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Abstract. The present work is focused on the control of indoor thermal comfort in buildings equipped with HVAC (Heating,
Ventilation and Air Conditioning) systems. The occupants’ thermal comfort sensation is addressed here by the well-known
comfort index (PMV - Predicted Mean Vote). In this context, different strategies for the control algorithms are proposed by
using only-one-actuator system that can be associated with a cooling and/or heating system. The first strategy is related
to the thermal comfort optimization and the second one includes energy consumption minimization while maintaining the
indoor thermal comfort criterion in an adequate level. The methods are based on the model predictive control scheme and
simulation results are presented for different case studies in order to evaluate the controllers behavior when variations
in occupants’ clothing and metabolic rate occur. Results validate the proposed methodology in terms of both thermal
comffort and energy savings.
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1 INTRODUCTION

Thermal comfort has a great influence on the productivity and satisfaction of indoor building occupants. The major-
ity of HVAC systems for thermal comfort are based either on a single temperature control loop or, in some cases, on a
multivariable temperature and relative humidity control loop. However, as far as thermal comfort optimization is con-
cerned, other parameters should be considered in order to provide thermal satisfaction to the occupants. The interactions
between people and the thermal environment are complex and have been the subject of much study, therefore, the sci-
ence of thermal comfort are taking into account all these considerations [Fanger, 1970, Gagge et al., 1986, Smith, 1991,
ASHRAE, 2001, Jones, 2002].

As it is discussed further in this paper, thermal comfort in buildings is a concept difficult to define. Over the last
decades, a large number of thermal comfort indices have been established for indoor climate analysis and HVAC control
system design (see [ASHRAE, 2001]) and a quite disseminated one is the PMV (Predicted Mean Vote), proposed in
[Fanger, 1970]. Such index considers environmental variables and individual factors and the closer to zero the PMV
value, the better the occupants’ thermal comfort sensation.

Associated to the thermal comfort concept, energy consumption is another important issue related to HVAC sys-
tems performance. Energy efficiency in buildings is nowadays an important issue due to the growth of energy costs,
energy consumption and environmental impacts, especially those related to global warming. According to [EIA, 2004,
Salsbury, 2005], in the United States and other developed countries, about one third of all energy use can be attributed
to buildings. However, there is a trade-off between energy consumption and indoor thermal comfort, which relevance
has been progressively attracting the attention of industrial and academic researches. The aim is to save energy while
maintaining the occupants’ thermal comfort.

In this way, the present paper proposes control strategies for reducing energy consumption and maintaining acceptable
indoor air conditions related to thermal comfort. Therefore, one should first include the thermal comfort concept into the
control law.

One idea related to the thermal comfort control approach is to assume a PMV sensor, so that the PMV is mea-
sured and controlled, i.e., it is the feedback variable of an ordinary closed-loop structure. In [Kolokotsa et al., 2001],
a fuzzy control law is used and, in [Gouda et al., 2001], a PID and a fuzzy controller are proposed and compared. In
[Liang and Du, 2005], a direct neural network, capable to predict a comfort level (based on PMV) on specific user by
learning the user’s comfort zone, was used to maintain the indoor comfort level within the desired range. A different
proposal, but still in the PMV-context, is presented in [Hamdi and Lachiver, 1998] and [ Yonezawa et al., 2000], where the
control algorithm set-point is changed on-line or off-line as a function of the indoor PMV measurement. In those works, a



fuzzy logic expert system defines set-points for temperature and air velocity signals of a multivariable controller. Finally
in [Nassif et al., 2003], a genetic algorithm is used to find optimal set-point values of a HVAC system in order to reduce
energy consumption, while maintaining thermal comfort within an acceptable range.

In [Freire et al., 2005b], a first approach using PMV related to the MBPC (Model Based Predictive Control) law
[Clarke, 1994, Camacho and Bordns, 1995] applied to a HVAC system, in order to optimize occupants thermal comfort
sensation, is presented, where the manipulated variable is the input for the HVAC device. A system identification pro-
cedure have been performed using linear regression, for a heating system integrated to a building model, presented in
[Freire et al., 2005a]. The aim is obtaining a model that describes the HVAC system and building behaviour in a structure
that is useful for advanced control law synthesis such as the MBPC. These models have been used in [Freire ez al., 2006]
as an introduction to the PMV-based energy saving non-linear control scheme.

Here, two control schemes for improving the thermal comfort by using the PMV approach for measuring thermal
comfort are addressed in the following sections. A characteristic of these schemes are the assumption of a SIMO (Single
Input, Multiple Outputs) building system, where indoor temperature and relative humidity are measured variables and
the single manipulated variable is the power applied to the HVAC device. Both schemes use model based predictive
control (MBPC) fundamentals. The first one is a PMV-based-Predictive Control since it calculates the control signal that
optimizes the PMV index in terms of thermal comfort and the second one optimizes the energy consumption maintaining
the PMV index inside acceptable conditions.

This article is organized as follows. In the next section, concepts related to thermal comfort are reviewed. In Section 3,
the proposed control laws are presented and in Section 4, some simulation results are presented in terms of two case
studies: i) constant values for metabolic rate and cloth index and ii) occupants metabolic rates varying between low and
moderate levels. Results are obtained by using a hourly weather data of a cold week in the city of Curitiba, Brazil. Finally,
in Section 5, the conclusions are addressed.

2 THERMAL COMFORT

Definition and control of indoor conditions for reaching thermal comfort in buildings are hard to be established. As
thermal satisfaction depends on several parameters, research works on thermal comfort have been conducted and some
comfort indices have been proposed over the last fifty years. An example is the thermal comfort index called Effective
Temperature, which is computed by using the indoor temperature and relative humidity signals and have been adopted by
ASHRAE [ASHRAE, 2001] for decades.

A quite disseminated index for evaluating indoor thermal comfort is the PMV, which combines environmental variables
and individual parameters. This index is based on a theoretical model combined with the results from experiments with
approximately 1300 subjects, and is given by [Fanger, 1970]:

PMV = F(tbsatchtrmahCafChMaWpV) (l)
PMV = (0.303 ¢ 0036M 4 0.028){(M — W) — 3.05 x 10-3[5733 — 6.99(M — W) — py]}
—0.42[(M — W) — 58.15] — [1.7 x 10~ M (5867 — py)] — [0.0014M (34 — t1,)] 2)

—{3.69 x 1073 fai[(ter + 273)* — (trm + 273)*]} = [farhe(tar — tos)]

where t,5 (°C) is the dry-bulb temperature or just indoor air temperature, t.; (°C) is the clothing surface temperature,
tm (°C) is the mean radiant temperature, h. (W/m?K) is the convective heat transfer coefficient that is calculated as
shown on Equation (3). f. is the clothing area factor, which can be computed by means of a cloth index, given by I
[Fanger, 1970]. M (W/m?) is the metabolic rate, the rate of transformation of chemical energy into heat and mechanical
work by aerobic and anaerobic activities within the body and W (W /m?) is the effective mechanical power.

he = 10.4y/v, forv < 2.6 m/s 3)
The term t.) can be computed iteratively by the following equation:
ta = 35.7—0.032M — 0.1811(3.4fc1 X ((te1 + 273)* — (tym + 273)4) + farhe(ta — tos) 4)

Therefore, combining Equations (2) to (4), the PMV index can be written as a function of four environmental variables
(temperature: ty,, relative humidity: ¢, mean radiant temperature: t,,,, and air velocity: v) and two individual parameters
(metabolic rate: M and cloth index: 1), as follows:

PMV = G(tbsv¢vtrnl7U7M7Icl) (5)

Table 1 shows the relationship among PMV and thermal sensation. In 1994, this formulae was included in ISO
Standard 7730 and a PM V-based criterion has been established between —0.5 and 4-0.5 as acceptable for thermal comfort
in air-conditioned environments. Also, in this table, PPD means Predicted Percentage of Dissatisfied and it is an indication
of the percentage of people who could complain about the thermal quality of a given indoor environment.



Table 1. Relationship between PMV, PPD and thermal sensation [Fanger, 1970].

PMV Thermal Sensation PPD (%)
+3 Hot 100

+2 Warm 75

+1 Slightly warm 25

0 Neutral 5

-1 Slightly cool 25

-2 Cool 75

-3 Cold 100

3 MODEL BASED PREDICTIVE CONTROL LAWS FOR THERMAL COMFORT AND ENERGY SAVINGS

Based on the previous section discussions, the aim of a thermal comfort based control law is to keep the indoor
hygrothermal conditions within the PMV-based comfort bounds. Moreover, there is a trade-off between thermal comfort
optimization and energy consumption. Classical control strategies usually can’t provide these benefits to a single-zone
building. The MBPC (Model Based Predictive Control) technique make possible to minimize both problems when cost
functions and constraints are adequately implemented. This will be presented in following.

The model based predictive control strategy can’t be defined as specific control law, but can be viewed as a strategy
which uses several control methods linked by means of some common ideas [Clarke, 1994, Camacho and Bordns, 1995].
The methodology is related to controllers which presents almost the same structure and characteristics in common, that is,
MPC or MBPC controllers are defined by the process model, which is obtained for control purposes, and are characterized
by the following four main steps:

i) Process modelling: where data from input (manipulated) and output (controlled) signals are used to predict the
process behaviour (output prediction) in a future horizon, defined as prediction horizon (V).

ii) Cost function definition: where the system closed-loop performance during the prediction horizon is specified. It is
defined by using the output prediction, the reference signal and the control effort.

iii) Cost function optimization: the cost function is optimized as a function of the set of future control signals (control
horizon - N,,) to be applied to the process during the prediction horizon. In this step, constraints in the manipulated and
controlled variable can be added in order to deal with the system operation constraints, e.g., limits on the actuators of the
HVAC system.

iv) Receding horizon strategy: only the first control signal computed from the cost function optimization is applied to
the real process and, in the next step time, all the algorithm is repeated.

The present work deals with MBPC for thermal comfort and the generic scheme for the MBPC controllers is shown
in Fig. 1. The way how thermal comfort issue is included in the control law is based on the PMV index. This is the
main points that makes the controllers presented in this paper different from the classical MBPC laws. The models are
defined by a MISO (Multiple-Input/Single-Output) ARMAX (Auto-Regressive with Exogenous Input) representation of
a building coupled to the HVAC system. The manipulated input signal is w(k), which represents the signal applied to
a heating/cooling system and the disturbance inputs are the outdoor temperature (TrxT(k)), outdoor relative humidity
(HgxT(k)) and total solar radiation (SgxT(k)). Finally, the controlled output signals are the indoor temperature (yr(k))
and indoor relative humidity (yg (k)). The two models are presented in Equation 6.
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Figure 1. MBPC controllers scheme.

Ai(qQ)yi(k) = Bi(q)u(k) + Bri(q)Text (k) + Bu,i(q) Hext (k) + Bs,i(q)SexT (k) + Ci(q)&i (k) (6)



where ¢ = T or H representing the indoor temperature and indoor relative humidity models. &; (k) is arandom disturbance
signal, zero mean, variance o. The modelos parameters are given by the A;(¢), Bi(q), Brt,i(q), Bu.i(q), Bs,i(¢) and
C;(g) which have the following form:

AZ(Z> =1 + alq_l + Cbzq_2 + ..+ anaq—na
Bz(z) = by + blqil + bzq72 + ...+ ban*nb o

Ci(z)=1+cig +eaq 2+ +enqg ™

The PMV approach leads to a non-linear representation for the process model, since its output is obtained by the
non-linear PMV computation. In this case the model is represented by a series structure made with the linear model that
relates the input signal and the temperature and relative humidity output signals followed by a non-linear static operator
that transform this signals in the PMV index. This kind of structure is known as a non-linear Wiener model, as shown by
Fig. 2.
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Figure 2. Representation of a Wiener structure.

Following, the MBPC PMV-based algorithms which are responsible for maintaining acceptable indoor thermal com-
fort conditions, are proposed. One of these algorithms is also capable to minimize energy consumption by setting PMV
bounds for the indoor air conditions.

3.1 Algorithm based on PMYV optimization

Following, a control strategy is described where the building occupants thermal comfort sensation is given by PMV
calculations. The PMV predictions computed by using the non-linear model are included in the cost function, and as
discussed in Section 2, the closer to zero the PMV value, the better the thermal sensation. Therefore, the control law is
given by the following optimization problem:

Ny N, -1
min i k+ k)% + AW (k + jlk
Au(kl|k),...,.Au(k+N, —1|k) 7:21( genrv( ‘7‘ )) jgo ( Jl )
®)
s.to
Au(k +jlk) =0 Vj=Nui...,N,

Umin < U(k +jlk) <tUmax Vi=1,...,Ny

The first constraint set is related to the control horizon, while the second one is the constraint over the control signal,
imposed by the HVAC device. In this way, the solution of Problem (8) given by means of N,, future values for the control
signal variation is u(k) = Au(k|k) + u(k — 1). Since Problem (8) is a non-linear optimization problem with non-linear
constraints, its solution can be obtained by using a sequential quadratic programming algorithm.

3.2 Algorithm based on setting PMYV signal boundaries minimizing energy consumption

Following, a control strategy which adopts the building occupants thermal comfort sensation as boundaries for the
PMYV signal is presented. As discussed in Section 3.1, this algorithm is also based on a non-linear structure (the Wiener
structure presented in Fig. 2).

Following ASHRAE standards [ASHRAE, 2001], built environment is comfortable in terms of thermal comfort when
PMYV is between the boundaries —0.5 < PMV < +0.5. Based on these limits for PMV, the control law for this case can
be presented as follows:

min u? (k)
Au(klk), Au(k+1]k),...,Au(k+Ny—1]k)
s.to (9)
Au(k + jlk) =0 Vj=Na,...,N,
umingu(k+j|k)gumax V]:L 7Nu

YPMV, min S gPMV(k + ]‘k) S YPMV, max V] = 17 ey dVy



where ypMv, min and YpMv, max Tepresent the boundaries for PMV associated to the thermal comfort conditions. In this
problem, the cost function is related to the energy consumption. The third constraints set assures that the PMV signal will
be between the specified boundaries, providing thermal comfort.

This problems assures, at each sample time, an optimal control signal, minimizing energy consumption while maintain
the PMV inside the thermal comfort range. Similar to Problem (8), the optimal control signal can be obtained by a
sequential quadratic optimization algorithm.

4 SIMULATION RESULTS

In order to evaluate the performance of the previous thermal comfort MBPC control strategies presented in this paper,
a single-zone building used by the BESTest methodology [IEA, 2003], as shown in Fig. 3, has been adopted.

3.0m
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Figure 3. Building Model.

In this way, the BESTest single-zone building has been simulated using PowerDomus [Mendes et al., 2005], which
is a whole-building hygrotermal and energy simulation software based on a lumped formulation where in the energy
balance are considered sensible and latent conductive heat transfer loads, convective heat transfer, long- and short-wave
radiation, infiltration, ventilation and loads related to the HVAC system among other parameters. Therefore, the building
model presented in Fig. 3, implemented in PowerDomus, acts as an actual building for the identification and control
experiments, where the external climate is captured from a TRY (Test Reference Year) weather data (external temperature
- TgxT, external relative humidity - Hgx, total solar radiation - Sgx) of the city of Curitiba, Brazil. By means of least-
square based identification procedures [Ljung, 1999], the following equations for the combined HVAC (a heating system
of 5kW maximum power) and building envelope model under analysis were obtained [Freire et al., 2005a, Freire, 2006].

(1 —0.97000¢~ ") yp(k) = (0.08395¢1) u/(k) + (0.02527¢~") Texr (k)
+(0.20340¢1) Hgxr (k) + (—0.07245¢™") Sgxr (k) (10)
+(1 +0.67670¢~") &x (k)

(1 —0.96920¢~ ") yu(k) = (—=0.002107¢~") u/(k) + (0.0002751¢~") Texr (k)
+(0.01759¢~ 1) Hexr(k) + (0.003342¢~ ") Spxr(k) (11

+(140.72390¢~1) &u (k)

In Equations. (10) and (11), the units for temperature is [°C] and the sampling time is 1 minute. In these models,
u’ (k) is given by:

u' (k) = u(k) + up(k) (12)

where u(k) is the manipulated signal provided by the control law and up (k) is a disturbance representing the heating
generated by the building occupants.

Now, some closed-loop results are presented, by using two case studies. In all cases, the controller is turned on at the
0-th hour of the third day (time equal to 48 hours - two days of warm-up simulation period) and the simulation period
is 1 week (168 hours). The controller parameters are: N, = 10 and N,, = 1. It is assumed here a heating system,
therefore, u(k) is constrained to the limits [0,5]. The external climate data adopted during the closed-loop simulations,
i.e., temperature, relative humidity and total solar radiation, are shown in Fig. 4. For the first case study, the results are
related to the analysis of the properties of the control schemes presented in Section 3, where the main objective is to
maintain the best thermal comfort conditions with or without energy consumption reduction. In the sequence, i.e., in the
second case study, the control schemes are discussed and the effect of changes on the occupants’ metabolic rate and cloth
index is also analyzed.
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Figure 4. External temperature, relative humidity and total solar radiation for the simulation period in Curitiba - Brazil.

4.1 Case Study I - Controller Performance Analysis

The control strategies presented in Sections 3.1 and 3.2 are evaluated in terms of temperature, relative humidity, PMV
and energy consumption. In this case, two occupants are considered inside the building environment, where their clothing
index and metabolic rate are constant equal to 0.66 clo and 1.20 met. These values are related to usual office clothing
and metabolic rate [ASHRAE, 2001].

Figures 5 and 6 present the results obtained by using the controller based on the PMV index. The optimal PMV index
is obtained by the controller presented in Fig. 5 (Solution 1). It can be seen by Tab. 2 that this is the case where the PMV
is closer to zero. Figure 6 (Solution 2) presents a controller that include energy reduction minimization. The constraints
over the PMV index are set equal to [—0.5,0.5]. As expect, the energy consumption is lower than in the previous solution.

Table 2. Energy consumption for the five day simulation period and quadratic sum of the PAV for the controller without
energy consumption minimization.

Solution | Energy Consumption (k11 h) Z PMV?
1 174.77 10.6897
2 98.67 -

4.2 Case Study II - Varying Metabolic Rate and Clothing Index

In this section, the performances of the controllers are analyzed when variations on metabolic rate and clothing index
occur.

In Figs. 7 and 8, the results are presented in terms of indoor temperature, indoor relative humidity, PMV and energy
consumption. Variations on the metabolic rate and clothing index are presented in Tab. 3, where during the day (from 7
am to 10 pm), the occupants’ metabolic rate is equivalent to a physical activity of a person working in an office, while, at
night (from 10 pm to 7am), it is assumed the occupants are sleeping.

Table 3. Case Study II - variations on metabolic rates and clothing index.

State | I (clo) | M (met)
| 0.66 1.20
II 0.45 0.80
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Figure 5. Case Study I - Indoor temperature, indoor relative humidity, PMV and control signal for the algorithm based on
PMYV optimization.
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Figure 6. Case Study I - Indoor temperature, indoor relative humidity, PMV and control signal for the algorithm based on
on setting PMV signal boundaries minimizing energy consumption.

By analyzing the results in terms of temperature, it can be noticed that the controllers (Fig. 7 and 8), increase the indoor
temperature during the period when metabolic rate is low, in order to provide a better thermal comfort sensation. When
the metabolic rate becomes higher, the indoor temperature decreases proportionally in order to provide adequate thermal
sensation to the occupants. The energy consumption are 260.30 kW h for the thermal comfort optimization strategy and
202.26 kW h for the thermal comfort and energy saving problem. In Fig. 7 (Solution 1), the higher energy consumption
is due to the PMV Optimization, in this case the indoor thermal sensation provided to the occupants is almost near the
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on PMV optimization.
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Figure 8. Case Study II - Indoor temperature, indoor relative humidity, PMV and control signal for the algorithm based
on on setting PMV signal boundaries minimizing energy consumption.

optimum solution (PMV = 0). However, in Fig. 8 (Solution 2), the controller is able to maintain the PMV signal within
acceptable bounds [ASHRAE, 2001], providing thermal comfort and reducing energy waste.

Fig. 9 shows the situation where no adaptation on the PMV-based controller is taken into account. This highlights that
the main advantage of this controller is the possibility of considering global model for thermal comfort, regardless the
changes of individual parameters, and take advantage of such information when available.
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5 CONCLUSIONS

In this paper, the indoor thermal comfort control problem in a single-zone building equipped with a HVAC system was
analyzed. Two MBPC algorithms to optimize room air conditions focused on thermal comfort and/or energy savings by
using only-one-actuator system associated to heating/cooling equipment have been presented.

The proposed algorithms were based on defining thermal comfort by using the PMV index. They were also classified
between those that consider only thermal comfort optimization and those that additionally provide energy savings. All
control strategies, which have been presented in this work, reached their goals in order to provide better indoor thermal
comfort conditions to the occupants. The PMV-based controllers are well adapted in situations where at least a rough
estimator of the occupants activity can be obtained.

Simulation results of two case studies, by using the Curitiba weather data file, have shown that the control algorithms
presented in this paper can simultaneously promote thermal comfort and energy consumption reduction maintaining 100%
of the time in the comfort zone. Due to the ability of the PMV controller to adapt to the individual parameters, it has been
shown that it can provide a better global performance in terms of both thermal comfort control and energy consumption.
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