide, and 3m high. 2e initial temperature
in the room is 30°C, and the air supply temperature is 16°C.
2e temperature change curve is assumed to between 7 : 00
and 19 : 00 in the building area [29], and the temperature
change curves of the next room in the air-conditioned room
are as shown in Figure 9.

Considering that the air-conditioned room belongs to
the office building [14], the following assumptions for the
heat load caused by the change in indoor personnel and the
operation of computers and other equipment are presented
as shown in Figure 10.

4.2. Influence of Approach Rate Parameters on the Control
Effect. When ε and k are, respectively, set to 0.1 and 5,
chattering is evident after the system reaches stability despite
the fast response speed. When ε and k are, respectively, set to
0.001 and 5, the transition time increases despite the re-
duction in chattering as shown in Figure 11.

Complexity 5



4.3. Simulation Model and Results of the Fuzzy Sliding Mode
Controller. When the fuzzy controller designed in Section 4.2
is used, the temperature response curve from 7 : 00 to 19 : 00 is
presented as Figure 12.2e system is robust when the external
variables are substantially disturbed.

2e temperature response curve of the fuzzy SMC is
compared with the curve under the conditions of ε� 0.1 and
k� 5. After the introduction of the fuzzy control, the system
not only has a shorter transition time than the case of ε� 0.1
and k� 5 but also has a small steady-state static difference.
Moreover, fuzzy control can suppress chattering and improve
the dynamic and steady performance of the system. According
to the response characteristics of room temperature under
variable air volume regulation, the delayed response curves of
room temperature under three methods are obtained through
simulation experiments. And the experiments show that in the
process of variable air volume adjustment, the delay caused by
the delay of the end air volume to the fan speed and the air
valve opening adjustment response is much smaller than the
response delay of the room temperature to the room air
volume change as shown in Figure 13.

2e air supply volume of air-conditioned rooms changes
with indoor and outdoor heat loads. 2e air supply volume
of the system at 7 : 00–19 : 00 is presented in Figure 14.

Considering the running speed of the air conditioner
fan, a servo system, in which the air temperature supply
changes with the temperature deviation signal e, is designed
to reduce the energy consumption of the fan. 2e input
signal of the fuzzy controller is the temperature error e, and
the output signal is supply air temperature Ts. 2e fuzzy
subsets of input and output variables are {NB, NM, NS, Z,
PS, PM, PB}. 2e input quantization is in the (0, 10) region,
and the output Ts quantization is in the (10, 16) region. 2e
fuzzy control rules are shown in Table 2.

2e simulation results are shown in Figure 15. When the
fan speed drops, the power consumption of the fan and the
noise generated during its operation can be reduced, thereby
providing a comfortable and quiet office environment for users.
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Figure 5: Flow chart of fuzzy SMC.
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Table 1: Fuzzy control rule table of parameters ε and k.

e NB NM NS Z PS PM PB
ε NB NS PS PB PB PB PB
k NB Z PS PB PB PB PB
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5. Conclusion

Fuzzy SMC has a strong adaptive ability to the disturbance of
systems and parameters. As such, applying it to an air-
conditioning system with a high uncertainty can overcome
the limitations of some traditional control methods and
improve the overall stability of the system. In this study, the
temperature model of an air-conditioned room is estab-
lished on the basis of the characteristics of VAV air-con-
ditioning, an SMC is used to regulate air volume, and the
temperature is successfully controlled. Moreover, a fuzzy
controller is designed in accordance with fuzzy theory to
soften the SMC rate, effectively suppress the chattering of the
system, and improve its dynamic performance.
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