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Abstract:



This study examines the performance and adaptability of Artificial Neural Network (ANN)-based thermal control strategies for diverse thermal properties of building envelope conditions applied to residential buildings. The thermal performance using two non-ANN-based control logics and two predictive ANN-based control logics was numerically tested using simulation software after validation. The performance tests were conducted for a two-story single-family house for various envelope insulation levels and window-to-wall ratios on the envelopes. The percentages of the period within the targeted ranges for air temperature, humidity and PMV, and the magnitudes of the overshoots and undershoots outside of the targeted comfort range were analyzed for each control logic scheme. The results revealed that the two predictive control logics that employed thermal predictions of the ANN models achieved longer periods of thermal comfort than the non-ANN-based models in terms of the comfort periods and the reductions of the magnitudes of the overshoots and undershoots. The ANN-based models proved their adaptability through accurate control of the thermal conditions in buildings with various architectural variables. The ANN-based predictive control methods demonstrated their potential to create more comfortable thermal conditions in single-family homes compared to non-ANN based control logics.






Keywords:


artificial neural network; thermal control logic; thermal performance; envelope insulation; ratio of window to wall; thermal condition








1. Introduction


The application of thermal control systems to residential buildings has historically been simplistic. The thermostat has been the principal control system because, at least prima facie, homeowners did not see sophisticated control systems as being economically worthwhile. However, such perceptions have changed, and the increasing consciousness of the quality of life has led homeowners to seek thermal conditions that are conducive to improving the comfort and health conditions in their homes [1].



Additionally, the significant increase in energy costs has elevated the economic importance of domestic energy efficiency. At the same time, as the home office concept has emerged, productivity in the home environment has become an important economic factor [2]. Accordingly, people increasingly demand advanced climatic control strategies for their homes that provide comfort, health, energy efficiency and productivity [3].



To that end, the Artificial Neural Network (ANN) has been increasingly applied to the advancement of residential thermal control. Using ANN-based predictions regarding future indoor and outdoor thermal conditions, climate control systems such as domestic heating and cooling devices can provide and maintain more comfortable and stable thermal conditions than conventional non-ANN-based controls. In addition, the self-tuning ability of ANN models using the back-propagation process [4] allows them to adapt to changing building background conditions, such as the device capacity and building configuration, without the need for additional disruptive programming.



Previous studies have proven the advantages of ANN-based control strategies for residential buildings. Their applications to the hydronic solar heating of buildings and domestic radiant water heating systems have proven their ability to accurately control the indoor air temperature in an energy efficient manner [5,6,7,8,9].



More recently, ANN models have been employed for controlling residential thermal conditions in conjunction with fuzzy logic. In various studies, the predicted indoor air temperature from an ANN-based controller and its difference from the set-point temperature were used as inputs for the fuzzy controller. This ANN-based quasi-adaptive fuzzy control method reduced overshoots of the air temperature and energy consumption [10]. Another study proposed an Adaptive Neuro-Fuzzy Inference System (ANFIS) for conditioning the indoor air temperature and humidity by adjusting the damper angles in the heating ventilation and air-conditioning system [11]. An even more comprehensive study was conducted for developing thermal control strategies based on adopting and comparing the performance of diverse Artificial Intelligence (AI) methods such as the ANN, fuzzy, and ANFIS [12,13].



In previous studies conducted by our research team [12,14,15,16,17], four thermal control logics were developed to create more comfortable thermal environments for residential buildings. The logics were conventional non-ANN-based temperature and humidity control, ANN-based temperature and humidity control, non-ANN-based predicted mean vote (PMV) control, and ANN-based PMV control. The conventional control logic refers to a two-position on/off control logic, which operates the thermal control systems based on certain operating ranges. For the control logic framework, five steps, were proposed in this study:, physical conditions, thermal comfort ranges, energy, decision of system operation, and operation of control devices.



Of the four logics, two employed ANN models for predictive and adaptive control. The ANN-based control logics for temperature, humidity, and predicted mean vote (PMV) are shown in Figure 1 and Figure 2. Three ANN models were developed to calculate ∆Temperature, ∆Humidity, and ∆PMV based on a series of inputs that represent the variations of temperature and humidity for indoor and outdoor environments.


Figure 1. ANN-based temperature and humidity control logic.
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Figure 2. ANN-based PMV control logic [3,12,15,16].
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The structure of the input used for the ANN models is shown in Figure 3. Three models have identical structures except the output neuron. Each model calculates ∆Temperature, ∆Humidity, and ∆PMV. ∆Temperature, ∆humidity, and ∆PMV refer to the amount of the increase or decrease of the variables from the time at which the operating conditions of the heating or cooling system are changed. For example, in winter, when an operating heating device is turned off, the indoor temperature continues to rise a certain degree for a period of time due to the time-lag of the device and the thermal inertia of the room. This temperature change is referred to as ∆Temperature. Since the ANN model predicts and uses ∆Temperature, ∆Humidity and ∆PMV every minute for predetermining the operations of the devices, the logic can effectively stabilize the temperature, humidity and PMV within the targeted comfort range. The thermal control logics were also tested for their ability to adapt to changes in user requirements, such as the application of a setback or a change in the setpoint [15]. The results showed that the ANN-based logics improved the thermal conditions because they reduced the frequency of overshoots and undershoots outside of the thermal comfort range.


Figure 3. Structure of ANN models [3,12,15,16].
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Most of the previous studies employed a fixed training data method that does not add new training data sets during the operations of the systems, despite the advantages of the sliding window training method for the ANN model, which adds a new data set to the training data sets by replacing the oldest set for the regulation of thermal conditions and energy efficiency [18,19]. Thus, those ANN-based models could not update the weights between neurons for new circumstances such as changes in user requirements, various building background conditions, and climatic disturbances. For the training, training goals were set at 0.1 °C for temperature, 0.1% for humidity, and 0.1 for PMV with 0.75 learning rate, 0.9 moment and 1000 times maximal epoch. In addition, the Levenberg-Marquardt algorithm was employed as a training algorithm.



Using adaptive ANN models, the proposed logics demonstrated their advantages in controlling home climate control devices to deliver user-specified conditions. However, the proposed logics in those studies were tested with limited variables, such as a base case, changes in user requirements, and climatic disturbances.



Therefore, the adaptability performance of the proposed logics in those studies must be further verified with more variables that cover the dynamic environmental conditions experienced by residential buildings. This study aims to examine the performance and adaptability of the four proposed control methods to work stably in residential buildings for various building conditions. The computational application consists of two phases that were employed in this study. First, the proposed logics were applied in a building of various envelope insulations and window-to-wall ratios on envelopes. Next, the thermal conditions of two ANN-based logics were comparatively analyzed against their non-ANN-based counterparts.




2. Validation of Simulation Results for Thermal Control Logics


In this study, ANN-based control logics and non-ANN based conventional control logics were employed to examine thermal control performance for residential buildings under a variety of building envelope conditions. The primary analysis results in this study are based on computer simulations that incorporated the International Building Physics Toolbox (IBPT) [20] and MATLAB [21]. The IBPT employs the heat and moisture balance equations given below for calculating the thermal conditions in buildings.



The heat balance equation is as follows:
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(1)







Moisture balance equation:


[image: there is no content]



(2)




where:



	T: air temperature (°C)
	t: time



	C: thermal capacity (J/kg·K)
	R: thermal resistance (m2·K/W)



	hevap: latent heat of evaporation (J/kg)
	p: density of the material (kg/m3)



	ma: density of moisture flow rate of dry air (kg/m2·s)
	d: thickness (m)



	cpa: specific heat capacity of dry air (J/kg·K)
	suc: suction



	w: moisture content mass by volume (kg/m3)
	i: the objective node



	i − 1: the preceding node
	i + 1: the following node



	n: previous time step
	n + 1: the corresponding time step








The simulation results were validated against field measurement results in order to perform further computer simulations with improved reliability for residential buildings. The measurement data were collected from a thermal chamber that was controlled under various thermal control settings. In order to perform the validation process, the measurement conditions of the chamber were equally modeled using computer simulation software.



A thermal chamber was built in a high-bay space for the field experiment. Figure 4 illustrates the detailed configuration and conditions of the chamber. The dimensions of the chamber were 2.92 m (width) × 2.39 m (depth) × 2.51 m (height). The south-facing envelope of the chamber, which contained a single window, was adjacent to the outdoor environment, and the remaining chamber envelopes were exposed to the indoor environment surrounded by the high-bay space.


Figure 4. Layout of thermal chamber (Left: plan, Right: perspective) [15,17].
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A window with dimensions of 1 m by 1 m was installed on the east-facing envelope. The south-facing window was covered with several layers of rigid insulation panels in order to block any solar radiation and to prevent its impact on the indoor thermal conditions. The R-values of the floor, roof, and east, west, and north-facing envelopes were 3.7, 3.6, 3.6, 0.18 and 3.6 °K m2/W, respectively. The R-value of the south and east-facing windows was 0.4 °K m2/W.





A thermal control system was installed for data monitoring. The system included sensors, a data acquisition system, control panel, and climate control devices such as a radiant heater, air conditioner, humidifier, and dehumidifier. The data monitoring was conducted on 23 December 2007. During this period, the dry-bulb temperature, relative humidity and the operating conditions of the heating and humidifying systems were monitored at every minute. A conventional logic based on non-ANN-based temperature and humidity control was used for the thermal control of the chamber. Data were automatically recorded under various weather conditions, and transferred to a personal computer for further analysis.



In order to compare the measurement data with the simulated results, the measurement conditions set up for the chamber were equally modeled using IBPT, which is a toolbox for calculating building thermal dynamics, in conjunction with MATLAB and Simulink. For the simulation, the infiltration rate of the chamber was assumed to be 1.0 air change per hour (ACH) based on the generally used guidelines for building construction [22].



The operating range of the heating system set up in the simulation was from 20 °C to 23 °C for thermal comfort according to general guidelines [23], under which the comfort ranges for winter and summer are from 20 °C to 23.5 °C and 23 °C to 26 °C, respectively. Based on the zero-band method, the operating range of the heating system (20 °C to 23 °C) was determined not to be overlapped with that of the cooling system (23 °C to 26 °C). For the assumed simulation conditions, the conventional logic, which is non-ANN-based temperature and humidity control, was applied and used to generate the simulation results.



In order to examine the relationship between measured and simulated air temperature, linear regression method was used in this study. Using the regression method, a prediction model that explains the relationship between them was determined. Measured and simulated temperature were used as independent and dependent variables, respectively. The relationship between measured and simulated air temperature in the chamber space is shown in Figure 5 and Table 1.


Figure 5. Comparison of air temperature between experiment and numerical simulation.
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Table 1. ANOVA test result for linear regression model.







	
Factors

	
Unstandardized Coefficients

	
t

	
Sig.




	
B

	
Std. Error






	
Constant

	
0.7100

	
0.45

	
15.88

	
0.00




	
Measured temperature

	
0.665

	
0.02

	
32.21

	
0.00




	
ANOVA

	
R2 = 0.6532, F(1, 551) = 346.59, Sig. = 0.00














Overall, no significant difference was noted between the measured and simulated results. The regression result indicates that simulated air temperature has a fairly strong linear relationship with measured air temperature in the chamber. The coefficient of determination for the regression model was 0.6532, which means that the error variance for simulated temperature was reduced by 65.32%, when measured temperature was used to predict the simulated temperature. The ANOVA test result shown in Table 1 also implies that the model was meaningful at a very low significant level. In summary, the similarities in the air temperature profile measured from the field experiments and simulations provided effective grounds for further computer simulations to analyze the influence of control logics on the indoor thermal environment.




3. Thermal Performance Tests of Developed Control Logics


3.1. Simulation Conditions


For the computer simulation that was used a primary analysis tool in this study, a thermal performance test was performed for a typical two-story single-family house using the four developed control logics. The house was assumed to be located in Detroit, MI, in the USA (latitude: 42.19° N, longitude: 83.2° W). The detailed configuration of the house is shown in Figure 6.


Figure 6. Views of tested building (Left: from South-East, Right: from North-West).
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The long axis of the building was in the south and north directions. The net area for each floor was 92.2 m2. One wooden door and four windows were installed on both the south-facing and north-facing façades. The east-facing façade contained three windows and one door. Four windows were installed on the west-facing façade. No windows existed on the rooftop.



The thermal properties and detailed conditions that were assumed for the computer simulations are summarized in Table 2. The assumed R-values indicating the insulation capability were 3.7 and 6.69 °K m2/W for the floor and roof, respectively. The R-values for the wall and door were 3.35 and 0.2 °K m2/W, respectively. The window-to-wall ratios on the facades ranged from 0.08 to 0.24. The R-value of the window was 0.61 °K m2/W. The infiltration rate was assumed to be 0.3 ACH, and the indoor air temperature was 23 °C to meet comfortable thermal conditions.



Table 2. Thermal properties for tested building.







	
Location/Weather Data

	
Detroit, MI, USA/TMY2




	
Building size

	
184.4 m2 (92.2 m2 for each floor)




	
Envelope

	
Ratio of window to wall

	
0.15 on average (- East: 0.14, - West: 0.13, - South: 0.24, - North: 0.08)




	
Insulation (°K m2/W)

	
- Wall: R-value 3.35; - Roof: R-value 6.69; - Floor: R -value 3.7;

- Windows: R-value 0.61; - Door: R-value 0.2




	
Infiltration Rate

	
0.3 ACH




	
Orientation

	
South




	
Internal Heat Gains

	
Hourly-weighted heat and moisture gains for a family of four people [24,25]




	
Thermal Control Systems

	
Convective heating: 9,000 W att heat supply

Convective cooling: 10,000 W att heat removal

Humidifying: 1.41 K g/h moisture supply

Dehumidifying: 2.36 K g/h moisture removal




	
Assumptions

	
Initial air temperature: 23 °C

Initial humidity: 45%

Mean Radiant Temperature (MRT): same as air

temperature [3,12,13,14,15,16]

Air velocity: 0.0 m/s

Activity level: 1.0 M ET

Clothing level: 1.0 CLO (winter) and 0.5 C LO (summer)










The properties shown in Table 2 were used as boundary conditions for a base case of the thermal performance test in this study. A variety of building thermal properties were set up for the simulation conditions in order to examine the influence of thermal properties and control logics on the indoor thermal environment. Table 3 shows the simulation conditions used for the performance tests. The four thermal control logics in Table 3 were comparatively tested for various thermal property conditions in winter and summer. Under the conditions in Table 3, the simulations were performed for six selected days in summer and winter to represent the peak heating and cooling days in each season.



Table 3. Simulation conditions for performance test.







	
Properties

	
Content






	
R-value (°K m2/W)

	
Wall

	
2.64, 3.35, 5.28, 7.04, (base case: 3.35)




	
Roof

	
1.76, 5.28, 6.69, 8.81, 12.33, (base case: 6.69)




	
Window

	
0.18, 0.53, 0.61, 0.88, 1.23, 1.59, (base case: 0.61)




	
Window to wall ratio

	
0.1, 0.15, 0.2, 0.3, 0.4, 0.5 (base case: 0.15)




	
Infiltration rate

	
0.3 ACH




	
Day

	
Summer: January 27–Feberary 1 on a daily basis

Winter: July 3–July 8 on a daily basis




	
Targeted thermal comfort range

	
Indoor air temperature in winter: 20 °C–23 °C




	
Indoor air temperature in summer: 23 °C–26 °C




	
Humidity in winter: 30%–45%




	
Humidity in summer: 45%–60%




	
PMV in winter: −0.5–0.0




	
PMV in summer: 0.0–0.5




	
Thermal control logics

	
(1) ANN-based Temperature and Humidity Control




	
(2) Non-ANN-based Temperature and Humidity Control




	
(3) ANN-based PMV Control




	
(4) Non-ANN-based PMV Control










The test variables for the simulation were related to the building configuration shown in Table 3. The simulations were parametrically conducted according to the base and other alternative cases as shown in Table 2 and Table 3. First, when the R-value of one component was changed, the R-values of the other components were held constant relative to the base case. Next, when the window-to-wall ratio was changed, the ratio was applied equally to every facade. That is, as the window-to-wall ratio increased, the window area increased for all directions.



The temperature and humidity control logics operated the temperature and humidity systems separately in the winter and summer. However, the systems worked together under the PMV control logics. For example, the heating and humidifying systems worked simultaneously to increase the PMV. Based on the simulation results, analysis was conducted for the last five days after trimming away the first day in order to remove any unstable test results associated with the start of the simulation.








3.2. Prediction Performance of ANN Model


The accuracy of the ANN model prediction was examined based on the ΔTemperature predicted by the ANN model and computer simulations that incorporated the International Building Physics Toolbox (IBPT) and MATLAB. The base case condition shown in Table 2 was used for both computational processes. The linear relationship between the ΔTemperature predicted by the ANN-based model and the ΔTemperature calculated by the computer simulation is shown in Figure 7.


Figure 7. Relationship of ΔTemperature between computer simulation and ANN model.
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The values obtained by the two methods show a strong relationship between them. The linear regression model was acceptable under a very low significance level, as shown in the ANOVA test result in Table 4. The coefficient of determination (r2) of the model was 0.6586. This implies that the error variance in ΔTemperature from the ANN-based model was reduced by 65.86% when the ΔTemperature from the computer simulations was used to predict ΔTemperature from the ANN-based model. In summary, the linear regression model showed that the developed ANN models can be effectively applied to predict the indoor air temperature condition.



Table 4. Linear relationship of ΔTemperature between computer simulation and ANN model.







	
Factors

	
Unstandardized Coefficients

	
t

	
Sig.




	
B

	
Std. Error






	
Constant

	
0.013

	
0.002

	
5.892

	
0.00




	
Computer Simulated

	
0.298

	
0.008

	
38.645

	
0.00




	
ANOVA

	
R2 = 0.6586, F(1, 299) = 1,493.44, Sig. = 0.00













3.3. Thermal Performance of the Developed ANN Logic


Simulations using the developed thermal control logics were conducted on a daily basis for the designated periods under various environmental conditions during different seasons. All of the simulation results were analyzed according to two categories: (1) the percentage of periods within the targeted range for thermal comfort; and (2) the magnitudes of the overshoots and undershoots outside of the targeted range.



Figure 8 presents the profiles of the air temperature, humidity and PMV that were produced using the non-ANN-based and ANN-based logics for a selected day in winter. The non-ANN-based temperature and humidity control logic resulted in unstable air temperature levels that exceeded the comfort range. However, the ANN-based temperature and humidity control logic was able to effectively stabilize the temperature within the comfort range.


Figure 8. Comparative profiles of thermal factors of non-ANN and ANN-based logics in winter (Base case 6:00–15:00 on January 30, 2007). (a) Temperature control logic; (b) Humidity control logic; (c) PMV control logic.
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Both of the logic schemes properly conditioned for humidity because the humidity control systems did not experience a significant time lag. Instead, the fluctuations in the humidity depended on the movement of the air temperature, when the air temperature increased and the humidity dropped. Thus, small-scale humidity fluctuations existed in one large cycle of humidity movement. The ANN-based PMV control logic also fit better within the comfort range than the non-ANN-based logic, due to the reduction in overshoots and undershoots.





3.3.1. Percentage of Period within Targeted Range for Thermal Condition


In order to analyze the thermal comfort performance of each control logic scheme, comparisons were made between the percentage of time during which each control logic was able to keep the indoor temperature within the targeted comfortable ranges shown in Table 3. The ANN-based temperature and humidity control logics kept the indoor air more comfortable when the R-values, meaning the heat thermal resistance of the building envelopes, varied. The percentages of the period within the comfortable range according to the R-values of the walls, roof and window are shown in Table 5, Table 6 and Table 7. Overall, the ANN-based control logics kept the air more comfortable than the non-ANN based control logics.



Table 5. Percentage of period within comfortable range according to R-value of wall (unit: %).







	
Thermal property

	
Season

	
Control logic

	
R-vale of wall (°K m/W)




	
2.64

	
3.35

	
5.28

	
7.04






	
Temperature

	
Winter

	
non-ANN

	
90.7

	
95.8

	
95.4

	
95.3




	
ANN

	
94.0

	
100.0

	
100.0

	
99.9




	
Summer

	
non-ANN

	
96.3

	
96.1

	
95.9

	
96.0




	
ANN

	
100.0

	
100.0

	
100.0

	
100.0




	
Humidity

	
Winter

	
non-ANN

	
99.9

	
99.9

	
100.0

	
100.0




	
ANN

	
100.0

	
100.0

	
100.0

	
100.0




	
Summer

	
non-ANN

	
99.2

	
99.2

	
99.4

	
99.3




	
ANN

	
98.8

	
99.9

	
99.1

	
100.0










Table 6. Percentage of period within comfortable range according to R-value of roof (unit: %).







	
Thermal property

	
Season

	
Control logic

	
R-value of roof (°K m/W)




	
1.76

	
5.28

	
6.69

	
8.81

	
12.33






	
Temperature

	
Winter

	
non-ANN

	
85.6

	
92.9

	
95.8

	
95.9

	
95.9




	
ANN

	
88.5

	
100.0

	
100.0

	
100.0

	
100.0




	
Summer

	
non-ANN

	
96.5

	
96.1

	
96.1

	
96.1

	
96.1




	
ANN

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0




	
Humidity

	
Winter

	
non-ANN

	
99.8

	
99.9

	
99.9

	
100.0

	
100.0




	
ANN

	
100.0

	
100.0

	
100.0

	
100.0

	
100.0




	
Summer

	
non-ANN

	
99.3

	
99.2

	
99.2

	
99.3

	
99.4




	
ANN

	
99.7

	
99.0

	
99.9

	
99.7

	
99.5










Table 7. Percentage of period within comfortable range according to R-value of window (unit: %).







	
Thermal property

	
Season

	
Control logic

	
R-value of window (°K m/W)




	
0.18

	
0.53

	
0.61

	
0.88

	
1.23

	
1.59






	
Temperature

	
Winter

	
non-ANN

	
66.16

	
91.77

	
95.80

	
95.53

	
95.20

	
95.01




	
ANN

	
67.34

	
95.40

	
100.00

	
99.99

	
100.00

	
100.00




	
Summer

	
non-ANN

	
96.31

	
96.08

	
96.08

	
96.01

	
96.00

	
95.95




	
ANN

	
98.61

	
100.00

	
100.00

	
99.97

	
99.97

	
100.00




	
Humidity

	
Winter

	
non-ANN

	
99.89

	
99.97

	
99.94

	
99.94

	
99.94

	
99.94




	
ANN

	
100.00

	
99.97

	
100.00

	
99.75

	
100.00

	
99.42




	
Summer

	
non-ANN

	
99.24

	
99.21

	
99.15

	
99.17

	
99.17

	
99.22




	
ANN

	
99.92

	
99.72

	
99.90

	
99.68

	
99.54

	
99.96










The changes of the R-values influenced the periods during which thermal comfort was maintained. In the winter, the improvement ranged from 3.3% to 4.6% according to the changes in the wall insulation. As the R-value of the roof increased, the period increased from 2.9% to 7.1%.



The change in the window caused a maximum of 5.0% improvement in the period. In the summer, the improvement in the period was reduced compared to that in the winter. The maximum influences of the wall, roof and window on the period were 4.1%, 3.9% and 4.1%, respectively. The comfort periods during which the humidity was maintained within the targeted range were close to 100% when ANN-based and non-ANN based logics were employed. As shown in Table 5, Table 6 and Table 7, no significant differences were found between the results.









The ANN-based PMV control logic provided better PMV values than the non-ANN-based PMV control logic in winter and summer. The percentages of the periods during which the PMV was within the targeted range are shown in Figure 9, Figure 10 and Figure 11. Overall, the range of the improved period using the ANN-based logics in winter was longer than in summer. When the R-values of the wall and roof varied, the maximum improved periods of thermal comfort were 11.9% and 10.9%, respectively. The change in the window effectively improved the period. During the summer period, the change in the wall insulation improved the period by 10.3%. The comfortable period varied from 3.3% to 3.9% when the R-value of the roof was varied. The change of the window caused a 6.7% improvement in the period.


Figure 9. PMV comfort periods based on R-values of walls.
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Figure 10. PMV comfort periods based on R-values of roof.
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Figure 11. PMV comfort periods based on R-values of windows.
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The percentage of the period during which thermal comfort was maintained decreased as the window-to-wall ratio increased in both summer and winter. Table 8 shows the percentage of the period within the comfortable range according to the ratio of window to wall areas. The period decreased noticeably when the ratio was 0.15 and 0.3 in winter and summer, respectively. This decrease occurred because the heating and cooling devices equipped in the simulation were unable to control the air temperature comfortably, when excessive heat loss and gain existed due to the increased area of window space on the wall.



Table 8. Percentage of period within comfortable range according to ratio of window to wall (unit: %)







	
Thermal property

	
Season

	
Control logic

	
Ratio of window to wall




	
0.1

	
0.15

	
0.2

	
0.3

	
0.4

	
0.5






	
Temperature

	
Winter

	
non-ANN

	
94.7

	
93.7

	
89.3

	
66.5

	
49.7

	
31.7




	
ANN

	
98.8

	
100.0

	
91.8

	
67.2

	
49.7

	
32.5




	
Summer

	
non-ANN

	
95.8

	
96.1

	
96.7

	
94.9

	
86.0

	
77.3




	
ANN

	
100.0

	
100.0

	
100.0

	
98.1

	
85.7

	
77.3




	
Humidity

	
Winter

	
non-ANN

	
99.9

	
99.9

	
100.0

	
99.8

	
92.7

	
59.8




	
ANN

	
100.0

	
100.0

	
100.0

	
100.0

	
94.1

	
62.2




	
Summer

	
non-ANN

	
99.2

	
99.2

	
99.2

	
98.6

	
97.9

	
98.1




	
ANN

	
99.4

	
99.9

	
98.4

	
99.0

	
99.9

	
99.6


















The ANN-based temperature and humidity control logics provided longer periods of thermal comfort in terms of the air temperature than the conventional non-ANN-based control logics. The maximum improvement with the ANN-based logic was 4.2% in both seasons. The comfortable periods during which thermal comfort was maintained in terms of the humidity were similar when the conventional non-ANN-based control logic and the ANN-based control logics were used for an indoor space. This result implies that the ANN-based logic did not significantly influence the humidity.



For both ANN-based and non-ANN-based control logics, the percentage of the comfort period for a high ratio of window to wall in the winter dropped because the indoor humidity was maintained above the targeted comfort range without the operation of a humidifying device. The high level of relative humidity was a result of the indoor air temperature falling in the case of a high ratio of window to wall such as 0.4 or 0.5 due to excessive heat loss through the windows.



The ANN-based control logics improved the PMV conditions in winter and summer. The percentage of the comfortable period is shown in Figure 12. The increase in the period ranged from 2.0% to 8.6% in the summer. The maximum improved period with the ANN-based logic was 10.1% in the winter. In summary, the results imply that the ANN-based control logics effectively controlled the air temperature and PMV within the comfortable range under diverse building thermal properties and geometrical conditions.


Figure 12. PMV comfort periods based on ratio of window to wall.
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3.3.2. Magnitude of Overshoots and Undershoots out of Targeted Comfort Range


The magnitudes of the overshoot and undershoots out of the targeted comfort temperature were determined in this study in order to diagnose the thermal control performance of the control logic schemes. The magnitude for each condition was calculated using the degree and duration time of the undershooting and overshooting. The magnitude for the entire simulation period using the control logics was the summation of the multiplication of the degree and the duration time as indicated in the formula below:


S = ∑(Δ × t)



(3)




where: S: magnitude of overshoot or undershoot out of targeted comfort range; Δ: degree of overshoot or undershoot out of targeted comfort range (°C, or %, or PMV); t: duration time of overshoot or undershoot out of targeted comfort range (min).



In this study, the control logics contained three environmental factors: the temperature, humidity, and PMV. When a control logic focusing on one of the factors was applied to the control space, the magnitude was the duration time multiplied by one of the three factors. For instance, the magnitude was the duration time multiplied by the degrees of the overshoots or undershoots out of the targeted temperature range for thermal comfort when the temperature control was employed to control the thermal environment.



When the insulation of the envelope was changed, the ANN-based control logics also effectively reduced the magnitudes of undershoots and overshoots in terms of the temperature, humidity and PMV. The variations of the magnitudes for various R-values of the envelope are shown in Table 9 and Table 10. Overall, the ANN-based control logics kept the magnitudes very close to the targeted comfortable ranges, but the non-ANN-based logics failed to keep them near the targeted range for the given conditions.



Table 9. Magnitude of overshoots and undershoots of air temperature and humidity based on envelope insulation.







	
Factor

	
Envelope

	
R-value (K m2/W)

	
Winter

	
Summer




	
Non-ANN based

	
ANN-based

	
Non-ANN based

	
ANN-based




	
Over shoot

	
Under shoot

	
Over shoot

	
Under shoot

	
Over shoot

	
Under shoot

	
Over shoot

	
Under shoot






	
Temperature

	
Wall

	
2.64

	
3.5

	
−5.17

	
0

	
0

	
4.75

	
−6.28

	
0

	
0




	
3.35

	
3.95

	
−6.1

	
0

	
0

	
5.4

	
−7.1

	
0

	
0




	
5.28

	
4.8

	
−6.1

	
0.09

	
0

	
5.46

	
−7.36

	
0

	
0




	
7.04

	
4.42

	
−5.79

	
0.6

	
0

	
5.75

	
−6.29

	
0

	
0




	
Roof

	
1.76

	
3.42

	
−5.1

	
0.49

	
0

	
4.72

	
−7.66

	
0

	
0




	
5.28

	
3.64

	
−5.17

	
0

	
0

	
5.1

	
−7.21

	
0

	
0




	
6.69

	
4

	
−6.5

	
0

	
0

	
5.41

	
−7.07

	
0

	
0




	
8.81

	
3.93

	
−5.42

	
0

	
0

	
4.78

	
−7.58

	
0

	
0




	
12.33

	
3.66

	
−5.83

	
0

	
0

	
4.81

	
−6.79

	
0

	
0




	
Window

	
0.18

	
1.84

	
−3.51

	
0

	
0

	
5.31

	
−7.04

	
0

	
0




	
0.53

	
3.42

	
−4.51

	
0

	
0

	
4.69

	
−6.95

	
0

	
0




	
0.61

	
3.69

	
−4.89

	
0

	
0

	
5.35

	
−6.59

	
0

	
0




	
0.88

	
3.66

	
−4.6

	
0.03

	
0

	
4.73

	
−7.34

	
0

	
−0.14




	
1.23

	
3.44

	
−3.98

	
0

	
0

	
4.69

	
−6.88

	
0

	
−0.51




	
1.59

	
3.53

	
−3.2

	
0

	
0

	
5.33

	
−6.88

	
0

	
0




	
Humidity

	
Wall

	
2.64

	
0.07

	
−0.11

	
0.58

	
0

	
34.48

	
−1.05

	
0

	
−2.83




	
3.35

	
0.18

	
−0.11

	
0

	
0

	
31.67

	
−1.1

	
0.22

	
−0.2




	
5.28

	
-

	
-

	
-

	
-

	
18.33

	
−0.91

	
0

	
−2.51




	
7.04

	
-

	
-

	
-

	
-

	
12.29

	
−0.53

	
1.53

	
0




	
Roof

	
1.76

	
0.91

	
−0.01

	
0

	
0

	
33.49

	
−0.85

	
0.04

	
−0.18




	
5.28

	
0.04

	
−0.03

	
0

	
0

	
36.56

	
−0.73

	
0.2

	
−0.59




	
6.69

	
0.19

	
−0.11

	
0

	
0

	
31.67

	
−1.1

	
0.22

	
−0.2




	
8.81

	
0.01

	
−0.001

	
0

	
0

	
21.92

	
−0.7

	
0

	
−0.39




	
12.33

	
0.01

	
−0.06

	
0

	
0

	
16.12

	
−0.79

	
0

	
−0.56




	
Window

	
0.18

	
-

	
-

	
-

	
-

	
27.82

	
−0.85

	
4.1

	
0




	
0.53

	
0.01

	
−0.01

	
0

	
0

	
24.15

	
−0.61

	
0.26

	
−0.15




	
0.61

	
0.1

	
−0.11

	
0

	
0

	
31.67

	
−1.1

	
0.22

	
−0.21




	
0.88

	
0.04

	
−0.03

	
0

	
0

	
32.27

	
−0.69

	
0

	
−0.2




	
1.23

	
0.03

	
−0.01

	
0

	
0

	
19.46

	
−1.14

	
0

	
−0.28




	
1.59

	
0.09

	
−0.01

	
0.04

	
0

	
30.85

	
−0.84

	
0

	
0.02










Table 10. Magnitude of overshoots and undershoots of PMV based on envelope insulation.







	
Factor

	
Envelope

	
R-value (°K m/W)

	
Winter

	
Summer




	
Non-ANN based

	
ANN-based

	
Non-ANN based

	
ANN-based




	
Over shoot

	
Under shoot

	
Over shoot

	
Under shoot

	
Over shoot

	
Under shoot

	
Over shoot

	
Under shoot






	
PMV

	
Wall

	
2.64

	
5.1

	
−8.09

	
0.04

	
0

	
15.67

	
−21.3

	
14.35

	
−2.15




	
3.35

	
5.7

	
−8.34

	
0

	
−0.65

	
14.1

	
−23.51

	
1.65

	
−8.81




	
5.28

	
6.84

	
−7.69

	
0

	
0

	
12.68

	
−25.33

	
2.68

	
−1.04




	
7.04

	
6.82

	
−7.76

	
0

	
−0.05

	
12.43

	
−26.8

	
11.84

	
−4.04




	
Roof

	
1.76

	
4.46

	
−6.14

	
0

	
−0.02

	
15.39

	
−18.62

	
0.05

	
−7.78




	
5.28

	
5.52

	
−9.09

	
0

	
−0.1

	
15.1

	
−22.21

	
1.94

	
−11.02




	
6.69

	
5.71

	
−8.43

	
0

	
−0.65

	
14.1

	
−23.51

	
1.65

	
−8.81




	
8.81

	
5.81

	
−8.09

	
0

	
−0.56

	
14.41

	
−23.35

	
0.14

	
−11.14




	
12.33

	
6.14

	
−7.99

	
0

	
0

	
14.01

	
−22.54

	
0

	
−13.27




	
Window

	
0.18

	
2.39

	
−4.92

	
0

	
0

	
15.17

	
−19.61

	
9.3

	
−3.53




	
0.53

	
5.19

	
−7.4

	
0

	
0

	
14.32

	
−22.29

	
4.73

	
−5.76




	
0.61

	
5.43

	
−6.64

	
0

	
−0.62

	
13.87

	
−22.15

	
1.65

	
−7.44




	
0.88

	
6.26

	
−5.68

	
0

	
0

	
14.01

	
−22.87

	
0.9

	
−3.17




	
1.23

	
6.67

	
−5.85

	
0

	
−0.03

	
14.42

	
−23.68

	
0.37

	
−4.17




	
1.59

	
6.5

	
−5.3

	
0

	
0

	
13.61

	
−24.09

	
0.02

	
−4.5










In winter, the magnitude of the overshoot when using the ANN-based logics in terms of temperature did not exceed 0.49, and no undershoot existed. For a majority of cases, the magnitude was equal to zero, which means that the control system was very effective at meeting the targeted temperature. The non-ANN-based control logic generated a greater magnitude than the ANN-based logic. The maximum magnitudes of the overshoot and undershoot were 4.8 and −6.5, respectively.



In summer, the ANN-based logic also achieved excellent control performance, keeping the magnitude range narrower than 0.51. The non-ANN-based logic generated greater ranges of magnitude. Its maximum values for the overshoots and undershoots were 5.75 and −7.66, respectively. The result implies that the indoor temperature was more effectively maintained by the ANN-based control logics than by the non-ANN based logics.



As shown in Table 9, the magnitudes of the overshoot and undershoot in terms of the indoor humidity were also reduced by the ANN-based control logics. The magnitudes in winter were less than 0.58, and this implies that very excellent control performance was achieved in terms of humidity when a variety of R-values were applied to the building envelopes. The non-ANN-based control showed slightly ineffective control that generated a maximum magnitude of 0.91 for the heating condition.



The control performance in summer was less effective than in winter. The magnitudes of the overshoots and undershoots were higher in summer than in winter. The maximum magnitudes of the overshoot and undershoot using ANN-based logics were 4.1 and −2.83, respectively. The non-ANN-based control logics showed worse control performance. The maximum magnitudes for the overshoot and undershoot were 36.56 and −1.14, respectively. This result implies that the control performance with the ANN-based logic was more effective for reducing the overshoots of the dehumidifying device in summer.





As shown in Table 10, the magnitudes of the overshoot and overshoot in terms of the PMV were also effectively diminished by the ANN-based control logics. In winter, most of the magnitudes, with the exception of two cases, were very close to zero, which means that the thermal control performance was very effective and met the targeted conditions. The non-ANN-based control achieved weak control performance compared to the ANN-based control. Wider ranges of magnitude variations were generated for the majority of cases. The magnitudes of the overshoots and undershoots varied from 2.39 to 6.84 and from −4.92 to −9.09, respectively.





Overall, the ranges of magnitude in summer were wider than in winter. For the ANN-based logic, the ranges for the undershoot were from −1.04 to −13.27, and for the overshoot were from 0.0 to 14.35. When the non-ANN based logic was applied, the control performance worsened. The ranges of the magnitudes became wider than any other conditions. The magnitudes of the undershoot varied between −18.62 and −25.33 for cooling and dehumidifying. The magnitudes for the overshoot ranged from 12.43 to 15.67. This implies that the cooling and dehumidifying were effectively controlled by the ANN-based logic in terms of the PMV. This result is consistent with the control pattern in terms of the humidity.



The ratio of window to wall on the envelope was a meaningful factor in the thermal control, since the influence of the heat flow through a window on an indoor thermal environment is critical. The influence of the ratio of window to wall on the thermal control using four control logics in this study is shown in Table 11.



Table 11. A Magnitude of overshoots and undershoots of air temperature, humidity and PMV based on ratio of window to wall.







	
Factor

	
Ratio of window to wall

	
Winter

	
Summer




	
Non-ANN based

	
ANN-based

	
Non-ANN based

	
ANN-based




	
Over shoot

	
Under shoot

	
Over shoot

	
Under shoot

	
Over shoot

	
Under shoot

	
Over shoot

	
Under shoot






	
Temperature

	
0.1

	
2.5

	
−1.77

	
0.07

	
0

	
2.2

	
−6.86

	
0

	
0




	
0.15

	
2.3

	
−1.5

	
0

	
0

	
2.45

	
−5.55

	
0

	
0




	
0.2

	
1.55

	
−1.51

	
0

	
0

	
3.17

	
−5.07

	
0

	
0




	
0.3

	
0.92

	
−1.02

	
0.01

	
0

	
2.45

	
−4.05

	
0

	
0




	
0.4

	
0.85

	
−0.57

	
0.36

	
−0.02

	
2.15

	
−3.62

	
0

	
0




	
0.5

	
0.76

	
−0.95

	
0

	
0

	
2.18

	
−3.02

	
0.03

	
0




	
Humidity

	
0.1

	
0.04

	
−0.07

	
0

	
−0.01

	
23.82

	
−0.44

	
0.23

	
−1.88




	
0.15

	
0.11

	
−0.02

	
0

	
0

	
31.67

	
−1.1

	
0.22

	
0




	
0.2

	
0.01

	
−0.01

	
0.15

	
0

	
38.35

	
−1.28

	
0

	
−11.37




	
0.3

	
-

	
-

	
-

	
-

	
45.38

	
−49.38

	
14.88

	
−2.84




	
0.4

	
-

	
-

	
-

	
-

	
104.52

	
−82.02

	
3.06

	
−2.54




	
0.5

	
-

	
-

	
-

	
-

	
115.03

	
−72.65

	
21.82

	
0




	
PMV

	
0.1

	
3.42

	
−2.02

	
0

	
0

	
4.06

	
−18.22

	
0

	
−1.01




	
0.15

	
3.17

	
−2.04

	
0

	
0

	
5.43

	
−17.31

	
0

	
−7.38




	
0.2

	
2.8

	
−1.79

	
0

	
−0.02

	
7.15

	
−16.23

	
0.27

	
−1.55




	
0.3

	
2.33

	
−1.28

	
0

	
−0.69

	
7.56

	
−13.71

	
0.55

	
−5.43




	
0.4

	
2.03

	
−1.12

	
0.39

	
−1.32

	
8.26

	
−13.23

	
1.44

	
−4.53




	
0.5

	
1.56

	
−1.25

	
0.02

	
−2.86

	
7.35

	
−11.44

	
6.33

	
−5.5










Overall, the ANN-based control showed superior results to the non-ANN-based control in winter and summer. For the ANN-based logic in winter, the magnitudes of the air temperature overshoots and undershoots for the different window-to-wall ratios using the predictive logic were zero in most cases, with a maximum overshoot of 0.36. For the non-ANN-based control in winter, the magnitudes of the overshoot and undershoot in terms of the temperature in winter did not exceed 2.5 and −1.77.



In summer, the magnitudes increased slightly more than in winter. For the ANN-based logic, the overshoot and undershoot in terms of the temperature were still very close to zero. The non-ANN-based logic generated greater magnitudes of the overshoot and undershoot in terms of the humidity when the window-to-wall ratio increased. The ANN-based control logic had less variation in the range of magnitudes for undershoots than the non-ANN-based control logics. This implies that the logics worked effectively for cooling.





As the ratio of window to wall areas increased in summer, use of the conventional non-ANN based logic resulted in a rapid increase in the magnitudes of the humidity overshoots and undershoots (Table 11). Two conditions create an increase in the undershoots and overshoots for larger window to wall ratios. Firstly, the overshoot increase was related to the period during which the air temperature began to rise in the morning. During this period, cases with larger ratios of window to wall area had higher humidity levels than those with smaller ratios of window to wall space, because the larger window- to-wall ratio resulted in a lower air temperature because there was more heat loss through the windows during the night. Therefore, when the cooling system was activated, the temperature dropped causing the humidity level to easily rise out of the targeted comfort range.



Secondly, the undershoot increase occurred during the daytime, when cases with larger ratios of window to wall resulted in an increase in the air temperature that was brought about by the heat gain through the building envelope. Thus, in the case of a larger ratio of window to wall, the humidity falls more easily below the targeted comfort ranges, even in the absence of dehumidification.



As shown in Table 11, the magnitudes of the overshoots and undershoots for ANN-based PMV control were also reduced in most cases, except two cases that generated undershoots of −1.32 and −2.86. This was due to the large degree of undershoots in the early simulation period as a result of insufficient training of the ANN model for high ratios of window to wall. Therefore, a sufficient training process is required before applying the control logic.



Based on the comparisons of the magnitudes, it was concluded that the ANN-based predictive control logics would generally be more advantageous than non-ANN-based control logics in more stably controlling the indoor thermal conditions within the targeted ranges for a building with diverse R-values of envelopes and window-to-wall ratios. However, there were exceptional cases with the humidity and PMV control when the magnitude values increased using the predictive logic. These were due to the lack of a sufficient training process of the ANN models, resulting in erroneous predictions. Thus, sufficient training is required before the ANN model can be applied for a system with a low frequency of on/off system switching.






4. Conclusions


This study aimed to investigate the performance and the adaptability of two building thermal control strategies under a variety of architectural variables using computer simulations. The performance and the adaptability of each control logic were analyzed in terms of the percentage of the period within the targeted range and the magnitudes of the overshoots and undershoots outside of the targeted comfort range. A summary of the findings of this study is provided below:

	(1)

	
The applied simulation method proved its validity through the similarities of the simulation results in the air temperature profile and energy consumption with the collected data from the existing experimental building. This result provided effective grounds for further computer simulations to analyze the influence of the control logics on the indoor thermal environment.




	(2)

	
The prediction accuracy of the ANN model was statistically validated using the linear regression model. The linear regression model presented a significant relationship between the values calculated from the ANN model and from the computational simulation. It indicates that the developed ANN models can be effectively applied to the thermal control logic.




	(3)

	
The percentage of the comfort period in terms of the predictive mean vote (PMV) generated by non-ANN-based and ANN-based control logics increased as the R-values of the building envelopes increased. The percentage significantly dropped as the ratio of window to wall decreased, because the indoor humidity was maintained above the targeted comfort range without the operation of a humidifying device. The control performance obtained by using the ANN-based logic was more effective for reducing the overshoots of the dehumidifying device in summer. Also, the cooling and dehumidifying were effectively controlled by the ANN-based logic in terms of the PMV. This result consists with the control pattern in terms of the humidity.




	(4)

	
The thermal performance of the ANN-based logics was investigated and compared with the non-ANN counterparts for a variety of architectural variables in the building. In general, the ANN-based logics provided an increased percentage of the period within the targeted range for the air temperature, humidity and PMV. The overshoots and undershoots outside of the targeted comfort range were also significantly reduced by the ANN-based logics. The results imply that the ANN-based logics are able to achieve more comfortable thermal conditions in buildings.









The findings of this study proved the performance and the adaptability of the ANN-based thermal control logics. ANN-based control methods demonstrated their potential for creating more comfortable thermal conditions in single-family homes more efficiently than non-ANN-based controls. This study was conducted under limited conditions using a computational simulation. Further studies are necessary to investigate the performance and energy efficiency of the proposed thermal control logics in real buildings.







Acknowledgments


This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology (grant number: 2012R1A1A1005272).




References


	1. 
Mettam, K.C. Human Thermal Environment, 2nd ed.; Taylor & Frances: London, UK, 2003. [Google Scholar]

	2. 
Harper, R. Inside the Smart Home; Springer-Verlag: London, UK, 2003. [Google Scholar]

	3. 
Moon, J.W.; Jung, S.K.; Kim, J.J. Application of ANN (Artificial Neural Network) in Residential Thermal Control. In Proceedings of the Eleventh International IBPSA Conference, Glasgow, Scotland, 27–30 July 2009; pp. 64–71.

	4. 
Rumelhart, D.E.; Hinton, G.E.; Williams, R.J. Learning representations by back-propagating errors. Nature 1986, 323, 533–536. [Google Scholar] [CrossRef]

	5. 
Argiriou, A.A.; Bellas-Velidis, I.; Kummert, M.; Andre, P. A Neural network controller for hydronic heating systems of solar buildings. Neural Netw. 2004, 17, 427–440. [Google Scholar] [CrossRef] [PubMed]

	6. 
Argiriou, A.A.; Bellas-Velidis, I.; Balaras, C.A. Development of a neural network heating controller for solar buildings. Neural Netw. 2000, 13, 811–820. [Google Scholar] [CrossRef] [PubMed]

	7. 
Morel, N.; Bauer, M.; El-Khoury, M.; Krauss, J. NEUROBAT, A predictive and adaptive heating control system using artificial neural networks. Int. J. Sol. Energy 2001, 21, 161–201. [Google Scholar] [CrossRef]

	8. 
Lee, J.Y.; Yeo, M.S.; Kim, K.W. Predictive control of the radiant floor heating system in apartment buildings. J. Asian Archit. Build. 2002, 1, 105–112. [Google Scholar] [CrossRef]

	9. 
Lee, J.Y.; Yang, I.H.; Song, S.Y.; Kim, H.S.; Kim, K.W. A Study of The Predictive Control of the Ondol System in Apartments. In Proceedings of the International Building Performance Simulation Association, Kyoto, Japan, 13–15 September 1999; pp. 215–222.

	10. 
Gouda, G.G.; Danaher, S.; Underwood, C.P. Quasi-adaptive fuzzy heating control of solar buildings. Build. Environ. 2006, 41, 1881–1891. [Google Scholar] [CrossRef]

	11. 
Soyguder, S.; Alli, H. An expert system for the humidity and temperature control in HVAC systems using ANFIS and optimization with fuzzy modeling approach. Energy Build. 2009, 41, 814–822. [Google Scholar] [CrossRef]

	12. 
Moon, J.W. ANN-Based Model-Free Thermal Controls for Residential Buildings. Ph.D. Thesis, Taubman College of Architecture and Urban Planning, University of Michigan, Ann Arbor, MI, USA, 2009. [Google Scholar]

	13. 
Moon, J.W.; Jung, S.K.; Kim, Y.; Han, S.H. Comparative study of artificial intelligence-based thermal control methods—Application of fuzzy, adaptive neuro-fuzzy inference system, and artificial neural network. Appl. Therm. Eng. 2011, 31, 2422–2429. [Google Scholar] [CrossRef]

	14. 
Moon, J.W. Development of ANN- and ANFIS-based control logics for heating and cooling systems in residential buildings and their performance tests. J. Korean Hous. Assoc. 2011, 22, 113–122. [Google Scholar] [CrossRef]

	15. 
Moon, J.W.; Kim, J.J. ANN-based thermal control models for residential buildings. Build. Environ. 2010, 45, 1612–1625. [Google Scholar] [CrossRef]

	16. 
Moon, J.W. Performance of ANN-based predictive and adaptive thermal-control methods for disturbances in and around residential buildings. Build. Environ. 2011, 48, 15–26. [Google Scholar] [CrossRef]

	17. 
Moon, J.W.; Han, S.H. A comparative study between thermostat/hygrometer-based conventional and artificial neural network-based predictive/adaptive thermal controls in residential buildings. J. Asian Archit. Build. 2012, 11, 169–176. [Google Scholar]

	18. 
Ruano, A.E.; Crispim, E.M.; Conceicao, E.Z.E.; Lucio, M.M., Jr. Prediction of building’s temperature using neural networks models. Energy Build. 2006, 38, 682–694. [Google Scholar] [CrossRef]

	19. 
Stergious, C.; Siganos, D. Introduction to Neural Networks. Available online: http://www.doc.ic.ac.uk/~nd/surprise_96/journal/vol4/cs11/report.html (accessed on 10 July 2006).

	20. 
International Building Physics Toolbox in Simulink. Available online: http://www.ibpt.org/ (accessed on November 23, 2009).

	21. 
MathWorks. MATLAB 14. Available online: http://www.mathworks.com (accessed on 17 October 2008).

	22. 
Bradshaw, V. Building Control Systems, 2nd ed.; John Wiley & Sons: New York, NY, USA, 1993. [Google Scholar]

	23. 
American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (ASHRAE). Thermal Environmental Conditions for Human Occupancy; ANSI-ASHRAE Standard 55-1992; ASHRAE: Atlanta, GA, USA, 1992. [Google Scholar]

	24. 
ASHRAE. Energy-Efficient Design of Low-Rise Residential Buildings; ANSI-ASHRAE Standard 90.2-2004; ASHRAE: Atlanta, GA, USA, 2004. [Google Scholar]

	25. 
McArthur, H.; Spalding, D. Engineering Materials Science: Properties, Uses, Degradation and Remediation; Horwood Publishing: Cambridge, UK, 2004. [Google Scholar]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file13.jpg
ATemperature by ANN [°C ]

y = 0.2085x + 0.0139)
R’ =0675

05
ATempel

0 0.5

rature by computer simulation [°C]






media/file8.jpg
i

0.6649x + 7.102
R?= 06532

y=

©
&

T © 9 T 9
& & §8 & 7]

[0,]emesadwal pajeinuis

@

©

25

24

23

22

21

20

19

18

Measured Temperature [ °C |





media/file18.png
110

100

Comfort period of PMV [%]

O
o

80

70

60

50

40

30

O
>0

O Winter : Non-ANN-based
O Winter: ANN-based

A Summer: Non-ANN-based
X Summer: ANN-based

2.64

3.35 5.28 7.04
R-value of wall [ °K m*/W]






media/file21.jpg
Comfort period of PMV' [%]

110

100

90

80

70

60

50

40

30

m]
a
0

o

e}
>0 0O
> >
B>

[em]>23

O Winter: Non-ANN-based
O Winter: ANN-based

A Summer: Non-ANN-based
X Summer: ANN-based

0.18 0.53 061 088 123 1.59
R-value of window [ °K m? /W]






media/file9.png
o)
AN

o))
Al
O —]
O
N
T ©
3 o
<t |
6 _
S Y
o
I
>
< (4 ) N -— ) o
N oY N N N —

[ O,]8injeladwa] psie|nwis

o0
—

20 21 22 23 24 25
Measured Temperature [ °C ]

19

18





media/file22.png
Comfort period of PMV [%] .

110

100

90

80

70

60

50

40

30

- (] [] = []
O O
O K Q
X
S S N
L]
@
O Winter: Non-ANN-based
O Winter: ANN-based
A Summer: Non-ANN-based
X Summer: ANN-based
0.18 0.53 0.61 0.88 1.23 1.59

R-value of window [ °K m*/W]






media/file19.jpg
Comfort period of PMV [%]

110

100

90

80

70

60

50

40

30

>x 0 O

O Winter: Non-ANN-based
O Winter: ANN-based

A Summer: Non-ANN-based
X Summer:ANN-based

176

528 669 8.81 1233
R-value of roof [ °K m?/W]






media/file10.png





media/file5.png
Output Layer
(1 neuron)

Input Layer : Hidden Layer
(8 neurons) I (17 neurons)
I
I

Exterior Temp . ////

A Exterior Temp .““' ;’{1‘27
Exterior Humid .i \"Vq'//]//

A Exterior Humid . Al ATemperature
LK) or AHumidity
or APMV

8

)
%






media/file14.png
o ©
N (0))

©
N

ATemperature by ANN [°C ]

y = 0.2985x + 0.0139
R? =0.675

-0.5 0 0.5
ATemperature by computer simulation [°C]






media/file11.jpg





media/file15.jpg
bt — evas

©






media/file2.jpg
i

ke -

—ct

-

Sy

Y e

S

b

Dt





nav.xhtml


  energies-06-03548


  
    		
      energies-06-03548
    


  




  





media/file6.jpg
PNIEROR pxrimion

1 = EXTERIOR

e rERioR

contmor ¢ iR - W
PANEL " SENsoRs 29m
o rEROR SURROUNDING

6im B
y o 9. :





media/file1.png
( START )
v

Temperature Control Logic

ATemp
by ANN Model
Heating ON ? no Cooling ON ?
YES YES

ATemp + Temp
> upper limit of
heating range ?

ATemp + Temp
< low limit of

no cooling range ?

o

Temp + Temp
> upper limit of

no cooling range ?

?
YES i
4

YES VES YE.S‘
STOP CONTINUE STOP CONTINUE START START Do Nothin
Heating Heating Cooling Cooling Cooling Heating g

y

AHumid
by ANN Model

Humidifying ON ? Dehumidifying

ON?

YES

AHumid+Humid AHumid+Humid
>u limit of < low limit of dehumidifying
umidifying range ? range ?

no

Humidity Control Logic

S

AHumid+Humi
< low limit of
umidifying range

no

ygg }’e-'S YES l
STOP CONTINUE STOP CONTINUE START START Do Nothin
Humidifying Humidifying | |Dehumidifying| |Dehumidifying| |Dehumidifying Humidifying g






media/file16.png
N
&)

N
N

- Non-ANN-Based control

ANN-based control

N
W

N
N

(a)

N
-

Temperature [°C] .

N
o

~
e F = = = o=
L =
_ﬁ
- === — P —
---___~_-

: ' \ \ . III !\‘:\ \

N )
S PO L T :
} A Y

L=
- o
P—
- - f__
-
-- ===
p ="

19

6:00

50

8:00

10:00 12:00 14:00

Time

1N
(&)

1N
o

Humidity [%]

w
&)

(b)

30

25

Non-ANN-based control

—— ANN-based control

6:00
0.5

8:00

10:007jme  12:00 14:00

'\J'VN'-F-F-_ P

— = —

-1.0

'h'JN'-F-F-_- - =

Non-ANN-based control

ANN-based control

' - oy
vy / - - o
' n ) - - 1 n - n n n 1 n
L] f , L] L] f 'I 'I L] l. L}
i . I ¢ Ii L L j All JI L ! Jli N | B T ) J J— ' J J— 7'|7 J J— 7.7 . L 7l'7 7.7IL ' 7I7 Jl 7'|7 - L -
L] T’I £ 1 ;l lI lI lI lI lI ‘:I II ;l; I: ﬂ n n :: Ir I’ll |)‘7 l\ Il I": " n Il II " n 3 ! Il lI Il " lI
n n
L] ' H L] II " L] L]
LI} ¥ II ' II n : Il L lI 1
L]
L] N y Ll
L]
e A Haeh
1]
Ll | L]
! :| 1} l 1 1 l‘ | ' ' 1 ! 1 !
| l‘ ‘ l ' Ll ' ' '
i Iy ! ' ! ' ‘ il 1 !
L] :I :I II L] L} ' ' L] ‘ l
1 L] L] o L] ' ' L] L]
" :l :I :l Il III I\I IIl “I ' 1 1 1 1 L] L] ‘I ' 'II If “. II v Il ‘f
S S A AT B R e L L T Y Pt U T IR M I |
*J*!.*!.!...Fr7*!*rJ.,ﬁ*-***‘.*‘\LJ_*%*f4-*4\******%4*FT*"‘*_LTJ.*'.*'F
- - L]

6:00

8:00

10:00

Time

12:00 14:00






media/file20.png
Comfort period of PMV [%] .

110

100

©
o

80

70

60

50

40

30

> O 0O

O Winter: Non-ANN-based
O Winter: ANN-based

A Summer: Non-ANN-based
X Summer:ANN-based

1.76 5.28 6.69 8.81 12.33
R-value of roof [ °K m*/W]






media/file23.jpg
Comfort period of PMV [%]

110
100
90
80
70
60
50
40
30
20

>xo0
@ X

O Winter: Non-ANN-based

O Winter: ANN-based

A Summer: Non-ANN-based
X Summer: ANN-based

>x

0.1

0.15

02 03
Ratio of window to wall

04

05






media/file7.png
SOUTH
EXTERIOR EXTERIOR

SENSORS - .

OO0 - B
/ HUMIDIFIER HEATER DEHUMIDIFIER A / -
EXTERIOR
r SENSORS

|

INTERIOR

| A/C T A
CONTROL INTERIOR WA(/ ¢ SENSORS T HEATER
PANEL ) SENSORS 2.39m - ~ A
SURROUNDING / HUMIDIFIER g DEHUMIDIFIER
INTERIOR / INTERIOR SURROUNDING ) 1 N
INTERIOR SENSOR e S
2.51 m ® S -
/ //

> 2.92 m .





media/file24.png
Comfort period of PMV [%)] .

110
100
90
80
70
60
50
40
30
20

(] []
®) []
R O
A X
X
= A
. X
O Winter: Non-ANN-based
O Winter: ANN-based
A\ Summer: Non-ANN-based
X Summer: ANN-based ~
0.1 0.15 0.2 0.3 04 05

Ratio of window to wall






media/file12.png





media/file3.png
([ smrr )

!

APMV
by ANN Model

MYV increasing
operation ON ?

YES

> upper limit of PMV
increasing range ?

-—W

YES

APMV + PM
< low limit of PMV

ecreasing range

decreasing range

> upper limit of PMV no

APMYV + PM

< low limit of PMV

creasing range 7

YES YES YES YES
h 4 h 4 h J 4 h 4 h 4 b 4
STOP CONTINUE STOP CONTINUE START START _
PMV 1nc1:ea51ng PMV mcrf:asmg PMV decreasing PMV decreasing PMV deereasing PMV lﬂCl’FaSLHg Do Nothlng
operation operation operation operation operation operation






media/file4.jpg
Interior Humid | /

Alnterior Humid |/

InputLayer | HiddenLayer | Output Layer
@newons) | (I7newons) | (I newron)

I I
I I
Exterior Temp i ’ |
1 I
| Y |
A Exterior Temp 1 1
1 I
VI 1
Exterior Humid 1/} 1
1 I
N ) I

ABxterior Humid ¢4 1 ATemperature

1 - ! . or AHumi

. s 2 ! or APMV
Interior Temp ¢ i X 1
AN ‘ |
1 N I
A Interior Temp K 1 . 1
I ¥ I
1 ]
i 1
I ]
1 ]
1 I
I ]
1 1





media/file0.jpg
START
Temperature Control Logic

[t

Sy S ,=
E> . <E-E—
< et e oo ] [ [
vene || e || Comg || Cocimg || oo Tl | [ poesins
o
e
, e GG
L . . L3 o .
) el o] g [

B Do
Mty | | Womdios | [Domditng Debidiyiog Debumidiog | N "





media/file17.jpg
110

100

Comfort period of PMV [%]

90

80

70

60

50

40

30

o

o
>>0

O Winter : Non-ANN-based
O Winter: ANN-based

A Summer: Non-ANN-based
X Summer: ANN-based

264

335 528 7.04
R-value of wall [ °K m?W]






