Technische Universiteit
Eindhoven
University of Technology

MSc Thesis

Author
ing. G.A. ter Voert

Date
August 10th, 2016

Supervisors

prof. dr. ir. J.L.M. Hensen

dr. ir. M.G.L.C. Loomans

ing. V. Zavrel

dr. M.H. Hassan Mohamed (former)

Temperature regulation of a lecture room with limited
HVAC capacity using Model Predictive Control

for improving thermal comfort and energy performance



Master thesis

Eindhoven University of Technology
Department of the Built Environment
Unit Building Physics and Services

ing. G.A. (Guido) ter Voert
Student number 0638816
August 2016

Supervisors

prof. dr. ir. J.L.M. Hensen

dr. ir. M.G.L.C. Loomans

ing. V. Zavrel

dr. M.H. Hassan Mohamed (former)

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services

page 2 of 55



page 3 of 55

Acknowledgements

This thesis presents the results of my final project for my master Architecture,
Building and Planning, study track Building Physics and Services (BPS) at the
Eindhoven University of Technology.

I have combined this master study with a part-time job as a consultant at Van Beek
Ingenieurs Arnhem. I'm very grateful for the support of my supervisors and
colleagues during this final phase of my study.

I would like to add a special word of appreciation to my supervisors prof.dr.ir. Jan
Hensen, dr.ir. Marcel Loomans, dr. Mohamed Hamdy and ing. Vojta Zavrel. They
guided me through a broad research area of improved controls and helped me to
maintain focus on the specific case study. Working in the building performance
research group has been pleasant and instructive. Also I would like to thank the TU/e
Real Estate Department and especially Thijs Meulen and René Leenaars, for
supporting me with the case study for the Auditorium Building.

Last but not least, I would like to thank my family for their support and
encouragements.

Guido ter Voert
August 10th, 2016

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services



page 4 of 55

Abstract

The Auditorium building from the Eindhoven University of Technology contains 16
lecture rooms for which the internal heat gains, by intensive occupation, requires a
considerable amount of cooling capacity. Cooling is provided by chilled air from
common air handling units. The individual lecture room thermal demand should be
satisfied by controlling the individual ventilation rate and an individual post heater.

Currently, the buildings heating, ventilation and air-conditioning (HVAC) system is
rule based controlled. The common supply air temperature is determined by an
outdoor temperature dependent equitherm curve, that causes a decrease in cooling
capacity during winter season. Individual ventilation rate and heating are controlled
by room temperature set points for heating and cooling that vary for a night setback,
standby and occupation program. Relatively low and uncomfortable set points are
applied to prevent the lecture rooms from overheating.

The main objective of this thesis is to determine the potential of comfort improvement
and energy savings for the control of ventilation rate and post heating with the
application of model predictive control (MPC), that uses occupation and weather
predictions. The focus of this thesis is limited to one of the lecture rooms in the
basement of the building, with respect to the current set points for the supply air
temperature.

The HVAC performance is evaluated using a resistance-capacitance (RC) model that
represents the lecture rooms. The model is calibrated for one specific room with the
use of historical data and an inverse modeling process. Four daily scenarios, with
high and low internal gains for winter and summer conditions are simulated to
evaluate the performance of control variants.

Increasing the occupation set point of the rule based controller was found to improve
the average comfort level for the overall scenarios by 30% without affecting the
average energy consumption. MPC, with accurate 24 hour predictions, is able to
reduce the average overall energy consumption by 35% with a similar comfort score
compared to the improved rule based controller.

The overheating problem, that occurs during a winter scenario with high internal
gains couldn't be solved or reduced with an alternative control strategy. The
controllers are not able to benefit from pre-cooling during this scenario, because the
cooling power is limited by the outdoor dependent supply air temperature.

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services
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Symbols and abbreviations

Abbreviation Description

ACH
AHU
BMS
BRCM
CBS
EED
EPBD
GA
HVAC
MPC
ODE
PID
RBC
REHVA
RMSE
VAV

Symbol

cp
DH
dT
HV

ocC
OH

ts

Air Changes per Hour

Air Handling Unit

Building Management System

Building Resistance-Capacitance Modeling
Central Bureau of Statistics

Energy Efficiency Directive

Energy Performance of Building Directive
Genetic Algorithm

Heating, Ventilation and Air-conditioning
Model predictive control(ler)

Ordinary Differential Equation
Proportional-Integral-Derivate

Rule based control(ler)

Federation of European Heating, Ventilation and Air Conditioning Associations
Root Mean Square Error

Variable Air Volume

Unit Description Subscripts Description
[kI/K] Capacitance air
[kI/kg.K] Specific heat under constant pressure c construction
[Kh] Degree Hours e ambient

[K] Temperature difference h heating
[0-1] Heating Valve i internal
[kg/h] Mass flow m measures
[0-1] Occupation n neutral

[h] Occupied Hours r room

[kW] Heat s simulated
[K/kW] Resistance v ventilation
[°C] Temperature

[s] Time step
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1 Introduction

In Europe on average people spend approximately 80-90% of their time indoors,
where the exposure to air pollutants by building materials, occupants and their
activities, ambient air pollution and building processes can influence their health,
wellbeing and productivity. For some pollutants the indoor concentration is often
several times higher compared to outdoor concentrations [1].

Heating, Ventilation and Air-conditioning (HVAC) systems are designed to reduce the
concentration of pollutants and maintaining a comfortable thermal environment in
buildings. The performance of these HVAC systems is important for reducing sickness
absence and improve productivity. REHVA [2] stated that the productivity in office
buildings can decrease up to 1.5 % per degree Celsius deviation from the optimal
room temperature.

The importance of HVAC systems for the health, wellbeing and productivity in
buildings explains the effort that is accompanied with the design and application of
these systems. As a result, HVAC systems contribute to the energy consumption of
our average buildings with a weight close to 50%. Having buildings responsible for
nearly 40% of the total energy use [3], HVAC systems take a share of almost 20%
in this proportion.

Building energy efficiency has gained a lot of attention recent years. Most
improvements focus on improving building construction and the design of HVAC
systems. TNO and Halmos [4] investigated the deviation in energy performance
between design and exploitation phase, also termed “performance gap”, for office
buildings. They claimed an average energy saving potential between 25 and 30% by
improving building services performance. Most of the potential refers to the
improvement of HVAC systems controls. Van Dronkelaar et al. [5] reviewed the
performance gap based on 62 non-domestic buildings from literature sources and
found a discrepancy between 15 and 80% by poor operational practices.

This thesis aims for improving thermal comfort and energy efficiency by using an
alternative control methodology for HVAC systems based on model predictive control
(MPC). MPC is one of several alternative control methodologies that imply promising
improvements of HVAC systems performance [6]. By taking advantage from
predicted disturbances that act on the control problem, for example the outdoor
climate and occupation, MPC is able to adapt control actions to future events. The
focus of this thesis is on the added value of MPC for a lecture room of the Auditorium
building of the Eindhoven University of Technology.

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services
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1.1 Introduction to the auditorium lecture room Case Study

The Auditorium building is located on the campus of the Eindhoven University of
Technology. The building contains 8 relatively small lecture rooms on the top floor
and 8 relatively large lecture rooms in the basement of the building. The individual
lecture rooms are parallel connected to common Air Handling Units (AHU’s) that are
able to preheat and cool the supply air temperature for the lecture rooms. Every
lecture room is equipped with variable air volume (VAV) valves to increase the
ventilation rate of the room and a post heater to heat up the individual supply air
temperature.

The current rule based controller (RBC) uses a equitherm curve to control the
common supply air temperature set point by the AHU based on outdoor temperature.
Figure 1-1 presents the supply air temperature together with the neutral operative
temperature [7], assuming the running mean outdoor temperature is equal to the
instantaneous outdoor temperature. From this figure can be noticed that the cooling
power decreases with a decreasing outdoor temperature, when the room temperature
set point is considered to be equal to the neutral operative temperature.

Supply air temperature Neutral operative temperature |

30 T T T T T T T

28 .

24 7
22\ _

20 = \ -
18

14 1 :

Temperature [°C]
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10 | 1 | | 1 Il |
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Outdoor temperature [°C]

Figure 1-1: Supply air temperature by AHU versus neutral operative temperature [7] when
the running mean outdoor temperature is equal to the instantaneous outdoor temperature
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The VAV valves and post heater are controlled by the RBC based on room
temperature set points for the individual room, with a minimal pass of air for
ventilation. Ventilation is not controlled by occupation or occupation intensity. PI
controllers determine the control signals based on the difference between measured
and set point temperatures.

Figure 1-2 illustrates a cross-section of the HVAC system on room level for the lecture
rooms in the basement of the building. Ventilation air enters the room below the
seats and is mainly extracted by the ceiling.

Figure 1-2: Cross section HVAC system lecture rooms 1-8

The concept of the HVAC system is not ideal for the application of lecture rooms,
because the rooms have to deal with high internal heat gains. These heat gains
require in this concept a low supply air temperature from the buildings AHU’s when
only one room needs cooling. Because this air is directly entering the room below the
seats without mixture, the minimum supply air temperature is limited to prevent

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services
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discomfort. With a maximum air change rate per hour (ACH) of 4.5 this results in a
lack of cooling capacity as demonstrated with a thermal power balance for maximum
internal heat gains in figure 1-3. The lack of cooling capacity increases with a
decreasing outdoor temperature below 10 degrees Celsius, because the supply air
temperature of the AHU’s increases for these outdoor temperatures.

|— = Max. Ventilation = = Transmission Max. Internal gains Balans

20 T T T T T T T

15 7

BN
o
T

!

a
T
1

Thermal power [KW]
o
—7
/

&
T
/

/

!

10 F - - .

_15 | | | | | Il |
-10 -5 0 5 10 15 20 25 30

Outdoor temperature [°C]

Figure 1-3: Thermal power balance for maximum occupation of lecture room nr.2 versus
outdoor temperature

Note figure 1-3: The contribution of ventilation and transmission depends on the room temperature.
The room temperature in this figure is represented by the neutral operative temperature from ISSO 74
[7]. The internal gains are calculated based on maximum lighting and other equipment (6.1 kW) and
maximum occupation (144 persons) and a specific sensible heat development of 70 W/person [8].
Thermal power by ventilation is calculated by the maximum airflow for this room (5.400 m3/h), the
supply air temperature according the equitherm curve of the AHU and return air temperature based on
a uniform room temperature distribution. Transmission is calculated only for the outer wall. Boundary
conditions for indoor constructions are assumed to be adiabatic.

In order to prevent the rooms from overheating, relatively low heating and cooling
set points are applied. The set points depend on the active control program as
presented in figure 1-4. The control program distinguishes a night setback program,
a standby program activated by a time schedule and an occupation program activated

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services
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by an occupation sensor. The comfort bounds presented in this figure correspond to
the minimum and maximum operative temperatures for 90% satisfaction during
winter and summer conditions according ISSO 74 [7]. The standby program provides
pre-heating and cooling for a faster response to occupation. The controller on room
level doesn’t include adaption for occupation and outdoor climate.
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Figure 1-4: Current room temperature set points for heating and cooling

More background information about the Auditorium building, its HVAC system and
control strategy can be found in Appendix I.

1.2 Objective and research questions

The main objective of this thesis is to optimize the control of VAV valves and post
heater for improving comfort level and energy performance with the application of
MPC that uses occupation and weather predictions. The focus of this thesis is limited
to one of the lecture rooms in the basement of the Auditorium building from the
Eindhoven University of Technology. With respect to the current set points for the
supply air temperature, these lecture rooms suffer from a lack of cooling capacity. As
a result of climate change this problem might grow for this case and also become a
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problem for HVAC systems in general. MPC can possibly bring a solution to reduce
the problem without having to invest in expansion of physical HVAC systems.

In order to determine the improvements by MPC, related to the current rule based
controller, the current controller performance needs to be further analyzed and
improved if possible to act as a baseline. This leads to the first research question.

How does the current rule based control strategy perform related to energy and
comfort and can the set points be improved?

The answer to this first question will provide a reference case. With the use of building
information and data from the buildings management system (BMS) an alternative
control strategy based on MPC will be developed to answer the main research
question.

Can model predictive control, with the use of outdoor temperature and occupation
predictions, improve the performance of the HVAC system with limited cooling power
for a lecture room of the Auditorium building?

1.3 Introduction to Model Predictive Control

Climate control started with space-heating by controlling the opening and closing of
a boiler door with a bimetallic strip. The name thermostat that we still use today was
firstly introduced in the 1830’s [9]. Later on mercury devices started to compete with
the bimetallic strip and control applications were extended to electric circuits that
turned on a pump or opened a valve. The need for modulating controls that could
regulate output over a continuous range lead to the development of pneumatic
controls. Finally, with the development of powerful and inexpensive microprocessors
digital controls were developed.

In order to avoid frequent changes between two states, thermostats with a dead zone
were developed. With the classic on/off controllers overshooting of the control set
point was a problem. To solve this problem, the Proportional-Integral-Derivate (PID)
controller was designed in 1911 [10]. This controller can improve the situation when
the gains of the PID controller are chosen in a proper way. Otherwise, the system
can become unstable. PID controllers can still be considered as the most common
technology for the control of HVAC systems today.

During the 1980s and 1990s research addressed to predictive and adaptive
controllers. Although the performance of these type of controllers seems promising,
the technique suffers from various drawbacks [11]. Firstly, there is a need for a model
which is not applicable for every situation, the algorithms used are sensitive to noise
and the influence of the user in the control configuration is limited.

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services
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Afram and Janabi-Sharifi [6] presented a review of HVAC control applications and
compared the performance of MPC with other conventional control approaches. Based
on several references they stated that MPC is able to outperform conventional control
approaches based on energy savings, peak shifting, overshoot and comfort. They
also stated that the performance of MPC relies for a large share on the accuracy of
the model. Furthermore, the prediction horizon and sampling time affects the
accuracy and response time of MPC. Slow dynamics are typically controlled using a
time horizon of 24h and 1h sampling time. For fast moving disturbances a typical
time horizon within a range of 30-60 min and sampling time of 5-10 min is used.
Both the slow and fast response MPC can be used within one controller.

Other references [12,13,14,15] present the implementation of MPC on a real building.
All of the references were able to achieve a great share of energy saving. Bengea et
al. [12] implemented MPC on a multizone mid-sized office building for controlling
HVAC systems based on forecasted occupation levels, internal loads and weather
conditions. They were able to achieve energy savings for the HVAC system between
12 and 65% for different daily scenario’s. Siroky et al. [13] implemented MPC using
weather predictions on the heating system for one of the buildings of the Czech
Technical University over a period of two winter months. This building contains
several blocks with different levels of insulation. They achieved energy savings
between 15 and 28% depending on the insulation level and outdoor temperature.
The best results were found for high insulation and high outdoor temperatures. This
finding is substantiated by the limited use of heat accumulation when the building
needs continuous heating.

Between 2007 and 2013 several specialists form the ETH Zurich, Siemens
Switzerland, Gruner AG and more, worked on a project called OptiControl [14,15].
They tested tools, methods and novel strategies for improved building control for
HVAC, lighting and blinds. During the first part of the project between 2007 and 2010
they were able to simulate control strategies on different types of buildings and
locations. For non-predictive control the energy savings resulted in 1-15% and for
predictive control (weather and occupation) the theoretical savings potential was
found to be 16-41%. During the second part of the project they were able to
implement the control strategies from the first part on a real Swiss office building.
This resulted in a maximum energy saving of 25% for a MPC strategy without
affecting the comfort level. Although MPC gives the best result for this Swiss office
building and is expected to perform even better on more complex buildings, a RBC is
able to achieve energy savings up to 20% and is more robust, has a better user
acceptance and can save money on model development. A great advantage of the
MPC strategy is the flexibility within the cost function, which allows to make
adjustments in the trade-off between energy and comfort.

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services
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From the literature can be concluded that MPC in general has a high potential for
energy savings. The added value depends on the building construction, HVAC system
and weather conditions. MPC requires the development of fast but accurate models
for the response of the building and HVAC systems. Most references use RC models
that are specifically developed for every control purpose. Historical data can be used
for the development of these models. Furthermore, MPC requires predictions of
disturbances that influence the control purpose, for example weather conditions,
occupation and internal gains.

Killian and Kozek [16] reviewed an actual status of MPC for application within building
control. They stated that implementation of MPC in real buildings still needs to
overcome some obstacles before it can be applied within a wide range of buildings.
Despite the significant improvements related to building operational cost, MPC still
suffers from several drawbacks. First of all, it requires an effort for model
development and integration with common building control systems. Both the
development of MPC and the use of the controller requires some special knowledge
from engineers and contributors for commissioning. Related to these drawbacks there
is a risk for building automation companies to invest in products and services
concerning the integration of MPC.

1.4 Background of Building Energy Performance

Awareness of the effects of greenhouse gas emissions forces us to become more
energy efficient. In the EU this resulted in legislations related to the energy
performance of buildings. The main legislations consist out of the Energy Performance
of Buildings Directive (EPBD) [17] and the Energy Efficiency Directive (EED) [18].
These legislations require almost zero energy buildings by 2020 and minimum energy
performance requirements for large renovation. Finally, every building should
generate its own theoretical energy consumption. These legislations do not directly
affect existing buildings and the energy efficient use of buildings.

The EPBD was introduced in 2003. Between 2007 and 2010 the project BuildingEQ,
as part of the Intelligent Energy Europe Program of the European Commission, aimed
at strengthening the implementation of the EPBD by linking the certification process
with commissioning and building performance optimization. They developed
noncommittal methods and tools that can be used for ongoing commissioning [19].

Recently, Ecofys was assighed to evaluate the results of a public consultation for
stakeholders that aimed at evaluations of the current EPBD [20]. Most stakeholder
responded that the EPBD was not able to stimulate increasing renovation rates and
doesn’t include user demands by long term goals. They substantiate this statement
with several reasons, e.g. a performance gap of the tools used, a lack of financial

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services
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resources, compliance with the requirements is left over to the individual Member
States and a lack of awareness by building owners.

Focusing on the financial aspect explains why there’s a lack of attention for energy
efficiency. According to the Dutch Central Bureau of Statistics (CBS) an average
household in the Netherlands in 2010 spends 6,3% of their total expenses on energy
bills. Industrial branches in 2013 spend between 0,6 and 4,1% of their total expenses
on energy consumption. In commercial buildings the energy share will strongly
depend on the activities in the building. For example, in supermarkets, datacenters
and swimming halls the energy share will have a bigger impact than for a regular
office or educational building.

From this point can be stated that the energy saving potential within buildings is not
fully exploited by a performance gap of the imposed methods and tools, noncommittal
methods and tools for ongoing commissioning and a lack of financial benefit from
energy savings.

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services
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2 Methodology

Within the first step of the project approach, the temperature control of the lecture
rooms is evaluated with the use of data that is available from the Building
Management System (BMS). The comfort level of the individual lecture rooms is
analysed to determine the HVAC performance and to determine whether the
performance is related to specific lecture rooms.

For the second step, a model for one lecture room is developed to evaluate the
performance of RBC and MPC based control strategies for scenarios that differ with
respect to outdoor temperature and occupation. This model is calibrated with the use
of the available data from the BMS.

The RBC was firstly evaluated and improved to act as a baseline for evaluation of the
optimization potential by MPC.

Finally, the MPC strategy is developed and evaluated for a limited number of possible
configurations.

MATLAB codes that are used for the room model, calibration and MPC can be found
in appendix III.

2.1 Data analysis

The current control strategy is evaluated by extracting data from the Building
Management System (BMS). The data was collected over the months April-July 2015.
Figure 2-1 compares the outdoor temperature distribution in this period with the
temperature distribution from the climate reference year NEN5060-A2 [21]. The data
gives a good representation for summer scenario’s but is missing data for the winter
scenarios. Furthermore, the data presents information of occupation from an
occupation sensor for every room. The occupation sensor doesn’t account for
occupation intensity. To evaluate the HVAC performance for a variety of weather and
occupation conditions, a model is developed to represent the temperature response
of the room.

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services
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Figure 2-1: Comparison of outdoor temperature distribution between BMS data and NEN5060-
A2

Thermal comfort is evaluated using the Dutch guideline ISSO 74 [7]. The guideline
provides boundary conditions for the operative temperature. Detailed information
about this guideline is provided in appendix II. The BMS only provides air
temperatures of the rooms. The influence by radiation is not taken into account,
within evaluation of comfort. Table 2-1 presents the under- and overheating hours
for 90% satisfaction levels.

Table 2-1: Comfort analysis based on lecture room temperatures (1th april till 31th july 2015)

Underheating Overrheating
Room nr. i i %time |DH Min dT |Avg

OO |N[O|O|A|WIN |-

[y
o

OH: Occupied hours during total period of 2928 hours
DH: Degreehours for exceeding boundary conditions for 90% acceptance (ISSO 74)
dT: Temperaturedifference between measured and boundary condittion for 90% acceptance (ISSO 74)
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From the data analysis with mainly summer conditions and unknown occupation
intensity can be concluded that the chance of overheating might not justify the
relatively low chosen set points for heating and cooling.

2.2 Room model development

In order to evaluate control strategies a model is needed that represents the lecture
room response for a variety of control strategies and different weather and
occupation scenarios. Lecture room number 2 was chosen from the worst performing
lecture rooms 1-8 in the basement of the building for the development of the model.

For the development and validation of this model there is a lack of data. The available
data consists of room temperature for one position, supply air temperature by AHU,
supply airflow rate, return airflow rate, opening percentage of VAV-valves and post
heater valve, occupation detection and outdoor temperature. Most important missing
data is the temperature of adjacent rooms, return air temperature, supply air
temperature after post heater and internal gains by lighting and occupation intensity.
For this reason, several assumptions are made for the development of the thermal
model:

- Uniform air temperature distribution over the room;

- Adiabatic boundary conditions for internal constructions;

- Heating power and air flow rate are linear functions of opening percentage of
control valves with a constant maximum capacity;

- Solar radiation has no influence on the room temperature;

- Constant internal heat load when occupied;

- No internal heat load when unoccupied;

- No other air infiltration except from the ventilation system;

- Radiation and conductive and convective heat transfer are combined within
one coefficient;

- No influence by air humidity;

- Accurate data from the BMS;

Siroky et al. [13] outlined two approaches for building modeling. Both approaches
use RC models. The first one is a statistical approach that uses large measurement
data sets and system identification methods. The second approach is a pragmatic
approach for RC modelling and requires less data but some knowledge of building
physics. In this approach the RC model is developed by a network of first order
systems that suits the building physics. With enough information about building
geometry and constructions the thermal capacities, resistances and other parameters
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can be determined and validated with measurements. Another option to determine
the parameters is a statistical estimation using an inverse modeling approach.

The Opticontrol project [14,15] developed a tool for producing RC models that can
be used in MATLAB. This tool is called Building Resistance-Capacitance Modeling
(BRCM) toolbox. Based on geometry, constructions and HVAC systems data, the tool
generates the model.

Because of missing specifications of the constructions the second approach of Siroky
is used for the development of the model. The construction of the room is influenced
by the outdoor temperature for one outer wall. The room temperature is influenced
by the surrounding constructions, internal gains and HVAC system. A simplified model
to calculate the relation between the room temperature and the affecting variables
as used is presented in figure 2-2Figure 2-2. The corresponding ordinary differential
equations (ODE’s) are given by 1.1 & 1.2.

Te Tc Tr 0 @&— (1_1)

Re Ri ~
— — 0B— — 0 (1.2)
Cc Cr

Figure 2-2: RC model configuration

Te, Tc and T, represent respectively the outdoor, construction and room temperatures.
Ambient and internal thermal resistances are presented by Re and R;. The capacities
of the construction and room are presented by C. and C.. Q represents the thermal
sources that act on the room. These sources can be separated in internal heat gains
(Q) by people and lighting during occupation, heating or cooling by ventilation (Q.)
and heating by post heater (Qx).

6 0 0 O (1.3)

The model is developed within MATLAB. Kramer, Van Schijndel and Schellen
presented a method for estimations of the model parameters using inverse modeling
[22]. According to Kramer et al., a State Space representation of the model can
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benefit from faster calculation time within MATLAB. Unfortunately, the thermal
energy by ventilation (Q.) is depending on both the state room temperature and input
mass flow rate. This requires the model to be written in a bilinear form as presented
by Gwerder et al. [15]. Without the availability of a standardized MATLAB function
for State Space bilinear models, the slower ODE23 function in MATLAB was used. For
the inverse modeling calibration process the straightforward optimization algorithm
Patternsearch and a time step of 1 hour is used for minimizing the root mean square
error (RMSE) of temperature as presented in formula 1.4. The square root is taken,
over the sum of the squared difference between measured and simulated room
temperatures divided by the number of time steps, within this function.

YO YO gs Y oY (1.4)

Table 2-2 shows the lower and upper boundary conditions for optimization that are
estimated based on information from building geometry and estimated constructions.
The optimization is executed in two steps. First the optimization was run with data
for one month. The resulting parameters were then used as a starting point for a
second run based on a three-day data period, because the main interest of this thesis
is on the accuracy on the daily basis. Finally, the RMSE for the updated parameters
was again calculated for the period of one month. The simulated and measured
temperatures from this last step are presented in figure 2-3.

Table 2-2: Model parameters in calibration proces

Parameter Lower Upper Calibration Calibration Calibration

bound bound 1 month 3 days 1 month
Re | [K/kW] 1 100 83.3 83.3 83.3
Ri | [K/kW] 1 100 1.0 1.0 1.0
Cc  [kI/K] 1000 100000 50062.0 31630.0 31630.0
Cr  [kJ/K] 100 3600 2004.0 3028.0 3028.0
Qi,max  [kW] 0 16.2 1.2 1.2 1.2
RMSE  [K] 0.30 0.24 0.37
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Figure 2-3: Measured versus modeled room temperature of calibrated model for one month

The average internal gains of 1.2 kW, as a result from the calibration process
presented in table 2.2, seems to be very low compared to the estimated maximum
heat load of 16.2 kW as presented in section 1.2. This could explain why the
overheating problem doesn’t appear within table 2-1.

It cannot be concluded that the model, with all the simplifications and assumptions
made, is accurate enough to be representative for the real room for daily performance
evaluations. Because the interest of this thesis is on the performance evaluation of
control methodologies, the room model is assumed to be accurate and acts as a
virtual lecture room for performance evaluation of all control variants.

2.3 Performance evaluation

The performance of the control strategy is evaluated with the use of the room model
for several daily scenarios as presented in table 2-3. The scenarios differ by the
starting temperature of the construction and room, the internal gains and outdoor
temperatures. For the outdoor temperature the coldest and warmest day available in
the BMS dataset were used. These variants are chosen to evaluate the performance
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of the controller for the determined average internal gains of 1.2 kW from section 2.1
and for a situation with the determined maximum internal gains 16.2 kW from section
1.1 for a heating and cooling situation. The scenarios should reveal whether it is
justified to maintain the respectively low room temperature set points to prevent the
room from overheating. The room is assumed to be occupied during lecture hours 5-
8 (13:45-17:30) for all scenarios and the internal gains are assumed to be constant
over the period of occupation.

Table 2-3: Daily scenarios for performance evaluation

Scenario: Tstart [°C] Qi [kW] Te [°C]

Winter A 18 1.2 [-1.5 - 2.9]
Winter B 18 16.2 [-1.5 - 2.9]
Summer A 25 1.2 [15.5 - 34.4]
Summer B 25 16.2 [15.5 - 34.4]

The performance is assessed using formula’s 1.5 and 1.6 for respectively discomfort
and energy consumption. The temperature difference between the simulated room
temperature and neutral temperature from ISSO 74 [7] is taken squared, because
the deviation must deliver positive numbers and larger deviations should have more
influence on discomfort than small deviations. Determination of an average error is
not necessary, because the performance is evaluated over a constant time period of
one day for all variants. The energy consumption contains the total heat by
ventilation and post heater that is added to the room (formula 1.3).

0Qi wé a B iGaz Y Y (1.5)

0: Q1 OB 0L 0Q (1.6)

2.4 Rule Based Controller

The current set points for the rule based controller are not adjusted for daily or
seasonally circumstances. Based on the current set points, presented in figure 1-4,
and the evaluation of comfort in table 2-1 can be concluded that the controller causes
discomfort for low internal gains. Related to the first research question, the rule base
controller is tried to be improved by changing the set points for heating and cooling
during occupation into respectively 21 °C and 23 °C, in order to bring the heating and
cooling set point within the comfort zone [7] for a winter scenario. Still this change
in set points is not ideal for a summer scenario, but it is an improvement compared
to the current set points.
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2.5 Model Predictive Controller

The temperature development of a room is a relatively slow process and for this
reason MPC can benefit from predictions of future events by acting on it in forward.
The optimal control actions are determined by making use of a model that calculates
the room temperature development based on predicted disturbances and the HVAC
systems activity.

The MPC uses the same RC model as described in section 2.1. With the use of this
model, control actions are calculated with a time step of 1 hour over a control horizon
of 24 hours. An optimization algorithm is used to determine the optimal control
trajectory, for both the ventilation rate and post heater, by minimizing a cost function
that includes discomfort and energy consumption.

For application of MPC in a real building the optimization process is executed every
time step with updated states based on measurement from the building. In this way
the controller still copes with feedback from the building, when the predicted and
measured temperature diverge because of errors in predictions or thermal model. In
this application the optimization is only run once for the daily performance
evaluations with the assumption of having an accurate model and accurate
predictions for outdoor temperature and internal gains. This is not a realistic
assumption when considering practical application, but it is used to determine the
maximum potential of performance improvement by MPC.

Control signals

Criteria: (D) Optimization Virtual lecture room
-Comfort (genetic algorithm) (RC model)
-Energy \
(C) Cost function T
Predictions: _
-Comfort (B) Constraints
-Energy (A) RC model Disturbances

MPC

Figure 2-4: MPC principle

Figure 2-4 summarizes the principle of MPC for the lecture room. The controller
contains components A-D which are explained separately.

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services



page 25 of 55

A) Model and control variables

The RC model inputs are 24 hourly predictions for outdoor temperature and
occupation and 24 hourly control variables for the VAV valves and Post-heater. The
internal gains during occupation are assumed to be constant.

B) Constraints

Constraints can be added to the input, states and output of the model. These
constraints can be linear or nonlinear as a function of time or function of other
variables. No additional constraints are added to the optimization except a zero to
one limitation for the input control variables. Some references [13,14,15] used
constraints for comfort boundary conditions. This controller uses comfort requirement
as an objective instead of constraint, because the controller might not be able to
match the constrains as a result of the limited HVAC capacity.

C) Objective and cost function

The objective of the controller is minimizing the sum of discomfort and energy
consumption over the control horizon as expressed by formulas 1.3, 1.5 and 1.6 in
sections 2.1 and 2.2. The objectives are combined in one cost function (formula 1.7)
using weight factors for a tradeoff between comfort and energy. Both the weight
factors and unit of energy consumption should be chosen with care, to prevent the
emphasis on comfort or energy neglecting the importance of the other one.

00 OB §6087Yio "YED ©OB 000 0'Qo (1.7)

D) Optimization

In the reference case study’s [12,13,14,15] several additional software tools (CPLEX,
Scilab, Ipopt) were used to solve the optimization problem. In general, most
references spent little attention on describing the selection and configuration of the
solver. MATLAB provides several optimization algorithms within the global
optimization toolbox [23,24]. These solvers are designed to find a global minimum
instead of a local minimum. The user guide provides a table for choosing the right
solver for the optimization problem. This table left over the options Patternsearch,
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GA and Particleswarm. All solvers can be configured for using parallel processing,
that is recommended for faster calculations by dividing workload over multiple cores
of the processor. Particleswarm is ignored because this solver cannot be invoked
within the optimization app. Table 2-4 describes the difference in approach between
GA and Patternsearch. Patternsearch is not considered to produce the optimal result
compared to other optimization algorithms, but it is the only option available for
producing useful results within an acceptable calculation time for this case. GA takes
about 3 minutes to calculate all individuals within one generation and is not able to
find an optimal solution within less than 100 generations.

In total the algorithm determines 48 control variables (24 hourly control signals for
VAV and 24 hourly control signals for Post-heater) for a minimum cost function.

Table 2-4: Optimization process

Step GA Patternsearch
1. Starts with a random population of  Starts from a user defined starting
individual solutions within a range solution
of user defined boundary conditions
2. Calculate fitness for each individual Calculate fitness for neighboring
points within a range of user defined
boundary conditions
3. Create new population of individual Create new starting point for next
solutions based on best fitness calculation
(next generation)
4. Repeat until maximum generations  Repeat until maximum generations

are reached or other stopping are reached or other stopping criteria
criteria are met are met
5. Populations evolves into a set of Best individual
optimal solutions with one best
individual

2.6 Sensitivity analysis

A sensitivity analysis is used to determine the influence of weight factors on the
performance of MPC when the emphasis is on comfort or energy. Three variant of
weight factors are considered as presented in table 2-5.

The total weight of the variants presented in table 2-5 is not equal for each variant.
This will influence the size of the outcome of formula 1.7, but doesn’t influence the
best solution found for the optimization process.
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Table 2-5: Weight factor variant for MPC

Variant WFc WFe

MPC neutral 1 1
MPC comfort 2 1
MPC energy 1 2

The performance is evaluated using formulas 1.5 and 1.6.
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3 Results

The performance is evaluated by the four daily scenarios as described in section 2.2.
Firstly, the improvement for the current RBC is presented and secondly the
improvement by MPC. Simulation results for all individual control scenarios are listed
in appendix IV.

3.1 Improvement of Rule Based Controller

Table 3-1 presents the absolute scores from the original and improved RBC for
discomfort and energy consumption. Table 3-2 presents the percentage of change
for the RBC with adjusted set points compared to the original set points. The comfort
is improved mainly during low internal gains (A) while this is accompanied with only
a small increasing discomfort for a winter scenario with high internal gains (B),
because the maximum cooling power is already fully addressed. On the total for all
scenarios the energy consumption reduces slightly, because of reducing cooling
power during summer scenario A.

Table 3-1: Discomfort and energy consumption of original and improved RBC for each
scenario and in total

RBC original RBC improved
Discomfort Energy Discomfort Energy
_ [K] [MJ] [K] [MJ]

Winter A 5,7 7,9 1,4 24,7
Winter B 12,8 123,3 13,5 122,0
Summer A 14,6 89,5 6,9 69,6
Summer B 3,3 252,5 3,3 252,5
Total 36,4 473,2 25,1 468,7

Table 3-2: Improvement by adjusted set points compared to original set points RBC

Comfort Energy

Winter A 75% -212%
Winter B -6% 1%
Summer A 53% 22%
Summer B 0% 0%
Total 31% 1%
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3.2 Improvement by Model Predictive Control
Table 3-3 presents the absolute scores for the MPC variants from table 2-5.

Table 3-3: Discomfort and energy consumption of MPC variants for each scenario and in
total

MPC neutral MPC comfort MPC energy
Discomfort Energy Discomfort Energy Discomfort Energy

[K] [MJ] [K] [MJ] [K] [MJ]
Winter A 7,1 14,9 3,0 36,4 9,8 5,8
Winter B 15,4 94,1 15,2 94,6 15,7 89,6
Summer A 1,9 4,0 1,0 8,6 2,9 1,2
Summer B 4,3 163,7 5,0 163,2 6,4 151,3
Total 28,7 276,7 24,1 302,8 34,8 247,9

Performance of the MPC is assessed compared to the improved RBC. Figure 3-1,
figure 3-2 and table 3-4 present the percentage of change by the variants related to
comfort and energy. The weight factors strongly affect the comfort for winter scenario
A. All variants are able to reduce energy consumption for each scenario, except within

variant MPC comfort for winter scenario B. Comfort improvement is only achieved for
summer scenario A by all MPC variants.
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Figure 3-1: Boxplot of performance improvement distribution for all scenarios and all MPC
weight factors
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Figure 3-2: Scatterplot for performance improvement by MPC using different weight factors
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Table 3-4: Improvement by MPC comfort compared to improved RBC

MPC neutral MPC comfort MPC energy
Comfort Energy Comfort Energy Comfort Energy
Winter A -399% 39% -107% -48% -586% 76%

Winter B -14% 23% -12% 22% -16% 27%
Summer A 72% 94% 85% 88% 57% 98%
Summer B -28% 35% -50% 35% -94% 40%

Total -14% 42% 4% 35% -39% 47%o

The choice for the best MPC variant depends on the importance of comfort and
energy. In total, all scenarios are able to improve energy performance in a range of
35 to 47%. The total improvement of comfort ranges from -39 to 4%.

Figure 3-3 presents one example of the simulated results from appendix IV. The blue
(Qv) and red (Q») line represent the heat by respectively ventilation and post-heating.
The green line (T;) represents the simulated room temperature and the purple line
the room temperature set point (Ts:) during occupation. It can be noticed that
discomfort mainly occurs during the beginning and ending of the occupation period.
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Figure 3-3: Simulation result of MPC comfort for a winter scenario with low internal gains
(WA)
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4 Discussion

In this chapter the applied methodology steps are discussed successively. The last
section in this chapter discusses the application of MPC from a general perspective.

4.1 Data analysis

The comfort level of the lecture rooms is assessed from the data that is available
from the BMS. The available data doesn't include a winter period. Furthermore, the
occupation intensity during this period is unknown. The room temperature sensors
are assumed to be accurate and measured from a representative position. The
influence of radiation on thermal comfort is neglected. This results in a very rough
comfort assessment. The comfort level of occupants related to the measurements of
the BMS should be evaluated in more detail.

4.2 Room model

The first intent was to develop a model of the room with the use of TRNSYS and to
couple this model with MATLAB for calculation of control actions. Coupling the two
software tools with the use of type 155 is not an option anymore for 64-bit operating
systems.

As an alternative, the room model is developed by a pragmatic approach for the
development of a simplified RC model with a statistical approach for estimation of
the parameters as proposed by Siroky et al. [13].

Validation of the model is not possible by a lack of measurements and the uncertainty
of the reliability of the data that is available. One of the major limitation is the
unknown internal heat gain, that is assumed to be zero during unoccupied and
constant during occupied time.

Despite a possible deviation between the model and reality, the model is used to act
as a reference case for the evaluation of all control strategies including the current
rule base controller.

4.3 Performance evaluation

The performance of the controllers is evaluated using only four daily scenarios. It
cannot be stated that these scenarios represent the use of the building properly.
Evaluation of the controller performance for more and longer scenarios could be
interesting, but will require significantly more calculation time for MPC. More
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information about the occupation and internal gains is required for determination of
representative scenarios and corresponding time distribution.

4.3.1 Rule based control

The applied changes of set points for the RBC provide an average improvement for
comfort of 31% for the total of scenarios with a range of -6 to 75% for the individual
scenarios. The main improvement is reached by the scenarios with low internal gains.
An extra use of energy during winter is compensated by energy savings during
summer, leaving the total energy consumption almost equal. The best set point
selection for the RBC depends for each scenario. Facility operators are unlikely to be
able of changing set points for every scenario that can variate on daily basis. The
best overall set points depend on the time distribution of the evaluated scenarios.

4.3.2 Model predictive control

Considering MPC, the energy saving potential of MPC for this application depends on
the scenario and used weight factors with a range of -48 to 98%. The total energy
saving of MPC comfort, for which the comfort is also slightly improved, is 35%. Only
the MPC variant with an emphasis on comfort is able to improve comfort for the
average of all control scenarios. By studying the results in detail, for example
presented by figure 3-3 for winter scenario A, reveals the controller to cause a
deviation between the simulated room temperature (7,) and set point (Tset) for the
beginning and ending of the occupation period. A possible explanation for this
phenomenon has to do with the chosen time step of one hour. The first and last time
step for the occupation period are not fully occupied. Because the occupation variable
(OC) in the cost function is an interpolated hourly value from the prediction data, this
results in a number smaller than one for hours that are only partially occupied. For
example, starting at 8:30h will result in a value of 0.5 for the occupation variable.
The cost function will interpret this 0.5 as a less important comfort criteria during this
hour. Reducing the time step towards 30 or 15 minutes can be considered as an
option for improving the comfort level, but requires more calculation time.

MPC uses predictions for the outdoor temperature and occupation. The outdoor
temperature only has a small influence on the room temperature by building physics,
as can be observed from the calibrated room model. Still, it is important to use
outdoor temperature predictions, because it influences the available heating and
cooling power by ventilation. The predicted occupation has a very important influence
for this case. The observed improvements are based on accurate predictions and an
accurate room model. This is not a real basis for application in reality, but is used to
determine a maximum improvement potential. The sensitivity of performance
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improvement by accuracy of predictions and accuracy of the model should be
evaluated.

MPC can be used within a wide range of configurations with respect to the RC model,
time step, time horizon, cost function, constraints and optimization algorithm. Within
this project only a small range of possible configurations is evaluated because of time
limitations. Evaluation of other configurations requires a faster model, for example
with the use of a State Space configuration and optionally other software tools. From
here, optimization of the controller performance with respect to comfort, energy
consumption and calculation time can be assessed.

4.4 Application of Model Predictive Control

Literature sources already proved the potential of MPC for the control of HVAC
systems. The energy saving potential of 35% with similar comfort level for this case
corresponds to the energy saving potential for MPC that was found in literature
ranging from 12 to 65% [11,12,13,14,15,16].

The main benefit from MPC is the adaptability towards the delivered HVAC capacity
by the control actions and disturbances within a near future. This allows the controller
to apply pre-heating and pre-cooling to provide an optimal comfort level from the
beginning of the occupation period and within the total occupied period by optimal
distribution of the available HVAC capacity. Furthermore, the controller is able to
benefit from thermal mass by reducing control actions at the end of an occupied
period for saving energy.

MPC can handle a tradeoff between comfort and energy. This allows small comfort
violations to be accepted when they are accompanied with intensive energy
consumption. In most conventional controllers the set point temperature is always
leading, without considering energy consumption.

The control objective in MPC can be expanded or adjusted to the preferences of the
application. In this case comfort is assessed only with the use of air temperatures
and energy as a sum of heat delivered by ventilation and post-heating. Comfort
assessment can be expanded by integration of other comfort criteria, for example by
radiation. This information is not integrated within most conventional controllers, but
can be determined within the model of MPC. Energy consumption can also be related
to, for example costs, primary energy consumption or CO? emissions.

This case study uses a control horizon of 24 hours, because the control actions are
only calculated only once for evaluation of the daily scenarios. For application in a
real building the calculation can be executed every time step with a reduced control
horizon.
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From a general perspective, MPC brings up several advantages for the control of
HVAC systems. Important requirements for application are an accurate model of the
control case, including building physics and HVAC system, and the availability of
accurate predictions from the most important disturbances that influence the control
case.
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5 Conclusion and recommendations

How does the current rule based control strategy perform related to energy and
comfort and can the set points be improved?

Based on the comfort analysis for the period of 1th April 2015 till 31th July 2015 the
RBC strategy doesn’t perform optimal with respect to comfort. The choses set points
during occupation are relatively low compared to comfort criteria. Changing the set
points into 21 and 23 °C for respectively heating and cooling, improves the comfort
level for scenarios with low internal gains and decreases the comfort level for
scenarios with high internal gains only on a small scale. The best set point should be
determined by evaluation of the time distribution of these scenarios. An equal
distribution of the control scenarios can improve comfort with 30% without affecting
the energy consumption assuming equal costs for heating and cooling.

Can model predictive control, with the use of outdoor temperature and occupation
predictions, improve the performance of the HVAC system with limited cooling power
for a lecture room of the Auditorium building?

The results of this thesis confirm the energy saving potential of MPC, although
overheating remains a problem. Highest comfort violations occur during winter
season with high internal gains, because of the increasing supply air temperature
that's determined by an outdoor dependent equitherm curve from the AHU’s.
Precooling for this scenario is not possible because the supply air temperature from
the AHU exceeds the desired room temperature. The cooling power increases during
occupation because of an increasing room temperature.

Recommendations future work with respect to HVAC control:

- Develop methods for the development of validated models for fast
calculations within MPC, for example by adding HVAC systems to the
proposed method of Kramer et al. [22];

- Investigate performance improvement of MPC by smaller time steps when
relevant for the addressed control problem;

- Investigate expansion of control objectives, for example integration of
radiation within comfort assessment;

- Investigate methods for adjusting weight factors or cost function for decision
making between comfort and energy (application within variable energy
pricing or controlling HVAC systems for multiple zones);

- Investigate the performance sensitivity for different optimization algorithms
and its configurations;

- Investigate the possibilities to provide accurate predictions for internal gains;
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Investigate the performance sensitivity for accuracy of predictions, for
example when a room is predicted to be fully occupied and turns out to be
only partly occupied;

Recommendations towards HVAC control of the Auditorium building lecture rooms:

Determine distribution of occupation intensity, for example by CO?
measurements;

Consider adjusting the AHU’s heating/cooling curve for supply air temperature
toward a constant temperature of 18 °C;

Consider increasing the heating and cooling set point for occupation program;
Consider increasing the cooling set point for stand-by program;

Check the occupation sensor of lecture room number 9.
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I. Description of Building, HVAC systems and control strategy

The Auditorium Building of the Technical University of Eindhoven (TU/e) contains 16
lecture rooms with different sizes. The lecture rooms share a large part of the HVAC
system and have some individual controlled climate systems.

Figuur I-1

http://www.tue.nl/universiteit/over-de-universiteit/faciliteiten/zaalverhuur/

Figure I-1 presents a cross-section of the building. In the bottom part of the building
two of the 8 big lecture rooms are visible indicated by the red dots. The blue dots in
the top of the building indicate two of the 8 smaller lecture rooms. All lecture rooms
are connected with each other over the length of the building. The upper lecture
rooms contain large windows.
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Figure I-1

Lecture room nr 1 to 8 are the large lecture rooms in the bottom part of the building.
These lecture rooms are connected to two similar air handling units (AHU). The supply
air temperature of the AHU’s is controlled by a heating and cooling systems. The
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heating and cooling systems consist out of an aquifer thermal energy storage (ATES)
system with a heat pump and gas fired boilers. The supply air rate and return air rate
are controlled by pressure. The AHU’s don’t use direct heat recovery.

Lecture room nr 9 to 12 and 13 to 16 are the smaller lecture rooms in the top part
of the building. These two groups of lecture rooms are connected to two separate but
similar AHU’s. These AHU’s are not connected to the heating system of the ATES and
heatpump but they do have a twin-coil heat recovery system.

Each individual lecture room has one or more variable air volume (VAV) valves for
supply and return air. After the supply valve every room has its own post heat
exchanger to heat up the supply air temperature. The figure below shows the cross
sections of both the large and small lecture rooms. Every room also has some
radiators which are not shown in this figure.

The supply air temperature is controlled based on two outdoor temperature
dependent set points and a linear gradient between them. At an outdoor temperature
of minus 10 degrees Celsius and below the supply air temperature is 22 or 23 degrees
Celsius for respectively the AHU’s for the lower and upper lecture rooms. From 10
degrees Celsius outdoor temperature and more, the supply air temperature is 18 or
19 degrees Celsius.

The AHU'’s are switched on and off by a central time program. Monday and Friday the
AHU’s are active between 8 AM until 8 PM. Tuesday, Wednesday and Thursday the
AHU’s run until 10 PM. During the weekend the AHU’s are not active.

Every lecture room is fitted with an occupation sensor. The heating and cooling set
points are depending on the activated time program and occupation sensor. Table I-
1 gives an overview of the current set points used by the controllers. There are two
individual PI controllers for heating and cooling. The heating PI controls both the post
heat exchanger and the air change rate by opening the VAV valves. The cooling PI
controls only the air change rate by opening the VAV valves.

Table I-1: Room temperature set points

Program Heating Cooling
Night setback < 14 °C > 27 °C
Time <17 °C > 23 °C
Time + occupation < 19,5 °C > 20,5 °C
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The night setback temperature activates the AHU’s. The radiators do not have an
individual flow or temperature control. The radiators of the lecture rooms are
divided over four individual controlled flow systems as presented in table I-2.

Table I-2: Heating distribution groups of lecture rooms

Radiator group Lecture rooms
1/-1 S/E 1-4

1/-1 N/W 5-8

2 S/E 9-12

2 N/W 13-16

The water temperature over the radiators is outdoor temperature dependent
controlled with a temperature of 90 degrees Celsius at -10 degrees Celsius outdoor
temperature and lower and 30 degrees Celsius at 20 degrees Celsius. Each group
uses a temperature compensation for wind direction, wind speed, solar irradiation
and one reference room temperature.

The heating water that is available for the post heaters and AHU’s is directly
connected to the gas fired boilers.

The TU/e doesn’t use a monitoring system to verify the HVAC systems performance
for the Auditorium building. The BMS does have a logging tool available to store data
from the measurements that are available in the control system. At the beginning of
this project there wasn’t a lot of useful data available from the Auditorium building
to analyze the situation. Several measurement as shown in figure I-2 by the green
dots were stored since 1-04-2015. The orange dots represent measurements that
would have been desired to use but are not available in the building control system
to log. The yellow dots were logged since 24-06-2015.
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VAV valve

Lecture room

Post heat excnager

VAV valve

A: Room temperature

Cold storrage / evaporator heatpump B: Ocupation detection

C: Opening percentage post heating valve

D: AHU supply air temperature

E: Air supply rate or opening percentage VAV valve
F: Room supply air temperature

G: Occupation intensity or CO2 concentration

Gas fired boiler

Heatrecovery

Figure I-2: Schematic presentation of HVAC system and measurements for lecture rooms 1-
8

Eindhoven University of Technology, department of the Built Environment, unit Building Physics and Services



page 45 of 55

II. Comfort assessment using ISSO 74

Thermal comfort is influenced by several variables, for example radiant
temperatures, air temperature, metabolic rate, clothing level, air speed and humidity.
Also each individual can have different preferences for a thermal comfortable
environment. Several researchers (Fanger, Brager, deDear, Nicol and Humpreys)
studied the relations between those variables and the experience of thermal comfort.
Their contributions are used by several standards (i.e. ISSO 7730 and Ashrae
standard 55) to interpret thermal comfort for the design of buildings and climate
systems.

The Dutch standard for thermal comfort is presented in ISSO publication 74 [13]. It
contains adaptive boundary conditions for the operative temperature based on a
running mean outdoor temperature. The boundary conditions are different for
buildings with and without mechanical cooling. This method can be applied for normal
clothing levels and metabolic rates.

Formula II.1 is used to calculate the running mean outdoor temperature and II.2 to
calculate the neutral operative temperature.

- i h8 & h8 p _ h8 & [11.1]

Y ¢ fu Tip BY; [11.2]

The comfort bounds correspond to T, +/- 1,25, 2, 2,5 for respectively 90%, 80% and
65% satisfaction.

The operative temperature is calculated by equation II.3 as a function of air speed,
air temperature and mean radiant temperature. For low air speeds (<0,2 m/s) the
air speed factor is equal to 0.5.

8% Y p H8Y [11.3]
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III. MATLAB codes

III.1 Model equation
function xdot=modeleq(t,x)
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global modpar % change modpar for working folder

load caldat .mat; % load data [t,ttext,te,tr,ta,hv,oc,fas,far]

nts = size(caldat,1);

dt = 3600; % timestep [s]

tu = 0:dt:(nts - 1)*dt;

Ge = modpar(1);
Gr = modpar(2);
Cc = modpar(3);
Cr = modpar(4);

Te=interpl(tu,caldat(:,3),t);
Ta=interpl(tu,caldat(:,5),t);
Oc=interpl(tu,caldat(:,7),t);
Fa=interp1(tu,caldat(:,8),t);

% number of time steps

% time path

%initial 0.01 [KW/K]
%initial 0.05 [KW/K]
%initial 1200 [kJ/K]
%initial 3600 [kJ/K]
Qi = modpar(5); %initial 1

% outdoor temperature [dgC]
% supply air temperature [dgC]
% occupa tion [0 - 1]

% airflow [m3/h]

Qv =1.2*Fa*(Ta - x(1))/dt; % themal load ventilation [kW]
Qo = Oc*Qi; % thermal load occupation [kW]

xdot=zeros(2,1);
xdot(1)=(1/Cr)* ( Gr*(x(2) - (x(1)) + Qv+ Qo); % dT room [K]
xdot(2)=(1/Cc)  * (Ge*(Te - (x(2)) - Gre(x(2) - x()); % dT construction [K]

III.2 Simulink model equation
function [sys,x0,str,ts] = roommodel(t,x,u,flag)

switch  flag,
%%%% %% %% %% %% %% %% %%
% Initialization %

%%%%% %% %% %% %% % %% %%

case 0,
[sys,x0,str,ts]=mdlInitial izeSizes(u);

%0%%%%%% %% %% %% %%
% Derivatives %
%0%%%%%%0%% %% %% %%

case 1,
sys=mdIDerivatives(t,x,u);
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%%%%% %% %% %%
% Outputs %
%%%%% %% %% %%

case 3,
sys=mdIOutputs(t,x,u);

%%%6%%%%%%%%% %% %% %% %
% Unhandled flags %
%%%6%%%%%%%%% %% %% % %%

case {24, 9},
sys =1];

%%%%%6%% %% %% %% %% %% %% %
% Unexpected flags %
%%%%%%% %% %% %% %% %% %% %

otherwise
error([ 'Unhandled flag =" ;numz2str(flag)]);
end

function [sys,x0,str,ts]=mdlinitializeSizes(u)

sizes = simsizes;
sizes.NumContStates = 2;
sizes.Num DiscStates = 0;
sizes.NumOutputs = 2;
sizes.Numlinputs = 4;
sizes.DirFeedthrough = 1;
sizes.NumSampleTimes = 1;
Sys = simsizes(sizes);

x0 =[25; 25];
str=[];
ts =[00];

function sys=mdIDerivatives(t,x,u)

%input

Te=u(l); %External temperature [dgC]

Qo=u(2); %Internal heatload [kW]

Qh=u(3); %Post heater [kKW]

Qv=u(4); %Ventilation [KW]

%constants

Ge=0.012; %Transmission coefficient ext [KW/K]
Gr=0.988; %Transmission coefficient int [KW/K]
Cc=31630; %Thermal capacity constructions [KW/K]
Cr=3028; %Thermal capacity room [kW/K]

%(dif.eq

xdot(1)=(1/Cr)* ( Gr (x(2) - (x(1))) + Qh + Qv + Qo );
xdot(2)=(1/Cc)* ( Ge*(Te - (x(2) - Gre(x(2)
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sys = [xdot(1),xdot(2)];
% end mdIDerivatives

%

% mdlOutputs
% Return the block outputs.

%
function sys=mdIlOutputs(t,x,u)

sys = [x(1).x(2)];

% end md IOutputs

II1.3 Model validation optimization function
function [RMSE] = modeleqgvalfun(y)

global  modpar
load caldat.mat % load validation data

modpar(1)=y(1);
modpar(2)=y(2);
modpar(3)=y(3);
modpar(4)=y(4);
modpar(5)=y(5);

ts = 3600; % timestep

nst= size(caldat,1); % number of timesteps

tp = O:ts:(nst - D*ts; % time path

Tr = caldat(:,4); % measured room temp

init = caldat(1,4); % initial temperature

X0 = [init;init]; % initial state

[t,z] = ode23( 'modeleq" ,tp,x0); % sim temperature

Ts =1z(:,1); % roo m temperature

RMSE = sqgrt(mean((Tr - Ts).”2)); % Root Mean Squared Error

II1.4 Model validation output function
function [Tr, Ts] = modeleqvaloutput(y)

global  modpar
load caldat.mat

modpar =y;

%options = optimoptions(‘ga’,'UseParallel’,true);
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t s = 3600; % timestep

nst = size(caldat,1); % number of timesteps
tp = O:ts:(nst - 1)*ts; % time path

Tr = caldat(:,4); % measured room temp
init = caldat(1,4);

X0 = [init;init]; % initial state

[t,z] = ode23( 'modeleq" ,tp,x0); %
Ts =z(:,1);

%Plot 1

figure( 1)

plot(tp,Tr, b tp,Ts, T )

ylabel( 'Ti" )

legend( 'meas’ ,'sim' )

III.5 MPC optimization function
function [f] = controlfun(x)

global HS HM VS VM ts hor tp nts Oc Te Ta

% Control specs

ts = 3600; % timestep [s]

hor = 24; % control horizon [h]A
tp = O:ts: (hor*3600/ts - 1)*ts; % time path

nts = length(tp); % number of time steps

% Control signals
HS = x(1,1:nts); %[0- 1]
VS = x(1,nts+1:nts*2); %][0- 1]

% Load dataset with predictions [Tstart, Tend, Lecture hour, Te, Oc, Ta,
Clockprogram]

load winterday.mat

dataset = winterday;

% Interpolate predictions

Oc = interpl(dataset(:,1),dataset(:,5),tp); % occupations
Te = interpl(dataset(:,1),dataset(:,4),tp); % outdoor temperature [dgC]
Ta = interpl(dataset(:,1),dataset(:,6),tp); % air temperature [ dgC]

% Weight factors

WED = 1,

WFE = 2;

x0 = [18;18]; % initial state [Tr,Tc]

[tz] =ode23(  'modeleqmpc’ tpx0); %
Ts=2z(,1).}

Qh = HS*HM; % heating [kW]
Qv = 1.2*VS*(VM/3600).*abs(Ts -Ta); % cooling [kKW]

f = WFD*sum(Oc.*(Ts - 21)."2)+WFE*sum(Qh+Qv );
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% call optimization

% LB = zeros(1,48);

% UB = ones(1,48);

% [control signal options, resulting objectives] =
ga(@controlfun,48,[1,0.0.[,[LB],[UB])

II1.6 MPC output function
function [Output] = modelmpcoutput(x)
global HS HM VS VM ts hor tp nts Oc Te Ta

% Control specs
ts = 3600; % timestep [s]

hor = 24; % control horizon [h]
tp = 0:ts:(hor*3600/ts - 1)*ts; % time path
nts = length(tp); % number of time steps

% Control signals
HS = x(1,1:nts); %[0- 1]
VS = x(1,nts+1:nts*2 ); %[0- 1]

% Load dataset with predictions [Tstart, Tend, Lecture hour, Te, Oc, Ta,
Clockprogram]

load winterday.mat

dataset = winterday;

% Interpolate predictions

Oc = interpl(dataset(:,1),dataset(:,5),tp); % occupations
Te = interpl(dataset(:,1),dat aset(:,4),tp); % outdoor temperature [dgC]
Ta = interpl(dataset(:,1),dataset(:,6),tp); % air temperature [dgC]

% Weight factors

WFD = 1;

WFE = 2;

x0 =[18;18]; % initial state [Tr,Tc]

[t,z] = ode23( 'modelegmpc’ ,tp,x0); %
Ts=2z(,1)."

Qh = HS*HM; % heating [kW]
Qv = 1.2*VS*(VM/3600).*(Ts -Ta); % cooling [kW]

Output=[ -Qv.,Qh.\Ts.];

f = WFD*sum(Oc.*(Ts - 21).A2)+WFE*sum(Qh+Qv);

% call optimization

% LB = zeros(1,48);

% UB = ones(1,48);

% [control signal options, resulting objectives] =
ga(@controlfun,48,[1,[,[.[1,[LB]L,[UB])
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Simulated control scenarios

IV.
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