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Abstract—This paper focusses on implementation of the energy
management in building zones with fan coil units. The implemen-
tation is based on direct control of the required thermal energy
inputs. We develop it as a necessary add-on to model predictive
control algorithms that use thermal models of a building and
compute the optimal energy inputs in different building zones
for minimization of the overall energy cost required to keep
the thermal comfort. The presented approach is substantially
different to the generally accepted temperature control via local
reactive control that only uses local measurements in deciding
the control actions for zones thermal actuators. We demonstrate
that closed loop performance, spent energy and the users comfort,
is significantly improved over conventional control approaches.
The model of a fan coil unit is identified and validated based on
real data gathered from the living lab of University of Zagreb
Faculty of Electrical Engineering and Computing. This model is
then used for the subsequent control development and validation
of the overall control approach via simulations.

I. INTRODUCTION

Minimization of energy dissipation in buildings, due to the
relatively large share of their consumption in the overall global
consumption [1], [2], has been set as one of the main priorities
for improvement of the building sector energy efficiency. Due
to a relatively long life span of buildings, it is essential to
make significant efforts to increase the energy efficiency of the
existing Heating, Ventilation and Air Conditioning (HVAC)
systems, i.e., to reduce energy consumption, cut down the
maintenance cost and improve comfort conditions. The way
most building HVAC systems are operated is undoubtedly one
of the most prominent sources of unnecessary energy dissipa-
tion. The recent studies have shown that building consumption
can be reduced up to 30% just by ensuring proper operation
of its subsystems [3], [4].

Due to their improved performance over classic radiators,
Fan Coil Units (FCUs) are widely used for localized heating
and cooling. However, Model Predictive Control (MPC) tech-
niques, which are well-established in other industries, are still
hardly used for FCUs due to lack of appropriate mathematical
models that are easy to parametrize. Traditional FCU control
strategies include fuzzy, hysteresis and PID controllers [5],
[6]. All the mentioned control approaches switch between
fan speeds based on temperature difference between setpoint
value and current zone temperature. This mostly results with
zone temperature oscillations of constant, predefined ampli-
tude, leading to unnecessary energy consumption. Energy
Management System (EMS) that acts by adjusting the optimal

temperature setpoint values usually neglects the performance
of the local thermal actuators in the zone. Such systems are
also practically inapplicable in tight comfort bounds with
simple hysteresis controllers used locally for FCU control.
Most of the reported FCU models are either based on typical
heat exchanger analysis approaches [7], [8], and as such too
complex for control purposes and real-time implementations,
or made as a simple linear approximations that are often
applicable only for restricted operation intervals. On the other
hand, the models based on first principles require detailed
physical properties of a FCU, such as fin thickness, tube
dimensions, etc., which are often omitted from manufacturers
data sheets and hardly measurable on the final product [9].
Due to its nonlinearity, several authors tried to identify a
FCU with neural networks [10]. In this paper, a replicable,
robust, simple and fast methodology for identification of FCUs
is derived by consolidating the advantages of first principles
modelling, identification methods and data sheet information.
Identification and validation of the identified model are per-
formed within the living-lab pilot on predictive building zones
control implemented on two floors of the skyscraper building
of University of Zagreb Faculty of Electrical Engineering and
Computing. The identified FCU model is subsequently utilized
for the development of the MPC-based energy management of
thermal actuators (heating/cooling devices) in zones through
direct control of the required thermal energy inputs. As such,
it is an extension to Centralized MPC (CMPC) algorithms
that calculate optimal thermal energy profiles per zones based
on thermodynamic model of the building [11], [12]. The
developed algorithm is a link between the commanded vari-
ables from the CMPC and the actual actuation profile on
heating/cooling devices required for these commands to be
realized. The significance of the proposed approach is a direct
control of thermal energy inputs per zone rather than generally
accepted temperature control [13]. By doing so, a high level
of modularity and flexibility for different types of thermal
actuators is gained, offering a fast replicability of the method.

The document is structured as follows. Section II gives a
comprehensive report on the identification of FCUs as well
as the description of the experimental set-up. Section III is
an extension to previously designed MPC for energy-savings
and comfortable temperature control in buildings [11]. The
aim of the Section is to merge it with proper control of
FCUs. Section IV validates the developed algorithm through



simulations by comparing its performance with a generally
accepted hysteresis control algorithm. Final conclusions are
given in Section V.

II. IDENTIFICATION OF A FAN COIL UNIT

A FCU is a simple device consisting of a heat exchanger
and a fan. The exchanger receives heating or cooling medium
from the central plant, and removes heat from, or adds heat
to the air by heat transfer principle.

A. Experimental setup

Heating/cooling installations within the Faculty living-lab
are detached into two major supply ducts per floor (south and
north) with parallel connected two-pipe FCUs for seasonal
heating or cooling and calorimeters installed on the ducts
inlets. Calorimeters measure the overall energy consumption,
active thermal power Pcal, supply medium temperature T i

w,cal,
overall medium mass flow Qw,cal and return medium temper-
ature T o

w,cal (Fig. 1).
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Fig. 1: Heating/cooling system installations.

Every zone is equipped with a sensor that measures the air
temperature T i

a. An experimental setup for identification of
a FCU model includes commercially available unit manufac-
tured by Trane, model FCC06 [14], equipped with a centrifugal
fan with four different fan speeds {0,L,M,H} (zero, Low,
Medium and High) and operated by a hysteresis controller
(Fig. 2). Hysteresis width 2∆ is predefined and equal for all
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Fig. 2: Hysteresis control law for the fan speed control.

zones and SP stands for setpoint temperature. All FCUs are
equipped with sensors that measure the temperature of the out-
going air T o

a and temperature of the outgoing heating/cooling
medium T o

w.

B. Mathematical model of a fan coil unit

Heat transfer within a FCU consists of three parts: convec-
tion of the heating/cooling medium, heat conduction through
the heat exchanger and finally convection of the air to be
heated or cooled. For modelling, the following assumptions
are made:

• the air mass flow Qa inside the FCU variates with the
fan speed and is assumed to be constant for each speed,

• when fan is off, air mass flow is assumed to be equal to
zero Qa = 0,

• the water temperature inside the FCU is approximately
the arithmetic average of water inlet temperature T i

w and
water outlet temperature T o

w, i.e., Tw = 0.5(T i
w + T o

w),
• the thermal transmittance occurs as a result of tempera-

ture difference (Tw −T i
a) when fan is on and (Tw −T o

a )
when fan is off.

Furthermore, due to the parallel connection of the FCUs and
constant pressure drop within the whole system maintained
by a central circulation pump, it is reasonable to consider
that the FCUs are mutually independent so the following
indirect measurements can be conducted: (i) temperature of
the medium at the fan coil inlet T i

w is equal to the temperature
of the medium at the duct inlet T i

w,cal reduced by total
temperature heat losses that occur due to transmission of the
medium through the pipeline1; (ii) for hydraulically balanced
system, medium mass flow is distributed in equal shares
among all fan coils connected to the same supply duct, i.e.,
Qw = Qw,cal/x where Qw is the medium mass flow through
a certain FCU and x is the number of FCUs connected to the
observed duct if all units are of the same type. When there are
different types of FCUs connected to the same supply duct,
parameter x has to be identified.

With assumptions made and principles of energy and mass
conservation, the following differential equations for outgoing
air temperature T o

a and return medium temperature T o
w are

derived:

macaṪ o
a = Qaca(T i

a − T o
a ) + Uo

(
Tw − T i

a

)
, Qa 6= 0 (1)

mwcwṪ o
w = Qwcw(T i

w − T o
w)− Uo

(
Tw − T i

a

)
, Qa 6= 0 (2)

where ca, cw and Uo = f(Qw, Qa) are the specific heat
capacity of air, specific heat capacity of water and the heat
transfer coefficient, respectively. Parameter ma is the mass of
air inside the fan coil unit, mw is the mass of water inside
the coil and it is obtainable from manufacturers data sheets.
According to the FCU dimensions, the mass of the air inside
the FCU is less than 0.1 kg, thus time constant of the air
ma/Qa is less than 1 s, which makes it negligible when
compared to the significantly larger time constant of the water.
Due to a very small time constant, thermal process from the
air side is observed as a stationary process.

0 = Qaca(T i
a − T o

a ) + Uo

(
Tw − T i

a

)
. (3)

This further means that the thermal power affecting the zone,
Pa = Qaca(T o

a − T i
a), is equal to the overall transmitted

thermal power P when the fan is on and equal to zero when the

1When the fan is off, the energy exchanged between the medium and the
air is negligible, so sensors of the outgoing medium T o

w measure temperature
nearly equal to the temperature at the FCU entry. Thermal losses can thus be
assumed to be equal to the temperature difference between T i

w,cal and T o
w

during the last interval with the fan speed set to zero.



fan is off. This allows omission of hardly measurable outgoing
air temperature T o

a information from the model. Depending on
the mounting position of the outgoing air temperature sensor,
these measurements are often corrupted, especially when the
fan is off and impact of the zone temperature predominates.
The final FCU model written in state-space form is as follows:

Ṫ o
w = A(Qw, Uo)T o

w +B(Qw, Uo)

[
T i
w

T i
a

]
, (4)

P =

 C(Qw, Uo)T o
w +D(Qw, Uo)

[
T i
w

T i
a

]
, for Qa 6= 0,

0, for Qa = 0,

where matrices A, B, C and D are derived from (1) and
(3) and depend on Qw and Uo. For known fan speed and
medium mass flow, there are only three unknowns in (4),
overall thermal transmittances Uo for three non-zero fan speeds
Uo := {UL

o , U
M
o , UH

o } since P = 0 when fan is off.

C. Identification results

Assuming P = 0 when the fan is off enables identification
of an individual unit Uo by shutting down all the remaining
units connected to the same duct and running an identifica-
tion procedure on the particular one. In such a set-up the
calorimeter on the duct inlet measures the heat consumption
of the particular unit with a constant offset equal to the heat
losses of the remaining duct part. To assure constant heat
losses, supply medium mass flow and temperature are required
to be constant during the test. The identification procedure
consists of sequential fan speed changes from off to three
possible fan speeds. The duration of every speed engagement
has to be chosen to cover both the transient and steady state
behavior. Identification is carried out by employing a nonlinear
optimization within MATLAB environment [15]:

min
Uo

||Pcal − P ||22. (5)

Time responses of the identified model (4), tested on the
verification data set, are shown in Fig. 3 with water side power
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Fig. 3: Identified FCU model response over the verification data set.

defined as Pw = Qwcw(T i
w − T o

w). As it can be seen from
Fig. 3, the model successfully captures the FCU dynamics.

To estimate the functional dependence of Uo on air and
medium mass flow Uo = f(Qw, Qa), the described identifica-
tion procedure is repeated several times with different medium
mass flows. Physically meaningful Uo for a constant fan speed
can be defined as [16], [17]:

UFS
o =

kFS
1

1 + kFS
2 Q

kFS
3

w

, FS ∈ {L,M,H} . (6)

where coefficients kFS
1 , kFS

2 and kFS
3 are unknown. With Uo

model defined as in (6), there is no need for using information
about hardly measurable air mass flow Qa since a separate
model is identified for every fan speed. Identification of the
coefficients kFS

1,2,3 is performed on data sets consisted of the Uo

recalculated from manufacturers data sheets and the identified
Uo data. The results are shown in Fig. 4.

III. MPC FOR ZONES COMFORT CONTROL

The proposed zone level optimal energy management con-
sists of two hierarchical control levels. Higher optimization
level consists of CMPC for calculation of optimal thermal en-
ergy profile per zone for all observed zones. Lower hierarchical
level consists of locally-distributed controllers (LMPC), one
per each zone, employed to control thermal actuators in an
optimal way by respecting the commands given by the higher
control level (Fig. 5). A more complex control configuration
with single low level controller and zones organized in groups
with a goal to smoothen the heat demand for the group can
be found in [18]. Here we focus on a fully decentralized
configuration that enables adherence to the thermal energy
commands from the higher level.

A. CMPC: Optimal thermal energy profiles per zone

The CMPC algorithm for assessment of optimal thermal
energies per zones is already developed as part of our previous
research [11]. It has been shown that the derived optimal con-
trol formulation outperforms classic zone temperature control
algorithms both in energy consumption and achieved comfort
even for very strict comfort constraints. The nature of thermal
actuators in the referenced study was intentionally left out
to estimate the upper limit of energy savings achievable by
implementation of such a set-up. In terms of building climate
control, the CMPC calculates an optimal plan of heating and/or
cooling with sampling time T c

s for all included zones based
on weather prediction, disturbance prediction, energy price
prediction (in cases with volatile prices) and constraints such
as temperature constraint or physical limitations of thermal ac-
tuators. The first control action per zone u∗t|t is then forwarded
to low level controllers and the procedure is repeated at the
next CMPC time step.

B. LMPC: Optimal Fan Coil Units control

The goals of LMPC energy management of FCU are (i)
to ensure that the temperature profile remains in the comfort
limits, (ii) to assure realization of energy input set by the
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Fig. 4: Heat transfer coefficients UFS
o as functions of medium mass flow Qw for fan coil type Trane FCC06.

CMPC and (iii) to guarantee the minimal disruption of the
users and the minimum energy consumed by the fan by
preferring lower fan speeds and minimizing the number of fan
speed switching. To accomplish all the goals, LMPC needs to
operate on significantly lower time scales than the ones used
for assessment of optimal thermal energy flows into the zone.
It turns out that a minute scale of Ts is a good choice for
reasonable data transfer between the FCU and the central con-
trol/data acquisition system and low enough scale for reducing
the zone temperature oscillations, which are unavoidable in
FCU operation, especially for FCUs without the possibility
of the medium mass flow control. At the beginning of every
T c
s -long time-interval, LMPC receives an energy command

from the CMPC u∗t|t and distributes it into H = T c
s /Ts equal

shares. After receiving the energy command, LMPC calculates
an optimal fan speed trajectory N steps into the future at every
Ts:

FS∗k =
[
FS∗k|k FS∗k+1|k . . . FS∗k+(N−1)|k

]T
, (7)

where N ≤ H is the control horizon length of LMPC
controller, and notation FS∗k+1|k stands for predicted optimal
fan speed at time step k + 1 calculated at time step k. In
accordance with receding horizon principle, only the first
control action FS∗k|k is forwarded to the FCU and procedure is
repeated at the next time interval. If the prediction horizon is
outside the interval

[
t, t+ T c

s

]
, the horizon is shortened so

that k+N ≤ H is satisfied. To be able to predict future FCU
behavior, the FCU model identified in Section II is discretized
with sampling time Td = 1 s to preserve the model accuracy.

Optimal thermal energy profiles (CMPC)

LMPC

weather data sensors data energy price profile

A

SP

LMPC

A

SP

LMPC

A

SP

Fig. 5: Hierarchical MPC for zones comfort control.

The resulting discrete-time system equations are:

T o
w,k+1 = AM

d T
o
w,k +

M−1∑
j=0

Aj
dBd

[
T i
w,k

T i
a,k

]
, (8)

where Ad and Bd are discrete-time counterparts of A and
B matrices from (4) and M = Ts/Td. Analogously, energy
inserted into the zone within the time interval

[
k k + 1

]
Ts

is defined as:

Ek =

M−1∑
j=0

CdA
j
dT

o
w,kTd +

DdTs + Cd

M−1∑
j=0

j−1∑
l=0

Al
dBdTd

[
T i
w,k

T i
a,k

]
,

(9)

where Cd and Dd are discrete-time counterparts of C and D
matrices from (4).

Goal (i): Zone dynamics can be described with linear state
space model of the following form:

xk = Abxk +Buuk−1 +Bbdk−1, T i
a,k = Cbxk, (10)

where xk ∈ Rn is the system state vector, uk ∈ R1 is the ther-
mal energy input, dk ∈ Rp is the disturbance input (outdoor
temperature, solar irradiance, internal gains, temperatures of
neighboring rooms, etc.). Matrices Ab, Bu, Bb and Cb are of
appropriate dimensions and are obtained either based on first
principles modeling or by use of identification methods [19],
[20], [21]. To limit the zone temperature oscillations and to
enforce the temperature trajectory to be within a user-defined
interval the following constraints need to be respected:

SPk −∆k ≤ T i
a,k+i|k ≤ SPk + ∆k, ∀i = 1, . . . , N, (11)

where ∆k is the allowed deviation from SPk at time t+ kTs.
Goal (ii): To assure realization of the energy request set

by the CMPC, difference between the realized and requested
energy so far:

∆Ek =
k

H
u∗t|t −

∫ t+kTs

t

P ∗t dt, (12)

is calculated at every time step k ≥ 1 as:

∆Ek = ∆Ek−1 +

(
u∗t|t

H
−
∫ t+kTs

t+(k−1)Ts

P ∗t dt

)
, (13)

where P ∗t is the thermal power from FCU into zone calculated
by the identified thermal power model from (4) and measure-
ments from the FCU. The realization of the energy requested



by the CMPC is then enforced by minimizing the difference
between energy to be realized with FCU and the requested
one increased for the backlogs defined with (12):

J1(FS) =

∣∣∣∣∣NHu∗t|t + ∆Ek −
N−1∑
i=0

Ek+i|k

∣∣∣∣∣ . (14)

Iterative update of ∆Ek assures the offset-free input energy
control as it emulates the integrator behavior.

Goal (iii): Although one FCU consumes a small amount of
electricity when its fan is on (∼ 50 W), due to the large number
of FCUs in the whole building and long working hours,
the total electric power consumption occupies a large share
of central HVAC system electricity consumption. Therefore,
optimizing the FCU performance improves thermal comfort
but also potentially contributes to the electric energy savings:

J2(FS) =

N−1∑
i=0

Eel
k+i|k. (15)

By minimizing the electricity consumption, lower fan speeds
are favored thus minimizing also the noise. Since switching
between fan speeds is the noisiest part of FCU operation, the
following penalty function is introduced to reduce it:

J3(FS) =

N−1∑
i=0

∆FS
k+i|k, (16)

∆FS
k+i|k =

{
0, if FSk+i|k = FSk+i−1|k,
1, if FSk+i|k 6= FSk+i−1|k,

(17)

∀i = 0, . . . N − 1, with FSk−1|k = FS∗k−1|k−1, where
FS∗k−1|k−1 is the optimal fan speed calculated and applied
to the FCU in the previous time step.

The final consolidated LMPC optimization problem for
FCU control, written in compact form, is as follows:

FS∗k = argmin
FS

J1(FS) + σ1J2(FS) + σ2J3(FS)

s.t. (8), (9), (10), (11)
FSk+i|k ∈ {0,L,M,H} ∀i = 0, 1, ...N − 1,

(18)

whereas, to enable implementation, constraints defined with
(11) are included as soft constraints. The preferred behavior
is enforced by changing the weights denoted with σ. The
optimization problem (18) belongs to a class of Mixed Integer
Linear Programs (MILPs) which can be efficiently solved with
e.g. CPLEX [22]. The overall algorithm for the MPC energy
management of FCUs is given in Algorithm 1.

IV. RESULTS

The Algorithm 1 is realized and tested within MATLAB en-
vironment [15]. Data used as external conditions for dynamic
building simulation are data from 13th to 20th March 2014
gathered on meteorological station close to the Faculty. The
weather conditions in the selected week (Fig. 6) are chosen
as representative variable conditions. All disturbances on
CMPC level are assumed to be perfectly known. Simulations
are performed with the following parameters: SP = 24oC,

Algorithm 1 The LMPC algorithm for a FCU control

1: collect new measurements: Qw,cal, T i
w,cal, T

i
a, T o

w,
2: determine Qw and T i

w as described in Section II,
3: check for SP and ∆ updates,
4: if k = H then
5: receive u∗t|t from CMPC,
6: initialize k = 0, ∆Ek = 0,
7: else
8: if k +N > H then
9: reduce control horizon to N = H − k,

10: end if
11: update ∆Ek via (13),
12: end if
13: solve the FCU optimization problem (18),
14: forward FS∗k|k to the FCU,
15: k = k + 1;

13th 14th 15th 16th 17th 16th 19th 20th
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Fig. 6: Weather conditions form 13th to 20th March 2014.
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Fig. 7: Zone temperature response and thermal FCU power with
different types of control and σ1 = σ2 = 100 for March 17th 2014.

∆ = 0.5oC, N = 10, T c
s = 3600 s and Ts = 60 s. The

temperature is regulated only during working hours, from 6:00
to 18:00. Figure 7 shows a comparison of temperatures for a
typical south-oriented office equipped with FCC06 and the
FCU thermal consumption for the three control approaches:
continuous hysteresis control (Fig. 2) and two approaches
based on CMPC, the LMPC and the idealized algorithm with
uniform power tracking of thermal energy references. For a fair
comparison, the hysteresis controller is switched on at 5:00 to
meet the requirements of working hours in time. Preheating, as
a well-known advantage of the MPC, suppresses the need for
instant zone heating and thus flattens the energy consumption
profile by reducing the peak power loads. Figure 8 gives
performance comparison of the developed control algorithm
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Fig. 8: Performance comparison of the developed control algorithms
for the period from 13th to 20th March 2014.

and the hysteresis one for the selected period in terms of the
objective goals J2 and J3, overall thermal energy consumption,
and average deviation from SP for different weights σ1 and
σ2. For appropriately selected weights the developed algorithm
outperforms the hysteresis one both in energy consumption
and comfort with average number of switching per hour within
the acceptable range.

V. CONCLUSION

Fan coil units (FCUs), due to their inherent non-linearity
and limited choice of fan speeds, represent a serious challenge
for implementation of real-time offset-free MPC that ensures
adherence to required thermal energy inputs and comfort
constraints. This paper gives a replicable, simple and fast
methodology for assessment of a control-oriented FCU model,
as well as the methodology for energy management of building
zones operated by FCUs. The performance of the identified
model is tested on the real data while the developed energy
management of the FCU is tested in simulations. The next
step is a validation of the developed control algorithm within
the living-lab. Despite complexity, energy management based
on adherence to the commanded thermal energies, opens the
space for cooperation between the building zone level and
other building subsystems (e.g., smart grid or central HVAC
system) through communication of energy consumptions and
internal prices for it. This also enables the coordination of all
observed building subsystems and shifting the possible energy
cost saving percentage beyond the sum of the individual saving
potentials.
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