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Abstract:



The two spaces office module is usually considered as a representative case-study to analyse the energetic improvement in office buildings. In this kind of buildings, the use of a model predictive control (MPC) scheme for the climate system control provides energy savings over 15% in comparison to classic control policies. This paper focuses on the influence of solar radiation on the climate control of the office module under Belgian weather conditions. Considering MPC as main climate control, it proposes a novel distributed enhanced control for the blind system (BS) that takes into account part of the predictive information of the MPC. In addition to the savings that are usually achieved by MPC, it adds a potential 15% improvement in global energy use with respect to the usually proposed BS hysteresis control. Moreover, from the simulation results it can be concluded that the thermal comfort is also improved. The proposed BS scheme increases the energy use ratio between the thermally activated building system (TABS) and air-handling unit (AHU); therefore increasing the use of TABS and allowing economic savings, due to the use of more cost-effective thermal equipment.
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1. Introduction


The implementation of energy saving measures in the building sector is nowadays key in energy development policies supported by the European Union to reduce both its energetic dependence and the emissions of greenhouse gases. Simultaneously, thermal comfort requirements must still be met. On the path towards energy efficiency, the use of an appropriate control for heating, ventilation and air-conditioning (HVAC) systems can be as important as the use of improved construction materials and the thermal insulation of the building envelope [1].



Being a low exergy thermal system, TABS takes advantage of the high thermal inertia of the building structure and becomes an adequate choice to achieve significant economic and energetic savings when used under an appropriate HVAC control as model predictive control, MPC. Many authors have studied the behaviour and modelling of a specific TABS, Concrete Core Activation (CCA), where the concrete floor or ceiling is thermally activated. Most importantly, the heat transfer model by Koschenz and Lehmann [2], the RC equivalent network model by Weber et al. [3] and its validation in the frequency and time domain by Weber and Jóhannesson [4] deserve to be mentioned here. The advantage of a high thermal inertia for efficient heating and cooling requires an adequate control strategy in order to avoid overheating, undercooling or destroying useful cooling or heating power by compensating it before it has reached the adjacent zone as described by Sourbron et al. [5]. Therefore, usually MPC is proposed because it explicitly considers these slower system dynamics as explained by Gwerder et al. [6].



The chosen HVAC control strategy for buildings influences the amount of energy needed to meet comfort requirements. Although On-Off switch and rule-based control (RBC) are widely used control schemes in office buildings, the need to improve the energetic and economic efficiency of the HVAC systems calls for more advanced controls such as the genetic algorithm used by Yu and Nam [7]. The development of schemes as the classical proportional integral (PI) [8], fuzzy logic based methods [9], artificial neural networks (ANN) [10] or fuzzy and MPC integration [11] allow for the reduction of the energy use while maintaining the required thermal comfort.



In the last years the domain where MPC is implemented has expanded, from the first papers about its applications in the chemical field by Richalet et al. [12] to a wide spectre of studies and applications as the plasma control simulations of Garrido et al. [13,14], the trajectory generation of unmanned aerial vehicles as describe Singh and Fuller in [15], the management of the energy for electric vehicles provided by Ji et al. [16] or even in the treatment of diabetes as described in [17]. In the building sector, the literature shows multiple studies and implementation cases such as the ones associated to the OptiControl project collected in [18] by Gyalistras et al. and in [19] by Gwerder et al., those related to the work of Picard et al. [20] and Antonov [21] or the recent study of Killian and Kozek [22] about the important aspects associated with the use of MPC in energy efficient buildings. Focused on energy saving policies, some of those studies show reductions in the energy use of about 15% or even higher. As an example, the study of De Coninck and Helsen [23] suggests an energy cost reduction of 30% for an office building in Brussels while Široký et al. [24] studied the behaviour of different buildings getting potential energy saving ranging from 15% to 28%. The studies in Australia of West et al. [25] provide energy savings of 19% and 32%. Although the MPC in building sector is usually applied to office blocks, there are also successful studies on other buildings typologies, namely residential buildings, as the gathered by Carrascal et al. in [26] where the study of MPC in a low construction quality building provides potential energy savings over 15%. The use of MPC for scheduling the energy use in residential buildings is studied by Chen et al. in [27]. Meanwhile Patteeuw and Helsen [28] focused on the reduction of CO2 emissions of residential heating systems by using MPC. Therefore, it is nowadays possible to consider MPC as an appropriate control for building climate applications.



The usage of an MPC to develop the control policies of HVAC systems exploits the knowledge of the predicted values of variables like meteorological disturbances or the heat gains associated to the activity in the building. Moreover, it can use information about the variation of the comfort conditions over time, the use of different climate equipment or the changes in energy rates. The control guaranties thermal comfort with a minimum control objective namely energy use. Therefore, the MPC is an improved control option provided that the predicted disturbances are close to the actual disturbances and it has a correct model of the building.



The main challenge MPC has to face towards its successful implementation is the development of an adequate model for the building under study. As the control action is calculated for the prediction horizon, the development of an accurate model of the building is critical to obtain an appropriate response. Good predictions for meteorological variables and use-patterns are also necessary in order to get an adequate response of the system and to maintain the desired comfort conditions. The difference between the modelled and the real behaviour of the building implies an error in control action. This is usually smoothed by using a state estimation filter, namely a Kalman filter [29]. The effect of the difference between predicted and real disturbances also decreases when a filter is applied. Maasoumy et al. [30] discuss the building model uncertainty under the MPC, Zhang et al. [31] discourses about the treatment of uncertainty in weather and occupancy predictions.



Solar radiation is one of the crucial factors regarding the comfort quality of a building. Its incidence on the façade causes the wall temperature to increase, which in turn influences the heat exchange with the interior. Incident radiation through the windows, after reflection and absorption in the glass layers, strikes the indoors walls, floor and furniture, and then propagates to the indoor environment. An appropriate use of this radiation will reduce the power consumption in winter, but it must be avoided in summer to eliminate overheating.



Previous studies have considered a hysteresis control for the blind system (BS) as the one of Sturzenegger et al. [32], presenting the results of the OptiControl project or Sourbron’s PhD [33] where the office model used for this study is described. The study of Le et al. [34] about the influence of the BS in the energetic expenses of a building proposes at first stance a hybrid MPC in which the BSC, integrated in the MPC, operates in four discrete positions. A second part of the study proposes a controller by learning from the optimal controller behaviour using a support vector machine. The work of Lawal [35] also studies the integration of the BS in the MPC as a hybrid combination of continuous actions for the heating-cooling system and three discrete positions for the BS based on indoor temperature. The work of Dussault et al. [36] provides a comparison between different control algorithms for smart windows.



As novel scientific contribution, this paper proposes the use of a simple but improved blind system control (BSC), decoupled from the MPC, that enhances the energy savings of the HVAC system regulating the solar radiation through the windows. This paper studies the energetic behaviour of an office module under the influence of the weather conditions of a typical Belgian meteorological year in Ukkel, Brussels region according to TMY3 data. An MPC controls the main action of the HVAC system to maintain thermal comfort conditions. The noticeable influence that solar radiation has on the comfort parameters motivates the detachment of the windows’ BS from the main MPC. The study proposes an enhanced control that couples the benefits of the predictive information with the simplicity associated to a BS-dedicated control.



The rest of this paper is organized as follows: the paper describes the elements of the office module used for the study in Section 2. Then, Section 3 characterizes the model of the module and the control schemes used for the HVAC system and the novel BS. It also describes the conditions of the study performed. The results will show the benefits of the proposed BSC in Section 4. Finally, the authors will present their conclusions based on the obtained results.




2. Study of the System: Building, Office Zones and Climate System


The design of the proposed office block allows creating a module that once modelled will represent the thermal behaviour of the building using a simple, repetitive structure. The building is north-south oriented and the module is composed of three spaces, two office zones and a corridor for separation and access. Each office zone is 12 m2 and the corridor section is 4.32 m2 leading to the total heated volume 96.3 m3. Figure 1 shows a scheme of the module with a representation of the HVAC system and disturbances that affect it.


Figure 1. Representation of the modelled two office zones and corridor module.



[image: Energies 10 00196 g001]






The model considers the walls between modules to be adiabatic. This follows from the assumption that the temperature of adjacent modules remains the same and the heat flux between them can be neglected. The thermal capacity of the indoor volumes, office zones and corridor, is the combination of the thermal capacity values of the air, the furniture and one of the separating walls. TABS in north and south office zones and air-handling unit (AHU) in office zones and corridor compose the HVAC system. Three main disturbances affect the system: outdoor temperature, solar radiation and internal thermal gains. Outdoor temperature and solar radiation values, as already mentioned, are obtained from a typical meteorological year in Ukkel.



The module model was designed using the IDEAS library (OpenIDEAS Modelica model environment for Integrated District Energy Assessment Simulations (IDEAS), source code available on GitHub (https://github.com/open-ideas/IDEAS)) [37] for Modelica [38], which allows the creation of the model specifying the construction materials, the heating systems action and the disturbances in the module in a similar way as TRNSYS (Thermal Energy System Specialists, LLC, Madison, WI, USA) or EnergyPlus (U.S. Department of Energy, Washington, DC, USA). This kind of representation allows the design of model dynamics close to the real behaviour. Table 1 shows a summary of the characteristic values of the façade of the module used in the model design. Used materials can be said to be considered of high quality. Table 2 presents the characteristics of the module. These values were defined in [33].



Table 1. Technical characteristics of wall layouts and windows.







	
Wall

	
d (m)

	
U (W/m2·K)




	
Outer wall

	
Plaster-Concrete block-Mineral wool-Brick

	
0.41




	
0.01-0.14-0.1-0.09




	
Internal wall

	
Gypsum board-Mineral wool-Gypsum board

	
0.79




	
0.012-0.05-0.012




	
Floor/Ceiling

	
Floor tiles-Air layer-Screed-Reinforced concrete with CCA-Plaster

	
1.38




	
0.04-0.41-0.05-0.2-0.01




	
Suspended ceiling

	
Ceiling tiles-Air layer-Reinforced concrete-Screed-Air layer-Floor tiles

	
1.11




	
0.01-0.2-0.2-0.05-0.41-0.04




	
Window

	
U (W/m2·K)

	
g -value




	
Window glass

	
1.10

	
0.40




	
Window frame (15%)

	
2.00

	
-




	
Window total

	
1.29

	
0.36




	
Solar shading

	
-

	
0.25










Table 2. Module characteristics.







	
Two Zone Building Parameters

	
Unit

	
Value






	
Area of the South or North zone

	
m2

	
12




	
Area of the corridor

	
m2

	
4.32




	
Heated volume

	
m3

	
96.3




	
Heated area

	
m2

	
28.3




	
Transmission area

	
m2

	
8.6




	
U-value external wall

	
W/(m2·K)

	
0.41




	
U-value total façade

	
W/(m2·K)

	
0.85




	
Percentage of glazing

	
%

	
50










Table 3 describes the internal gains associated to the activity in a standard office and other internal gains. These values are described in ASHRAE Fundamentals [39] for an occupancy of one person/10 m2 [40], being one of the three disturbances that actuates in the office model. Other operative parameters are also represented. Office hours are considered from 08:00 to 18:00; rest of the time the office is considered unoccupied. In order to describe the internal gains derived from the office use, people occupancy and office appliance use are considered to be from 08:00 to 12:00 and from 13:00 to 18:00. If during office hours no people are present, ventilation and infiltration losses are not compensated by internal heat gains and as a consequence the indoor temperature decreases, as discussed by Reynders [41].



Table 3. Operative parameters of the office module.







	
Parameter

	
Value






	
Occupancy rate

	
1 person per 10 m2




	
Sensible heat gains from people

	
7.5 W/m2




	
Latent heat gains from people

	
5.5 W/m2




	
Appliances heat gains

	
7.8 W/m2




	
Lighting heat gains

	
7.5 W/m2




	
Zone thermal capacitance

	
5 times the air thermal capacitance.




	
Convective heat transfer values of floor and ceiling

	
correlations of Awbi and Hatton [42]




	
Radiative heat transfer coefficient

	
5.6 W/m2




	
Infiltration rate

	
0.05 ACH during AHU-operation, 0.2 ACH outside those hours




	
Ventilation rate

	
36 m3/h pers (EN15251 [40] [Class II])










The core purpose of this research is the control of the BS for the windows of the office zones. The main MPC does not integrate this control so as to favour modularity and simplicity of the system. The BS has a hole pattern, which allows all solar radiation to pass when it is open and only 25% when it is closed. Figure 2 shows a representation of this effect.


Figure 2. Blind system opacity effect during solar eclipse of 20 March of 2015 in Leuven, Belgium.
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The windows are three-layer glass with a global g-value of 0.36, as mentioned in Table 1. The design of the building HVAC system provides the module with two different climate systems:

	
Thermally Activated Building System (TABS) is the main option for heating and cooling operations in the building. In order to take advantage of the thermal inertia of the building structure, water pipes are embedded in the concrete, which stores and provides the energy for climate control to the office zones via convection and radiation. Considering the typical heat pump and direct cooling configurations, Sourbron defines in [33] the maximum heating values between 79 and 86 W/m2 for heating and between 42 and 65 W/m2 for cooling. The model supposes a power of 50 W/m2 for both heating and cooling, which provides 600 W power for one office zone. The MPC prioritizes its use by minimizing energy use.



	
An auxiliary Air–Handling Unit (AHU), necessary for ventilation and air conditioning, fulfils additional power request. The system adjusts the indoor temperature when the TABS is not able to provide enough heating or cooling power or its response is not quick enough to maintain the comfort conditions. The AHU can contribute with an additional 850 W for heating and cooling in each office zone and 360 W in the corridor.








By simulating the dynamic behaviour of the system under the effect of TABS only for a constant outside temperature and no solar radiation nor internal gains it is possible to calculate the time constant ([image: there is no content]) of the TABS in the office zones. Using the expression:


[image: there is no content]



(1)




where [image: there is no content] is the temperature at stationary state and [image: there is no content] is the temperature at the beginning of the simulation, The value obtained for [image: there is no content] is about six days.




3. Model and Control Design


3.1. Model


3.1.1. Model Development and Linearization


The model implemented within the MPC consists of three zones: two office zones and a corridor. This is a standard study distribution as bibliography shows [43,44,45,46]. The climate control provides an individual regulation of the temperature of each room. As described in Section 2, the Modelica model characterises the module using the specifications of Table 1, Table 2 and Table 3. The linearization of the model described by Picard et al. in [47] provides a 50 states state-space model that describes the system in matrix notation using a RC representation. These temperature states characterize the system with the temperatures of the office zones and corridor as the control objective. The other states are assigned to the TABS, the wall between office zones and corridor and the temperature of the external façades and windows. The independent treatment of both office zones and the corridor results in a relatively high number of 50 states. In particular, four states characterize the behaviour of each TABS defining the temperature of the concrete and its covering. The façade and the inner partition walls are determined by four further states in each room. No capacity has been considered for windows, whose behaviour is defined by their thermal resistance and g factor. As described by Picard et al. [47], the non-linearity of the transmittance of solar radiation under varying incidence angles is treated as an input to the linearized model. The walls between different office modules and TABS embedded into the floor and ceiling are assumed adiabatic. The model also includes the action of the HVAC system, TABS and AHU, as well as the influence of external perturbations like the weather, the human activity and the use of office devices. The continuous state-space model of 50 states that represents the dynamics of the office module is described in Equation (2). The implementation of the MPC requires a discrete state-space representation of the model that will use a fifteen minutes time step, Ts. The discretization and linearization of the system around the operation point causes the loss of the simplicity of the sparse matrices in the continuous-time domain. This generates a rise in computation time and complexity associated to the control. In order to reduce the complexity of the system and to decrease the computational effort, the system dimension is reduced to a more manageable 25 states. Although Equation (2) maintains its structure for the reduced system, the reduction implies the loss of the physical meaning of the states, so [image: there is no content], the output vector, is necessary to recover the information needed for the evaluation of the results.



The state-space model that defines the dynamics of the module is described for continuous representation as:


[image: there is no content]



(2)




where [image: there is no content] is the state vector and [image: there is no content] the number of states, [image: there is no content] is the control action of the HVAC system with [image: there is no content] actuators (2 TABS and 3 AHU) and [image: there is no content] is the vector that represents the [image: there is no content] disturbances in the system: outdoor temperature, solar radiation for north and south orientation, internal gains associated to human activity in the office. Vector [image: there is no content] contains the [image: there is no content] values observed in the system. [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content] are the matrices that define the system. [image: there is no content] defines system dynamics, [image: there is no content] represents the effect of the control action on the system, [image: there is no content] determines the effect of the disturbances on the system and [image: there is no content] determines the influence of the solar radiation among the windows where [image: there is no content] is the BS number. [image: there is no content] is the matrix associated with the action of the BSC. [image: there is no content], [image: there is no content], [image: there is no content] and [image: there is no content] give the values of the system states making it observable. The action of the solar radiation is decoupled; the effect of the solar radiation over the façade is represented in [image: there is no content] matrix, meanwhile the nonlinear term [image: there is no content] determines the influence of the BS and the solar radiation among the windows, in which vector [image: there is no content] contains the solar radiation value and [image: there is no content] is the BS control action that limits the solar radiation when closed. The discrete-reduced state-space model also maintains this representation.




3.1.2. State-Space Model Reduction


The reduction of the number of states of the state-space model is performed using a balanced model truncation via square root method. For an n order continuous or discrete state-space system:


[image: there is no content]



(3)




where [image: there is no content] and [image: there is no content].



It is possible to obtain a reduced k order system:


[image: there is no content]



(4)




where [image: there is no content] is the transformation matrix which performs an invertible state-space transformation, using the square root method as described by Safonov and Chiang in [48].



For the system, it is possible to obtain the singular value decomposition (SVD) of the controllability and observability grammians [image: there is no content] and [image: there is no content]:


[image: there is no content]



(5)




[image: there is no content] and [image: there is no content] are mutually orthogonal.



Let the square root of the grammians (left/right eigenvectors) be:


[image: there is no content]



(6)




and the SVD of [image: there is no content]:


[image: there is no content]



(7)




where [image: there is no content].



Then, the left and right transformation for the final kth order reduced model truncated for the largest singular values are:


[image: there is no content]



(8)




where [image: there is no content] and [image: there is no content] are the first k columns of [image: there is no content] and [image: there is no content] transformation matrices.



The reduced system becomes:


[image: there is no content]



(9)




with an error bound on the infinity norm of the additive error for well-conditioned model reduction:


[image: there is no content]



(10)




where [image: there is no content] and [image: there is no content]are the initial and reduced system and n and k their respective orders.





3.2. Control


3.2.1. Main Control of the Heating, Ventilating and Air-Conditioning System: Model Predictive Control (MPC)


To avoid an undesired frequent switching between hot and cold activation of the TABS, the control defines a seasonal TABS action. Based on the meteorological forecast of a characteristic Belgian year for outside temperature and solar irradiance, the TABS is designated for cooling from spring to the middle of autumn and for heating during the rest of the year. In addition to meeting the needs of ventilation and humidity, the AHU will satisfy the need for additional heating or cooling power necessary to maintain the thermal comfort.



The control algorithm set aims to maintain the indoor temperature of the office zones and corridor within the thermal comfort requirements. The control actuators are TABS and AHU on the one hand and the BS on the other hand. TABS and AHU condition office zones and corridor, while the BS controls the solar radiation. In order to increase the energy savings and reduce the complexity of the system, the main MPC does not integrate the BSC, although communication between both controls exists. The integration of the BS in the MPC would increase the global energy use, which may be observed from the results of Section 4.



The main climate control implements an MPC, a multi-objective advanced control that must maintain the comfort conditions while minimizing the energy use. The MPC controls the HVAC actions of the TABS and the AHU taking into account the perturbations at the evaluation moment as well as those in a future period denoted by the prediction horizon, Np. Figure 3 shows a scheme of an MPC applied to control the comfort conditions of a building.


Figure 3. Model Predictive Control (MPC) scheme of the control for the the Heating, Ventilating and Air-Conditioning (HVAC) system of a building with the proposed enhanced Blind System Control (BSC).



[image: Energies 10 00196 g003]






As mentioned in the introduction, the use of an MPC can realise an improvement of 15% or more in energy savings compared to other controls such as Rule Based Control, RBC, that are widely used in HVAC control. Provided with the state-space model of the building, the MPC uses measured and predicted disturbances that influence the system to calculate the control action. The minimization of a cost function for the [image: there is no content] vector is a typical constrained quadratic programming problem represented by Equation (11) with a prediction horizon Np subject to the constraints given by Equations (12)–(14). The solution of the minimization provides the minimum action the HVAC system needs to guarantee the thermal comfort in the building.


[image: there is no content]



(11)




where [image: there is no content] is the vector that stores the indoor temperatures of the office zones and corridor, which is a subset of vector [image: there is no content], outputs of the system, [image: there is no content] is the vector of temperature references for office zones and corridor. [image: there is no content] is the vector that provides the control actions (energy use). [image: there is no content], with [image: there is no content] the number of controlled temperatures, and [image: there is no content] are diagonal positive semidefinite matrices that weigh the deviation from the reference temperature and the energy use in the minimization, and k is the evaluated time moment of the prediction horizon.



The system is subject to the following constraints:


[image: there is no content]



(12)






[image: there is no content]



(13)






[image: there is no content]



(14)




where [image: there is no content] and [image: there is no content] determine the minimum and maximum power values the HVAC system can supply. [image: there is no content] denotes the temperature in the office zones and corridor limited by the boundary values of the comfort band [image: there is no content] and [image: there is no content]. [image: there is no content] is the temperature of the surface of the ceiling and floor where [image: there is no content] and [image: there is no content] delimit its range of values to avoid overheating and condensation of moisture at inner surfaces.



The MPC calculates the optimal action over the prediction horizon using the weights associated to the variables, the reference for the indoor temperature and the defined constrains. The minimization problem is the core of the MPC and provides a control vector for the time horizon that will fulfil the desired conditions under the predicted disturbances. For each iteration, the control action only implements the first element discarding the rest, recalculating the next series of control actions in the next iteration. In the case investigated, CPLEX [49] is used as solver with YALMIP [50] to construct the problem. YALMIP provides high freedom in the design of the minimization problem as well as an improved efficiency in computational resources. As a design choice, the control prioritizes the use of the TABS above the AHU using the weights inside the [image: there is no content] diagonal matrix, Equation (11). These weights ideally reflect the real operating cost associated to both systems. The relationship between the weights associated to the energy use, [image: there is no content], and those related to the deviation of the indoor temperature from the reference temperatures, [image: there is no content], defines different energy use policies, allowing a deviation from the reference temperature when it can provide important energy savings.



The MPC is not only defined by the cost function and the weights associated to the different terms that appear in the cost function. A definition of the physical power limits of the HVAC and of the comfort bounds is also necessary, as shown in Equations (12)–(14). Moreover, the weather conditions may force the system outside of the comfort bounds, which can provoke problems when looking for an optimum within the given constrains. In order to avoid this situation, which does not lead to a solution, and to add robustness to the control, the bounds of the comfort band defined in Equation (13) are relaxed as:


[image: there is no content]



(15)






[image: there is no content]



(16)




where [image: there is no content] is a highly weighted relaxation variable of the minimization that allows the temperature to trespass the comfort limits. Thus, the minimization may be rewritten as:


[image: there is no content]



(17)




where [image: there is no content] is the weight matrix associated to the [image: there is no content] parameter, its values being significantly larger than the ones of [image: there is no content] and [image: there is no content].



As the system prioritizes the use of the TABS over the AHU, the system is subject to one last constraint: the use of the AHU is restricted to office hours.




3.2.2. Blind System


The characteristics of the MPC that provide the control actions for the TABS and AHU so that the office zones remain inside the thermal comfort conditions have been described in the previous subsection. The difference between the time constants of BS and climate system hinders the implementation of the BSC as another control action of the MPC. For this reason, the control action of the BS is kept separate from the MPC and is implemented as a distributed control. This subsection introduces the complete control of the climate system as an MPC enhanced with a BS control.



The main objective of this study is the design of a distributed, simple and effective control for the BS, compatible with the predictive capacities of the main MPC. The blinds must stay open if the incident solar irradiance is lower than 150 W/m2 [33], which allows all the incident radiation to pass through. The blinds must be closed if the solar irradiance is higher than 250 W/m2, which reduces the passing radiation through BS to 25% of the incident one, as explained in Table 4. Therefore, the value of the solar radiation that the MPC computes over a window, [image: there is no content], is defined by:


[image: there is no content]



(18)




where [image: there is no content] defines the BSC action.



Table 4. BS state related to the incident solar radiation (S_rad) and solar radiation value through BS.







	
Solar Radiation

	
BS State

	
Solar Radiation after BS






	
Solar radiation > 250 W/m2

	
CLOSED

	
0.25· [image: there is no content]




	
150 W/m2 < Solar radiation < 250 W/m2

	
BSC defined

	
[image: there is no content]




	
Solar radiation < 150 W/m2

	
OPEN

	
[image: there is no content]










The lack of definition of the BS state for the intermediate irradiance values allows different control strategies that condition the energetic behaviour of the building. In order to keep the BS hardware and control as simple as possible, the allowed states for the system are either open or closed with no intermediate positions.



Previous studies that focused on the behaviour of the climate system have implemented the BS as an On-Off hysteresis control, hysteresis BSC. The results obtained using that control will be compared with the ones from a novel enhanced BSC, in order to illustrate the benefits of that novel BSC. The enhanced BSC will use the predicted results of the main MPC. As the prediction horizon period is too long for the BSC, two-hour ahead-predicted results will be used only, which is substantially shorter than the prediction horizon of the MPC, but long enough to be significant. Predicted energy use is the main indicator to determine the BS control action. If there is net heat use for the next two hours, the BSC will open the blinds, closing them when the prediction is cold use. The design of the enhanced BSC considers also the following assumptions:

	
The BS stays closed if the incident irradiance is higher than 250 W/m2. It will be open when the incident radiation is lower than 150 W/m2.



	
The BS action does not influence the illumination comfort of the office and there are no extra energy expenses when the blind system is closed. This simplification is also made by the hysteresis control.



	
The design of the main MPC is identical for both enhanced and hysteresis BSC. The difference between them will be the amount of radiation that passes through each BS.



	
In order to increase the user global comfort minimizing the action of the BS, when the predicted average power use in the TABS/AHU system for the next two hours is below a predefined threshold, the BS state remains unchanged.









3.2.3. Proposed Enhanced Blind System Control (BSC)


The design of an improved BSC system for the two office zones module enhances the global control behaviour of the climate system, both economically and energetically as well as from a comfort perspective.



Figure 4 shows the interaction of the novel enhanced BSC with the main MPC. The MPC evaluates the system for a control action during the prediction horizon using the values of the solar radiation among others. The BSC receives the information of the predicted solar radiation for the prediction horizon and the values of the control action of the previous iteration to decide about the need of heating or cooling of the office.


Figure 4. Scheme showing one of the interactions of the enhanced BSC with the main MPC control.
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The BSC evaluates the solar irradiance at each time step of the prediction horizon. If the solar radiation is between 150 and 250 W/m2 (the BS state is not predefined), the controller must determine the BS state for that step and give the MPC the recalculated solar irradiance value through the BS.



The control computes the predicted energy needs for the next two hours; the BS will be open in case of a net heating power demand, and closed if there is a demand for cooling power in order to assist the action of the main HVAC system. However, a small hysteresis band is imposed on the energy-use variable, during which the BS state is not changed to avoid consecutive opening and closing of the blinds that can disturb the office users’ comfort. The MPC receives the information of the predicted solar radiation through the BS for the prediction horizon and using these values, calculates the control action for the HVAC to ensure comfort conditions and minimize energy use. Figure 5 shows a flow chart representing the behaviour of the BSC.


Figure 5. Flow chart representation of the proposed enhanced BSC.
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In order to study the efficiency of the enhanced BSC and the influence of the solar radiation, the control performance is compared with other BSCs under the same operating conditions. An MPC operates the HVAC system under the same parameters for all the simulations, except for the BS. Table 5 presents the temperature ranges that determine the comfort bands for heating in winter configuration, and cooling in summer.



Table 5. Reference values and comfort band limits for temperature (in °C). Office hours are considered from 08:00 to 18:00.







	
Comfort Definitions

	
Heating

	
Cooling




	
Office Hours

	
Night/Weekend

	
Office Hours

	
Night/Weekend






	
Upper temperature

	
22

	
22

	
26

	
26




	
Reference

	
20

	
no ref

	
24

	
no ref




	
Lower temperature

	
18

	
16

	
20

	
20










When the TABS is configured for heating, the reference temperature during the day is 20 °C, with a comfort band of 2 °C below and above the reference. In order to reduce the energy use, there is no temperature reference during night and weekend time and the lower limit of the comfort band drops to 16 °C in these periods. Due to its predictive nature, MPC has no problem to recover the comfort band around the temperature reference at the beginning of the working day. Assuming adapted clothing during the cooling season; in summer, the values for the reference temperature during the day is raised to 24 °C and the upper and lower bounds of the comfort band are raised to 26 °C and 20 °C respectively. The MPC design provides the office zones both reference and comfort band while the design for the corridor, due to the thermal isolation from the exterior provided by the office zones, delimits the comfort band only. During no occupancy time, no reference is assumed in order to improve the energetic efficiency and the lower bound constriction is softened. Although the reference temperature can also be removed during occupation time, which would minimize the energy use making matrix [image: there is no content] in Equation (17) zero, the reference gives the control a more stable evolution inside the comfort band reducing discomfort from unforeseen disturbance changes. Modifying the weights in Equation (17) it is possible to prioritize energy savings giving the reference temperature a role to help stabilizing temperatures within the comfort band. The internal gains associated with the office use have a great influence on the system dynamics and have been defined earlier in Table 3.





3.3. Performance Indicators


3.3.1. Energy Use


Using an MPC as main HVAC control, the study focuses on the influence of the solar radiation on the comfort conditions and energy use. In this way, BS plays an important role because even when solar radiation helps to warm the office zones during winter, it negatively affects thermal comfort during summer and increases cost. Four scenarios are proposed to study and manage the effect of the solar radiation through the windows:

	(1)

	
No BS: This scenario is used as a reference. There is no BS to mitigate the influence of the solar radiation, so the MPC has to manage the HVAC to dissipate the energy of the solar radiation. This scenario should provide the worst situation with respect to energy use in summer. In winter, this would provide more heat gains improving the results, as long as this does not imply the need for cooling.




	(2)

	
Hysteresis BSC: This is a usually proposed control as shown in the already presented literature. The control action is defined by a hysteresis control when the solar radiation value is inside the limits defined in Table 4. The control action is open or close. It is presumed that the performance of this control can be improved.




	(3)

	
MPC integrated BSC: In this case, the MPC internalizes the BS. The minimization function, considers the action of the solar radiation as another minimization parameter when it is between the already defined maximum and minimum radiation values. The predictive capacity of the MPC ensures an appropriate control and, in order to improve the control response; the BS is not limited to open or closed positions, being able to stay in any other intermediate position. Considering the nature of the MPC, which minimizes the objective function for the whole prediction horizon, the effect of the absence of solar radiation at night can distort the results for the hours near the sunset, which could affect the total energy use.




	(4)

	
Enhanced MPC: This is the improved control proposed in this paper. It takes information about the predicted energy use for the future two hours and uses this information to define an open or close state for the controllable radiation band. This control is supposed to give upgraded results improving the behaviour of the hysteresis one.









The orientation of the offices introduces an important distinction between the solar radiation values: as will be seen, while the BS is nearly unnecessary in the north office during the whole year, its use in the south one is mandatory to reduce the amount of solar radiation that gets into the south office zone in summer.



Besides assuming that the control prioritizes the use of TABS for economic reasons, the increase of the use-ratio between TABS and AHU will supposedly imply an improvement in the system performance due to the possible usage of more efficient climate equipment as heat pumps.



In addition to the energy savings, some studies start to consider the expenses associated to the control hardware as well as other cost factors [32]. In the proposed novel strategy, there are no special hardware requirements aside from the already supposed On-Off automatization for the BS and the implementation of the proposed software is not expected to cause a significant increase of the computational effort compared to the MPC.




3.3.2. Thermal Comfort


Evaluation of the thermal comfort is also necessary. The comfort is supposed to be guaranteed inside the bands defined in Table 5. Outside these values, there is a thermal discomfort situation.



Although the use of the Predicted Mean Vote/Predicted Percentage of Dissatisfied (PMV/PPD) as defined in ASHRAE 55 is a common thermal discomfort standard and successful integration of the PMV index in MPC is described by Freire et al. [51], its nonlinear character still causes some difficulties in its use. In order to simplify the study, the unit selected to determine the thermal discomfort is the Kelvin hour (Kh), which is defined as the integration over time of the temperature surplus outside the comfort band. By adapting the comfort band values to the season it is possible to improve the feasibility of this method. The low deviation of the temperature from the comfort band has never been larger than 1 K for occupation period as will be seen in Section 4, which makes this unit a good option to evaluate the thermal comfort.



The evaluation of the discomfort value in a discrete system is based on the sum of the temperature deviation value out of the comfort band for all the time steps multiplied by the system discretization [image: there is no content] in hours. This value is computed when the deviation is larger than 0.1 K. This is:


[image: there is no content]



(19)




where [image: there is no content] is the temperature deviation from the defined comfort band.






4. Results


4.1. Enhanced BSC Results


This Section shows the results obtained in the module of office zones under the different control schemes. The control must maintain the office module inside the thermal comfort conditions while using the minimum amount of energy. The study focuses on the savings that the use of a suitable BSC adds to the general MPC.



Figure 6 provides a year-long representation of the behaviour of the climate system in the two office zones and corridor using the enhanced control for the BS (scenario 4). The simulation results show the global behaviour of the system during the whole year; no BSC, hysteresis BSC and MPC integrated BSC lead to results similar to those in Figure 6, although an increase in energy use and thermal discomfort appears. It is possible to see how the control maintains the indoor temperature inside the defined comfort band. The inertia of the TABS and the thermal gains of the offices, human use and office devices, cause variations with respect to the reference temperature. In some occasions, the temperature exceeds the lower comfort limit due to the relaxation in the design of the comfort constraint when offices are out of use.


Figure 6. Enhanced BSC study: zone temperature evolution (a), accumulated energy use (b) and developed power in TABS (c) and in AHU (d).
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The energy use for both TABS and AHU also appears in Figure 6. Recall that the use of TABS is limited to heating in winter and to cooling in summer as the figure shows; while the AHU is designed to provide support action for heating or cooling as can be observed in Figure 6b column. It may therefore be observed from the accumulated energy use that the cold consumption exceeds the heat consumption, such that an adequate use of the BS will provide significant energy savings. The south office has higher solar exposure than the north one, which increases the cooling energy use. The temperature in the corridor remains quite stable, because of the regulating effect provided by the adjacent offices and the absence of significant heat gains. Therefore, it has been found that the BSC action is mainly focused on the south office.



Figure 7 zooms into the control response of Figure 6. A representative zoom of a week is shown for the TABS heating and cooling configuration for the south office. This shows the evolution of the temperature and the energy use of TABS and AHU. Control is fitted in order to improve the energy savings so the value of the weight matrix [image: there is no content], associated to the energy use, has larger eigenvalues than the values of matrix [image: there is no content], associated to the reference tracking, in Equation (17), which entails that the control will not strictly follow the temperature reference. It is also possible to observe the effect of the [image: there is no content] parameter: the MPC allows the temperature to exceed the comfort band in some occasions in order to decrease the energy use. This is merely a design choice. The behaviour of the TABS and the delay associated to the heat transfer through the concrete can be observed. The thermal energy is mostly stored in the TABS at night to be used during the office hours. This delay also shows the predictive behaviour of the MPC. While TABS are in heating configuration, the AHU system is mainly used to correct the temperature deviations in cooling configuration as it provides additional cooling power when required. A temperature decrease appears at lunchtime. The lack of internal gains associated to occupancy and office appliances combined with the ventilation heat losses cause this to happen in both cooling and heating configurations. The lower graphs show the behaviour of the control under a no discomfort policy as compared to the power saving policy. Weights associated to the reference track and [image: there is no content] parameter in Equation (17) have been increased, putting a higher penalty on discomfort. Using the parameters of the study, it is possible to maintain the temperature inside the comfort limits at the expense of increased energy use.


Figure 7. One-week response of the control for heating and cooling configurations. Temperature evolution, and TABS and AHU system power use are shown. One-day temperature evolution for the selected configuration, power saving, against a no discomfort policy is also presented at the bottom.
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Figure 8 shows other aspects of the behaviour of the enhanced BSC. The action of the BS control can be observed in Figure 8a, which represents its state evolution over time. The other columns show the accumulated thermal discomfort in Kh.


Figure 8. Enhanced BSC study. BS state (a), thermal discomfort (b) and accumulated thermal discomfort (c) for north and south offices.
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The thermal discomfort in Kh is defined as the integration over time of the temperature surpassing outside the comfort band during occupation hours. In [18], Gyalistras et al. suggested values near 70 Kelvin hours per annum (Kh/a) as a good indicator for thermal discomfort. Only deviations larger than 0.1 K are considered when evaluating the discomfort, as suggested in [18]. Taking into account the distribution of the thermal discomfort over the year, Figure 8b, it can be seen that in the south office the temperature is only out of the comfort band during 0.65% of the office-time for a deviation higher than 0.5 K and it never surpasses 1 K. As result of these considerations, the outcomes for the control action are considered satisfactory, especially knowing that the MPC design allows to exceed of the comfort band as denoted by Equation (17).



Figure 9 presents a comparison between the enhanced BSC and the other three BSC scenarios defined in Section 3.3.1: hysteresis BSC, the MPC integrated control and no BS control. The response patterns of Figure 6 and Figure 7 are similar for all these controls, so the comparison is based on the accumulated energy use as well as the accumulated thermal discomfort in Kh for the four cases over a whole year.


Figure 9. Accumulated energy use (a,c) and thermal discomfort (b,d) in north and south office orientations for the studied controls.
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The graphics in Figure 9a show that the enhanced BSC provides the lowest energy use and the highest comfort (Figure 9b) for the south oriented office zone, whereas the north office zone presents similar results for all four BSCs (Figure 9c,d). Besides, according to Figure 9a, major savings are accumulated during the cooling period, when the solar radiation maximizes its influence. In particular, the novel enhanced BSC presents an overall energy use, which is 15% lower than the hysteresis BSC, and similar energy use results to the MPC integrated BSC. Regarding thermal discomfort, it can be observed in Figure 9d that there is no substantial difference between BSC actions in north orientation. For South orientation, the enhanced BSC and MPC integrated BSC show similar results, which are better than the hysteresis one in Figure 9b.




4.2. Enhanced BSC Results. Interpretation and Discussion


The simulation results indicate that most of the energy savings associated to the use of the enhanced BSC occur in the south office during the summer period. The large influence that internal gains exert on the environment induces a heavy use of the cooling system. The effect of solar radiation, which can be observed comparing the results between north and south offices, increases the use of the cooling system. Therefore, a more active well-fitted BSC yields important savings in the energy use as Table 6 shows.



Table 6. Accumulated energy use of the HVAC system when different BSC are used. Energy use is referenced to the scenario without BS.







	
Scenario

	
Accumulated Energy Use kW·h




	
Total

	
Winter

	
Summer

	
Energy Use (%)

	
Total TABS

	
Total AHU






	
North

	
enhanced

	
659.0

	
257.8

	
401.0

	
99.54

	
613.2

	
45.8




	
MPC

	
660.5

	
258.2

	
402.3

	
99.79

	
614.7

	
45.8




	
hysteresis

	
664.1

	
256.5

	
407.5

	
100.32

	
618.0

	
46.1




	
No_BS

	
662.0

	
253.0

	
408.9

	
100

	
615.8

	
46.2




	
South

	
enhanced

	
699.8

	
197.3

	
502.4

	
71.97

	
621.2

	
78.6




	
MPC

	
716.8

	
198.5

	
518.2

	
73.73

	
637.4

	
79.4




	
hysteresis

	
824.8

	
190.8

	
633.9

	
84.83

	
715.7

	
109.2




	
No_BS

	
972.3

	
198.6

	
773.6

	
100

	
820.9

	
151.4










Due to the low solar radiation that the north office receives, the BSC has no relevance in the energy use. However, in the south oriented office the heating effect of solar radiation causes a substantial decrease in the energy use of 20% during the winter period, compared to the north office. Analysing the summer period, this passive heating effect increases the energy use for cooling. The maximum energy use occurs when no BS is present. The use of a hysteresis BSC reduces this energy use to 85% of the reference case. The integration of the BSC in the MPC or the use of the enhanced BSC reduces the energy use down to 74% and 72% of the reference case, respectively. Considering a whole year, the use of the enhanced BSC in the south office reduces the energy use to values close to those of the north office, so that the control avoids the undesired heating effect of solar radiation in summer. This provides energy savings of 30% with respect to a no BS situation or 15% with respect to the hysteresis BS. When comparing with the MPC integrated control, there is only a small difference, but it must be considered that MPC requires a more complex hardware implementation than the enhance BSC.



The priority in the use of TABS over the AHU is defined in the MPC assuming different operative costs per unit of cooling or heating power. Using the enhanced BSC, the energy-use of TABS to AHU ratio is near 8, while this ratio decreases to 6.5 for the hysteresis control and 5.5 when no BS is present.



Results presented in Figure 8 and Table 7 give an idea about the thermal comfort provided to the users of the offices. Under the same study conditions, except for the parameters directly related to the BS, all other parameters of the MPC remain the same for all simulations. The enhanced BSC obtains the highest comfort. As in the previous comparison, MPC integrated BSC results are close to the ones of the enhanced BSC, while the usually proposed hysteresis shows worse behaviour. Results for the case without BS are the worst due to the increment of the energy use needed to maintain thermal comfort.



Table 7. Accumulated thermal discomfort in the south oriented office zone for the whole year and fraction of office time out of the comfort band for different temperature deviations.







	
Scenario

	
Thermal Discomfort Kh/a

	
Deviation > 0.25 K (%)

	
Deviation > 0.5 K (%)

	
Deviation > 1 K (%)






	
Enhanced

	
142.92

	
6.34

	
0.65

	
0




	
MPC integrated

	
154.04

	
6.48

	
0.71

	
0




	
Hysteresis

	
249.01

	
15.11

	
2.66

	
0




	
No_BS

	
385.12

	
21.28

	
9.19

	
1.39










In the south office, the BS mitigates the influence of solar radiation on thermal discomfort reducing discomfort when enhanced BS or MPC integrated BS is used. Figure 7 shows how to implement a no discomfort policy in which the temperature reference track and [image: there is no content] value weight are prioritized over energy use. The comfort is increased however also the energy use increases as can be deduced from Equation (17).



The use of the enhanced BSC provides significantly better results than those obtained with the usually proposed hysteresis BSC when evaluating both energy use and thermal comfort. Compared to the BS integration in the MPC, it shows similar results in thermal comfort and energy use, but the enhanced BSC simplifies the computational effort and the hardware complexity associated to the BS positioning. For a whole year calculation, an i7-6700 16 GB RAM desktop computer takes 8 h (24 h in the case of an i7-3520M 4 GB RAM laptop) for enhanced and hysteresis control calculation increasing this with about half an hour for the integrated MPC. The use of discrete BS positions in an integrated MPC, as the ones proposed in the literature, requires the use of integer programming that can increase the computation time more than an order of magnitude.





5. Conclusions


The climatization of office buildings represents an important fraction of the total energy use in our society. Besides conditioning the indoor air quality, the system must provide thermal comfort to the users. The use of an MPC gives rise to energy savings of about 15% with respect to traditional control policies.



The power dissipation of electronic devices in present-day offices provides heat gains, which together with human activity and solar radiation introduces heat sources that will significantly increase the temperature in the office zones. Although all these energy sources, considered in the HVAC control, reduce the heat power consumption during winter, they substantially increase the cooling needs in summer. This study investigates an office module, designed with high quality building materials and a solar BS, allowing decreasing the total use of energy of an MPC controlled HVAC system by simulations. The simulations for a novel enhanced BS algorithm decoupled from the MPC, but considering its predicted energy use values, provide a potential energy use reduction for the HVAC system of 15% in comparison with a usually proposed hysteresis control. The evaluation of the predicted energy need provides a good indicator to determine the state of the BS.



The proposed control shows similar results for energy use and thermal comfort to an MPC that integrates the BS under similar conditions, which in some of its variants has been successfully studied. Therefore, the obtained results can be considered significant. The use of a decoupled control reduces computational requirements in the MPC minimization; meanwhile On-Off BS hardware is potentially simpler than multistate one.



Unlike the outside temperature or the heat gains associated with occupancy, the strong effect of solar radiation on thermal comfort, mostly in summer, can be counteracted. The development of an appropriate BSC provides an opportunity to significantly decrease the energy use, which justifies this study and the use of an advanced control strategy. The enhanced BSC also improves the distribution of the energy use over the two HVAC systems, TABS and AHU, which should entail a cost reduction by favouring the system with lower running costs.



The comparison among the different BSCs has been carried out considering perfectly known predictions for the disturbances. Deviations between the predicted and real values of solar radiation can introduce errors in the behaviour of the BSC. Therefore, once the control feasibility has been validated when comparing with other BSCs, future studies should contemplate the implementation under real conditions, taking into account on-line weather forecast predictions. In this case, a state estimation Kalman filter should be used to reduce the errors in the predictions. The study of the proposed BSC in other weather conditions or other qualities of the construction materials can also continue this research work.
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The following abbreviations are used in this manuscript:





	ACH
	Air Changes per Hour



	AHU
	Air Handling Unit



	ANN
	Artificial Neural Network



	ASHRAE
	American Society of Heating, Refrigerating and Air-Conditioning Engineers



	BS
	Blind System



	BSC
	Blind System Control



	CCA
	Concrete Core Activation



	HVAC
	Heating, Ventilating and Air-Conditioning



	Kh
	Kelvin hour



	Kh/a
	Kelvin hour per annum



	MPC
	Model Predictive Control



	PI
	Proportional Integral



	PMV
	Predicted Mean Vote



	PPD
	Predicted Percentage of Dissatisfied



	TABS
	Thermally Activated Building System



	Ts
	Time step
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