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ABSTRACT

Dynamic simulation tools that could accurately simulate operational data for both the fault-free and
faulty dynamic operation of heating, ventilation, and air conditioning (HVAC) systems and equipment
are needed for developing and evaluating advanced control and automated fault detection and diagno-
sis strategies. Among various HVAC subsystems, fan coil units (FCUs) are relatively simple, inexpensive
devices that are used extensively in commercial, institutional and multifamily residential buildings. How-
ever, very little has been reported in the literature to improve FCU design and operation. There has also
been a lack of dynamic simulation tool development focusing on FCUs. The work reported in this study
aims at developing and validating a software tool to simulate operational data generated from FCUs that
are operated dynamically under both faulty and fault-free conditions. A comprehensive and systematic
validation process, using data collected from real FCUs in a laboratory building, is used to validate the tool
under both faulty and fault-free operating conditions in different seasons. The validated tool not only is
able to predict real-world FCU behaviors under different control strategies, but it is also able to predict
symptoms associated with various faults, as well as the effects of those faults on system performance

and occupant comfort.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Over the past three decades, various computer software appli-
cations have been developed to simulate the dynamic interactions
between the shell, internal loads, ambient conditions, and the heat-
ing, ventilating, and air conditioning (HVAC) systems of buildings.
These software packages offering dynamic simulations of the actual
physics of buildings are clearly distinct from software able only to
simulate equilibrium quantities presumed to be static for signifi-
cant periods of time, as in the hourly averaged simulations used
to evaluate energy conservation options. By generating values that
realistically simulate the transient physical quantities observed by
real system instrumentation, dynamic simulation software serves
as a platform—or, as called here, a tool—for research and devel-
opment of advanced HVAC operation, controls, and automated
fault detection and diagnosis (AFDD) strategies. Faulty operation of

* Corresponding author.
E-mail address: shpoorarian@gmail.com (S. Pourarian).

http://dx.doi.org/10.1016/j.enbuild.2016.12.018
0378-7788/© 2016 Elsevier B.V. All rights reserved.

HVAC systems can be a result of component degradation, malfunc-
tion or improper control strategies, resulting in wasted energy and
poor thermal comfort for building occupants. However, develop-
ing AFDD strategies using real building data requires implementing
faults in these buildings, and thus is often impractical.

Dynamic simulation of HVAC systems can thus synthesize data
representing the performance of real equipment under various
control strategies. Further, by employing fault-inclusive models,
dynamic simulations can synthesize data associated with various
fault conditions and their effects on system performance and occu-
pant comfort. These data and the tools are essential for advanced
HVAC control and AFDD strategies development.

Extensive research has been conducted during the past decades
in the area of AFDD to identify different technologies that are suit-
able for building HVAC systems (a good review is provided by
[1,2,3]. Physical redundancy, heuristics or statistical bands, includ-
ing the control chart approach, pattern recognition techniques,
and innovation-based methods or hypothesis testing on physical
models, are usually used to detect faults. Information flow charts,
expert systems, semantic networks, artificial neural networks, and
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parameter estimation methods are commonly used to isolate faults.
Heuristic rules and probabilistic approaches are used to evaluate
faults. Based on the research, a series of AFDD products, includ-
ing software and hardware, have been or are being developed.
However, efficiently evaluating different AFDD technologies and
productsis not an easy task, and is well appreciated by professionals
in this area.

To assist in the development and evaluation of chiller system
AFDD methods, the American Society of Heating Refrigerating, and
Air-conditioning Engineers (ASHRAE) sponsored research project
1043-RP “Fault Detection and Diagnostic Requirements and Eval-
uation Tools for Chillers” [4,5,6]. This project produced several
experimental data sets of chiller operation under fault-free and
faulty conditions (with different faults and four severity levels
each),as well as adynamic simulation model for centrifugal chillers.
A similar project, ASHRAE 1312-RP “Tools for Evaluating Fault
Detection and Diagnostic Methods for Air-Handling Units” [7,8,9]),
produced extensive experimental data sets and a dynamic simu-
lation testbed. The testbed was developed using the HVACSIM+
environment for use in an AFDD study of a single duct dual fan
air handling unit (AHU). Several studies conducted by the National
Institute of Standards and Technology (NIST) [10] and [11] gener-
ated simulation programs (using the HVACSIM+ environment) and
laboratory and field data for variable air volume terminal system
AFDD study.

However, for other typical secondary systems, such as a fan coil
unit (FCU), there are very limited AFDD development and evalu-
ation tools. There are also very limited experimental data sets for
developing these tools. FCUs are relatively simple and inexpensive
systems commonly used in commercial, institutional and multi-
family residential buildings.

In the simulation-assisted and advanced HVAC control field,
Kwak et al. [12], Li et al. [13], Colmenar-Santos et al. [14], Privara
et al. [15] and Pang et al. [16] provide good literature summaries
indicating the significance of simulation in building energy man-
agement and performance optimization through predictive control.
There are some publications that discuss fuzzy logic control of FCUs
[17,18] and evaluate a specific type of FCU performance [19], but
there has been no prior publication that discusses the dynamic
simulation of FCUs, especially when faults exist.

AFCU consists of a fan and at least one air-water heat exchanger
coil for heating or cooling airflow. To condition a space, hot or cold
water is circulated through the FCU coil to add or remove heat from
the airstream discharged to the space by the fan. The amount of
heating or cooling is regulated primarily by control of the water
flow and secondarily by control of the speed of the fan. Unit con-
figurations include horizontal (ceiling mounted) or vertical (floor
mounted). There are also two distinct configurations with regard
to the water side. Two-pipe FCUs have one supply pipe, provid-
ing hot or cold water to the coil depending on the season, and one
return pipe. Four-pipe FCUs have two supply pipes and two return
pipes. This allows hot and cold water to enter the unit at any given
time. Since it is often necessary to heat and cool different areas of
a building at the same time, due to differences in internal heat loss
and heat gain, the four-pipe fan coil unit is the most commonly
used [20].

The work described here models a vertical four-pipe hydronic
FCU as a component within the HVACSIM+ dynamic simulation
software package. The FCU model is capable of generating oper-
ational data of a four-pipe FCU under both fault-free and faulty
conditions. In order to validate the FCU model, a system model that
simulates a FCU interacting with a zone is also developed in the
HVACSIM+ environment using an existing zone model and com-
pared with experimental results. In this paper, the test facility and
experiments used to validate the developed model are introduced
first. Next, the HVACSIM+ environment, the model (including both

fault-exclusive and fault-inclusive models) development and vali-
dation process, and results are described.

2. Test facility and experimental set up

For the purpose of validation of fault-exclusive and fault-
inclusive models, extensive experiments were conducted at the
Iowa Energy Center Energy Resource Station (ERS) on FCUs in three
different seasons to generate operational data under a wide variety
of fault-free and faulty operational conditions. A detailed descrip-
tion about the ERS can be found in earlier studies [21,22,8].

Three ERS test rooms with exterior exposures, east-B, south-B
and west-B (Fig. 1), are equipped with FCUs of a common con-
figuration. Each of these three rooms is equipped with a vertical
four-pipe hydronic FCU with three 3-speed fans (high, medium,
and low speeds). The amount of outdoor air ventilation supplied
to the zone is controlled by a motorized damper at the back of the
unit. Fig. 2 shows a schematic of the FCU at ERS.

The control mode of the FCU can be either “Unoccupied” or
“Occupied.” In the “Unoccupied” mode, the fan is off, the mixed
air damper and heating and cooling coil valves are fully closed,
and the test room temperature floats. In the “Occupied” mode, the
FCU is controlled to maintain the test room thermostat heating
and cooling setpoints, with the 3-speed fan in one of three modes
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Fig. 1. The schematic of Energy Resource Station building zones equipped with FCU
[23].
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of operation: “Automatic On/Off” with variable fan speed control,
“Always On” at a predetermined speed, and “Cycle On/Off” at a
predetermined speed.

In this study, when the FCU is in “Occupied” mode, the mixed
air damper position is fixed at 0% open in summer and 30% open
in fall and winter. The fan speed is set to be in the “Always ON”
mode with speed set to high and the mixed air temperature is not
controlled. The FCU controller compares the room temperature to
a cooling setpoint (22.2°C in fall and winter, 23.3°C in summer)
and a heating setpoint (20 "C in fall and winter, 21.1 °C in summer).
If the actual room temperature is greater than (cooling setpoint
—0.56°C), the FCU is in “cooling” mode, and if it is less than (heating
setpoint +0.56 °C), the FCU is in “heating” mode. A dedicated PID
loop is used for each mode to control the cooling or heating valve
position to maintain the setpoint.

During the experiments, control signals including cooling and
heating coil valve positions and outdoor air damper position, as
well as measurements such as room air temperature, discharge and
mixed air temperatures and hot water flow rate are recorded. To
generate FCU data under normal conditions, all rooms are oper-
ated initially without imposed faults (fault-free tests). To generate
data under faulty conditions, the east-B and west-B test rooms are
operated with deliberately imposed faults while the south room is
operated normally (without any imposed fault).

3. Fault-exclusive model and validation procedure

This section first introduces the HVACSIM+ environment then
presents the structure of the fault-exclusive model that simulates
an FCU interacting with a zone in HVACSIM+ and the validation
procedure of this fault-exclusive model. The FCU model developed
here is validated by comparing the data from simulated opera-
tion under faulty and fault-free conditions with the corresponding
experimental data from ERS.

3.1. HVACSIM+

The HVACSIM+ software [24], developed by the U.S. National
Institute of Standards and Technology (NIST), employs a unique
hierarchical computation approach for modeling a building sys-
tem. Individual simulation elements (called “units”, such as mixing
boxes, fans, cooling/heating coils, ducts, controllers, and actuators)
are first grouped by the user into “blocks” (subsystems, such as
the air handling unit airflow network) for simultaneous solution.
Blocks are then similarly grouped into “superblocks” (such as the
entire airflow network of a HVAC system) for simultaneous solu-
tion. Each superblock is a numerically independent subsystem of
the overall simulation. For example, an airflow network superblock
can be simulated independently from a water flow network at each
time step. Its time evolution and internal solutions are propagated
independently of other superblocks. The time step in a superblock
is a variable that is automatically and continuously adjusted by a
solver subroutine to maintain numerical stability. The typical time
step for dynamic HVAC system simulation is 2-5s.

Each individual unit is an instance of a specifically serialized
piece of equipment or device as described above. Each such piece
of equipment or device is modeled in a “TYPE” (written all caps
to distinguish it from the common use of the word), which is pro-
vided by the HVACSIM+ environment as part of a component model
library. For example, HVACSIM+ provides TYPE 305, representing
the flow state of the fan and TYPE 403, representing the thermal
state of the room. To develop a simulation model in HVACSIM+,
one needs to 1) choose the correct TYPEs for each unit and define
their parameters, and 2) connect units into blocks and superblocks
by defining inputs and outputs. For example, by defining the inputs
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Fig. 3. Fan coil unit model structure in HVACSIM+.

of Unit 2 as the outputs of Unit 1, HVACSIM+ would connect these
two units together. Step 3) is to define simulation parameters, such
as duration of the simulation and whether to use a fixed time step or
flexible time step. This hierarchical approach makes complex simu-
lations solvable. HVACSIM+ has been experimentally validated and
improved [25] for many types of HVAC systems such as single duct
variable air volume air handling unit [8], and has proven useful for
fault-inclusive modeling [26,27]; and [28].

In order to allow a user to simulate this secondary system under
both fault-free and faulty operating conditions, we have provided
a TYPE representing a four-pipe FCU in the HVACSIM+ library of
components.

3.2. Overall model structure

Modeling a HVAC device in HVACSIM+ typically requires the
user to: 1) divide the device into smaller units, each of which can be
represented by a TYPE provided in the HVACSIM+ library of compo-
nents; 2) group units into blocks; 3) group blocks into superblocks.
Previous studies [21,22,8] provide examples of this process.

Following the experience obtained in these earlier studies five
superblocks (each including one block) are designed for FCU mod-
eling: (1) control logic (SB1), (2) actuators (SB2), (3) fluid (i.e., mass
flow and pressure, SB3), (4) thermal (temperature and humidity,
SB4), and 5) sensors (SB5). Fig. 3 illustrates this HVACSIM+ struc-
ture for the FCU model. New TYPES, namely TYPE 479, 307 and 314,
are developed in this study representing, the control logic, mass
flows, and thermal states of a FCU, respectively. Details about these
FCU specific models are provided in the following section.

Asillustrated in Fig. 3, there are five superblocks, represented by
SB1 to SB5. Each rectangular box represents a unit (described by its
title). The TYPE number used to model each unit is also provided,
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such as T479 (TYPE 479) for fan coil unit supply air temperature
control. Crepresents a control signal, N represents rotational speed
and T represents temperature. For example, it can be seen that the
mixed air and room air temperature signals (C;; and Cy¢), sent from
the sensors superblock (SB5) to the controls superblock (SB1) result
in positioning of the heating and cooling coil valves and the mixed
air damper (SB2). Simultaneous solution of mass-pressure equa-
tions occurs in the fluid superblock (SB3), while energy balance
equations are solved simultaneously in the thermal superblock
(SB4).

The simulation of this FCU+zone model is influenced by
the following parameters and conditions: 1) device performance
parameters (details are further discussed in the following section),
and 2) boundary conditions including zone interior loads, outdoor
air temperature and humidity, neighboring zone and plenum tem-
peratures, and inlet cooling and heating water temperatures and
pressures. The types of controllable internal loads in each test room
are: lighting loads, office equipment loads, and loads generated
by the baseboard heaters to represent sensible occupant loads.
The values of these boundary conditions are determined from the
test facility measurements. The simulations run for each test day
(864005s) with a minimum time step of 2s and a maximum time
step of 10 s to confine the solver as it automatically adjusts the time
step and avoids inaccuracy and instability of the simulation.

3.3. Validation procedure

The dynamic behavior of the model is validated by comparing
simulation results with experimental data at two levels: the com-
ponent level and the system level. When validating a component
level model, the focus is on the parameters of the model. Dur-
ing model development, parameters of a component are obtained
from manufacturer data or component tests (if no suitable man-
ufacturer data are available). For those parameters obtained from
manufacturer data, component level validation is still conducted to
ensure realistic model behavior. In this study, the following compo-
nent tests are available for component level validation: mixed air
damper test, fan test, and heating and cooling coil valves tests. The
process and validation of modeling the relationships among mixed
air damper pressure resistance, pressure drop, airflow rate, and
damper openings are summarized by [8]. Using the fan component
test to obtain a model that represents the relationships among fan
static pressure rise, airflow rate, fan diameter and rotational speed
is described by [7]. In the following section, the validation of the
developed cooling and heating coil valve models using component
tests is discussed as an example of component level validation.

Dynamic simulation using the FCU as part of a system model
requires an interacting zone model, including systemic interactions
with the building’s surroundings. The details of the zone model,
TYPE 403 in the HVACSIM+ library of components, are provided
in [7]. Zone parameters from the ASHRAE 1312 research project
[9] are used in this study since they are validated using data from
the same facility. Variables examined for system level validation
included cooling and heating coil valve positions, room air temper-
ature, mixed air damper position and hot water flow rate. Although
discharge and mixed air temperatures are measured in the test
facility, they were not used for validation due to large experimental
uncertainty caused by uneven flow profiles around sensors.

3.3.1. Example of component model validation: cooling and
heating coil valve model

HVACSIM+ provides a two-port valve model, illustrated in Fig. 4,
which uses functions rlinport and regpport. This valve model can
simulate either linear or nonlinear (equal percentage) behavior.
When valve position varies, valve resistance changes and results
in the change of water flow rate through the coil. Two resistances

Rvalve

Fig. 4. Diagram of a two-port valve model.

are used in the two-port valve model: coil flow resistance (Rcoil)
and valve resistance (Rvalve).

All control valves have an inherent flow characteristic that
defines the relationship between valve opening and flowrate under
constant pressure conditions. In order to model the heating and
cooling coil valve properly, an experiment was conducted in which
valve position was systematically varied from 0% to 100% open and
the flow rate through the valve was measured while pressure drop
across the cooling and heating coils was held constant. In order to
provide plenty sufficient number of data points, the heating and
cooling valve testing experiment was repeated three times, vary-
ing the fan speed from low to high (experimental data set 1-3 in
Figs. 5 and 6). The experimental data indicated that the two valve
gains (defined as the change in flow per unit% change in the valve
opening) have neither linear characteristics nor equal percentage
characteristics (Fig. 5). Both heating and cooling valve characteris-
tics are divided into three regions: cut off region (0 <x<x;); linear
region (x; <x<xp); and high-end region (x;, <x<1), which are typ-
ically observed and modeled in larger valves [18]. For the cooling
coil valve these regions are, respectively, (0% to 10% open), (10% to
80% open), and (80% to 100% open). For the heating coil valve these
regions are, respectively, (0% to 10% open), (10% to 70% open) and
(70% to 100% open).

Because the existing function, rlinport, could not model this kind
of segmented characteristic, it is modified as a new valve model
function, rlinport3. In rlinport3, two resistances, Rcoil and Rvalve,
are calculated based on the valve position and valve characteristics.
The following equation is used to calculate valve resistance [29]:

Ryaive = 12961<v_2f_2 (SI unit)
o Ryawve = 66.94K,f % (IP units) 1)

where K, is valve capacity (m3/h or GPM) and &z.hfl; is fractional
flow (%). f is a function of valve position x and is calculated using
the following equation:

f =ax +b. (2)

a and b are defined as follows:
For cut-off region (0<x<x)):

a:Oandb:CL (3)
For linear region (x; <x<xp):

Ch—C _ XC = xCy

a= and b (4)
Xp — X Xp — X
For high end region (x, <x<1):
_ 1-Cy _ Cy — Xp
a_1_xh and b= 1%, (5)
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C; and Cy are parameters representing the fractional flow rate where W is the coil water flow rate (kg/s or GPM) and AP is the
corresponding to valve positions at x; and x;, respectively, and are pressure drop across the coil and valve (kPa or in. w.c). R is the total
obtained from experimental data. Figs. 5 and 6 show the mea- flow resistance (0.001 kgm or 0.001 Ibm.ft) as calculated by:
sured flow rate (kg/s) as a function of valve opening (0= fully
closed, 1=fully open) for the cooling and heating valves, respec- R'=Reoil + Ruatve 7
tively. From Fig. 5, at x; =0.10, the fractional flow rate is C; =0.0001 Egs. (1)-(7) are combined to obtain the following model equa-
(0.000037 kg/s) and at xj, =0.8, the fractional flow rate is Cy =0.983 tion:

(0.364 kg/s). A similar analysis of Fig. 6 yields values of C; =0.00019 1 1296 R
and Cy =0.970 for the heating valve. o = 5 (ax + by~2 + =< (Spunit)
Water flow rate through the coil is calculated by: w APK, AP

1 66.94 2 Rei .
AP ) or oy = APsz(ax +b)% + Af—"lg’ (IPunit) (8)
“V®r
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Table 1

Cooling and heating coil valves parameters estimated from experimental data.
Parameters Explanation Value
Reoolingcoil Cooling coil water flow resistance, 0.001 kg-m 90.18
Kv-coolingcoil Cooling coil valve capacity, m?/h 0.93

CL-coolingcoil Cooling coil valve leakage (fractional flow), % 0.0001
Ch-coolingcoil Cooling coil high-end fractional flow, % 0.9834
Rheatingcoil Heating coil water flow resistance, 0.001 kg-m 9584.4

Ky-heatingcoil Heating coil valve capacity, m?/h 0.45

Cl-heatingcoil Heating coil valve leakage (fractional flow), % 0.0002
Ch-heatingcoil Heating coil high-end fractional flow, % 0.9703
This equation can be rewritten in the linear form:
y=01¢1 + 0200 (9)
_ 1 _ -2 _ _ 1296 _ Reoil
where y=175, ¢1=(ax+b)", ¢2=1, 61 = APK? and 6, = 4.

This equation contains two unknown parameters, Rcoil and K,.
These unknowns can be calculated by transforming the experimen-
tal data shown in Figs. 5 and 6 to 1/W? as a function of valve position
x and then applying the least squares method using 3 experimental
data sets to Eq. (9). Table 1 summarizes the resulting parameters
for the cooling and heating coil valves. Figs. 5 and 6 show the com-
parison between the simulated cooling and heating coil water flow
rate and the corresponding experimentally measured values. The
predicted flow rate is a reasonable match to the experimental flow
rate (R2=0.56 for cooling coil valve and R?=0.64 for heating coil
valve).

4. Fault-inclusive model development and validation
procedure

Faults can be modeled in two ways [30]: 1) by changing existing
parameter values in a fault-exclusive model, such as reducing the
UA value (heat conductance coefficient) to model a fouled coil in
a simple coil model, and 2) by extending the structure of a fault-
exclusive model to treat faults explicitly, such as modeling a coil
fouling fault by adding a new parameter that specifies the thermal
resistance of the depositin a detailed coil model. In this study, faults

Table 2
FCU Fault Summary.

were modeled in both ways using the methods described in the
ASHRAE 1312 project [9]. A fault flag arrangement was employed to
allow the user to select a fault type and severity. Given that the sim-
ulation system model was validated under fault-free conditions,
the only further validations required to ensure realistic represen-
tation of faults were those on the fault models. The category of faults
which may occur in FCUs, and the devices affected by these faults,
are listed in Table 2. Varying severity, which relates proportionally
to the fault symptoms observable in the data, can be simulated by
the fault-inclusive FCU model.

A naturally occurring fault could impact the system in a fairly
complicated manner. Since the application of a fault-inclusive
model is for AFDD strategy development, the focus of validating
a fault-inclusive model is on ensuring that the model produces
correct fault symptoms rather than regenerating the exact system
dynamics.

During the validation process, fault-inclusive simulation results
were first compared to fault-exclusive simulation results (sim-
ulated under the same weather and internal load boundary
conditions) in order to identify the simulated fault symptoms. Then,
experimental data obtained with artificially embedded faults were
compared with those under fault-free conditions. Ideally, two iden-
tical systems, one implemented with a fault and the other without
a fault, would be operated side by side. Fault symptoms could be
easily identified by comparing measurements from these two sys-
tems. However, such operation is not possible in the test facility
due to the lack of an FCU system in all test rooms. Thus, a normal
test day with close or more severe weather condition (that s, a con-
dition that will cause system variables to change similarly as the
tested fault) was selected as a reference day to identify experimen-
tal fault symptoms. Simulated fault symptoms were then compared
with experimental fault symptoms to validate the fault-inclusive
models.

5. Results and discussion

Experimental data from 8 fault-free days (3 days in summer,
3 days in winter, and 2 days in fall) are used to validate the fault-

Category Device Fault Name Fault Type Summer Test Days Fall Test Days Winter Test days
Equipment Fan Failure Abrupt 1
Outlet Blockage Abrupt 1
Heating Coil Fouling-Air side Degradation
Fouling-Water side Degradation 1
Cooling Coil Fouling-Air side Degradation 2
Fouling-Water side Degradation 2
Filter Filter Restriction Degradation 1 1
Economizer Restricted Airflow Opening Blockage 1 1
Leaking OA/RA DMPR Degradation 1 1
Sensor Room Temp Offset Degradation 2 2
MA Temp Offset Degradation 2 2
Controlled Device Heating Valve Stuck Full Open 1
Full Closed 1
Partial Open 1
Leaking Degradation 1
Cooling Valve Stuck Full Open 1
Full Closed 1
Partial Open 1
Leaking Degradation 1
Mixed air Damper Stuck Full Open 1 1
Full Closed 1
Partial Open 1 1 1
Control FCU Cycle I Control Unstable Control Degradation 1 1
FCU Cycle II Control Unstable Control Degradation 1 1
FCU Cycle III Control Unstable Control Degradation 1 1
Heating Control Control Misdirection Implementation 1 1
Cooling Control Control Misdirection Implementation 1 1
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Fig. 7. FCU fault-exclusive simulation result comparison with the real operational data.

exclusive model. All experimental data summarized in Table 2 are
used to validate the fault-inclusive model. Overall, the developed
FCU model successfully reproduces the dynamics of a FCU, as well
as the fault symptoms of all modeled FCU faults. The following fig-
ures show only a few test days in order to illustrate validation cases
of the FCU model under fault-free conditions and typical validation
cases under faulty conditions.

Fig. 7 shows the simulation and experimental results in the east
and south-facing rooms on a winter test day (01.08.2012) under
fault-free conditions. The red line represents experimental data and
the navy blue dashed line represents simulation data. Again, dur-
ing the validation of the fault-exclusive model, heating and cooling
coil valve positions and hot water flow rate as well as room air

temperature measurements are compared with the correspond-
ing simulated data. During winter operation the mixed air damper
position is set to 30% open, so the mixed air damper position is not
presented here.

Examining Fig. 7, for both rooms there are certain discrepancies
between the simulated and experimental cooling and heating coil
valve positions, which occur for several reasons. First, the compo-
nent tests for valve model validation were only performed in the
south facing room. Hence, the simulation results are closer to the
experimental data in the south facing room system. Although the
ERS FCUs in the exterior rooms are identical, there are unavoid-
able differences that may not be captured in this work. Second, the
zone simulation model is more sensitive to changes in internal load
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and ambient air fluctuations than the actual zone. For example, at
approximately the 780th minute, the heating coil valve closes (0%
open) in the test system for both rooms. At the corresponding time,
the room air temperature plot shows a sharper and faster increase
in room temperature in the simulation than in the real room. The
simulated room air temperature is representative of well mixed air
within the room, but in reality the actual room temperature sensor
may reflect a local temperature that is not necessarily reflective of
the bulk room temperature. The dynamics of the modeled FCU dis-
play some deviation from the real FCU due in part to unavoidable
simplifications to the zone model that were necessary to keep the
zone model tracTable Since the focus of this study is on FCU model
development, future study is needed to further improve the zone
model.

Another large difference is the oscillation of the heating and
cooling coil valve and the resulting oscillation of room air tem-
perature. The control system responds to the feedback from the
room temperature sensor, so any fluctuation in the sensor reading
is unavoidably transferred to the control system and vice versa. The
actual room temperature sensor fluctuations result in the fluctua-
tions of cooling and heating coil valve position in the experimental
data and consequently heating water flow rate. In the experimental
data, the oscillation of heating/cooling coil valves and also the head
pressure of the hot/chilled water loops amplify the fluctuation of
heating/cooling water flow rate through the valve.

To illustrate fault-inclusive model validation, an example
including a control fault, sensor fault, and equipment fault is
discussed. The misdirected heating control fault is illustrated
with an example from the east-facing zone on a winter evening
(01.14.2012). A misdirected actuator is a typical commissioning
fault usually caused by incorrect setting of the directional switch
on the actuator. During this fault, the actuator answers the con-
trol signal command by moving the wrong way (i.e., the actuator
closes down the heating valve instead of opening it). A warmer
normal test day would cause the system variables to behave sim-
ilarly to the fault, so such a day is chosen as a reference day. For
example, on a warm day the heating coil valve position in the fault-
free case will be lower, which is the same behavior that occurs on
a cold day with a misdirected heating control fault. Fig. 8 shows
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Fig. 8. Outdoor air comparison of Jan 14th with the other normal test days in order
to select a reference day.

the comparison of outdoor air temperature of the available normal
test days and the given faulty test day. In this figure, the nor-
mal test day outdoor air temperatures are shown by solid lines
and the dotted line is the temperature on the faulty test day (Jan
14th). As this figure shows, Jan 8th is warmer than Jan 14th and
is therefore selected as the reference day. Fig. 9 is a comparison of
simulation results under faulty and fault-free conditions with the
corresponding experimental data. Red and dashed navy blue lines
represent experimental data and simulation results, respectively,
under the faulty condition. Purple and green lines represent exper-
imental data and simulation results under the fault-free condition.
The symptoms of the heating coil misdirection fault can be readily
distinguished by noticing:

1) The contradiction of heating coil valve position and heating
water flow rate. The controller is sending a signal for the heating
coil valve to be closed, but the heating water flow rate is at the
maximum level.

2) The heating coil valve position on a cold winter evening (below
—1.11°Cor 30°F). According to the fault-free experimental data,
the east-facing room on a warmer normal day calls for heating,
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Fig. 9. FCU fault-exclusive and fault-inclusive simulation results comparison with the real operational data (misdirected heating control fault).
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Fig. 11. FCU fault-exclusive and fault-inclusive simulation results comparison with the real operational data (cooling coil water side fouling fault).

but under the fault condition the valve is 0% open. The same
behavior is displayed in the simulation result for a fault-free
condition.
The cooling coil valve position on a cold winter evening (below
—1.11°C or 30°F). Under the faulty condition on a winter
evening, the zone calls for cooling in both the experiment and
simulation cases due to the extremely hot supply air, which is
caused by excess hot water flow rate through the heating coil.
4) The room temperature maintained at cooling setpoint. For the
fault condition, the FCU is operating in cooling mode, so room
temperature is kept near the cooling setpoint, while for the fault-
free condition it is fluctuating around the heating setpoint.

w
-

The next fault addressed is a spurious offset in measurements
by a room temperature sensor. In this example, a +1.11°C (+2 °F)
room temperature offset fault is demonstrated in the west-facing
room on a winter test day (01.04.2012). The closest normal test day
was selected to serve as a reference day (Jan 8th). As Fig. 10 depicts,
the symptoms associated with this fault are the following:

1) Decrease in heating coil valve position and hot water flow rate.
The room temperature sensor reading is passed to the controller
in order to maintain room temperature by adjusting the heating
and cooling coil valve positions. The room temperature sensor
offset causes an artificial decrease in the room heating load and
heating coil load decreases accordingly.

2) Decrease in the room temperature by +1.11°C (+2°F). The
dashed navy blue line represents the sensor reading (output of
sensor superblock) while the light blue line represents the room
temperature (output of thermal superblock) under the faulty
condition. The simulated room temperature under the faulty
condition is +1.11°C (+2°F) less than the temperature sensor
reading.

Finally, the fault of having fouling on cooling coil water side
surfaces is discussed. This fault was applied to the west facing room
onasummer test day (07.24.2011). Water side fouling occurs when
minerals in the circulating water deposit on the surfaces of the heat
exchanger in contact with the water. This phenomenon results in
heat exchanger performance degradation by reducing the overall
heat transfer coefficient and increasing the resistance to fluid flow.
In the experiment, the water side fouling fault test was created by
restricting the maximum water flow rate through the coil to mimic
the increase of resistance to water flow. Thus, the heat transfer
coefficient of the coil did not change during the experiment. This
fault was created in the model by increasing water side pressure
resistance without manipulating the heat transfer coefficient of the
cooling coil. The closest normal test day to serve as a reference day
was July 16th. As Fig. 11 shows the symptoms associated with this
fault are:
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1) Increase in the cooling coil valve position. Cooling water flow
is restricted due to this fault, and this reduction in flow during
cooling mode operation of the FCU is compensated for by an
increase in the valve position.

2) Increase in room air temperature. An increase in the cooling
coil valve position in the morning results in sufficient chilled
water flow and room temperature is maintained at set point.
The consequences of restricted chilled water flow show up in
an obvious effect in the afternoon. Even when the cooling coil
valve is fully open, the water flow rate is inadequate and the
room temperature cannot be maintained at set point.

As illustrated by these three fault-inclusive model valida-
tion cases, the developed fault-inclusive FCU model successfully
reproduces all fault symptoms observed from experimental data,
although the exact dynamics may not be the same as the experi-
mental data.

6. Summary

A validated, dynamic numerical model of a FCU has been
developed as a single integrated component for inclusion in the
component library of the HVACSIM+ simulation package by adding
three new TYPEs to that library. The structure of the FCU model
and the justification for using the HVACSIM+ package in particu-
lar have been discussed. Validation of the FCU model started with
component level validation, followed by system level validation in
which the model was “installed” within an overall system. Exper-
iments were conducted to investigate and determine key model
parameters to specifically represent the FCU at the test facility. Real
operational data provided by ERS served as a reference to which
simulation results were compared. For validation of the model,
simulation results including control signals such as cooling and
heating coil valve positions along with hot water flow rate and room
air temperature are compared against experimental data. Under
fault-free conditions, the FCU model agreed well with reference
data for several days in different seasons (summer, fall and win-
ter). A fault flag system gives the model the flexibility to simulate
various faults modes with differing severities without the need to
develop additional TYPEs. The model was tested on a fault matrix
and validated against experimental data. The purpose of validat-
ing the fault-inclusive model is to replicate fault symptoms rather
than regenerating the dynamics of the system one by one. The
fault-inclusive model was validated for the potential fault matrix
included in the paper and various weather conditions (transient
season, winter and summer), establishing its validity to serve as a
tool for evaluating FCU fault detection and diagnostic methods.
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