Identification of a Control-oriented Energy Model
for a System of Fan Coil Units

Anita Martinevié®*, Mario Vasak® and Vinko Lesi¢®
abe University of Zagreb, Faculty of Electrical Engineering and Computing
Laboratory for Renewable Energy Systems (url: www.lares.fer.hr)
Unska 3, HR-10000 Zagreb, Croatia
anita.martincevic @fer.hr, ®mario.vasak @fer.hr, ®vinko.lesic @fer.hr

Abstract—In recent years, application of advanced control,
fault detection and diagnosis algorithms for building heating and
cooling systems has been intensively investigated with the aim to
improve their energy efficiency and bring the buildings sector
into the smart city arena. Hindering the trend, hysteresis and
proportional-integral-derivative controllers are still a common
practice for temperature control in buildings with Fan Coil
Units (FCUs). Introduction of more sophisticated controllers
for additional savings requires a cost-effective approach for
identification of an energy model which accurately resembles
thermal and hydraulic performance of a system of FCUs.
In the present work, the control-oriented energy model of a
system of FCUs is developed and accompanied with replicable,
robust and simple methodologies for its identification derived by
consolidating the advantages of physical modelling, identification
methods and manufacturer’s catalogue data. The validity of
the developed approach is tested on the 248-office living-lab.
The introduced simple and accurate dynamic characterization of
energy transmitted from a FCU to zone air fills the gap between
thermal and energy management for buildings. This enables
implementation of predictive building controls and unleashes
significant energy and cost-saving potentials of a smart building
in a smart city.

Index Terms—control-oriented fan coil unit model; hydraulic
model; electric-hydraulic analogy; thermodynamic fan coil unit
model; heat capacity estimation

I. INTRODUCTION

Increasing global energy demand and noticeable effects of
irrational energy consumption highlighted the improvement
of buildings sector energy efficiency as one of the priorities
for ensuring long-term energy security due to its significant
share in total annual energy consumption [1], [2]. The systems
with the largest potential for improvement of buildings sector
energy efficiency, with estimated nearly 60% of overall energy
consumption in buildings, are Heating, Ventilation, and Air
Conditioning (HVAC) systems [2]. The inherent complexity
of HVAC systems with uncertain and time-varying dynamics,
as well as the presence of unmeasurable disturbances, present
serious challenges for the development of corresponding effi-
cient control, fault detection and diagnosis algorithms. Model
Predictive Control (MPC) applied in building management
systems has been recognized as one of the most promising
solutions to achieve considerable energy savings in buildings
with estimated theoretical energy saving potential up to 70% in
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particular comprehensive applications [3]-[5]. Only recently,
MPC has found its place in practice, with experimentally-
validated building energy efficiency increase by 15-53% [6]-
[10]. The reasons are primarily the difficulties in obtaining a
suitable mathematical model of a building and its subsystems.
Acquiring of accurate thermal energy data from the control-
lable thermal sources in building zones is the main prerequisite
for identification of accurate building thermal models that
transform zone energy input into a temperature output. Some
authors coped with the problem by using electric heating
[11], [12] to excite the building temperature. However, this is
often impractical since most of the commercial and residential
buildings have water-based (hydronic) or air-based heating
and/or cooling [2].

Fan Coil Units (FCUs) are one of the most common
heating/cooling elements found in office buildings today. A
FCU consists of a fan and one or more air-water heat ex-
changers. Multiple FCUs connected in parallel to a common
supply line form a system of FCUs. Overall performance of
a FCU as a part of the system is described with a hydraulic
model characterizing the distribution of the heating/cooling
medium through the system and a thermodynamic model
for assessment of thermal energy generated by the FCU. In
general, thermodynamic heat exchanger models in literature
are divided into three groups: i) physical models based on
a number of transfer units or the logarithmic mean temper-
ature difference relations [13]-[17] or relied on fundamental
physical laws, ii) non-physical models completely relied on
the experimental data and iii) semi-physical models as a
compromise between the first two groups. Physical models
require detailed physical properties of a FCU, such as fin
thickness or tube dimensions, which are often omitted from
manufacturer’s catalogue and are hardly measurable on the
final on-site product [18]-[22]. Non-physical models, usually
put in a form of simple linear approximations around an
operating point [6] or neural networks [23]-[26], decrease
in accuracy when operating outside the training range. Semi-
physical models exploit physical knowledge or some other a-
priori information to specify the model structure while the
unknown parameters are identified based on the experimental
[27]-[29] or manufacturer’s catalogue data [27]. Whilst the
experimental analysis of heat exchangers in general is widely
elaborated, experimental analysis of a FCU is scarcely con-
sidered in only few papers that concern with mainly a single



NOMENCLATURE
Symbols R hydraulic resistance
« exponent of pressure drop charachteristics Re Reynolds number
B exponent of U, function T temperature [°C]
Ah change in pipe elevation [m] Us overall heat trar{lsfer coefﬁciint [W-K™1]
Ap pressure drop [Pa] T fan speed x € {off,L, M, H
n flow share through an individual FCU [%] H high fan speed
o dynamic viscosity [Pa-s] L low fan speed
10} heat transfer coefficient [K—1] M medlum fan speed
5 set of coefficients of U, function off .fan switched off
p density [kg-m—3] Superscripts o
T Transport delay [s] a a-prior
) T . c calibrated measurement
a set of coefficients of U, function od manufacturer’s catalogue data
b set of coefficients of U, function in input ;
c speciﬁc heat capacity [J-(kg-K)~1] m measured value
d diameter [m] out output
b friction coefficient raw raw measurement
g acceleration of gravity [9.81 m - s~ 2] s supply
; FCUhin[dei( i=1...,n X associated with a certain fan speed x
ength [m Subscripts
m mass [kg] a P air
N number of zones supplied through the considered duct cal calorimeter
n number of FCUs connected to the same duct fc fan coil unit
P power [W] p pipe
q mass flow [kg~s*1J w water

FCU [6], [30]. The thermodynamic performance of a FCU
depends on thermal properties of the heating/cooling medium
used within the system of FCUs. Most hydronic systems in
buildings use softened tap water or water-glycol mixtures as a
working fluid with rarely known accurate thermal properties.
To the best of the authors’ knowledge, this issue is not covered
when discussing modelling of heat exchangers.

While thermodynamic model of a single FCU can be easily
assessed if measurements of the medium flow through the
unit as well as measurements of supply and return medium
and air temperatures are available, such information is often
unavailable for a system of FCUs. To be able to determine
unknown flow through a certain FCU, based on one central
measurement of the flow through the system, a hydraulic
model of the system is required. Use of the hydraulic model
for the system design and subsequently its management sig-
nificantly reduces operating costs [31], [32]. Inclusion of both,
hydraulic and thermodynamic model into the building manage-
ment system offers further savings by enabling dynamic flow
control with respect to the thermal demands per zones [33].
A hydraulic performance of a FCU and sensors-free solution
for determining the medium flow through the unit is rarely
discussed. Authors of [34] suggest using pressure drop sensors
to determine the flow through the heat exchanger. However,
this tends to be cost-intensive when applied to individual
FCUs due to a large number of expensive sensors required
and corresponding installation costs.

In the present work, a control-oriented energy model of a
system of FCUs is developed and accompanied by its identifi-
cation methodology. The presented methodology consolidates
the advantages of physical modelling, identification methods
and manufacturer’s catalogue data making it robust, simple

and easily replicable. Cost-effectiveness of the methodology
is reflected in the number of required sensors, e.g. single
temperature sensor per each FCU, calorimeters installed only
on major supply ducts and temperature sensors in every zone,
thus minimizing the commissioning cost for the deployment.

The paper is organized as follows. In Section II, an overview
of a control-oriented energy model for a system of FCUs is
given. In Section III, an algorithm for finding flow distribution
in heating/cooling installations, based on electric-hydraulic
analogy is developed. A general thermodynamic model of
a FCU is introduced in Section IV. The methodology for
identification of the energy model is given in Section V. The
test-site configuration is described in Section VI. In Section
VII, the developed energy model is experimentally validated
on a system of FCUs in the test-site. Section VIII concludes
the paper.

II. A CONTROL-ORIENTED ENERGY MODEL FOR A SYSTEM
OF FCUs

Control-oriented energy model for a system of FCUs con-
sists of a hydraulic model of the system and thermodynamic
models of all FCUs, where thermodynamic model is the same
for equal FCU types. The overall scheme of the model is given
in Fig. 1. The model inputs are: i) central measurement of
medium mass flow through the entire system gy, ii) individual
measurements of fan speeds =z, iii) zone air temperatures
of every considered zone T:‘Z?m and iv) central or individual
measurements of supply medium temperature T\‘A,“zm Index 7 in
subscripts denotes measurements related to the i FCU and n
is the overall number of FCUs in the system. Outputs of the
hydraulic system model are individual medium mass flows
through every FCU in the system gy,;. Individual medium
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Fig. 1: Scheme of the control-oriented energy model of a system of
FCUs.

mass flows are subsequently used in the the thermodynamic
models to calculate the thermal powers affecting the zones
P,,; and simulated return medium temperatures 7} for every
considered FCU.

The developed energy model gives a direct relation between
the thermal energy exerted to zone, actuation commands and
zone temperature. As such, the model is suitable for: i) ac-
quiring thermal powers per zone required for identification of
building thermodynamic model, ii) estimation of unmeasured
thermal loads affecting the zone for a very broad use in
building monitoring and control, iii) usage of an advanced
FCU control algorithm for direct control of thermal energy
inputs per zone via fan speeds, which makes it possible to re-
alize optimized thermal energy inputs computed via predictive
energy management schemes for maintaining zones thermal
comfort [35], [36] and iv) development of fault detection and
diagnosis algorithms for FCUs [37]-[39].

III. HYDRAULIC MODEL OF A SYSTEM OF FCUSs

The medium flow through a FCU depends on the pressure
drop across the various elements that form up the entire
system. A practical way of modelling complex hydraulic
systems is the transition to an analogous electrical model
where medium mass flow ¢y, pressure drop Ap and hydraulic
resistance I® behave equivalently to electrical current, voltage
and electrical resistance, respectively. The equation relating
pressure drop and mass flow through a hydraulic network
element is equal to:

Ap =R qy, (D

where R is a constant hydraulic resistance. The values of «
depend on the methodology used for calculation of R and the
element type.

Pressure loss in pipes consists of three components: i) hy-
drostatic pressure loss Apy, ii) frictional pressure loss Apy
and iii) kinetic pressure loss. For most applications, kinetic
losses are minimal and can be ignored. Thus, the equation
that describes the overall pressure loss in pipes is expressed
as a sum of two major terms:

App = Apf + Aph. )

The hydrostatic pressure drop occurs only when there are
differences in elevation from the inlet to the outlet of a pipe
segment:

App =p-g-Ah, 3)

where ¢ is acceleration of gravity and Ah is change in pipe
elevation. The frictional pressure drop in a circular pipe with
constant inner diameter d and length [ is defined by Darcy-
Weisbach equation:

Z
- dd
where p is the density of heatlng/coohng medium and fp is the

friction factor. For hydraulically smooth pipes, fp is defined
by Blasius equation:

=f D gz, 4

fp =0.3164 - Re™ 925, 6)
where Re is Reynolds number defined as:
4
Re = “Qws (6)
wed-m

with p as dynamic viscosity of the medium. In addition to
the losses due to the friction or elevation difference, there are
also losses associated with flow through valves and fittings.
These, so called minor pressure losses, are accounted by using
the equivalent length method [40]. The method uses empirical
tables to convert each fitting into an equivalent length of the
straight pipe loq which is then added to the pipe length [. The
leq/d ratio for most common types of fittings can be found in
[40], [41]. By inserting (6) and (5) into (4) and including the
minor losses, the final form of frictional pressure drop across
the circular pipe section is defined as:

W (4 S

Hydraulic resistance of the FCU and medium mass flow
through the unit are fully determined with the pressure drop
within it:

Apy =0.241-

Apfc = Ry - quca ®

where Rg. and o4 are parameters to be found based on the
experiments or pressure drop data from the manufacturer’s
catalogue.

Based on the electric-hydraulic analogy an equivalent elec-
trical model of the system is derived for a most common
heating/cooling network topology (Fig. 2). Supply pipe, return
pipe and FCU hydraulic resistances are denoted as R, R}, and
Ry, respectively. For clarity, hydraulic resistances of pipes
in parallel branches are omitted. For every closed loop of
the circuit, once the hydraulic resistances and mass flows are
known, the pressure drop is defined with Kirchhoff’s circuit

laws Vi =1,...,n—1:
Apji1 — Z Ty, ZE’(R5 + R, ;) for j <k,
Apj = ©))
Apjii+ 3 ah (R, + Ry ) for j >
i=j

where Ap; is the overall pressure drop in a parallel branch
including pressure drop through FCU and pressure drop in
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Fig. 2: The analogous electrical model of standard heating/cooling installations.

associated vertical supply and return pipes, Apgr1 = Ap, is
the overall pressure drop in the entire system, n is the total
number of FCUs in the system and gy ; is the medium mass
flow though the ™ FCU. For known overall medium mass
flow denoted with ¢y ,, the individual FCU mass flows gy, ;
are found by solving the following optimization problem:

: m
min |QW,0 — Gw,0
Apo

n
s.t. dw,0 = § Qw,i,
=1

(2),3),(1),(8),(9).

The optimization problem (10) belongs to a class of NonLinear
Programs (NLPs) which can be efficiently solved with e.g.
genetic algorithms [42]. Flow share through the i FCU is
defined as 7; = qw.i/qw,0 Where gy ; is recalculated based on
(9) and the optimal Apy obtained as solution of optimization
problem (10). For installations with operable valves, where
flow distribution is time-variable and based on the valve
positions, the procedure is extended by introducing variable
valves hydraulic resistances in the network.

(10)

IV. THERMODYNAMIC FCU MODEL

Heat transfer within a FCU consists of three parts: con-
vection of the heating/cooling medium (e.g. water), heat
conduction through the heat exchanger and convection of air to
be heated or cooled. For modelling, the following assumptions
are made:

« there are four possible fan speeds: off, Low, Medium and

High denoted respectively as off, L, M, H,

« air mass flow g, inside the FCU varies with the fan speed
and is assumed to be constant for each speed,

« mean water temperature inside the FCU, Ty, is approx-
imately the average of water inlet temperature 7" and
water outlet temperature T, i.e. Ty, = 0.5(TiM 4 TOW),

« heat transfer from water to air is driven by the temperature
difference (T,, — Ti"),

« air intake temperature 7. is assumed to be equal to zone
temperature,

« properties of air and water are assumed to be constant.

With set assumptions, the following dynamics equations are

derived for each FCU:
My IO = quew (T — T3 — U, (To — Ti"), (1)

Mac TP = quea(T" = T+ Us (Ty = T1), (12

where T2™ is the outgoing air temperature, gy is medium mass
flow through the FCU, ¢, and c,, are the specific heat capacity
of dry air and specific heat capacity of water, respectively.
Parameter m, is the mass of air and m,, is the mass of water
inside the FCU, available from manufacturer’s catalogue. Heat
transfer coefficient U, = f(qu,qw) is a nonlinear function of
medium mass flow ¢, and airflow g, defined as [34], [38],
[43]:

a- g

6 ?

14b- <q)
Qw

where a, b and (3 are parameters determined based on physical
system properties or through identification. For FCUs with
fixed set of fan speeds, the air mass flow ¢, for a certain
fan speed z does not deviate over time significantly (if there
are no external impacts blocking the air path). Thus, it is
reasonable to estimate separate functional dependencies for
all available fan speeds avoiding thus the need for knowing
the exact, hardly measurable, information on the airflow. By

linking the airflow information to a fan speed, (13) obtains the
form:

Uo(QaaQw) = (13)

aoff
Y, for x=off,
14+ bOffL~ Gw
%, for Tr = L,
Ug(w,qu) =9 105 (14)
————p, for =M,
1+ bM * Qw
oH
%, for z=H,
1 + bH : qw
with individual parameters a := {a°% a", aM, af} and b :=

{b°f bt oM bH} defined for every fan speed. Parameter 3 does
not depend on the airflow so one common parameter for all
fan states is defined. For switched-off fan a FCU behaves as a
normal radiator unit with a constant heat transfer coefficient,
thus for fan switched off 6% = 0.

The thermodynamic performance of the floor mounted units
is downgraded during the cooling season. While during the
heating season, incoming air temperature is considered equal
to the zone temperature, during the cooling season cooled
outgoing air tends to settle at the floor without mixing with
the zone air. As a result, incoming air temperatures are lower
than the zone temperature. The described seasonal effect is



anticipated through introduction of correction coefficients €®
for every fan speed:
al‘

1+a®- g%

The m,/q, ratio is typically less than 1 s and therefore
negligible compared to water time constant. The air side
thermal process of a FCU is therefore observed as a stationary
process (I = 0):

qaca(T;m - T;n) = Uo (Tw -

Py P,

Uo(z,qw) = €° x € {off, L, M, H}. (15)

. (16)

This further means that the thermal power affecting the zone,
P,, is equal to the overall transmitted thermal power PF;.
The important feature of this approach is that the hardly
measurable and unreliable 7" measurement is omitted. For a
fixed medium mass flow gy, the final thermodynamic model
of a FCU is in a form of a switched-linear model:

o — [ v Uo(@:aw) | o
" My 2MmyCy
v Uolmaw) ol aw) i (17)
Mo 2muCw My Cw T;n ’
Pa = |:Uv0($27qw):| TWOllt
Uo (2 qw) Tin (18)
o\ YW w
+ |: T _Uo(vaW) ] [ T;n ] )

where U,(x, gy ) is defined in (14) and the fan speed x is used
for switching.

V. THE IDENTIFICATION METHODOLOGY

The methodology for identification of an energy-model of
a system of FCUs consists of three major parts: i) sensors
calibration, i) identification of a hydraulic system model,
and iii) identification of thermodynamic FCUs models. The
considered system configuration consists of: i) multiple FCUs
connected in parallel, ii) temperature sensors installed on the
FCU return pipes measuring the return medium temperature,
iii) zone units for measuring the zone air temperature and fan
speed, and iv) central calorimeter for measuring the overall
medium mass flow through the system, supply and return
medium temperatures and thermal consumption of the entire
system. Supply and return pipes are assumed to be isolated.
All measurements are collected with a time resolution of 7%.

A. Sensors calibration

Indirect measurement of the return medium temperature,
typically performed with temperature sensor mounted on the
FCU return pipe is subject to various effects (e.g. lead
wires acting as a thermal sink, sensor insulation, effects of
ambient temperature, etc.) that cause its deviation from the
real temperature. The so-called two-point calibration method,
comparison with trusted sensor at lower and upper bound
of the operating range, essentially re-scales the output and
is capable of correcting both slope and offset errors. For
systems with three-way valves (Fig. 3) and well-insulated

NN

DS18B20

Fig. 3: FCU installation with three-way valve and 1-wire return
medium temperature sensor (DS18B20) mounted on the return pipe.

supply pipelines, the sensor characteristics can be determined
by using historical measurements. In intervals with switched
off fan and closed FCU valve (total flow goes through the
bypass branch), calibrated sensor measurements should be
equal to measurements of supply temperature T¢,. The sensor
calibration curve, defined with slope p; ; and offset po;, is
then found by solving the following optimization problem:

M;
min Y (T (k) — T (k))* (19)
P1,i,P2,i 1

where k denotes measurement samples, M; is overall number
of samples used for calibration, Ty = p1/Tyy™ + pa.i is
the calibrated sensor measurement and Tjg;"™" is a raw sensor
measurement of the ™ FCU. If temperature sensor is mounted
close to the bypass branch, measurements may be additionally
distorted due to the high thermal conductivity of the pipes.
Since supply and return pipes are thermally coupled through
the bypass, large thermal gradient between them influences the
sensor measurements proportionally to temperature difference
between the pipes. True temperature measurement T‘iultm is
thus defined as:

Ty =T = oI — IO, (20)

where ¢ is the unknown heat transfer coefficient equal for all
FCUs with the same bypass pipe configuration and 7. is
the ith FCU supply temperature considered equal to T7,. For
ideal mixing of the return medium from different FCUs and
only the i FCU operating at the time (valves on all other
FCUs closed) once stationary state is reached, the following
holds:

qW7i(T\i/r1,i

where AT, ; is temperature difference between the system
supply and return measured on the central calorimeter and
ATy 0 is the temperature difference in the system with valves
of all FCUs closed. Since Y. ; Gw,i = ¢w,, by combining (20)
and (21) heat transfer coefficient ¢ is defined as:

AT, — ATl
—1_1/ <T SEet) e

where n is the total number of FCUs in the system.

- Txlf:) = QW,O(ATcal,i - ATcal,O)- (21)

B. Identification of the hydraulic system model

The prerequisites for development of an analogous electrical
model of the heating/cooling system are i) the availability



of system documentation with known diameters and lengths
of individual pipe segments and ii) FCUs manufacturers’
catalogues with specified pressure drop characteristics. Based
on the developed analogous electrical model, the flow shares
through different FCUs are defined by the solution of opti-
mization problem (10). If the pressure drop at the system
entrance is changed, new flow distribution is found by re-
solving (10) based on new measurement of overall flow
through the system ¢,

If the piping data or FCUs pressure drop characteristics are
not available, the approach based on running an individual
experiment on every FCU is proposed. It is important to
note that so obtained flow distribution is valid only for
operating points for which the experiments are performed. If
the overall pressure drop of the system is changed, experiments
have to be performed again under new conditions. Thus, the
approach is not advisable for systems with variable flow. Since
such approach is time consuming for large systems, herein
it is used for validation of the approach based on electric-
hydraulic analogy. The individual experiments are performed
by switching off all the units in the system (or assuring
their constant operation) and running a test sequence on one
particular unit. Valves remained fully opened for all units.
In such a set-up, the central calorimeter measures the heat
consumption of the particular unit with a constant offset equal
to the thermal power of the remaining part of the system.
To assure constant losses, supply medium mass flow and
temperature are required to be constant during the test. The
test sequence consists of switching on the highest fan speed
on the i unit and keeping it on until the stationary state
is reached. The hydronic systems are inevitably subject to
transport delays. To account for the effect, calorimeter and
return medium temperature measurements are considered as
ideal with variable transport delay 7 estimated based on the
known pipe length and diameter as well as the medium mass
flow. After performing experiments on every FCU, flow share
through the " unit 7; is found by solving the following
optimization problem:

M;
. o 2
min Y (i Pa(k) = (Pay(k + 7ea) = P)
L
s.1. P\i,z(k) = qgll,o(k)cw,cal (T\;,It;m(k) - T\,‘O,l;;’m(k + ch)) ,

(23)
where k denotes measurement samples, M; is the overall
number of the samples in the experiment with the i FCU,
Cweal 1S @ nominal water heat capacity used by the calorime-
ter (usually set to heat capacity of distilled water cgy =
4180 J/(kgK)), P is thermal power measurement from the
calorimeter, Py ; is a-priori water-side thermal power of the it
FCU and Fj; is constant thermal power consumed by the rest of
the system. For clarity, the transport delay 7. is assumed to be
already accounted when using the return medium temperature
measurements in the rest of the paper.

For available measurement of the system return medium
temperature 7°"*™ and medium mass flow and supply tem-

w,cal
perature constant during the experiment, simple algebraic

equations for calculation of flow share through the i FCU
are derived. Flow share of the i" FCU is defined as the
ratio of temperature differences of the system and FCU return
temperature with all FCUs’ fans switched off (denoted with
superscript 'off’) and measured once stationary state of return
medium temperature of the excited unit is reached (denoted
with superscript 'on'):

(Toe™" — Toear™™)

= out,m,off out,m,on
(T - Tw i )

W,

(24)

C. Identification of a thermodynamic FCU model

In the majority of water-based heating and cooling systems,
medium mass flow is controlled to a constant value while
supply temperature is altered to meet the building thermal
demand. Thus, from the operation data of one FCU only
the number of points on the U, = f(z,qw) characteristics
equal to the number of available distinct fan speeds can
be obtained. To obtain multiple points for different medium
mass flows the non-uniform distribution of the flow through
the system is exploited, i.e. several FCUs of the same type
with different estimated flow shares are examined. For a
fixed medium mass flow and fan speed, overall heat transfer
coefficient is a scalar value (14). The identification of the
U, characteristic is thus divided into two parts. First, a set
of scalars U, = {UT UL UM UH} is found by solving the
following optimization problem for every dataset related to the
considered FCUs of the same type:

M;
i 3T R) = T
st qui(k) =mi - qyo(k),
(14).

(25)

Index k denotes measurement samples, ¢, is unknown water
t

heat capacity, T, is measured return medium temperature
;

of the i™ FCU and M; is the length of the considered data
set. The output of the thermodynamic FCU model 7" (k) is
defined as:

T (k+1) = B (22 (8), qu.i (), T (), T (), T4 () ) (26)

with function h(-) representing numerical integration of (17)
over the interval [k, k + 1]7 and model inputs assumed to be
constant within that interval. For systems with known heat
capacity of the medium c, operating in a stationary state,
values of the U, set for a fixed medium mass flow ¢, ; and
fan speed x; are defined as:

. in,m out,m,x
qWﬂcW(Tw,i - Tw,i )

" 05 TR T T

27)

The result of the first part of the thermodynamic model
identification is a set of value triplets {(qy, ;, 2}, Us*); : j =
1,..., K}, where K is their overall number and g, ; is mean
value of the medium mass flow of the considered data set if the
triplets are obtained by solving (25) or it is equal to medium
mass flow used in (27).



The second part of the identification is related to finding
the unknown coefficients of the U, characteristics (15). The
unknown coefficients are found by minimizing the squared
error between the model (15) and value triplets obtained
experimentally:

K

> (Uolafas) = US™)?,

j=1

min

a,be,B (28)

where € is a set off FCU efficiencies in every fan speed
g :={e, e eM M} and Uy(a7], ¢ ;) is defined as in (15).
To improve the performance of the model outside the current
operating range of the system additional value pairs are
calculated form the catalogue data based on the stationary
equation (16).

Following from (14), it is evident that heat transfer coeffi-
cient U, increases with the medium mass flow ¢,. However,
due to distinctively higher heat capacity of the medium com-
pared to air, for fixed fan speed the U, value starts to stagnate
after some amount of medium mass flow:

lim U,(z,qw) =a®, x € {off, L, M, H}. (29)
qu—00

This part of the U, characteristics is typically covered in
manufacturer’s catalogue. The heat capacity tables from the
catalogue consist of stationary values of the sensible thermal
power data P, supply T4 and return T9"*“¢ temperature of
the heating/cooling medium and entering air temperature data
T;“"’d for different fan speeds. Thus, if such data are available
it is possible to calculate values in the a coefficient set from
the stationary condition (16) as:

Pacd,x
(Tain,cd,x — 0.5 (T\ivn,cd,x + T\gul,cd,x))

a® =

(30)

It is important to note that, even without the use of the
manufacturer’s catalogue data, it is possible to estimate the
model covering the operating range of the system. Since the
catalogue data cover the constant part of the U, characteristics,
it represents a sort of performance bound for the consid-
ered FCUs.

General-purpose compact identification methods are unable
to cope with the problem of identifying the presented energy
model due to the multiple local minima occurring as a result of
a large number of unknown parameters and high nonlinearity
of the model (14). The problem is avoided by breaking the
procedure into several parts, the workflow of which is given
in Fig. 4. The optimization problems (19) and (23) are in a
form of a Quadratic Program (QP), efficiently solved by using
QP or any generic NLP optimization solver in MATLAB. The
optimization problems (25) and (28) belong to a class of NLPs
and are efficiently solved by using e.g. Levenberg-Marquardt
algorithm in MATLAB [42].

VI. TEST-SITE CONFIGURATION

The considered living-lab at University of Zagreb Faculty
of Electrical Engineering and Computing spans over 12 floors
of the university skyscraper. The building has east-west ori-
entation with overall 248 controllable zones. Each floor in

Return medium temperature sensors calibration

l
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lNO

Build analogue electrical Perform experimental tests
model (Section III) on every FCU

} }

Find flow distribution by Solve problem
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Fig. 4: The workflow of the methodology for identification of an
energy model for a system of FCUs.

the building has separate north-side and south-side piping
and thus a separate north-side and south-side FCU system as
considered in this paper. The central part of the living lab is
a database with data acquisition operating on a minute time-
scale. The two-pipe system is used for seasonal heating and
cooling. The FCUs, produced by manufacturer Trane (models
FCCO06 and FCCO04) [44], are equipped with a centrifugal fan
with four different fan speeds (off, Low, Medium and High).
Additionally, FCUs on the 9th and 10th floor are equipped
with a three-way valve (on-off type). Both fan speed and
valve position are controlled by Siemens RXC21.1/RXC21.5
zone temperature controllers operating on LonWorks network.
Each controllable zone includes a separate user interface for
temperature reference selection (QAX34.1 device). The exist-
ing communication network is enhanced such that the RXC
controllers are reconfigured to be able to pass the information
to a central database (current zone temperature, fan speed and
valve actuation) and to be able to receive the commands from
the database (fan speed, valve actuation). All the FCUs in the



same zone are actuated simultaneously. The system is further
upgraded with low-cost 1-wire digital temperature sensors
DS18B20 installed on the FCUs return pipes (Fig. 3). On
two selected FCUs, additional 1-wire sensors are mounted to
investigate the effect of downgraded FCU performance during
the cooling season and monitor incoming and outgoing air
temperatures (Fig. 5).

(position 1)

position 2)

(position 1) (position 2)

Fig. 5: Placement of additional 1-wire sensors for monitoring incom-
ing and outgoing air temperatures.

Siemens calorimeters UH50-A50-00 operating on M-Bus pro-
tocol are installed on every floor supply duct. Calorimeters
measure supply and return medium temperature, temperature
difference, medium flow, thermal power and consumed thermal
energy with one minute time resolution. All the systems are
integrated together with a network controller unit employed
to enable two-way communication between devices operating
on different protocols. Logical organization of the described
system is shown in Fig. 6.

( Central database with data acquisition and control unit
By B .
One wire/ g j

Modbus T 3 jyy
LonWorks E E
One wire UH50-A50-00 Z 8

= S

———- Modbus 13200 pF——————— —

i Ethernet PM3200

Fig. 6: Logical organization of the living-lab sensor-actuator network.

The article is focused on the FCU system of the south-side
piping on the 9" floor consisted of 13 zones with 17 vertical
FCUs mounted on the floor, 12 units of type FCCO06 and 5
units of type FCCO04 (Fig. 7). The arrangement of units with
included geometry of supply pipes (length and diameter) is
given in columns 2 through 4 in Table I. The length of the
pipe is defined as the length of the horizontal segment between
two consecutive FCUs or the length between the FCU and
the calorimeter (see Fig. 7). The equivalent length of vertical
supply and return pipes (including fittings) is identical for all
units and amounts [ + >l = 6.26 m. In the following
subsections, transmission heat losses are neglected due to
the good thermal insulation of the pipeline. This means that
the FCU water inlet temperature is considered to be equal
to the supply temperature measured by the calorimeter ¢y
(ij“’l- = Ttq). If the temperature drop along the network is
significant, it should be modelled or additional temperature
sensors have to be mounted at the FCU water inlet.
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Fig. 7: Layout of the southern supply duct on the 9th floor.
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VII. EXPERIMENTAL VALIDATION ON THE TEST-SITE

Since validation of both thermodynamic and hydraulic
model requires experiments, one common set of experiments
per FCU is used. The experiments are performed by shutting
down all the units and running a test sequence on one
particular unit. Valves remained fully opened for all units.
The test sequence consists of sequential fan speed changes
from off to other possible fan speeds. The duration of every
speed engagement is chosen to be 8 min, which proved to be
enough to cover both the transient and steady-state behaviour.
Alternatively, the identification of the thermodynamic model
is also applicable on FCU historical data with the requirement
of recorded stationary operation for each fan speed. Mea-
surements obtained after running the experiment test on the
selected Zone 7 during the heating season 2016/17 are shown
in Fig. 8.
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Fig. 8: Measurements obtained after running the experiment test in
the exemplary Zone 7 (FCU ¢=10).

A. 1-wire return medium temperature sensors calibration

Due to the well-insulated supply pipelines, large thermal
conductivity of the copper pipes and 1-wire sensor mounted
near to the bypass branch, offset characteristics is determined



using historical measurements of supply medium temperature.
To avoid the transient impact of the medium stalled inside
the heat exchanger, only stationary values are used. Figure 9
shows the calibration curve obtained by calibrating the 1-wire
sensor mounted on the FCU return pipe in Zone 7.
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Fig. 9: 1-wire return medium temperature sensor characteristics
(FCU ¢ = 10).

To determine the coefficient ¢, the identification procedure
according to (22) was performed. The resulting ¢ value for
the test-site and described scenario amounts ¢ = 0.1534.

B. Identification of the hydraulic test-side model

With known topology and geometry of the pipes (see
the first four columns in Table I), an analogous electrical
model of the test-site hydraulic installations is developed. The
correlation between pressure drop and mass flow for both FCU
types is found by identifying the unknown coefficients R, and
oy, based on the data from the manufacturer’s catalogue (see
e.g. Fig. 10 for FCC06 FCU type).
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Fig. 10: Identified pressure drop function for Trane model FCCO06.

To set up the optimization problem (10), a single measurement
of the overall medium mass flow gy, from the calorimeter is
used. The flow distribution through the entire network is found
by solving the optimization problem (10) in MATLAB with the
genetic algorithm from [42]. The resulting flow distribution,
defined as 7; = qwi/qwo and rounded to two decimals, is
listed in the sixth column of Table L.

TABLE I: Estimated flow share for the south supply line
on the 9th floor for gy, ~ 0.36 kg/s.

Zone | FCU  d I Unit w7  Error
No. | No.i [mm] [m] type %] (%] w (%]
2
1 18 1.7 FCC06 4.62
! 2 22 3.5 FCC06 4.85 473 0.04
3 28 1.7 FCC06 5.40
2 4 35 3.5 FCC06 5.60 349 013
3 5 35 3.5 FCC06 581 5.88 1.22
4 6 35 3.5 FCC06 6.09 597 1.87
5 7 42 3.5 FCC06 6.49 6.50 0.24
6 8 42 1.7 FCC04 531 « «
9 42 3.5 FCC04 551
7 10 42 3.5 FCC06 7.20 7.40 2.84
8 11 42 1.7 FCCO6 7.58 7.66 1.06
9 12 42 2.1 FCC04 6.01 6.15 2.27
10 13 28 5 FCCo06 7.08 X X
11 14 28 1.7 FCC06 6.77 6.71 0.79
15 28 3.5 FCC04 5.00
12 16 22 1.7 FCC04 4.77 494 113
13 17 18 3.5 FCC06 5.62 X X

Flow shares, identified based on (23) and individual exper-
iments, for 8 tests performed in the exemplary Zone 7 during
winter 2015 and 2016, are shown in Table II.

TABLE II: Estimated flow share for Trane FCCO06 based on (23) in
Zone 7 (FCU ¢ = 10).

TestNo. | 1 2 3 4 5 6 7 8
gw,10 [kg/s] [0.027 0.028 0.027 0.028 0.029 0.023 0.022 0.030
100 - mio (%] | 726 735 735 757 734 726 778 731

The mean flow share is 7779 = 7.40%, which deviates from
the calculated value based on the electric-hydraulic analogy
by only 2.84% (see Table I). The identified flow distribution
through the test-site is listed in the seventh column of Table I.
Since all FCUs in a single zone are actuated simultaneously,
for zones with more than one FCU, the mean flow share of
all units is calculated instead of individual shares. Average
relative error, mainly due to sensor accuracy, is 1.16%, which
proves the adequate accuracy of electric-hydraulic analogy
based calculation of flow distribution through the system. In
zones marked with 'X’, measurements were unavailable.

C. Identification of the thermodynamic model of test-site
FCUs

Value triplets for identification of the thermodynamic model
of the selected FCU type (FCCO06) are identified by solving the
optimization problem (25) for the data collected during 32 test
sequence runs on the units of type FCCO06 in different zones
during heating season 2015/2016, 2016/2017 and cooling
season 2017. The optimization problem is solved by using
Levenberg-Marquardt algorithm in MATLAB [42]. The heat
capacity of water ¢, identified according to (25) for all the
experiments is shown in Fig. 11. The model (26) used in opti-
mization (25) is initialized by using the known measurements
of the return medium temperature at the beginning of each
of the experiments. During the heating season incoming air
temperature can be considered equal to the zone temperature,



— 5000 v Heat capacity of the medium (experimental)|—
O —— Mean heat capacity of the medium
ED 4800+ --- Nominal heat capacity of clear water 1
<
jac)
5‘ 45 v v vV _vvyeg?Y
5 04 v vy vy ¥ =
&
o)
)
o
B 4180 e e e e e e e e
=

4000 1 1 1 1 1 1

0 5 10 15 20 25 30 32

Experiment Number

Fig. 11: Identified heat capacity of the heating/cooling medium.

thus €” coefficients are set to one for all speeds. During the
cooling season cooled outgoing air tends to settle at the floor
without mixing with the zone air (Fig. 12).
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Fig. 12: Measurements of incoming and outgoing air temperature for
FCU i = 10.

To anticipate the effect, separate efficiency coefficients &
are identified for every fan speed, see (15). The identified
parameter sets a, b and € and parameter S for Trane FCCO06
thermodynamic model obtained through (28), based on the
above obtained value triplets, are shown in Table III.

TABLE III: Estimated U,(x,qw) function parameters for Trane
FCCO06.

Fan speed z/ off L M H
Model parameters
a® 5.30 96.45 152.90 201.80
b® 0 1731073 3.58107% 5401073
e”® (cooling) 0 0.35 0.47 0.52
€” (heating) 1
B8 1.86

Time responses of the identified thermodynamic model for
one exemplary zone, tested on the verification data set, are
shown in Fig. 13. The model is simulated by using known
model input data to calculate the prediction of the return
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Fig. 13: Identified FCU model (FCU ¢=10) response over the verifi-
cation data set.

medium temperature without considering available measure-
ments during that period (so-called open-loop prediction).
Estimated heat capacity of the medium is considered (see
Fig. 11) such that calorimeter power measurements are scaled
and de-offsetted for the remaining piping consumption P}, =
P -cy/cwea—Pa. As it can be seen from the figure, the model
successfully captures the FCU dynamics. The comparison
between calculated water side thermal power P, ; and air side
thermal power P, ; for one selected FCU operating in a cooling

season is given in Fig. 14.
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Fig. 14: The comparison between calculated air and water side
thermal power for FCU ¢=10.

The estimated functional dependence U, (x, gy ) for three non-
zero fan speeds of Trane FCCO06 is shown in Fig. 15. In Fig.
16, normalized root mean squared error (NRMSE) of model
return temperature response compared with minutely sampled
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Fig. 15: Identified heat transfer coefficient function for low, medium and high fan speed of Trane FCCO6.

measurements is given. NRMSE is calculated as:

M; out,m 2
1 B (o (g — ou
CRMSE ﬂmm\/zk_x R - THE)?
™ M,
where Towuzm = ],:I:lT‘zufm(k) /M; is the mean value of

return medium temperature taken over considered data samples
for a particular i" FCU, M, is overall number of samples
collected during the experiment on the particular FCU and
k denotes the measurement sample.The prediction error is
below 6% for all data sets, even for prediction of the system
behaviour 1 h in advance (M; > 60 samples).
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Fig. 16: NRMSE of the identified model return medium tem-
perature response compared to the measurements for FCU
1 = {2,5,7,10,11,14}.

VIII. CONCLUSION

A majority of modern commercial buildings are equipped
with Building Energy Management Systems (BEMSs) to mon-
itor and control different components of heating, ventilation,
and air conditioning systems. This paper encloses a method-
ology for the development of a control-oriented energy model

for a system of fan coil units, suitable for advanced model-
based control algorithms. The developed models are validated
on the experimental data collected from a 248-office living-lab.
The proposed methodology stands out in its simplicity, cost-
effectiveness (minimal sensor configuration), non-invasiveness
and amount of time required for model identification. The
incorporation of the developed energy model into the BEMS
offers several advantages such as i) acquiring thermal powers
per zone required for identification of building thermodynamic
model, ii) estimation of unmeasured thermal loads affecting
the zone for a very broad use in building monitoring and
control, iii) usage of an advanced FCU control algorithm for
direct control of thermal energy inputs per zone via fan speeds
which makes it possible to realize optimized thermal energy
inputs computed via predictive energy management schemes
for maintaining zones thermal comfort and iv) development
of fault detection and diagnosis algorithms for FCUs. The
model error of both hydraulic and thermodynamic parts of
the model is largely below 6% which is one of the most
important conclusions of the paper about the applicability of
the proposed identification methodology and presented model.
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APPENDIX

The minor losses in a pipe section include the losses in
fittings, valves, diameter changes and other components that
disturb the flow and it is represented in terms of leq /d ratio,
where l.q is the equivalent length of the straight pipe to give the
same pressure drop as the fittings, and d is the inner diameter
of fittings. The ratio for most common types of fittings used
in heating/cooling installations is listed in Table A.1.

TABLE A.1: Equivalent length of fittings [40], [41].

[1]

[2]

[5]

[6]

[7]

[9]

[10]

(11]

(12]

[13]

[14]

[15]

Type of fitting leq/d
Tee - along the straight 20
Tee - to the branch 60
Elbow 90 (smooth radius) 30
Three way valve (fully opened - through flow) 30
Sudden pipe diameter expansion 4%
Sudden pipe diameter contraction 20%*

* used with inlet velocity.
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