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ABSTRACT 
This paper highlights the importance of the control in 
building simulation. The absence of the controller 
during building simulation leads to multiple prob-
lems like non-physical evolution of the indoor tem-
perature, different thermal peak loads when using 
different sampling times and wrong energy perform-
ance assessments. By using optimal control in simu-
lation it is possible to evaluate the potential for en-
ergy savings in existing buildings and optimally size 
HVAC systems and building parts during the design 
stage. Therefore, in this work (Part I and II) it is pre-
sented a way to design optimal controllers for build-
ing heating, to be used in building simulation. 

INTRODUCTION 
Today, building simulation is also used for HVAC 
design and energy performance assessments. How-
ever the obtained results are wrong if the controller is 
not included in the simulated system. There are, at 
least, three problems here. 
First, when calculating the heating load of a building 
without including the control system in the simula-
tion, the calculation methods consider that the indoor 
temperature varies exactly as its set-point. The prob-
lem appears in intermittently heated buildings, where 
the set-point has a step change, i.e. changes from one 
value to another in a single time sample. Thus, if one 
would use for simulation a small sampling time (e.g. 
10 min, 1 min) he would get a non-physical evolution 
of the indoor temperature. Second, due to this non-
physical temperature evolution, one would get differ-
ent peak load values when using different sampling 
times. Increases of 22 % in the peak load where re-
ported when changed the simulation sampling time 
from 1 h to 15 min (Ghiaus and Hazyuk, 2010). The 
peak load is important because it is used for HVAC 
sizing. Lastly, besides the building itself and the local 
climate, the energy consumption is strongly related to 
the controller. Different controllers calculate differ-
ent command signals; hence, the energy consumption 
differs as well. Thus, if the controller is not included 
in the simulation, the energetic performance of a 
building is not assessed correctly. 
Of particular interest is the assessment of the optimal 
performance in buildings. The use of optimal control-
lers in building simulation is beneficial, at least, in 

two situations. It is possible to evaluate the optimal 
performance of existing buildings, and hence know 
how far from the optimum the current controller of 
the building performs. This permits us to evaluate the 
real potential of energy savings. At the design stage, 
when some parts of the HVAC system or the building 
itself should be optimized, optimal controllers should 
be used in simulation to ensure that the optimization 
results are not affected by a poor control or without 
control at all. 
Thus, if we are looking for best but realistic results in 
building simulation, optimal controllers must be used 
in the simulation. Therefore, in Part I and II of this 
paper it is shown how to design an optimal thermal 
controller for the simulation of intermittently heated 
buildings. 
Optimal control is a model-based technique and 
therefore a dynamic model of the system is required. 
The problem of building modeling is that building 
models have large number of states, which can easily 
reach 104-106 states, while for control we need low-
order models. In order to get low-order building 
models, techniques such as model reduction (P.D. 
Bario et al. 2000), black-box model identification 
(Rios-Morena et al. 2007) or modeling using 
lumped-parameter representation (Jiménez et al. 
2008) are used. In the proposed approach the model 
structure is obtained via lumped-parameter represen-
tation of a building using linear circuits, and the nu-
merical values of the model parameters are obtained 
using least squares identification method. 
In most building models where lumped-parameter 
representation was used, the manipulated input vari-
able was the internal heat flux. But when the building 
heating system is water-based, as it is in our applica-
tion, the manipulated input variable is the tempera-
ture of the inlet water of the radiators. The problem is 
that the relation between the heat flux, delivered by 
the radiator, and the inlet water temperature is non-
linear, principally due to the radiative heat transfer. 
In the surveyed literature, the radiative part of the 
heat transfer was usually considered as being linear 
(Liao and Dexter, 2004) or even omitted at all (Gar-
cia-Sanz, 1997). However, in this paper it is shown 
that total conductance of the radiators is strongly 
nonlinear. This could significantly degrade the con-
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trol performance obtained with a controller based on 
the linear model of the building. 
The specificity of the proposed approach is the line-
arization of the building model by using physical 
knowledge. In Part I it is shown how to identify the 
characteristic of the nonlinearity, which will be used 
later, in Part II, for building model linearization. 
The proposed solution is tested on a typical tertiary 
building, using SIMBAD (Husaunndee and Visier, 
1997) – a building simulation toolbox under Matlab – 
Simulink environment. In SIMBAD the building is 
represented by a detailed white-box model, which is 
based on physical knowledge. These well tested 
models are used by the French Scientific and Techni-
cal Center of Building (CSTB) to establish norms 
and standards but also to evaluate, by emulation, the 
performances of real controllers. 

DYNAMIC MODEL OF A BUILDING 
When low-order building models are obtained using 
lumped-parameter approach, firstly, the building is 
graphically represented by a linear circuit. Then this 
circuit is resolved in order to obtain the state space 
representation of the model. State space models are 
sets of first order differential equations. They are 
natural representations of the models derived from 
physical relations. 
The principle used to represent the building by linear 
circuits is the analogy between these two different 
physical domains that are described by the same 
mathematical equations. Thus, the temperature is 
equivalent to voltage, the heat flux – to current, the 
heat transmission resistance is represented by electri-
cal resistance and thermal capacity by electrical ca-
pacity. The equivalent circuit of the building is ob-
tained by assembling the corresponding circuits of 
the walls, windows, ventilation and internal mass. In 
mono-zone buildings, the interior walls are part of 
the internal thermal mass. 
The test application consists of a tertiary building1, 
facing every four directions and having a living sur-
face of 100 m2 and 252 m3. Every room contains a 
water-based radiator, of the same size. It is consid-
ered to be a mono-zone building. 
The equivalent circuit of the test building is illus-
trated in Figure 1. The envelope is represented by a 
2R-C network where its capacity is lumped in Cw and 
the wall insulation is represented by two halves of its 
conductive resistance Rw/2. The resistances Rco and 
Rci represent the convective resistances between the 
envelope and the outdoor/indoor air, respectively. It 
is considered that the varying wind velocity has no 
influence on the heat exchange coefficient of the en-
velope surfaces, so the convective resistances Rco is 
constant. The thermal capacity of the internal mass is 
lumped in Ca. The heat losses due to ventilation and 
infiltration are modeled by the resistance Rv. 

                                                             
1 Referred in the literature as a “Mozart” house. 

 
Figure 1 Linear circuit representation of a low order 

thermal model of a building 
 

The active elements of the equivalent circuit of the 
building are the outdoor air temperature, the solar ra-
diation falling on the building envelope and the in-
ternal heat flux. By internal heat flux we mean all the 
free gains from building occupants, electrical appli-
ances, solar radiation through windows, and the con-
tributions from heating terminals, i.e. radiators. The 
outdoor air temperature is modeled by an ideal volt-
age source θo, and the solar radiation and internal 
heat gains are represented by ideal current sources, 
Φs and Φg respectively. 
The interested information in building thermal con-
trol is the evolution of the indoor temperature. There-
fore this is the output of the model. There are three 
different sources acting on this temperature: outdoor 
air temperature, solar radiation and internal gains; 
they are the inputs of the model. Note that the inter-
nal gains are separated in free gains and energy flux 
from radiators. The radiator is a controllable source, 
so this is the command of the system while the free 
gains are uncontrollable and considered to be non-
measurable, so they are non-measurable distur-
bances. Also, the outdoor temperature, θo and solar 
radiation, Φs, are uncontrollable sources but they can 
be measured, so they are measurable disturbances. 
Note that even if the real manipulated input is the 
temperature of the inlet water, in the building model 
(Figure 1) the internal heat flux (gain) is still used as 
the manipulated input. This is done deliberately to 
exclude the nonlinear part from the model in order to 
be able to use least squares method for model pa-
rameters identification. The nonlinear characteristic 
between the internal heat flux and the temperature of 
the inlet water is also identified later in the paper. 
This characteristic will be used in Part II to “traduce” 
the required heat flux into the corresponding inlet 
water temperature. 
In order to find the state-space equations of the cir-
cuit from Figure 1 the superposition theorem for 
electrical circuits is applied. Considering the charac-
ter of each source (command or disturbance), it is ob-
tained a Multiple-Inputs Single-Output (MISO) state-
space representation of the building, as in the follow-
ing: 

 (1) 
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with: 
 – the state vector; 

, – the output of the system; 

,  – the inputs of the system; 

 – the state matrix; 

 and 

 – the in-

put matrices; 
, ,  – the output and 

feed-through matrices respectively. 

SYNTHESIS OF THE INPUT SIGNALS 
In our assumptions, the building thermal model is 
considered to be linear. This allowed us to model the 
building by a linear circuit, from which was derived 
the dynamic model. In order to identify the model pa-
rameters, records of the inputs/output of the system 
are required. However, only the outdoor temperature 
θo can be directly measured; the other two inputs 
must be calculated from alternative measurements. 
Solar radiation, Φs, used for the second input is de-
fined as the quantity of the solar radiation falling on 
the building envelope. The problem is that only in-
formation on diffuse and direct radiation is available, 
and it changes the value for each surface of the enve-
lope according to the surface orientation. The heat 
flow from radiators, Φg, is directly accessible in 
SIMBAD. However, for real buildings it must be also 
calculated measuring the water inlet temperature, θin, 
and water outlet temperature, θout: 

 (2) 

Yet, the problem with this input is not in measuring it 
but in controlling it. In the building model (1) the 
manipulated input variable is the heat flow, Φg. In re-
ality, the controller acts on the heat flow by varying 
the inlet water temperature, θin. This is actually the 
real manipulated input variable. Therefore we need to 
identify the relation between the inlet water tempera-
ture and the corresponding heat flux. 

Solar heat flux calculation 
In order to estimate the total solar radiation, falling 
on the building envelope, Φg, the solar radiation on 
each side of the envelope must be determined, multi- 
plied by the corresponding wall surface and added up 
for all four sides. Considering an isotropic model of 

 
Figure 2 Incident solar radiation on a tilted surface 

 

the sky, the incident solar radiation on a tilted sur-
face, Figure 2, is calculated by (Duffie and Beckman, 
2006): 

 (3) 

The ground albedo, ρg, is usually 0.2 and the ratio of 
beam radiation on the wall surface to that on the 
horizontal surface is calculated by: 

 (4) 

The incidence angles of the beam radiation on the 
horizontal, α, and wall, αT, surfaces are calculated by: 

 (5) 

After calculating the total solar radiation on the four 
exterior walls of the building envelope by (3) and 
multiplying them by the corresponding wall surface, 
they are all summed up to get the input of the model: 

 (6) 

Heat flow – inlet water temperature relation 
In the building model, the manipulated input is the 
heat flux , Φg. However, this flux depends on indoor 
air temperature, mean radiator temperature, interior 
walls’ surface temperature and water mass flow 
through radiators. In practice, it is controlled either 
water inlet temperature either water flow. In order to 
avoid hydraulic instabilities, here is manipulated only 
the inlet water temperature. 
Generally, the heat transfer is approximated by a lin-
ear low so the heat flux is proportional to the θin-θz 
temperature difference. This approximation allows us 
to use the inlet water temperature as the controlled 
input of the model and still have a linear model. 
However, the radiative heat flux density transferred 
from a hot surface to the colder one is calculated by: 

 (7) 
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and the convective heat flux density transferred by a 
vertical surface, taller than 30 cm is described by the 
following low (Incropera et al., 2007): 

 (8) 

The problem is that the difference of the temperature 
between the radiators and the internal thermal mass 
usually varies between zero and fifty degrees. This 
variation is large enough so it violates the hypothesis 
that the heat transfer is linear on the entire operating 
range of the temperature. Therefore, in this paper the 
heat flux is expressed by the following relation: 

 (9) 

where the total conductance, h, is considered to be 
variable. Thus, in this paper are considered both con-
vective and radiative heat transfer, and their nonlin-
ear part is modeled by the variation of the total con-
ductance, whose characteristic will be identified in 
the following. 
Normally, the heat flux is expressed using the differ-
ence between the mean radiator and indoor air tem-
peratures. In the relation (9), however, the inlet water 
temperature is used instead of the mean radiator tem-
perature. This is because the inlet water temperature 
is the manipulated input and it is also tidily related to 
the mean radiator temperature.  
The relation of the total conductance variation is 
identified experimentally. In order to do this, the sys-
tem was simulated in Simbad where was varied the 
inlet water temperature. The resulted indoor mean 
temperature and the heat flux delivered by the radia-
tors were recorded and used in the following relation 
to calculate the total conductance:  

 (10) 

The resulted characteristic is shown in Figure 3, 
where it can be seen that this parameter is very non-
linear on the entire operating range of the tempera-
ture. 
In order to estimate the correlation between the total 
conductance and the θin-θz temperature difference 
from Figure 3, curve fitting was used. The best fitting 
was obtained for the following exponential correla-
tion: 

 (11) 

Thus, the relation between the heat flux delivered by 
the radiators and the inlet water temperature is given 
in the relation (9) where the expression of the total 
conductance is that from (11). The characteristic of 
the total conductance will be used in Part II for ther-
mal control of the building. 

 
Figure 3. Nonlinear characteristic of the total con-

ductance 

MODEL PARAMETER IDENTIFICA-
TION 
The last step in the suggested method for building 
modeling is the identification of the low-order model 
parameters. This is done by experimental identifica-
tion, where the experimental data sets are obtained by 
simulating the building white-box model in Simbad. 

Choice of the identification method 
The model of the building contains some zeros 
(Ghiaus and Hazyuk, 2010); therefore grapho-
analytical methods cannot be used for identification 
because they cannot identify the zeros of the model. 
This means that parametrical identification methods 
like iterative min-search or least squares methods 
must be used. Usually, iterative min-search methods 
are used for energy performance assessments (Mejri 
et al., 2010), where we are looking the values of the 
physical parameters of the building, i.e. resistors and 
capacities of the model from relation (1). However, 
in these methods the model is represented as a non-
linear correlation between its parameters. Thus, in 
order to get optimal results, one needs to bound as 
narrow as possible the physical parameter values, or 
use an initial model which is close to the optimal so-
lution. For control, the information about physical 
parameters of the system is not necessarily required; 
only the values of the model parameters are needed. 
Therefore, least squares identification method can be 
used to obtain the optimal parameters’ values. Within 
this method the model is represented as a linear cor-
relation between the parameters and therefore the 
optimal solution is guaranteed. 
The identification of the state-space model parame-
ters requires measurements of the model states. Even 
if the building is simulated, it is impossible to meas-
ure the equivalent temperature of the envelope be-
cause this is a fictive temperature, somewhere inside 
the wall. Therefore, it is impossible to identify di-
rectly the parameters of the state-space model (1) by 
using least squares method. In order to do this, the 
input/output equivalent representation is needed, i.e. 
the transfer function of the building. The transfer 
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function equivalence of a state-space model is ob-
tained by the following relation:  

 (12) 

By applying it to the model form (1), the following 
model structure of the building is obtained: 

 (13) 

Yet, the fact that the building is simulated permits to 
fulfill the conditions required by least squares identi-
fication method. First, when it is started the simula-
tion to obtain input/output data sets, the system must 
be in a stationary initial state. It is quasi impossible to 
assure this condition for real buildings because they 
are always in un-stationary state. In simulation, how-
ever, it is very simple to impose the initial conditions. 
The second problem is that in real buildings there are 
plenty of parasite inputs that could compromise the 
quality if the identified model. There exist variations 
of the least squares identification algorithm which 
theoretically eliminate this problem. However, in 
simulation, there are no parasite perturbations, so the 
standard least squares method can be used. 
By applying the least squares identification method, 
there are identified the parameters  of 
the transfer functions (13). Note that there are three 
discrete transfer functions, between the output and 
each input, but with the same characteristic polyno-
mial (the denominator). After the model parameters 
are identified, the state-space representation can be 
obtained by transformation from the transfer function 
representation. 
The fact that the system model is projected on a 
structure obtained from physical knowledge, adds 
some robustness to the model. The physical phenom-
ena do not change when the operating point varies 
within the operating range. Therefore the identified 
model, which was “forced” to have physical insight, 
will be also valid on the entire operating range of the 
temperature. This is the motivation to have the struc-
ture of the model derived from basic physical knowl-
edge. 

Model’s parameter identification 
For model parameters identification, data records of 
inputs/output variables are required. In this paper, 
these data are obtained by simulating the building in 

Simbad and recording the indoor/outdoor tempera-
ture, internal heat flux and solar beam and diffuse ra-
diation. The total solar radiation falling on the build-
ing envelope, which is one of the model inputs, is 
obtained from the relations (3) and (6). 
Before starting the simulation there must be estab-
lished the form and the duration of the inputs. They 
must be enough persistent in order to excite all the 
modes of the building. In practice, the buildings are 
inhabited; therefore it is inadmissible to move be-
yond the accepted comfort norms to adequately ex-
cite the building modes. Thus, here is another benefit 
of the simulation; it permits the application of the ex-
citation type that is necessary for the experiment. 
The utilized internal heat flux was obtained by 
switching the inlet water temperature between 20 and 
60 °C according to a pseudo-random binary sequence 
(BPRS). For the outdoor temperature and solar radia-
tion was used the statistical whether records offered 
by the simulation program for Lyon, France. The ini-
tial temperature of the walls and indoor air was set to 
zero. The duration of the simulation was four months 
corresponding to December – March period with a 
sampling time of one minute. This period is consid-
ered to be long enough in order to excite all the 
building modes. The indoor mean temperature of the 
building (system output) was computed as an average 
temperature weighted by the living surfaces of each 
room, as in the following:  

 (14) 

The obtained data sets were divided in two halves in 
order to have different sequences of the excitation 
signals. The first sequence was used to identify the 
model parameters and the second sequence to vali-
date the identified model. 
By applying the least squares identification method, 
the building model from (16) is obtained. The com-
parison between the indoor temperatures obtained by 
white-box and low-order models is illustrated in 
Figure 4. The percentage of the output variations re-
produced by the model during the identification 
(Figure 4 top) is 96.48% and 93.05% during the 
model validation (Figure 4 bottom). These results 
show that the second order model structure is well 
fitted to describe the building thermal behavior, at 
least for control purpose. The comparison index used 
by system identification toolbox in Matlab is defined 
as (Ljung, 2007): 

 (15) 

A higher number means a better model. 
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Figure 4.  Comparison between measured and simulated zone temperature; in the fit process (top), in the valida-
tion process (bottom) 

 

 
(16) 

CONCLUSION 
This paper intends to highlight the importance of the 
control in building simulation. If the controller is not 
included in the simulation, there is a risk to obtain 
non-physical evolutions of the indoor temperature in 
intermittently heated buildings, significant differ-
ences of the peak load when using different simula-
tion sampling times and wrong energy performance 
assessments. On the other hand, the use of optimal 
controllers in building simulation allows us to evalu-
ate the real potential for energy savings in existing 
buildings and optimally design the building and its 
HVAC system during the design stage. 
Optimal control is a model-based strategy and there-
fore a model of the building is required. In simula-
tion, the building is already represented by its model 
in the simulation software. However, this is a white-
box model with a large number of states; for control 
low-order models are required. Therefore in this part 
of the paper it is shown how to get a robust low-order 
model of the building. The robustness of the model is 
given by the fact that the model is projected on a 
fixed structure, which is base on physical lows of 
thermodynamic. The model structure is obtained by 

resolving the linear circuit, which represents a mono-
zone building. The numerical values of the model pa-
rameters are obtained by experimental identification 
using least squares method. During the model valida-
tion it has been shown that a second order model can 
reproduce very well the building’s thermal behavior. 
The specificity of the suggested approach is the line-
arization of the building model by using physical 
knowledge. In building models the manipulated input 
is usually the internal heat flux or it is considered that 
the heat transfer phenomena are characterized by lin-
ear lows. However, in water-based heating systems, 
the real manipulated input is the inlet water tempera-
ture. Also it is shown that the total conductance, 
which is a parameter of the building model, is vari-
able and strongly nonlinear. This could compromise 
the expected control performances. Therefore this 
characteristic was identified to be used in Part II for 
building model linearization. Also, having this char-
acteristic, it was possible to keep a linear model of 
the building, and thus be able to apply least squares 
identification method. 

NOMENCLATURE 
θw wall temperature (C°) 
θz zone temperature (C°) 
θo outdoor temperature (C°) 
Φs total solar radiation on the buildings enve-

lope (W) 
Φg internal heat flux (W) 
Rco outdoor-convection thermal resistance 

(K/W) 
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Rci indoor-convection thermal resistance (K/W) 
Rw wall conduction resistance (K/W) 
Rv resistance equivalent to ventilation and infil-

tration (K/W) 
Cw equivalent envelope thermal capacity (J/K) 
Cz equivalent thermal capacity of the zone 

(J/K) 
 water mass flow through radiators (kg/s) 

cw specific heat capacity of the water (J/kgK) 
θin inlet water temperature (C°) 
θout outlet water temperature (C°) 
I incident solar radiation (W/m2) 
Ib beam solar radiation (W/m2) 
Id diffuse solar radiation (W/m2) 
Rb ratio of beam radiation on a tilted surface to 

that on the horizontal surface (-) 
α incidence angle of the beam radiation on the 

horizontal surface (°) 
αT incidence angle of the beam radiation on a 

tilted surface (°) 
β angle of the tilted surface (°) 
ρg ground albedo (-) 
δ solar declination (°) 

 geographical latitude (°) 
ω solar hour angle (°) 
γ azimuth angle (°) 
S* (south, north, east, west) facing surface of 

the envelope (m2) 
φr radiative heat flux density (W/m2) 
φc convective heat flux density (W/m2) 
ε surface emissivity (-) 
σ Stefan-Boltzmann constant (W/m2K4) 
T temperature on Kelvin scale (K) 
h total thermal conductance of the radiators 

(W/K) 
Si living surface of ith room (m2) 
θi temperature in the ith room (C°) 
y output of the system (-) 
ŷ predicted output of the system by the model 

(-) 
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