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A B S T R A C T   

State-of-the-art model predictive control (MPC) applications have been performed in various heating and cooling 
systems of buildings, such as fan coil unit systems and radiant floor heating systems. However, there is also a 
significant potential for improved zone air temperature control for better thermal comfort and efficient energy 
savings in increasingly prosperous radiant ceiling cooling systems. In this research, the physics-based model was 
developed by applying the building envelope configuration and material property information. The reduced- 
order model of the original radiant ceiling cooling system model was then simplified using the balanced trun-
cation method for reducing computational cost and maintaining a comparative model accuracy. The model 
predictive control of radiant ceiling cooling systems was proposed for zone air temperature tracking, allowing the 
system to be more robust and adaptive to external thermal disturbances such as solar radiation and ambient 
temperature. The superior performance of model predictive control in terms of accurate zone air temperature 
tracking and energy efficiency was evaluated by a simulation compared to PID control and conventional bang- 
bang control in both continuous and intermittent operation. The proposed model predictive control can achieve 
21%–27% and 6% energy saving efficiency, compared with PID control and conventional bang-bang control, 
respectively. And there is rarely any overshoot or steady-state error presence for the zone air temperature, which 
demonstrated the significant potential of the robust model predictive control for better thermal comfort and 
efficient energy savings in growing prosperous radiant ceiling cooling systems.   

1. Introduction 

As one of the three major energy consumption and carbon emissions 
areas along with industries and transportation, buildings account for 
about 1/3rd of China’s total energy consumption and about 70% in 
other countries of the world such as the United States where building 
heating, ventilation, and air conditioning systems (HVAC system) ac-
count for a significant portion of a building’s energy consumption [1,2]. 
Therefore, the energy-efficient operation of building HVAC systems is 
extraordinarily significant for promoting energy efficiency and carbon 
neutrality in the building sector and society as a whole [3]. Radiant 
cooling systems [4] have a great potential for energy-efficient opera-
tions because they have the advantage of being coupled with 
low-temperature heat sources, such as air energy and other renewable 
energy sources, to increase the water supply temperature of the cooling 
system. This, in turn, contributes to the performance enhancement of 
system chillers [5]. 

Therefore, there is a lot of research literature related to the 

evaluation of performance indicators and control strategy [6,7] opti-
mization for radiant cooling systems. Jingjuan (Dove) FENG et al. [8] 
summarized the design approach for radiant cooling systems and iden-
tified potential gaps and limitations in design practice through 12 sur-
veys, eight interviews with key practitioners, and a literature review. 
The chilled water temperature control of radiant cooling systems should 
not only meet the requirements of a comfortable indoor thermal envi-
ronment but should also pay attention to anti-condensation on the 
radiant surface. In the literature, Muhammed A. Hassan [9] has stated in 
the literature that adjusting the chilled water temperature or flow rate 
was usually considered as one of the various methods to achieve an 
optimal control operation of the system. However, it was much more 
reliable to control the radiant surface temperature or the average water 
temperature in practical applications. A model predictive control (MPC) 
based intelligent operation strategy was proposed by Jaewan Joe [10] to 
optimize the performance of hydronic radiant floor systems in office 
buildings by dynamically estimating the zone loads, and temperatures, 
and minimizing the energy consumption and costs while meeting the 
equipment and thermal comfort requirements. The research results 
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showed a 34% cost savings for the MPC over a baseline feedback control 
during the cooling season. The thermal response index, namely the heat 
storage efficiency (HSE), of radiant cooling systems was tested by Michal 
Krajcíd et al. [11] Cooling systems with different combinations of tube 
locations, material layer structures, and heat core materials were 
compared. In addition, a new thermal output index (ETO), i.e., an 
effective thermal output, was proposed which considered both the 
steady-state thermal characteristics represented by the nominal heat 
output and the dynamic thermal characteristics represented by the 
thermal storage efficiency. Xiufeng Pang et al. [12] showed that a 
simplified MPC approach applied to radiant panel cooling systems can 
achieve more energy savings than conventional control strategies [13]. 
This can be done through field experiments, yielding 42% chilled water 
pump power and 16% cooling energy savings, while guaranteeing equal 
or better indoor comfort. 

Despite the excellent energy-saving potential of radiant cooling 
systems [14], the control of current cooling systems may not take full 
advantage of the low temperature heat sources [15], especially when the 
building cooling load and outdoor environmental parameters change 
dynamically [16]. In addition to this, the energy-saving potential of the 
system under variable water temperature control is supposed to be fully 
explored to improve the adaptability to the outdoor thermal environ-
ment as well. This means that the water temperature can be increased to 
achieve an energy efficient operation of the system when the radiant 
ceiling cooling system is carried with a lower cooling load [17]. The 
objective of this study is to develop an MPC [18] for radiant ceiling 
cooling systems to improve the system’s adaptation to the environment 
and to evaluate the energy saving potential of the MPC using simulation 
methods. 

Extensive research has been conducted for decades on the applica-
tion of MPC in the architecture field [19–21]. Ján Drgoňa [22] 
demonstrated the excellent performance of the MPC through the actual 
operating results of a ground source heat pump (GSHP) system [23] that 
yielded significant energy savings of 53.5% of energy use and 36.9% 
improvement in thermal comfort during the most unfavorable seasons. 
Jian Fang et al. [24] proposed an MPC-based optimal control strategy for 
different application scenarios and defined the conversion efficiency as 
the ratio between PMV change and energy consumption reduction, 
resulting in an efficiency improvement of 29.2%–49.8%. Furthermore, 
the optimal control of a plate heat exchanger using MPC was investi-
gated through a large-scale case study. The experimental results showed 
that the control response of the system can be improved and the energy 

consumption can be reduced by introducing soft constraints in the MPC 
design [25]. An experimental and numerical study of model predictive 
control of hybrid ventilation [26] was performed in an institutional 
building, focusing on improving thermal comfort. The experimental 
results demonstrated that the proposed control strategy can increase the 
energy-saving potential by a factor of five at the expense of thermal 
comfort [27]. 

Shiyu Yang et al. [28] found that the MPC control achieved energy 
savings of 14.7% and 20% for conventional fan coil unit systems and 
active chilled beam systems, respectively, while keeping the indoor 
thermal comfort within acceptable limits. This demonstrated that the 
application of MPC controllers can effectively improve the energy effi-
ciency of ACMV systems (air conditioning mechanical ventilation sys-
tems). Sophie Yuan et al. [29] evaluated the energy-saving performance 
of applying the MPC to a hybrid ventilation system for buildings with 
high thermal capacity. Using the humidity ratio instead of relative hu-
midity as a criterion for evaluating outdoor air can extend the effective 
use of the system by 49%–180% within one year. Dongliang Zhang et al. 
[30] evaluated the energy-saving potential of the RFCUV (radiant floor 
cooling combined with the underfloor ventilation) system. The MPC 
controller achieved 17.5% energy savings while maintaining equal or 
better indoor comfort. Besides, MPC showed the advantages of a fast 
response, excellent stability, and efficient energy savings compared to 
PID for RFCUV systems. Moreover, they also evaluated the 
energy-saving potential of the MPC applied to the RCCUV (radiant 
ceiling cooling integrated with the underfloor ventilation) system in 
Nanjing. The MPC controller reduced the energy consumption of the 
RCCUV system by 13.2%, compared to the PID (proportion integral 
differential) controller during the 2-h experimental period, confirming 
that the optimal performance of the MPC is superior to the PID control 
[31]. Mohammad M. Mazar [32] applied the MPC to minimize the en-
ergy consumption during the boiler’s start-up time, using a building 
model combined with weather forecast data to operate the actuator in 
the best possible way while staying within the thermal comfort limits. A 
comparative analysis with conventional control methods showed that 
the proposed MPC saved 13% energy during the boiler’s start-up time. 

Besides, various research on the MPC has been carried out in the field 
of the large-scale PV plant [33], integration of zone air temperature 
integrated with humidity control [34,35], hybrid geothermal systems 
[36], space heating systems [37], etc. The current research on MPC 
optimization has focused on the conventional building heating or cool-
ing system [38,39], such as fan coil unit systems [40,41] and radiant 

Nomenclature 

C̃air The heat capacity matrix of the zone air 
C̃c The heat capacity matrix of the radiant ceiling 
C̃w The heat capacity matrix of the building envelopes 
Hz The conductive heat transfer coefficient matrix of the 

radiant ceiling 
Hzc The radiant heat transfer coefficient matrix of the radiant 

ceiling 
Hzw The convective heat transfer coefficient matrix of the 

radiant ceiling 
Hw The conductive heat transfer coefficient matrix of the 

building envelopes 
Hwc The radiant heat transfer coefficient matrix of the building 

envelopes 
Hwz The convective heat transfer coefficient matrix of the 

building envelopes 
λ Thermal conductivity, W/m⋅K 
c The specific heat capacity of the envelope layers, J/

(kg ⋅◦C)
Rx The conductive thermal resistance of the core layer in the 

radiant ceiling, m2⋅K/W 
Rw The convective thermal resistor on the internal buried pipe 

surface, m2⋅K/W 
Rr The conductive thermal resistor of the buried pipe, m2⋅K/

W 
Rx The conductive thermal resistor of the core layer of the 

radiant ceiling, m2⋅K/W 
Tc The vector of temperature nodes of the radiant ceiling, ◦C 
Tw The vector of temperature nodes of the building envelope, 

◦C 
Tz The vector of temperature nodes of the zone air, ◦C 
qc The heat flow matrix for the radiant ceiling 
qw The heat flow matrix for the building envelopes 
qz The heat flow matrix for the zone air 
Wc The controllability Gram matrix 
Wo The observable Gram matrix 
Γ The Hankel matrix  
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floor heating systems [42], while few studies have been conducted to 
evaluate the energy-saving potential of ceiling radiant cooling systems. 
At present, the comprehensive research on a state-of-the-art MPC 
applied to radiant ceiling cooling systems should be fully developed to 
facilitate the application of this system more and more widely in the 
future. 

Section 2 introduces the model formulation of the radiant ceiling 
cooling system based on the physical properties of building envelope 
materials and geometric dimensions where the developed model’s ac-
curacy was validated through the comparative analysis of the experi-
ment and simulation results. The model order reduction based on the 
balanced truncation method is carried out for the simplification of the 
higher-order model of the radiant ceiling cooling system in Section 3. 
Then the MPC framework, as illustrated in Section 4, aims at improving 
the energy efficiency, the dynamic response performance as well as the 
PID control, and the conventional bang-bang control while taking the 
external thermal disturbances such as solar radiation and ambient 
temperature as predictable parameters. The simulation results indi-
cating the dynamic response performance and energy-saving potential 
under continuous and intermittent operations are exhibited in Section 5. 
Finally, the conclusions of the evaluation of MPC applications available 
for radiant ceiling cooling systems are provided in Section 6. 

2. Building model development 

2.1. State-space representation of the radiant ceiling cooling system 

The experimental cell for the radiant ceiling cooling system is located 
on the fourth floor of the experimental building of Chongqing Univer-
sity, with geometric dimensions of 6  m× 5  m× 3.2  m  (lenghth ×

width × height), respectively. The schematic diagram of the experi-
mental cell for the radiant ceiling cooling system is shown in Fig. 1. The 
schematics of the capillary-mat radiant ceiling in the experimental cell 
are presented in Fig. 2. The capillary mats have geometrical dimensions 
of 1000 mm x 10,000 mm and a total laying area of 20 m2 on the radiant 
ceiling, and each capillary mat is laid in a folded form. The average daily 
ambient temperature is 32.4◦C–35.1◦C with the highest temperature 
reaching about 41.5◦C during the experimental period. 

A heat transfer model of the radiant ceiling cooling system is first 
required before establishing an MPC. In this study, a state-space model 
based on physical property parameters is used which has achieved good 
accuracy and excellent applications in previous studies, is used [1,43]. A 
radiant ceiling containing an embedded heat source needs to be char-
acterized by a three-dimensional heat transfer process including heat 
transfer along the direction of the water flow in the pipe, convective heat 
transfer on the inner surface of the pipe wall, the thermal conductivity of 
the pipe wall, and thermal conductivity of the core temperature layer. 
The heat transfer equations of the building envelopes such as exterior 
walls, interior walls, and floor slabs, the complicated radiant ceiling 
[44], and the zone air are listed in Eq. (1)–(3), respectively, and the 
state-space representation of the radiant ceiling cooling system pre-
sented in Eq. (4) can be obtained by combining the above heat transfer 
equations. 

C̃c
˙T→c = H̃c T→c + H̃cw T→w + H̃cz T→z + q→c (1)  

C̃w
˙T→w = H̃wc T→c + H̃w T→w + H̃wz T→z + q→w (2)  

C̃air
˙T→z = H̃zc T→c + H̃zw T→w + H̃z T→z + q→z (3)  
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where C̃c, C̃w,  and  C̃air are the heat capacity matrix of the radiant 
ceiling, the other building envelopes, and the zone air. T→c, T→w,

 and  T→z are the temperature matrix of the radiant ceiling, the other 
building envelopes, and the zone air. H̃c, H̃cw,  and  H̃cz are the 
conductive, radiant, and convective heat transfer coefficient matrix of 

Fig. 1. The schematic diagram of the experimental cell for the radiant ceiling cooling system.  

Fig. 2. Schematics of the capillary-mat radiant ceiling in the experimental cell.  
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the radiant ceiling which can be obtained after establishing the heat 
balance equation for every temperature node of the building envelopes. 
H̃w, H̃wc,  and  H̃wzare the conductive, radiant, and convective heat 
transfer coefficient matrix of the other building envelopes. H̃zc is the 
convective heat transfer coefficient matrix between the radiant ceiling 
and the zone air while H̃zw is the convective heat transfer coefficient 
matrix between the other building envelopes and the zone air and H̃z is 
the convective heat transfer coefficient matrix of all the building enve-
lope surfaces. q→c is the heat flow matrix of the radiant ceiling which 
includes the solar radiation on the radiant ceiling surface that is re-

flected from other internal surfaces and the heat supply from the water 
flow in the buried pipes. q→w refers to the convective and radiant heat 
flow matrix on the envelope surface while q→z is the convective heat 
flow matrix, such as the ventilation load and the infiltration load. F 
indicates the conversion form after separating the input variables such 
as water supply temperature, ambient temperature, and solar radiation, 
etc. from the heat flow matrix q→c, q→w, and q→z. u refers to the input 
variables as mentioned previously. All these heat transfer matrices and 
the heat capacity matrix of the radiant ceiling cooling system are con-
structed with the thermal property parameters as shown in Table 1. The 
state-space representation of the radiant cooling ceiling system in 
Simulink is shown in Fig. 3. 

Solar radiation is assumed to be distributed equally over all interior 
surfaces, including ceilings, floors, and envelope surfaces, as it is solar 
radiation is necessarily distributed over ceiling surfaces after multiple 
reflections from other surfaces, and is widely used in EnergyPlus and 
TRNSYS for appropriate simplification. However, this has no negative 
impact on the accuracy of the model. The ambient temperature is used to 
calculate the convective heat exchange on the outer surface of the 
enclosure, and the sky temperature is used to calculate the long-wave 
radiative heat exchange between the outer surface of the enclosure 
and the sky space. The combined effect of convective and radiative heat 
exchange on the enclosure surface is included in q→w. 

Rair− wall, Rair− ceiling, and Rair− floor refer to the convective thermal re-
sistors of the wall surfaces, the ceiling surface, and the floor surface, 
respectively of which, the convective thermal resistors on the internal 
and external envelope surfaces are assumed to be 
0.115  m2⋅K/W  and  0.043  m2⋅K/W  and the convective thermal 
resistor on the internal ceiling surface is assumed to be 0.333  m2⋅K/W 
(3.0 W/m2⋅K) on which there are comprehensive researches for refer-

Table 1 
Thermal performance parameters of the building envelope configurations of the 
experimental platform.  

Envelope Material Heat 
transfer 
coefficient 
W/m2⋅K  

Specific 
heat 
capacity 
kJ/kg⋅K  

Density 
kg/m3  

Thermal 
resistance 
m2⋅K/W  

Exterior 
wall 

Solid brick 
wall (240 
mm) 

2.03 1.05 1500 0.492 

Interior 
wall 

Solid brick 
wall (180 
mm) 

2.39 1.05 1500 0.419 

Floor Precast 
concrete 
slabs 

2.20 1.05 970 0.454 

Window Aluminum 
single 
glazed 
windows 

6.40 / / 0.156  

Fig. 3. The state-space representation of the radiant cooling ceiling system in Simulink.  
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ence [45]. The other R represents the conductive heat transfer co-
efficients of envelope layers. For a single material layer, the thermal 
resistor is calculated as R = δ/λ, where δ indicates material layer 
thickness, (m). λ indicates the thermal conductivity of the material layer, 
(W/m ⋅K). Thermal capacity is calculated as C = c⋅ρ⋅V, where c refers to 
the specific heat capacity of the material layer, J/(kg ⋅◦C) and ρ denotes 
the density of the material layer, (kg/m3). Rz, Rw, Rr, and Rx denotes the 
thermal resistors between the water supply and return temperatures, the 
convective thermal resistor on the internal buried pipe surface, the 
conductive thermal resistor of the buried pipe, and the conductive 
thermal resistor of the core layer of the radiant ceiling, respectively. c 
represents the specific heat capacity of the envelope layers or the zone 
air. The radiant thermal resistors are calculated by the net radiosity 
method [46]. 

2.2. Building model validation 

The MPC solves an open-loop optimal control problem that is inde-
pendent of the specific model, but the accuracy of the predictive model 
has an essential influence on its implementation performance. There-
fore, the accuracy of the state-space representation of the radiant cool-
ing ceiling system is supposed to be validated precisely before its 
application to the control optimization. 

The radiant ceiling system was turned on for cooling between 
8:00–23:00 h and the setpoint of the zone air temperature was 27 ◦C 
during this period. Influenced by the ambient environment, the system 
was turned off at other periods and the zone air temperature was 
gradually increased. There was no occupant in the experimental cell 
during the experimental period. The zone air temperature, the ceiling 
surface temperature, and the interior surface temperatures were 
measured and recorded in the experiments for demonstrating the ac-
curacy of the radiant ceiling, other envelopes, and zone air models 
established in the previous section. 

All these temperatures were measured with T-type thermocouples, 
which were laid on the radiant ceiling surface and other envelope sur-
faces in a five-point layout which means that the five points were equally 
spaced on the diagonals of the surface. The indoor air temperatures at 

the heights of 0.1 m, 0.7 m, 1.1 m, and 1.7 m were measured and the 
temperatures at the heights of 1.1 m was considered as the experimental 
zone air temperature which is the height of the head when the human 
body sits down. All surface temperatures were the average temperature 
of the five measurement points laid on the surface in a plum-shaped 
arrangement. The uncooled surface temperature was taken as the 
average temperatures of other internal surfaces except the ceiling. All 
the T-type thermocouples used in the experiments were calibrated by 
the constant temperature tank method and the measurement error was 
calculated to be within 2.73%, which could meet the accuracy re-
quirements of the experimental testing. 

The zone air temperatures of the experiment and the simulation re-
sults of the radiant ceiling cooling system are shown in Fig. 4. The 
experimental zone air temperature was in the range of 26◦C–30◦C dur-
ing the three typical operation days. Overall the simulated value of the 
zone air temperature was consistent with the experimental value. 
However, there were few discrepancies between the two when the zone 
air temperature was experiencing an increase or decrease in the 
streaming as the cooling load of the experimental cell changed due to the 
variable ambient temperature and solar radiation. The small discrep-
ancy between the experimental and the simulation results of the zone air 
temperature establised the excellent accuracy of the state-space repre-
sentation of the radiant ceiling cooling system. 

The ceiling surface temperatures results of the experiment and 
simulation results of the radiant ceiling cooling system are shown in 
Fig. 5. The experimental ceiling surface temperature ranged from 
19◦C–30◦C during the three typical operation days. The water supply 
temperature of the radiant ceiling was maintained above 16 ◦C and the 
radiant ceiling surface temperature was kept above 19◦Cas this was the 
lower limit above the zone air dew point temperature for preventing 
condensation on the radiant ceiling surface. The simulated value of the 
ceiling surface temperature followed the same trends as the experi-
mental value in general. The few discrepancies between the two were 
almost negligible during the steady-state and the dynamic-state opera-
tion of the radiant ceiling system. The ceiling surface temperatures rose 
rapidly when the radiant ceiling cooling system shut down at 23:00 h 
and they descended quickly as the system started running at 8:00 h. The 

Fig. 4. The zone air temperatures results of the experiment and simulation results of the radiant ceiling cooling system.  

Fig. 5. The ceiling surface temperature results of the experiment and simulation results of the radiant ceiling cooling system.  
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trends of the experimental and simulation results were almost identical 
in proving the excellent accuracy of the state-space model of the radiant 
ceiling. 

The average uncooled surface temperature results of the experiment 
and the simulation of the radiant ceiling cooling system are shown in 
Fig. 6. The average uncooled surface temperature ranged from 
26◦C–30◦C during the three typical operation days. The average un-
cooled surface temperatures fluctuated slower compared to that of the 
radiant ceiling surface temperature. It was influenced by the radiant 
heat exchange with the radiant ceiling and the convective heat exchange 
with the zone air, where there existed a certain delay and between the 
radiant ceiling and the uncooled interior surfaces. The simulated un-
cooled interior surface temperature was generally consistent with the 
experimental result, and its slightly larger error relative to the radiant 
ceiling surface resulted from that and was significantly influenced by 
more thermal disturbances such as infiltration load and boundary con-
ditions. The few discrepancies of the experimental and simulation re-
sults demonstrated the excellent accuracy of the conductive, convective 
and radiant heat transfer model of the entire radiant ceiling system. 

The mean error (ERR) and root mean square error (RMSE) of the 
zone air temperature (Tz), the radiant ceiling surface temperature 
(Tceiling), and the average uncooled surface temperature (Tsi) are shown 
in Fig. 7 and Table 2. The ERR of Tz,  Tceiling,  and  Tsi were 0.15◦C, 
0.11◦C, and 0.20◦C on average, respectively while the RMSE of Tz,

 Tceiling,  and  Tsi were 0.24◦C, 0.55◦C, and 0.27◦C on average, 
respectively. Both the ERR and RMSE of Tz,  Tceiling,  and  Tsi were 
within the acceptable range for the practice application, establishing the 
excellent accuracy of the state-space model of the radiant ceiling cooling 
system. 

3. Controller design 

3.1. Model predictive control 

The MPC, also known as the moving horizon control (MHC) or dy-
namic matrix control (DMC), is a state-of-the-art feedback control 
strategy that has been widely discussed and applied in recent years. The 
mechanism of MPC can be described as solving a finite time-domain 
open-loop optimization problem online during each sampling moment 
based on the current measurement information by applying the first 
element of the resulting control sequence to the control target. The 
process is repeated at the next sampling moment, i.e., the optimization 
problem is refined with online measurements and solved again. Solving 
the open-loop optimization problem online to obtain the control 
sequence is the main difference between the model predictive control 
and the traditional control methods since the latter usually outputs a 
feedback control sequence offline and applies all the control sequences 
to the system for one time. The MPC proposed in this research takes the 
uncertainty of thermal disturbances at an early stage of the algorithm 
design so that the optimized control system can still exhibit good sta-
bility in the face of large fluctuations of thermal disturbances. 

The ambient temperature and solar radiation typically rise to the 
highest levels at midday when an increase in the building cooling load 
causes the zone air temperature to increase. If the water temperature of 
the ceiling radiant cooling system, which has high thermal inertia, is not 
reduced earlier to provide more cooling capacity to the thermal zone, it 
is likely to result in a significant overshoot of the zone air temperature. 

Fig. 6. The average uncooled surface temperature results of the experiment and simulation results of the radiant ceiling cooling system.  

Fig. 7. The mean error (ERR) and root mean square error (RMSE) of the zone 
air temperature (Tz), the radiant ceiling surface temperature (Tceiling), and the 
average uncooled surface temperature (Tsi). 

Table 2 
The mean error (ERR) and root mean square error (RMSE) of the zone air temperature (Tz), the radiant ceiling surface temperature (Tceiling), and the average uncooled 
surface temperature (Tsi).  

Parameters Zone air temperature (Tz)  Ceiling surface temperature (Tc)  Average uncooled surface temperature (Tsi)  

Error category ERR (◦C) RMSE (◦C) ERR (◦C) RMSE (◦C) ERR (◦C) RMSE (◦C) 
Operation day 1 − 0.03 0.23 − 0.05 0.69 − 0.13 0.23 
Operation day 2 − 0.23 0.28 − 0.21 0.59 − 0.16 0.24 
Operation day 3 − 0.18 0.21 − 0.08 0.37 − 0.30 0.33 
Average error − 0.15 0.24 − 0.11 0.55 − 0.20 0.27 

Notes. ERR =
∑N

k=0
(Tsimulation − Texperiment)/N.RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

k=0
(Tsimulation − Texperiment)

2
/N

√

Q. Chen and N. Li                                                                                                                                                                                                                              



Building and Environment 205 (2021) 108272

7

The control target of the zone air temperature will experience enormous 
fluctuations which demonstrates the robustness of the control system. In 
this study, the outdoor ambient temperature and solar radiation are 
considered as predictable disturbances that come from the weather 
forecast for the next day, which is proposed to improve the superior 
performance of the MPC for the radiant ceiling cooling system in 
maintaining stability against random thermal disturbance fluctuations. 
{

ẋ(t) = Ax(t) + Bu(t) + Gω(t)
y(t) = Cx(t) + Du(t) + Fω(t) (5)  

where A ∈ Rn∗n,  B ∈ Rn∗p,G ∈ Rn∗g,  C ∈ Rq∗n,  D ∈ Rq∗p, F ∈ Rq∗g refer 
to the coefficient matrix of the radiant ceiling cooling system which has 
been analyzed and addressed before based on the comprehensive heat 
transfer analysis of the radiant ceiling, other building envelopes, and the 
zone air. x(t) ∈ Rn,  u(t) ∈ Rp, ω(t) ∈ Rg,  y(t) ∈ Rq denote the tem-
perature states vector, the input state vector of the supply water tem-
perature, the thermal disturbances vector, including ambient 
temperature and solar radiation, and the output variables vector, such as 
the temperature and heat flux on the building surfaces. 

The minimum value of the objective function is solved to obtain the 
optimal control sequence based on updating the real-time values of the 
thermal disturbances within each prediction time domain, while the 
control object of the zone air temperature tracks the reference trajectory 
as much as possible to prevent its large overshoot. According to the 
extensive analysis of simulation results, the prediction horizon is Np =

30, and the control horizon is Nc = 1. since a larger prediction horizon 
will lead to an enormous computational effort and a larger control ho-
rizon will cause the declining robustness performance of the MPC. A 
larger prediction range will lead to a significant increase in computa-
tional cost and a decrease in the control performance of the MPC. When 
the prediction range is chosen to be 30, the MPC is not too computa-
tionally intensive leading to the slower response of the control system, 
and nor is it not too small, leading to reduced robustness due to the 

insufficient consideration of thermal disturbances in the future. A vari-
ety of scenarios including different prediction horizons and control ho-
rizons have been compared in terms of the zone air temperature control, 
computational time, and energy consumption. The prediction horizon of 
30 and control horizon of one is the optimal selection for the radiant 
ceiling system in this research. 

min  J
(
u(k),u(k+1),…,

(
k+Np − 1

))
=
∑Np

i=1

[
α(i)

(
Tz,set(k+ i) − Tz(k+ i)

)2

+r(i)((u(k+ i) − u(k+ i − 1))/Ts)
2
]

(6) 

Constraint: umin ≤u(k+ i − 1)≤umax 

Where Tz(k+i) refers to the predictive zone air temperature in the 
prediction horizon and Tz,set(k+i) refers to the zone air temperature 
setpoint. u(k+i) denotes the manipulated variables of the water supply 
temperature. α(i) and r(i) denote the manipulated weights for the zone 
air temperature tracking and the water supply temperature variation 
restriction. And Ts refers to the sampling time taken as 300 s while umin 
and umax denotes the upper and lower limitations of the water supply 
temperatures, taken as 16◦C and 30◦C for preventing the condensation 
on the ceiling surface. The schematic diagram of the control scheme for 
the MPC is presented in Fig. 8 (a). 

3.2. PID control 

The PID control is designed and formulated for a comprehensive 
comparison with the dynamic characteristic performance with the MPC 
controller for accounting for about 90% of its applications in a wide 
variety of control systems. It is a kind of offline controller, of which the 
parameters are pre-set and will not be adjusted online as the system 
performance dynamically changes. It is particularly suitable for situa-
tions with little information about the target model. In this research, the 
water supply temperature was taken as the control variable and the zone 

Fig. 8. The schematic diagram of the control scheme for MPC, PID control, and bang-bang control.  
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air temperature was adopted as the objective variable for the PID con-
trol. The control sequences derived from the PID algorithm are 
demonstrated in Eq. (7). 

uk =  Kp

{

Tz,k +
T
Ti

∑k

j=0
Tz,j +

Td

T
(
Tz,k − Tz,k− 1

)
}

(7)  

where uk refers to the water supply temperature which is required to be 
higher than 16◦C for preventing the condensation on the ceiling 
surface.  Tz,k and Tz,k− 1 refer to the zone air temperature at the current 
moment and the last moment, respectively while Kp, Ti, and Td refer to 
the proportional gain, the integral time constant, and the differential 
time constant, respectively, which depend on the dynamic performance 
of the control target. T denotes the sampling time. In this research, Kp, 

Ti, and Td are taken as 10, 0.02, and 10. The PID parameters were 
estimated by Ziegler Nichols at first, then the step response of the esti-
mated PID control was further tested in the MATLAB Simulink envi-
ronment. These parameters were finally selected after slightly tuning in 
MATLAB while the dynamic performance indicated by factors such as 
the rise time, settling time, and overshoot, etc. was evaluated. The 
schematic diagram of the control scheme for PID control is displayed in 
Fig. 8 (b). 

3.3. Bang-bang control 

Bang-bang control, as the simplest control strategy, is also widely 
used in air conditioning systems for residential buildings due to its ad-
vantages, such as easy installation and commissioning. The traditional 

Fig. 9. Frequency domain response bode plots and Hankel singular values (HSVs) for the six-order model, the four-order model, and the two-order model.  
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bang-bang control outputs only two states of control signals, either ‘on’ 
with a fixed constant or ‘off” with a zero control signal. However, it is 
not sufficient for the traditional bang-bang control to meet the re-
quirements of further improving the control accuracy and energy saving 
efficiency. The schematic diagram of the control scheme for the bang- 
bang control is exhibited in Fig. 8 (c). Tz,set refers to the zone air tem-
perature setpoint and δ denotes the dead band of the thermostat, which 
is normally counted as 0.5◦C normally. The radiant ceiling cooling is 
running under the constant water supply temperature when the zone air 
temperature is set at the range of Tz,set − δ to Tz,set + δ, which means that 
the system is shut down while the zone air temperature is lower than 
Tz,set − δ. It is turned on again while the zone air temperature is higher 
than Tz,set + δ. 

4. Model order reduction 

The MPC places high demands on the computational cost of the 
predictive model although the state-space model of the radiant ceiling 
system can meet the accuracy requirements. This is a very important 
factor affecting the dynamic performance of the MPC. Complex higher- 
order models can lead to a surge in the computation cost required for the 
MPC at each prediction step, which increases the CPU load on the 
computer while compromising the fast response characteristics of the 
MPC. Model order reduction techniques, which originated in the field of 
automatic control systems and circuit systems, have been successfully 
applied in the field of building heat transfer and humidity modeling as 
long as these techniques can reduce the model dimensionality while 
maintaining the accurate dynamic characteristics of the original system. 
Currently, the widely used model order reduction techniques include the 
proper orthogonal decomposition (POD), the Krylov subspace method, 
and the balanced truncation method. In this study, the balanced trun-
cation method which has a wider range of applications in the field of 
building modeling is applied to truncate the redundant states of the 
original state-space model of the radiant ceiling system to obtain a 
simplified model that meets the requirements of in terms of accuracy as 
well as that of the computational effort. 

The main concept of model order reduction is to truncate and remove 
the states in the higher-order model that contribute little to the system 
output, where the contribution of these states is judged based on the 
analysis of the controllability and observability of the model. In the 
practical application of radiant ceiling cooling systems, some of the 
temperature states in the original model are unobservable and uncon-
trollable, and the presence of these temperature states has an almost 
negligible impact on the model output. The dynamic characteristics of 
the original model can be retained while the model complexity and 
controller design can be simplified by truncating these unobservable and 
uncontrollable states. The computational effort of the MPC can be 
effectively reduced and has a considerable impact on its efficient 
application of MPC. 

The balanced truncation method is a reduced-order method based on 
singular value decomposition which can yield a high-fidelity simplified 
model by a reasonable choice of mapping subspaces. First, the system 
model as shown in Eq. (8) is subjected to a state transition, i.e., the 
diagonalization of the Gramian matrix is implemented so that the un-
controllable states are transformed as the unobservable states simulta-
neously. The controllability Gramian and the observability Gramian are 
shown in Eq. (10) and Eq. (11). 
{

ẋ(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t) (8)  

Γ(t)=
∫∞

0

CeA(t+τ)Bϑ(t)dτ (9)  

Wc =

∫∞

0

eAτBBT eAT τdτ (10)  

WO =

∫∞

0

eAT τCT CeAτdτ (11)  

where x(t) ∈  Rn denotes the state matrix of the n temperature states in 
the building model at moment t, u(t) ∈  Rp denotes the input vector at 
moment t, such as ambient temperature, solar radiation, and water 
supply temperature, etc. y(t) ∈  Rq denotes the output vector of the 
building model at moment t, such as the zone air temperature and sur-
face temperatures. A  ∈  Rn∗n, B  ∈  Rn∗pC  ∈  Rq∗n, D  ∈  Rq∗p are 
the coefficients matrices representing the relationship between the in-
puts and outputs of the state-space model of the radiant ceiling system. 

The importance of the states can be measured by the singular values 
of the Hankel operator in Eq. (9). In other words, the contribution of 
each state to the model output can be determined if the Hankel singular 
value (HSV) expressed by 

∑
can be found. The HSV is solved by the 

formula WO = Wc =
∑

. Then the Galerkin projection of the original 
model is constructed based on the HSVs, and the reduced-order model, 
as shown in Eq. (12), obtained by applying the balanced truncation 
method can maintain most of the dynamic characteristics of the original 
model. 
{

˙̌x (t) = Ǎx̌(t) + B̌u(t)
y̌(t) = Čx̌(t) + Ďu(t) (12) 

The reduced-order models with the different number of states were 
obtained after truncating the uncontrollable and unobservable states of 
the original model of the radiant ceiling system with 22 orders 
(including 22 temperature states). The frequency-domain response bode 
plots for the six-order model, the four-order model, and the two-order 
model is shown in Fig. 9. The frequency-domain response bode plots 
of the six-order model and the original-order model overlapped almost 
similarly, whether they were in the high, middle, or low-frequency re-
gions. The frequency-domain response of most of the outputs of the four- 
order model matched very well with that of the original-order model, 
with only a minor discrepancy in some of the outputs. As the order was 
further reduced, some of the outputs of the two-order model differ more 
significantly from the original-order model in the middle and low- 
frequency regions, as can be seen by the larger discrepancy between 
the blue solid line and the red solid line in the figure. 

HSVs of the six-order model, the four-order model, and the two-order 
model are shown in Fig. 9. The HSVs gradually increased from 0 to about 
1.5 as the order of the models decreased. The HSVs of the reduced-order 
models were higher than 0 while that of the reduced-order model were 
less than nine orders (1–8 orders). Then the important orders that have 
made a greater contribution to the original model accuracy will be 

Table 3 
The mean error (ERR) and root mean square error (RMSE) of the zone air 
temperature (Tz), the radiant ceiling surface temperature (Tceiling), and the 
average uncooled surface temperature (Tsi) of the reduced-order models.  

Parameters Error Six-order 
model 

Four-order 
model 

Two-order 
model 

Tz  ERR (◦C) 0.0004 0.0011 0.0002 
RMSE 
(◦C) 

0.0008 0.0152 0.0221 

Tceiling  ERR (◦C) 0.0012 0.0006 0.0022 
RMSE 
(◦C) 

0.0032 0.0155 0.0468 

Tsi  ERR (◦C) 0.0001 − 0.0010 − 0.0007 
RMSE 
(◦C) 

0.0005 0.0028 0.0060 

Notes. ERR =
∑N

k=0
(Treduced− order − Tfull− order)/N 
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truncated. Therefore, the reduced-order model with more than nine 
orders can keep the full dynamic performance of the original model. 
Therefore, the accuracy and computational effort of the six-order model, 
the four-order model, and the two-order model were analyzed sepa-
rately below. 

The ERR and RMSE of the zone air temperature (Tz), the radiant 
ceiling surface temperature (Tceiling), and the average uncooled surface 
temperature (Tsi) of the reduced-order models are exhibited in Table 3. 
For the six-order model, the ERR of Tz,  Tceiling,  and  Tsi were 
0.0004◦C, 0.0012◦C, and 0.0001◦C on average, respectively. The RMSE 
of Tz, Tceiling, and Tsi were 0.0008◦C, 0.0032◦C, and 0.0005◦C on 
average, respectively. The errors of Tz,  Tceiling,  and  Tsi for the four- 

order and two-order models were still relatively lower literally 
although their RMSE was slightly larger than that of the six-order model, 
which can be explained synthetically by the relatively lower HVS of the 
six-order model. The extremely small order of the magnitude of ERR and 
RMSE of Tz,  Tceiling,  and  Tsi can confirm the remarkable accuracy of 
the reduced-order model of the radiant ceiling cooling system. 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

k=0

(
Treduced− order − Tfull− order

)2/N

√
√
√
√

Table 4 and Fig. 10 (a) show the comparison of computational time 
for the open-loop simulation for the six-order model, the four-order 
model, and the two-order model when the simulation steps are 5 min, 
10 min, and 30 min, and the simulation durations are 30 days and 365 
days, respectively. The computation time for the six-order model, the 
four-order model, and the two-order model ranged from 0.634–0.793 s, 
0.607–0.725 s, and 0.507–0.641 s, while that of the full-order model was 
0.743–0.979 s. The computational efficiency was improved by 24.0%– 
40.9%. 

Comparison of computational time of the MPC for the six-order 
model, the four-order model, and the two-order model was shown in 
Table 5 and Fig. 10 (b). The computation time of the MPC system was 
much larger than that of the open-loop simulation. The computation 
time for the six-order model, the four-order model, and the two-order 
model ranged from 2–67 s, 2–65 s, and 2–64 s, respectively, while 
that of the full-order model was 5–77 s. The computational efficiency 
was improved by 16.9%–72.7%. The balanced truncation method 
effectively reduces the model complexity, and the resulting boost in the 
computational efficiency of the MPC system is highly promising, while 

Table 4 
Comparison of computational time for the open-loop simulation for the six-order model, the four-order model, and the two-order model.  

Step size 5 min 10 min 30 min 

Simulation durations 30 days 365 days 30 days 365 days 30 days 365 days 
Full-order model (s) 0.763 0.979 0.754 0.968 0.743 0.909 
Six-order model (s) 0.655 0.793 0.634 0.792 0.728 0.770 
Four-order model (s) 0.631 0.725 0.622 0.716 0.607 0.712 
Two-order model (s) 0.580 0.641 0.558 0.572 0.507 0.541 
Max relative ratio (%) − 24.0% − 34.5% − 26.0% − 40.9% − 31.8% − 40.5%  

Fig. 10. Comparison of computational time for the open-loop simulation and 
model predictive control for the six-order model, the four-order model, and the 
two-order model for the radiant ceiling system. 

Table 5 
Comparison of computational time of model predictive control (MPC) for the six-order model, the four-order model, and the two-order model.  

Step size 5 min 10 min 30 min 

Simulation durations 30 days 365 days 30 days 365 days 30 days 365 days 
Full-order model (s) 14 77 8 37 5 33 
Six-order model (s) 6 67 4 31 2 11 
Four-order model (s) 6 65 4 30 2 11 
Two-order model (s) 5 64 3 28 2 9 
Max relative ratio (%) − 64.3% − 16.9% − 62.5% − 24.3% − 60.0% − 72.7%  

Fig. 11. The zone air temperature responses for MPC, PID control, and bang- 
bang control. 
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the potential advantages of the model reduction technique in the 
simplification of large-scale building models are more extensive. 

5. Results and discussion 

The zone air temperature responses for the MPC, PID control, and 
bang-bang control are shown in Fig. 11. It was seen that the offset band 
between setpoint temperature and the zone air temperature was 

negligible for the MPC, while it was 0.2◦C and 0.6◦C for the PID control 
and the bang-bang control, respectively. The response time of the zone 
air temperature was the same for the three control methods. 

5.1. Continuous operation 

The zone air, ceiling surface, and the water supply temperatures for 
the MPC, PID control, and bang-bang control under a continuous oper-

Fig. 12. The zone air temperature, the ceiling surface temperature, the water supply temperature, and HVAC power for MPC, PID control, and bang-bang control 
under continuous operation. 
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ation are presented in Fig. 12. The zone air temperature of the MPC was 
stable at the setpoint firmly for the operation duration with only a 0.4◦C 
offset band variation at 14:00 h for the first 24 h due to the sharp in-
crease of the solar radiation and cooling load of the buildings. The zone 
air temperature of the PID control experienced an 0.1◦C–0.4◦C offset 

band variation from the setpoint while there was about a 0.6◦C offset 
band variation from the setpoint for the bang-bang control. 

The ceiling surface temperatures were above 19◦C for preventing the 
consideration on the radiant ceiling surface under the three controllers’ 
operation. The ceiling surface temperature of the MPC varied slowly 

Fig. 13. The zone air temperature, the ceiling surface temperature, the water supply temperature, and HVAC power for the MPC, PID control, and bang-bang control 
under intermittent operation. 
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within 19◦C–23◦C while that of the PID control and the bang-bang 
control experienced more frequent oscillations similar to the zone air 
temperature variation trends. 

The water supply temperatures for the three controllers were above 
16◦C to avoid condensation on the radiant ceiling surface, which 
explained the 0.4◦C offset band of the zone air temperature for the MPC 
since a lower water temperature cannot be available. The water supply 
temperature ranged from 16◦C–22◦C for the MPC. The water supply 
temperatures for the PID control and the bang-bang control ranged from 
16◦C–28◦C. The water supply temperature of the MPC and the PID 
control fluctuated more frequently than that of the bang-bang control. 

The HVAC power of the MPC that refers to the power consumption of 
the chiller increased to 6 kW at the maximum as the building cooling 
load increased and the water temperature decreased. The water supply 
temperature maintained a higher level which met the requirements of 
the zone air temperature tracking while the building cooling load 
decreased, as the HVAC power decreased to 1 kW–3 kW. The HVAC 
power of the radiant ceiling cooling system was kept within 4 kW–6 kW 
for most of the continuous operation’s duration. 

For radiant ceiling cooling systems, the MPC offers better perfor-
mance in terms of zone air temperature control and energy-saving effi-
ciency because it can adjust the water temperature in real-time as 
outdoor thermal disturbances and building cooling loads change. On the 
other hand, the model-free control, such as PID control and bang-bang 
control, is generally designed for a single operating condition, and the 
control system is less adaptive to external thermal disturbances. 

5.2. Intermittent operation 

In this section, the dynamic performance of the MPC, PID control, 
and bang-bang control under the intermittent operation of radiant 
ceiling cooling systems is analyzed. The system is shut down during the 
period from 8:00–18:00 h and is turned on during the other periods of 
the day. 

Under the intermittent operation, the peak load of the radiant ceiling 
cooling system during the initial time under intermittent operation was 
very large, and a water supply temperature higher than 16◦C was 
required for anti-condensation. This results in the limited cooling ca-
pacity of the radiant ceiling cooling system. Therefore, the zone air 
temperature under the intermittent operation was set to 27◦C since the 
fan coil unit system is usually added to make up for the lack of efficient 
cooling capacity of the radiant ceiling system in practice. 

The zone air, ceiling surface, and the water supply temperatures for 
the MPC, PID control, and bang-bang control under intermittent oper-
ation are presented in Fig. 13. The zone air temperature of the MPC was 
also firmly stable at the setpoint for the entirety of the operation 

duration without any overshoot. At the maximum, there was a 1.2◦C of 
overshoot of the zone air temperature for PID control under an inter-
mittent operation. The zone air temperature for bang-bang control was 
around the band of 26.5◦C–27.5◦C after reaching the setpoint. 

The ceiling surface temperature for the MPC dropped to a minimum 
of 20◦C during the peak load phase, after which the water temperature 
slowly rose back to a maximum of 23◦C during the system stabilization 
phase. The ceiling surface temperature for the PID control dropped 
rapidly to about 20◦C during the peak load phase, and thereafter further 
descended at a relatively slow rate to about 19◦C. The ceiling surface 
temperature for bang-bang control oscillated continuously between 
20◦C and 25◦C depending on the zone air temperature fluctuations. 

The water supply temperature for the MPC maintained the minimum 
water temperature of 16◦C in the peak load stage after the 80-min 
operation and slowly rose to a maximum of about 21◦C. The water 
temperature of the PID control designed for continuous operating con-
ditions maintained a minimum value of 16◦C under intermittent oper-
ation conditions, which was the reason for the significant overshoot of 
the zone air temperature of 1.2◦C. The water temperature was kept at 
16◦C for 3 h during the peak load phase and then fluctuated in the range 
of 16◦C–25◦C. 

Unfortunately, when applied to the various other operation condi-
tions, the PID controller failed to regulate the zone air temperature 
under the intermittent operation due to the poor adaption capacity of 
the designed PID controller for certain scenarios. The designed PID 
controller for the continuous operation cannot bear the cooling load 
surge at the initial moment under an intermittent operation. Besides, if 
the PID controller is designed for the intermittent operation, it will lead 
to a greater zone air temperature overshoot under the continuous 
operation, which has been evaluated by a simulation before. This is also 
the common disadvantage of the conventional PID controller compared 
with all kinds of adaptive and robust control methods. 

During the peak load phase, the HVAC power of the three control 
methods reached a maximum of about 6 kW. The MPC had an average 
power of about 1.5 kW during the stable operation phase, while the PID 
control had the next highest power of about 2.2 kW and the bang-bang 
control had a maximum power of about 5 kW. 

According to the simulation results under continuous and intermit-
tent operation conditions, the MPC had the best robustness for the dy-
namic control of the radiant ceiling cooling system. The zone air 
temperature could be almost completely stabilized at the set value, and 
the water temperature could change smoothly and be kept as high as 
possible, which was beneficial to the energy saving operation of the 
system. 

The energy consumption under the continuous and intermittent 
operation for the MPC, PID control, and bang-bang control and the 

Fig. 14. The energy consumption under the continuous and intermittent operation for MPC, PID control, and bang-bang control and the relative ratio comparison.  
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relative ratio comparison are shown in Fig. 14. The PID control 
increased energy consumption by 21% for continuous operation and 
about 27% for intermittent operation compared to the MPC for the 
radiant ceiling cooling system, while the bang-bang control increased 
energy consumption by about 6% for both continuous and intermittent 
operation compared to the MPC, which confirmed that the latter is more 
energy-efficient compared with conventional PID control and the bang- 
bang control for the radiant ceiling cooling system. 

6. Conclusion 

In this research, the state-of-the-art model predictive control for the 
radiant ceiling cooling system was proposed for zone air temperature 
tracking and energy efficiency. It was seen that it was more adaptive to 
the external thermal disturbances obtained such as solar radiation and 
ambient temperature. The physics-based model was developed based on 
the material property and geometric dimensions of building envelopes. 
Then the reduced-order model of the radiant ceiling cooling system was 
then obtained using the balanced truncation method for a lower 
computational cost while maintaining the model accuracy. Compared 
with PID control and conventional bang-bang control, the advanced 
performance of the proposed MPC in terms of an accurate zone air 
temperature tracking and energy efficiency was evaluated by a simula-
tion under continuous and intermittent operations. The simulation re-
sults showed that the proposed MPC can achieve 21%–27% and 6% 
energy saving efficiency, compared with conventional PID control and 
bang-bang control, respectively, for the radiant ceiling cooling system, 
respectively. There was rarely any overshoot or steady-state error 
presence for the zone air temperature, which demonstrated the signifi-
cant potential of applying the MPC to achieve the improved zone air 
temperature control and energy-saving efficiency for radiant ceiling 
cooling systems. 
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