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Abstract: This study aims to control indoor temperatures in an air-conditioned room to ensure the occupant’s thermal
comfort while minimizing energy consumption. In the literature, controlled simulations of air conditioning systems
usually assume that the indoor air is perfectly mixed. This assumption provides little information on spatial temperature
and air flow. By contrast, this study deals with imperfectly mixed air. A computational fluid dynamics method is used to
model an air-conditioned room and links this model with controllers. A self-tuning controller can monitor plant changes
based on recursive estimation and adjusts control parameters to meet desired performance. Therefore, this study
develops self-tuning controllers to control room temperature. Disturbances of varying temperature are exerted to
investigate control performance. This paper compares the performance of a self-tuning linear quadratic controller and
a self-tuning proportional-integral-derivative (PID) controller. Simulation results show that both controllers track
desired temperatures well. Compared with the self-tuning PID controller, the self-tuning linear quadratic controller
yields less overshoot with a slower response. The proposed method in this study is validated by experimental results.

Keywords: imperfectly mixed air, room temperature control, self-tuning control

Introduction

Automatic control of air-conditioning systems can
help improve thermal comfort and energy savings. The
literature on controlled simulations assumes that indoor
air is perfectly mixed [1, 2]. However, indoor air is in fact
not perfectly mixed and rooms may feature significant
temperature gradients. Computational fluid dynamic (CFD)
models provide detailed information on a flow field.
Therefore, the literature has focused on the development
of CFD models [3] as the basis for designing air conditioner
controllers [4]. CFD-based control simulations have the
advantage of low costs in dealing with various conditions
such as different climate conditions and different
controllers.

A CFD method [5] is a numerical method used to
solve fluid flow and heat transfer problems, whose
fundamental equations are governed by Navier-Stokes
equations. CFD can be used to describe the spatial-
temporal distributions of temperature field, fluid velocity,
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pressure, and particle concentration. The distribution data
are used to evaluate and optimize designs such as
assessing thermal comfort under different operation
conditions of air-conditioning systems [6]. Furthermore,
visualization of data generated by a CFD method helps
understand flow pattern and analyze fluid flow
characteristics. In computer simulation, the coupling of a
CFD model and a controller can validate control
performance in simulated environments without
restrictions of space and experimental devices.

To design model-based controllers, a mathematical
description is required. There are two basic forms used:
transfer functions and state-space equations. For control
systems based on CFD numerical simulations, parameters
and orders of transfer functions are commonly
determined using mathematical identification techniques
with certain criteria [4, 7] such as the coefficient of
determination and Young identification criterion or using
a data-based mechanistic method [8, 9]. State-space
forms are established by discretizing energy equations
based on finite volume schemes [10]. Since the state-
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space model is a high-order model, the literature uses a
proper orthogonal decomposition technique to obtain a
reduced order thermal model in a room and this model is
used to design controllers [10]. In addition, a velocity
propagation method [11] has also been proposed to
obtain thermal models for control design.

For control simulations in an air-conditioned room
based on CFD modeling, most studies used a model
predictive control [4, 8-10], genetic algorithm optimized
neural proportional-integral-derivative (PID) control [11]
or proportional-integral (Pl) control [7]. Although self-
tuning controllers can monitor plant changes through
online system identification and control parameter tuning,
few studies have investigated self-tuning controllers in an
air-conditioned room established by CFD modeling.
Moreover, model parameters in an air-conditioned room
may change due to environmental variations or
disturbances. Therefore, this study develops self-tuning
controllers to control room temperature in an air-
conditioned room in a way that integrates the controller
into a CFD environment and evaluate temperature control
performances under varying reference inputs and
disturbances.

Integration of Indoor Thermal Model and
Controllers

To integrate a controller and an indoor thermal
model established by CFD, this study uses a CFD software,
COMSOL, which is highly compatible with the control
design software MATLAB/SIMULINK. SIMULINK can deal
with partial differential equations based models through
COMSOL [5]. Figure 1 depicts the proposed integrated
framework. MATLAB is used to implement control
algorithms and compute a control input which is imported
to the CFD software and changes boundary conditions.
CFD simulates heat transfer and flow dynamics according
to physical equations, material properties, initial
conditions, and boundary conditions.
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Figure 1. Integrated framework for designing controller with CFD
modeling.

The temperature at a measurement point is fed back
to a controller. A model geometry is built in CFD. At the
beginning of the first time step, initial conditions and
boundary conditions are defined by users. After the first
time step, in each time step initial conditions are updated
according to the previous solution stored in the memory
of the CFD software and the boundary conditions are
changed according to the control inputs.

In this study, digital self-tuning controllers are
adopted in a CFD environment. The sampling period is
prescribed as 10 s. The supply air temperature is treated
as a control input and is applied at the inlet boundary.

Indoor Thermal Model

Navier-Stokes equations are used in this study to
describe the temperature distribution in a
Governing equations based on mass, momentum, and
energy conservation are respectively are written as [12]

room.

op

ot

p% +p(a-V)i = —VI:p+ u(va+(vay )}Lﬁ (2)

+V-(pti)=0 (1)

pcpaa—:+pcpl7-VT=V~(kVT)+Q (3)

where p denotes the density, (j the velocity vector, p the
pressure, [ the volume force; T the temperature, ¢, the
specific heat, k the heat conduction coefficient, and Q the
heat The indoor air assumed to be
incompressible. Therefore, (1) can be rewritten as

source. is

V-u=0

(4)

As depicted in Fig. 2, this study deals with a vertical
plane in an air-conditioned room. The room is 5.80 m in
width and 2.27 min height. The measurement point in the
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room is 0.7 m from the ground and 3.2 m from the left
wall. An air conditioner is located 2.22 m from the ground
on the left wall.

CFD simulations require the thermal and flow
boundary conditions and initial conditions. As depicted in
Fig. 2, the air inlet blows cool air from the air conditioner.
The thermal and flow boundary conditions at the inlet are
respectively defined as temperature and velocity. The
inlet temperature or supply air temperature is treated as
a control input in the control algorithm and is calculated
by a controller. The inlet velocity is prescribed as 5.8 m/s
and the angle of the velocity is 45° below the horizon. The
position of return air in the air conditioner is prescribed as
an air outlet. The thermal and flow boundary conditions
at the outlet are defined as

H Outlet Ceiling
Y‘SV
Blow direction of
cool air at inlet
o~ Air conditioner
N
o Wall Measurement point Wall
=]
o
S Floor
320 m
5.80m

Figure 2. Dimension of an air-conditioned room.

Neumann conditions [5]. In Fig. 2, the thermal
boundary conditions for the walls, ceiling, and floor are
treated as temperature conditions. The temperature on
both the ceiling and floor is prescribed as 30°C. Figure 3
shows the temperature variation of the walls. The flow
boundary conditions on the walls, ceiling, and floor are
treated as no-slip boundary conditions, where the velocity
is prescribed as zero. The initial temperature and velocity
of indoor air are respectively 30°C and 0 m/s. After
defining the boundary conditions and initial conditions,
the model is discretized by finite element mesh for
subsequent computation.

To verify the simulation model, experiments are
carried out and Figure 4 compares temperature variations
at the measurement point in depicted Figure 2 between
experimental data and simulation results. Both are found
to be consistent. Temperature was measured using a
Twintext TE-702D which provides a measurement range
and accuracy are of -10.0 to 50.0°C and +0.6 C,
respectively.

Self-tuning Control

Self-tuning controllers provide adaptive control for
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plants whose parameters vary or are not completely
known [13]. Such controllers combine online recursive
system identification with a selected controller. A
recursive least squares method is used to identify plant
parameters which are then tuned based on the updated
plant parameters and a control law. Figure 5 depicts the
block diagram of a self-tuning controller.
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Figure 3. Temperature variation on the left and right walls due to
environmental disturbances.
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Figure 4. Comparison between experimental data and simulation results.
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Figure 5. Block diagram of a self-tuning controller where w is a reference
input, u is a control input, y is a plant output, d is a disturbance, and @
is an estimated model parameter.

To design a self-tuning controller, an autoregressive
exogenous model (ARX) is expressed by
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y(k)=O" (K)D(k —1) +n(k) (5)
where y(k) is a plant output at the kth sample interval, n(k)
is a non-measurable random component, @7(k) is a
parameter vector written as @7 (k) = [a1, @2, .. Gna, b1, b, ...,
bnb, di, do, ..., dnd], and D(k-1) is a regression vector written
as ®'(k-1)= [-y(k-1), -y(k-2), .., -ylk-na), u(k-1), u(k-
2), ...,u(k-nb)] where u(k-1) is a control input at the (k-1)th
sample interval.

Real plants usually differ from mathematical models
used to describe them. In addition, model parameters are
affected by the alteration of operating points and external
disturbances. Thus, system identification is required. The
commonly used method for parameter estimation is a
recursive least square method. In recursive identification,
new parameters are estimated using new measured data
to update old estimated parameters. An exponential
forgetting method [14] is presented, where the forgetting
factor exponentially reduces the influence of old data on
parameter estimation.

According to a recursive identification method [13,
15], the parameter vector is computed by

Clk—1)D(k—1) ,

O(k) =0(k—1) + 1 k1) e(k)

(6)

where é(k) =y(k)—O(k—1)®(k —1) is a prediction error,
C(k—1)=@ (k—1)C(k—1)D(k—1) is an auxiliary scalar
and C is a rectangular covariance matrix. If ¢(k—1)>0,
then C(k) is computed by a recurrent algorithm

C(k —1)®D(k —1)D" (k —1)C(k — 1)

Cli) =Clk—2)~ e (k-1)+ C(k—1) )
where
1—g(k)
k-1) = (k) —
slhet) =gk - P (®)

If S(k—1)=0,then C(k)=C(k-1). Aforgetting factor (k)
is updated by the relation
Plk) = {1+(1+p)[|n(1+§(/<—1))]
k— k—
+{(V( 1)+1)n(k-1) _1}

1+¢(k—1)+n(k—1)

¢(k-1) -
1+¢(k—1)

(9)

where p n(k)=&*(k) / A(k),

v(k)=g(k)[ (v(k—1)+1)], and

is a constant, 0<p<1,
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A(K) :¢(k)[ﬂ(k—1)+ﬂ} (10)

1+ (k—1)

In this study, initial conditions for recursive
identification are C(0)=10%l, #(0)=1, A(0)=0.001, v(0)=10
6, and p=0.99. Assume that na and nb are 2 in the
regression vector @(k-1) in (5) and the order of the control
plantis 2. Therefore, the transfer function of the plant can
be written as

_ B(z') bz'+bz?

G(z*? =
(") AzY) 1+a,z'+a,z”

2 (11)

where the parameters ai, a2, b1 and b, are calculated by
the recursive identification method.

The following subsections describe a PID controller
and a linear quadratic controller. Both controllers are used
in self-tuning controllers.

Self-tuning Proportional-integral-derivative Control

A PID controller [13] is the feedback control method
extensively used in automatic control. The controller is
composed of a proportion part, an integral part, and a
derivative part and the controller output is the summation
of the outputs of the three components.

This study adopts a PID controller [13] in the self-
tuning PID controller and is written as

u(k) =K, {y(k —1)-y(k)+ +%[w(k) —y(k)]
I ' (12)
+?"[2y(k —1)—y(k)—y(k - 2)]} +ulk—1)

where w(k) is a reference input, K , is a proportion gain, T;
is an integral time constant, Ty is a derivative time
constant, and Ts is a sampling period of 10 s. Three
parameters of PID are determined by

T
K, :O.GKPU[l——j (13)
T,
_ _Kolu
"1.2k, (14)
7, = Kelo (15)
40K,

where Ky, is an ultimate gain and T, is an ultimate period.
According to the relation of calculating the ultimate
parameters for the second order model proposed by [13],
if the condition

1-a,+a)’ —4<0 (16)
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is satisfied, Kou and T, are determined by

1-a,

T b

27T,

K. = =
cos '((a, —1-a)/2)

pu

(17)

If the condition (16) is not satisfied, K, and T, are
determined by

(18)

Kou and T, are computed in every sampling period
according to updating identified parameters.

Self-tuning Linear Quadratic Control

A linear quadratic controller [15] attempts to find
the control action such that a quadratic performance
criterion J is minimized:

J= 3] [wlk)—y I +a, [utk)] ) (19)

k=0

where gu=0 is a penalization constant, which penalizes
the control input so as to reduce energy consumption
inside an air-conditioned room. In this study, qu is
prescribed as 0.01. If the model is designed based on a
polynomial input-output model, the block diagram is
depicted in Fig. 6, where P(z1), Q(z!), and R(z!) denote
polynomials for the controller that contains a feedback
part and a feedforward part.

Based on the minimum criterion (19), the control
parameters P(z'), Q(z!), and R(z!) are obtained by
performing the spectral factorization and solving two
polynomial equations [16]. The spectral factorization D(z°
1) is a polynomial and satisfies [15]

A(z")q,A(z) +B(z" )B(z) =D(z" )-S5 - D(z) (20)
where A(zY)=1+a1z'+a2z? and B(z')=biz'+b,z? are
polynomials of the control plant, D(z!)=dot+d1z +d>z? is
the spectral factorization, and § is a constant so that do=1
in this study. In addition, conditions based on the Routh
stability criterion

1-d?>0
1+d,)>—d? >0

(21)
(22)

have to be satisfied for the stability of the polynomial D(z
1). By solving (20), (21), and (22), constants of d1 and d> in
D(z) are computed by
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d, = 23
s m, (23)
m
d=— (24)
where
2 2
soAtNAT—Am \/’12—4’”2 (25)
m, m, g
A=——m, + (—°+mzj -m; (26)
2 2
mo=q,(1+a +a2)+b +b2 (27)
my =q,(a, +a,a;)+ b b, (28)
m, =q,a, (29)

Polynomials P(z) and Q(z?) in Fig. 6 are the solution of

the equation [15]:

Al(zV)P(zY)+B(z")Q(z")=D(z") (30)
where P(z1)=potpiz! and Q(zY)=qot+qiz’! in this study.
Constants po, p1, go, and g1 are determined by solving (30).
Moreover, polynomial R(z!) is determined by solving

D, (z)S(z*)+B(z*)R(z") =D(z™) (31)
where Dy(z') denotes a polynomial denominator of a
reference input w(z!) and S(z?) is a by-product, which
doesn’t need to be calculated in the tuning process. Since
the reference input is a step input in this study, Du(z1)=1
—z1 After P(z1), Q(zY), and R(z1) are determined by using
(30) and (31), based on Fig. 6, the control input u(k) is
formulated as

_R(z") Q)
u(k)—P(z,l)w(k) P(z,l)y(k) (32)
W REY | W By |
1P - 1OAGEY -
,,,,,,,,,,, Plat
Q(zY)
P(z ™)
Controller

Figure 6. Block diagram of a linear quadratic controller with a plant.
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Simulation Results of Self-tuning
Controllers

Control simulations were conducted to evaluate the
performance of the self-tuning controllers. The lower
bound of the control input is prescribed as 18°C. The
desired reference temperature trajectory is initially
defined as 26°C with step changes to 27°C at 10 min and
25°C at 20 min. Two disturbances are exerted to evaluate
controller effectiveness. One disturbance represents an
estimated temperature variation near two walls due to
heat transfer through the walls from outside. Figure 3
depicts the temperature variation due to the disturbance.
The other disturbance is exerted to account for unsteady
operating conditions of the air conditioner and is
prescribed as +1°C of the supply air temperature from 830
s to 1030 s. Figure 7 compares temperature responses of

self-tuning controllers in the room subjected to
disturbances.
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Figure 7. (a) Overall temperature responses and (b) partial enlargement
responses by using self-tuning LQ and self-tuning PID controllers at the
measurement point in a room subjected to disturbances.

In Fig. 7(a), there is a little overshoot following the first
reference temperature of 26°C. However, the self-tuning
PID controller yields less overshoot in the later step up and
step down of the reference temperature. The self-tuning
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LQ control almost has no overshoot in the later step up
and step down of the reference temperature. The
overshoots of both self-tuning controllers during the
period of the first reference temperature of 26°C are
larger than that of the later reference temperatures
because the self-tuning controllers need more time steps
to approach plant parameters. In Fig. 7(b), although the
supply air temperature is subject to disturbances, the self-
tuning controllers keep the temperature close to the
reference temperature and just have a little oscillation
since the controllers can quickly compensate the effect of
disturbances. The overall system responses demonstrate
that the self-tuning controller can follow the reference
temperature even if the thermal model is nonlinear and
disturbances exist. A comparison of results shows that the
self-tuning PID controller responds faster than the self-
tuning LQ controller. However, both settling times are
close except during the period of the first reference
temperature of 26°C. Furthermore, the LQ controller
yields less overshoot in transient response and less
oscillation under the influence of the disturbances.

Variations of the supply air temperature shown in
Fig. 8 influence the pattern of the temperature
distributions at 1800 s depicted in Fig. 9, because the
variations of the supply air temperature influence air
thermal convection, which in turn affects air flow and thus
the pattern of temperature distribution. If the supply air
temperature is lower, a temperature difference between
the supply air temperature and wall temperature will
increase and air convection will become stronger. In Fig. 8,
at 1800 s the supply air temperature of the self-tuning PID
controller is lower than the self-tuning LQ controller. As a
result, Fig. 9 shows that the LQ controller and PID
controller yield opposite temperature distributions,
where the PID controller results in a lower supply air
temperature and hence a cooler zone far from the air
conditioner, while the LQ controller results in a higher
supply air temperature and hence a cooler zone near the
air conditioner.

30
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N
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Figure 8. Comparison of supply air temperatures treated as control input
using between self-tuning LQ and self-tuning PID controllers.
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Although this study is focused on a small room, the
proposed method can also be extended to deal with large
rooms such as auditoriums by first modifying the model
geometry and increasing the number of finite elements.
Although the temperature distribution may differ with
room size and geometry and it may take longer time to
reach steady state temperature for large rooms, the
temperature can be kept around the reference
temperature by means of adapting the self-tuning
controllers.
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Figure 9. Temperature distributions at 1800 s in a room resulting from (a)
self-tuning LQ controller and (b) self-tuning PID controller in Figure

To investigate effects of different outlet positions,
the outlet position was moved to a lower right corner in
Fig. 10(a), and Fig. 11(a) shows that the temperature
oscillations and overshoots of both controllers are larger
than those depicted in Fig. 7(a) resulting from the original
outlet position. However, the temperature responses can
still be regulated around the reference temperature.
Moreover, if the outlet position is located at a lower left
corner as in Fig. 10(b), Fig. 11(b) shows that the LQ
controller also yields good control performance. The
response of the LQ controller is smooth and has less
oscillation. And the LQ controller yields no overshoot
except during the period of the first reference
temperature of 26°C. Compared with Fig. 7(a) with the
original outlet position, when the outlet position is
changed to the lower left corner, the PID controller yields
larger oscillation and overshoot during the period of the
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first reference temperature of 26°C. However, the
overshoot and oscillation are reduced during the period of
later reference temperatures. In addition, the
temperature response using the PID controller can be kept
around the reference temperature.

(a)

(b)
Figure 10. The same room as Figure 2 but the outlet position is moved to
(a) the lower right corner and (b) the lower left corner.

Conclusion

To achieve thermal comfort, this study coupled self-
tuning PID and LQ controllers with CFD modeling.
Simulation results show that both self-tuning controllers
perform well in the inherent nonlinear model with
disturbances exerted on the boundary and a varying
reference input. This results from the adaptability of self-
tuning controllers. The controllers can adequately monitor
parameter changes and adjust control parameters.
Concerning transient behavior, the self-tuning LQ
controller yields less overshoot and slower response than
the self-tuning PID controller. This is attributed to the
penalization factor, as depicted in (19), in the LQ controller.
Experimental results shown in Fig. 4 validate the present
model. If the outlet position is moved to the lower right or
the lower left corner, the self-tuning controllers yield
larger oscillation and overshoot than those resulting from
the original outlet position. However, responses of self-
tuning LQ controller with the outlet at the lower left
corner are as good as those from the original outlet
position. In addition, the temperature responses can still
be regulated around the reference temperature by the
self-tuning controllers when the outlet position is changed.
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Figure 11. Temperature responses by using the self-tuning LQ and PID
controllers when the outlet position is located at (a) the lower right
corner and (b) the lower left corner.
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