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Abstract

Dynamic modelling the faulty operation of chiller plants and boiler plants can help identify their
impacts and support the development of fault detection methods. However, adequate models are
seldom reported in the literature. In this study, we aim to develop high-fidelity models for
approximating the dynamic behaviors of chiller plants and boiler plants under control-related
faults. Specifically, we first designed a typical configuration of the chiller plants and the boiler
plants; we then modeled both the physical systems and controllers of this typical plants with
Modelica. When developing the Modelica models, we created a hierarchical model structure
while modules in each layer can be redeclared and parameterized at upper layers. This model
structure facilitates the implementation of fault scenarios through intuitive model modifiers. At
last, we applied the proposed models in a comprehensive fault impact evaluation of the thirteen
control-related faults of chiller and boiler plants. In this evaluation, the proposed models are
coupled with the EnergyPlus™ thermal load model to study the impact of various faulty
scenarios. Based on the fault impact evaluation results, we identified the faults that have the most
significant impacts on the operation of the chiller and boiler plants, respectively. We also found
that the relationship between the impacts of the studied faults and the severity level of the faults
may be highly non-linear. This study contributes to the literature by providing the first dynamic
models of chiller plants and boiler plants which can be used to study control-related faults on a
large-scale.
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1. Introduction

Chiller plants and boiler plants represent about 35% of the primary energy used by
commercial building cooling and 21% of the primary energy used by commercial
building heating, respectively, in the U.S. [1]. The energy efficiency of chiller plants
and boiler plants can be significantly affected by operation faults [2] [3]. Cheung and
Braun [4] found the electricity consumption of chiller plants under faulty conditions
can be increased by up to 14.8%. Garcia, Alvarez, etc. pointed out that [5] poor air inlet
settings can lead to 20% higher fuel consumption by boiler plants. Owing to their
significant impacts on the energy efficiency of chiller plants and boiler plants,
substantial efforts have been devoted to better understand those faults and thereby
eliminate them when operating chiller plants and boiler plants. Those efforts can be
divided into two groups: fault impact analysis and automated fault detection &
diagnostics (AFDD). Fault impact analysis aims to quantify the impacts of various
faults during the building operation. It helps building operators to identify the critical
faults and researchers to identify the critical research directions [4] [6]. AFDD attempts
to develop methods to detect operational faults and then isolate the cause of the detected
faults. AFDD has been an active area of research in HVAC systems. There have been
a considerable number of AFDD methods for chiller plants and boiler plants proposed
over the past two decades [7] [8] [9].

For both the fault impact analysis and AFDD, modeling faulty chiller plants and
faulty boiler plants is indispensable. It is so far the most common way to quantify the
impacts of faults [6]. In general, fault models of chiller plants and boiler plants can be
categorized into three groups. In the first group, those fault models can be obtained by
modifying the parameter values of fault-free models. For example, Basarkar, Pang, etc.
[10] modified the rated capacity of a fault-free chiller model and the rated efficiency of
a fault-free boiler model to model a refrigerant leak fault and a fouled water tube fault,
respectively. Those fault-free models were developed in EnergyPlus™ [11]. In the
second group, the models of faulty building systems are obtained by introducing new
parameters to fault-free models while those parameters define the degree or extent of
the studied faults. For example, Cheung and Braun [4] added six parameters to the

chiller model in EnergyPlus™ to calculate how the chiller power is influenced by faults
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such as overcharging, excess oil, non-condensable in the refrigerant, and condenser
fouling. In the third group, the models of faulty building systems are developed by
treating the fault(s) explicitly based on underlying physics. In this case, major increases
in the modeling detail are usually required if fault-free models are leveraged. For
example, Shohet, Kandil, etc. [12] developed a physics-based model of a non-
condensing boiler to investigate faults that occur within boilers. When developing this
model, they added a significant number of new equations to the existing fault-free boiler
models. For instance, a governing equation for the combustion process was added for
abnormal combustion conditions caused by faults such as excess air. Cheung and Braun
[13] developed gray box models for components in chillers, such as compressors,
condensers, and expansion valves. They calibrated the coefficients of those models with
data sampled from real chillers under normal and faulty conditions.

Despite the encouraging results from fault modeling for chiller plants and boiler
plants, existing fault models have two major drawbacks, limiting their potentials for
supporting general fault-related studies. First, they tend to ignore fast building
dynamics and adopt ideal control. Most of the existing fault models are implemented
by modifying or adding parameters to fault-free models. In the literature, EnergyPlus™
is used frequently as the fault-free model for implementing fault models. However, the
extent to which faults can be approximated is subject to the basic assumptions of
EnergyPlus™. Specifically, EnergyPlus™ assumes that fast dynamics are negligible
[14]. Therefore, the fault models implemented in EnergyPlus™ may not capture the
fast building dynamics over short-term periods. However, those fast building dynamics
can play an important role in determining the impacts of operation faults, especially the
control-related ones.

Second, the usage of existing fault models can be labor-intensive, especially when it
comes to large-scale fault-related studies. In those studies, it is common to consider
multiple faults occurring at different operating conditions. The combination of faults
and operation conditions can easily generate a large number of simulation cases. This
number can be further increased substantially if fault occurrence probability is
considered [15]. On the other hand, a simulation-based validation of AFDD methods

may require a co-simulation set up to communicate the simulation models with the
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testing methods in real-time. However, configuring the existing fault models for this
purpose can be troublesome [16].

Some studies aim to mitigate those issues in large-scale studies. For example, Li and
O’Neil developed a software framework for facilitating fault impact analysis [6]. This
framework can automatically generate EnergyPlus™ input files based on predefined
fault conditions. Wang and Karami [17] proposed a virtual testbed to evaluate the
developed AFDD methods with simulation data. However, most of those studies rely
on ad hoc software implementation and very few of those studies consider those issues
when developing fault models, limiting their abilities for supporting large-scale studies.

In this paper, we present high-fidelity models for approximating the behaviors of
chiller plants and boiler plants under faulty conditions. Compared to existing ones, the
proposed models have two advantages: first, they better characterize the dynamic
patterns in the system operation. In those models, control architecture and control logic
are faithfully implemented. Thus, they can be used to study control-related faults, such
as incorrect staging control due to sensor bias and high steady-state errors owing to
mistuned feedback control. In this study, we used Modelica [18], which is an equation-
based object-oriented modeling language, to establish the system model. Modelica is
very suitable for modeling multidomain systems [19] [20] that contain not only the
physical system but also the control system. Second, they are readily extensible,
supporting large-scale investigations to explore different faulty conditions/scenarios.
Those models are established in a hierarchical structure while modules in each layer
can be redeclared and parameterized at upper layers. fault scenario can be described
through intuitive model modifiers. In sum, the proposed models, for the first time,
provide a solution to study control-related faults in chiller plants and boiler plants on a
large-scale. We applied the proposed models in a comprehensive fault impact
evaluation on thirteen control-related faults. In this evaluation, the proposed models are
coupled with the EnergyPlus™ thermal load model to represent various faulty
scenarios.

The rest of this paper is organized as follows. In Section 2, a detailed description of
the studied chiller plant and the studied boiler plant is provided. After that, the studied

control-related faults are discussed in Section 3. Then, system models of the studied
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plants are elaborated in Section 4. We elaborate on how we implement models in
Modelica, validate the models, and extend the models for large-scale fault-related
studies. After that, a comprehensive fault impact analysis is conducted in Section 5.

Conclusions can be found in Section 6.

2. Studied System

The studied system provides chilled water and hot water to a prototypical large office
building in the U.S. This office building consists of twelve floors while each floor is
served by one air handling unit (AHU). Each AHU has one cooling coil where chilled
water cools the air leaving the AHU. There are five thermal zones on each floor, and
each zone is served by one variable air volume (VAV) terminal. In each VAV terminal,
hot water heats the air entering the thermal zone. More detailed information about this

prototypical office building can be found in [21].
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Figure 1 Schematic of the studied chiller plant

The studied system consists of a chiller plant and a boiler plant. Figure 1 illustrates
the configuration of the chiller plant. This plant has three identical chillers. For each
chiller, there is one dedicated condenser water pump and one dedicated primary chilled
water pump. Chillers connect with one condenser water loop and one chilled water loop.
In the condenser water loop, there are three identical cooling towers and one three-way
valve. The chilled water loop consists of two identical secondary chiller water pumps,

one bypass pipe, and provides chilled water to cooling coils in the air-side system. The
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chiller plant is controlled by five controllers, as summarized in Table 1. As shown in

Figure 2, the number of operating chillers is determined based on the thermal load via

a state machine while the thermal load is calculated based on [22] and by

Q= ﬁchwpcp(Tcef:lMt/ - Tclielgz)a (1)

where Q is the thermal load, ¥, is the volumetric flow rate of the chilled water, p and

C, are the density and specific heat of water, respectively, and TEM and TS are the

temperatures of the chilled water entering and leaving the chiller plant, respectively.

Table 1 Controllers in the chiller plant

Index

Controlled Variables

Description

Number of the operating
chillers

Chillers are staged based on the measured
cooling load, as elaborated in Figure 2.

The cooling power of the
operating chillers

The cooling power of each operating chiller is
controlled by a feedback loop to maintain the
temperature of the chilled water leaving each
chiller to be a setpoint that is reset every hour
based on Equation(2).

Speeds of the operating
cooling towers

All the operating cooling towers share the
same fan speed that is controlled by a
feedback loop to maintain the temperature of
the condenser water leaving cooling towers to
be a setpoint that is reset every hour based on
Equation (3).

Position of the three-way
valve

The position of the three-way valve is
controlled by a feedback loop to maintain the
temperature of the condenser water leaving
the condenser water loop to be larger than
15.56°C.

Speeds of the operating
secondary chilled water
pumps

Pumps are staged based on the pump speed, as
elaborated in Figure 3. The operating
secondary chilled water pumps share the same
speed that is controlled by a feedback loop to
maintain the pressure difference in the chilled
water loop.
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Figure 2 Staging control of chillers (¢ = 0.9, waiting time: 30 min, N = 3)

The setpoint for the temperature of the chilled water leaving chillers is reset based on

[23] and by

set,max_Tset,min

t _ . set,mi Teh h
Tcshew = max (mln (Tchw " + C(?Lmin_T%x‘lA;c) (To -
()
set,max set,min
Tomax)’ Tchw ) ’ Tchw )s
where T3¢¢, is the temperature of the chilled water leaving each chiller, T525™™ and

set,max
Tchw

outdoor dry bulb temperature, and T/"" and T"%* (15.56°C and 26.67°C) are the

are the minimum and maximum values (5.56°C and 11.11°C) of TS2L, T, is the

minimum and maximum values of T, for this reset. Similarly, the supervisor controller
determines the temperature of the condenser water leaving cooling towers based on the

equation [24] below

T35t = min(T,p + Tapp, Toe"™™). (3)

where T3¢t is the temperature of the condenser water leaving each cooling tower,
TSeLMIn is the minimum value (15.56°C) of TSet, T, is the outdoor wet bulb
temperature, and T,,,, is a fixed approach temperature (4.44°C). The state machine

to determine the number of secondary chilled water pumps is illustrated in Figure 3.
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Figure 3 Staging control of secondary chilled water pumps (waiting time: 30
min, M = 2)

Figure 4 shows the configuration of the boiler plant. This subsystem has two identical
boilers. Boilers connect with one hot water loop. The hot water loop consists of two
identical hot water pumps. The boiler plant subsystem is controlled by three controllers,

as summarized in Table 2.
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Figure 4 Schematic of the studied boiler plant

165 Table 2 Controllers in the boiler plant
Index Controlled Variables Description
1 Number of operating Boilers are staged based on the measured
boilers heating load, as elaborated in Figure 5.
The heating power of each operating boiler is
) The heating power of controlled by a feedback loop to maintain the
operating boilers temperature of the hot water leaving each
boiler to be 80 °C.
. Pumps are staged based on the pump speed,
3 Speeds of the operating similar to that is elaborated in Figure 3. The
hot water pumps .
operating hot water pumps share the same
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speed that is controlled by a feedback loop to
maintain the pressure difference in the hot

water loop.

As shown in Figure 5, the number of operating boilers is determined based on the
thermal load via a state machine while the thermal load is calculated based on [22] and

by

Q = VrwpCp (T = Tai)s 4)
where ¥y, is the volumetric flow rate of the hot water, and T and T}e® are the
temperatures of the hot water entering and leaving the boiler plant, respectively.

Q: calculated load at time t
hc¥: rated heating capacity of boiler k

& threshold to starting additional boiler
y*: on-off (1: on, off: 0) status of boiler k
*:  condition with waiting time )

_ ANOFF )
plantis on plant is off

/ One On .

(Q > Ehcl & y1>0)* T (Q <Ehc'& y*>0)+
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y'~1>0)* & plantis on P | plant is off
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Figure 5 Staging control of boilers (§ = 0.9, waiting time:30 min, N = 2)

3. Operational Faults

We consider three types of operational faults that are commonly observed in chiller
and boiler plants. Those faults are sensor bias, leaking valve, and untuned Proportional-
Integral (PI) control. The following elaborate on how we describe those faults
quantitatively.

1) Sensor bias
Sensor bias refers to differences between measured and actual values of observed

variables. A sensor bias can be described by

u=1t+e, (5)
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where u and #i are the measured value of an observed variable from sensors and the
actual value of the observed variable, respectively, and e is a constant or varying
deviation that can be a function of 4 and/or time.
2) Leaking valve

A leaking valve means the actual position of the valve/damper is always larger than
a constant value, c, regardless of the input signal. In such a case, the openness of the

valve, y, is determined by

y =max (9,0), (6)
where ¥ is the position of the valve/damper based on the input signal when there is no
fault.

3) Mistuned proportional-integral (PI) control

A mistuned PI control refers to PI controllers that generate large steady-state errors
due to inappropriate selections of the values for the proportional gain and the integral
time of the PI controller, i.e., a relatively large proportional gain and a relatively lower
integral time.

Note that all three types of operational faults can affect controllers in both the chiller
plant and the boiler plant. For example, the sensor bias may affect the input of
Controller #1 (chiller staging controller) in the chiller plant. The leaking valve may
affect the actuation of Controller #2 (boiler heating power controller) in the boiler plant.
The inappropriate settings of PI controllers may affect the generation of the control

signal of Controller #3 (hot water pump controller) in the boiler plant.

4. System Models

In this section, we elaborate on how we develop high-fidelity models of the chiller
plant and the boiler plant with Modelica. We also discuss how those high-fidelity

models can support large-scale fault-related studies.

4.1 Model Development
We develop the system model of the chiller plant and the boiler plant with a

hierarchical structure. As an example, Figure 6 illustrates the structure of the chiller

10
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plant model. This chiller plant model contains five layers: the first layer (named as top
level) has the system model for the entire chiller plant; the second layer (named as
subsystem level) contains the subsystem of this plant; the third layer (named as
component level) contains the major physical components of each subsystem and
supervisor-level controllers; the fourth layer (named as device level) consists of devices
and the associated local controllers for each device; and the last layer (named as element
level), contains the elements of each controller: Sensor, Control Sequence, and

Actuator.

There are three major benefits of having a hierarchical structure. First, it simplifies
the process of developing models. This structure splits the complicated model into
isolated simpler models. Each simpler model can be separately tested before integrating
into complicated ones. Second, it eliminates model duplication. With this structure, as
illustrated by Figure 6, the Local Control model and the Staging Control model can
share the same Sensor model of the temperature sensor. Third, it boosts the extensibility
potential of the system models. This structure reduces the impacts from modifying
models at one layer on models at other layers. In such cases, new models can be
generated with less effort.

T
ondenser V Primary Chilled econdary Chilled
Al [ chiller
T = . r " 1 | r—"—x
ooling aging b
Component KSR  pumps | chiers | EX D B
—— | | | | | |
oca
- | | [ | |
t

‘ ‘
ontrol
Blement | e | | =

Device

Figure 6 The structure of the model for the chiller plant

We implement system models with Modelica. Modelica is an equation-based,
objective-oriented modeling language for complex dynamic systems. The model at the
Top level has three inputs: the cooling load, the heating load, and the wet bulb
temperature of the outdoor air, denoted by CooLoad, Healoa, and WetBul,
respectively. The TWetBul is from weather data while CooLoad and HeaLoa are from
pre-generated datasets or a co-simulation with the system model of the air-side systems

(e.g. air handling unit and thermal zones). When implementing models at lower level,

11
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we leverage components from existing Modelica libraries. For example, the Device
model of the Pumps under the Condenser Water Loop is modeled with the
Buildings. Fluid Movers.SpeedControlled y, which is from the Modelica Buildings
Library [24]. A few Device models are built based on the modified components from
the Modelica Buildings Library. For example, we remove the idealized control loop in
the component Buildings.Fluid. Chillers.ElectricEIR when building the Device model
of the Chillers to better capture the local control dynamics. Note that we implemented
the models at the element level for modeling both the normal operation and the faulty
operation. As shown in Table 3, we develop three sensor models, two control sequence
models, and three actuator models for the normal operation. Those models are built
with components from existing Modelica libraries. For example, the Control Sequence
model of the Stage Control model is implemented with components from
Modelica.StateGraph, a part of the Modelica Standard Library [25], as shown in Figure
7.

Table 3 Models in the element level

Type/Case Normal Operation Faulty Operation
Sensor temperature sensor, pressure temperature sensor with a bias,
sensor, flow sensor pressure sensor with a bias
trol .
Contro state machine, PI control untuned PI control
Sequence
f devi f .
Actuator speed of devices, Openness o openness of leaking valves
valves, on-off status of devices

12
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Figure 7 Implementation of the Stage Control model

For the faulty operation, we develop four fault models by modifying the components

from existing Modelica libraries. Precisely, we model the temperature sensor with a
bias by

Tt =T¢ +dT, (7
where T! and T¢ are the temperatures measured with and without a bias fault,
respectively, T¢ is the output of the Building. Fluid.Sensors. TemperatureTwoPort from

the Modelica Building Library, dT is a constant deviation.

Likewise, we model the pressure sensor with a bias by
p* = (1+ a)ps, ®)
where pt and p¢ are the pressures measured with and without a sensor bias, respectively,

pé is the output of the Building. Fluid.Sensors.Pressure, and « is a deviation fraction.

We model a leaking valve by

¥ =max (y5, ). ©)

13
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Note that y§, the position of valves without faults, is calculated by
Building. Fluid.Actuators. BaseClasses.PartialTwoWayValveKv from the Modelica
Buildings Library. When modeling the untuned PI control, we introduce a coefficient
B (B > 0) to define how fast the PI controller responds to the control signals. Hence

the mistuned values of the proportional gain and the integral time deviate are given by

&

= Bk, (10)
—~ T;
T, = 3 (11)
where k and T; are the tuned values of the proportional gain and the integral time,

respectively, and k and T, are the mistuned values of the proportional gain and the

integral time, respectively.

4.2 Model Validation

As mentioned in Section 4.1, most of the models at the device level are from existing
Modelica libraries directly. As validations have already been performed for those
libraries [24], we don’t perform a further valuation on those models in this study. On
the other hand, for the models at other levels, especially the element level, we have
performed validations to make sure they can generate expected outputs when inputs are
given. As shown in Figure 8, we used the validation results of the Stage Control model
as examples to elaborate the validation process. As described in Section 2, the Stage
Control model is supposed to kick on/off an additional chiller when the measured
cooling load exceeds/is below the threshold with a waiting time of 30 minutes. As
shown in Figure 8, the cooling load exceeds the threshold at 05:03 and the number of
operation chillers increases from 1 to 2 at 05:33. In addition, the cooling load is below
the threshold at 21:02 and the number of operation chillers decreases from 2 to 1 at

21:32. The behavior of the Stage Control model is consistent with the expected one.

14
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Figure 8 Validation of the Stage Control model

4.3 Model Extension for Supporting Fault-related Studies
To support the requirements when performing simulation-based fault-related studies,

we include the features for co-simulation and fault insertion in the system model.

4.3.1 Co-simulation Interface

To facilitate the communication between the simulation models and the testing
AFDD methods in real-time, we include two Modelica modules for signal exchange in
the models at the element level. Both modules are from the Modelica IBPSA library
[26]. The first module is IBPSA. Utilities.10.SignalExchange.Overwrite (Overwrite),
which can switch the output of the module between input and external signals. It allows
the Modelica model to take external signals for resetting setpoints or directly modifying
the device status, such as the openness of valves. Therefore, it increases the flexibility
of the chiller plant model for including different control strategies when being used for
evaluating the performance of AFDD methods. The second module is
IBPSA.Utilities.10.SignalExchange.Read (Read), which passes an input signal through

to the output. It facilitates the process of passing the simulation data to external AFDD

15
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methods. It is worth mentioning there is already a software framework, Building
Operations Testing Framework [27], developed to facilitate the usage of those two
modules for simulation-based testing of advanced building control. This framework can

be used to perform large-scale AFDD methods with the resulting chiller plant model.

4.3.2 Fault Insertion Implementation

In this study, we first develop the fault-free model of the studied chiller plant with
models at the element level for normal operation. We then extend the fault-free model
to be fault models by adding model modifiers. Figure 9 shows an example of a fault
model of the chiller plant. This example is designed for modeling the sensor bias fault
occurring at the temperature sensor of the local controller for Chiller #1. When
modeling this fault, the logic for resetting the setpoint of the chilled water temperature
is considered as an external signal. Those model modifiers we added to the fault-free
model redeclare the temperature sensor model and map the external signal with the
setpoint for the chilled water temperature. There are two unique features of the model
modifiers: 1) they are defined at the fop level and thus no changes at lower levels are
needed, and 2) they are intuitive and can be generated with predefined rules. Because
of the above features of the model modifiers, the base models are readily extensible.
Note that one can redeclare multiple models with modules for fault scenarios or the
control-overwriting scenario simultaneously to model more sophisticated faulty

scenarios.

16



model example
// Inputs for external control signals
Modelica.Blocks.Interfaces.Reallnput TCHWSet u "External set point";
Modelica.Blocks.Interfaces.Booleanlnput TCHWSet activate "Activation flag for set point”;
// top level
ChillerPlant_base fault(
// subsystem level
Mutil_chiller(
// component level
ch1(
// device level
local_control(
// element level
// redeclare the temperature sensor at the element level
redeclare Fault.TemSensorDev senTCHWLea(dT=2),
// mapping the external signal to the setpoint
TCHWSet(
UExt(y=TCHWSet_u),activate(y=TCHWSet_activate)
)
)

);
end example

Figure 9 An example of the model modifier

5. Fault Impact Analysis

5.1 Simulation Settings

We conduct a fault impact analysis on thirteen faults, as shown in Table 4. The sensor

315 bias faults affect the input of Controller #1, #2, #3, #5 in the chiller plant and that of all

the controllers in the boiler plant, the leaking value fault impacts the actuation of the

output signals of Controller #4 in the chiller plant, and the untuned PI control faults

influence output signals of Controller #2 and #3 in the chiller plant and Controller #2

in the boiler plant. Note the simulation is performed for a whole year.

320 Table 4 Control-related faults
Fault ) o
Index Location Abbreviation
Type
1 sensor The temperature sensor of the chilled
bias water entering the chiller plant SCHW_T

17
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The temperature sensor of the chilled

2
water leaving Chiller #1 CHT
3 The temperature sensor of the condenser
. . CTT
water leaving Cooling Tower #1 -
The pressure sensor of the pressure
4 difference in the secondary chilled water SCHW_PRE
loop
5 The temperat}lre sensor of the hot water HW T
entering the boiler plant -
6 The temperature sensor of the hot water
. . . BO T
entering leaving Boiler #1 -
7 The pressure sensor of the pressure
difference in the hot water loop HW_PRE
8 leaking The bypass Vqlve of th.e condenser water VAL LEA
valve loop in the chiller plant -
9 Chiller #1 CH_PI
10 i T_PI
untuned Cooling Tower #1 CT_
11 PI The secondary chilled water loop SCHW_PI
12| Controller Boiler #1 BO_PI
13 The hot water loop HW_PI

When simulating the above faults, we design a co-simulation between EnergyPlus™

and Modelica to capture interactions between the supply-side and the demand-side of

the cooling and heating power. Specifically, the building envelope and the air-side

system of the studied office building are modeled in EnergyPlus™. The time

synchronization between EnergyPlus™ models and Modelica models is realized as

shown in Figure 9.

1) The EnergyPlus™ model sends the temperature and the flow rate of chilled/hot

water entering plants at time t to the Modelica model.

2) Based on the temperature and the flow rate of chilled/hot water leaving and

entering chillers/boilers, the Modelica model calculates the cooling or heating

load at time t and calculate the temperature of the chilled/hot water leaving and

entering chillers/boilers at time t + dt, which is sent to the EnergyPlus™ model.

3) The EnergyPlus™ model used the received temperature of the chilled/hot water

leaving and entering chillers/boilers as the setpoints for the chilled/hot water and

calculates the temperature and the flow rate of chilled/hot water entering plants at

time t + dt.
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The above process repeats until the simulation reaches the end. Note that this co-
simulation design is built based on one major assumption: the cooling/heating load
doesn’t change significantly within the period of dt. Building systems usually have a
relatively large time constant due to mechanical and thermal inertias. Therefore, we
assume that the cooling/heating load for large commercial buildings changes
insignificantly within a short period, e.g., 1 min.

Flow rates of the chilled water and the hot

water /_\
VAL

MODELICA
Energyrius
Building envelope and Water-Side system
Air-side system Model model

A

Temperature of the chilled water and the hot
water entering the chiller plant subsystem and
the hot water subsystem

Figure 10 Co-simulation between EnergyPlus and Modelica

Both the EnergyPlus™ model and the Modelica model are converted into Functional
Mockup Units (FMUs) [28] and those FMUs are simulated in the JModelica [29]
environment. When developing the building energy model, we leveraged the U.S.
Department of Energy's Commercial Prototype Building Models (hereinafter referred
to as Prototype Building Model) [30]. We made the setpoint of the chilled water leaving
chillers and that of the hot water leaving boilers overwritable via
Externallnterface: FunctionalMockupUnitExport: To:Schedule (details to do so can be
found in [31]). The Modelica model is developed with components from the Modelica
Standard Library [25] and the Modelica IBPSA Library [26]. In addition, the major

parameters of the system model are set based on Table 5.
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Table 5 Major parameters of the system model

Subsystem | Component Parameter Value/Data Set
Performance curve for the chiller
chiller performance | mode
curve Trane CVHE 1442kW 6 61COP_
VSD
primary ﬂﬁ:; /rszate 61.75
Ch‘”i‘inwater head [Pa] 210,729
pump efficiency 0.87
rated flow
rate [kg/s] 92.63
rated head
[Pa] 478,250
seconda flow rate
chilled wger ratio v.s. [(0.4,2.2),(0.6,1.2), (0.8, 1.1), (1 ,1),
relative head (1.2,0.75)]
pump
curve
flow rate
chiller ratio v.s. [(0.4, 0.6), (0.6, 0.76), (0.8, 0.87), (1,
efficiency 0.86), (1.2, 0.74)]
plant
curve
rated fan
power [kW] 373
air flow rate
ratio v.s. fan [(0.3,1), (0.6,8.1), (1,37.5)]
power curve
cooling rated wet
tower bulb 19.45
temperature
[°C]
rated
approach
temperature 4.44
[°C]
flow rate
condenser [kg/s] 71.09
water pump head [Pa] 283,961
efficiency 0.87
rated heating
capacity 1381.87
boiler plant boiler [kW]
rated
efficiency 0.8
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355

360

rated Flow
rate [kg/s] 164
rated Head
[Pa]
flow rate
hot water ratio v.s. [(0.4,2.2),(0.6,1.2), (0.8, 1.1), (1 ,1),
pump relative head (1.2,0.75)]
curve
flow rate
ratio v.s. [(0.4, 0.6), (0.6, 0.76), (0.8, 0.87), (1,
efficiency 0.86), (1.2, 0.74)]

239,124

curve

5.2 Sensitivity Analysis

5.2.1 Sensor Bias

Figure 11 quantifies the impacts of the sensor bias faults on the energy performance
and the unmet hours of the chiller plant. The unmet hours are defined as the hours when
the temperature of the supply chilled/hot water is 0.5°C higher/lower than the
chilled/hot water setpoint. One can see that the impacts of the CH T are the most
significant and those of the CT T are the least significant. The CH T affects not only
the operation of Chiller #1 and Cooling Tower #1 but also the operation of the
secondary chilled water pumps. We also found that the CH T and SCHW _T influence

the unmet hours significantly when dT is negative.
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Figure 11 The impacts of the sensor bias faults on the energy consumption and the
unmet hours of the chiller plant
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As shown in Figure 12, when dT increases, the annual energy consumption of the
chillers increases while that of the secondary chilled water pumps decreases
significantly. With a higher dT, the temperature of the supply chilled water temperature
is lower under the effect of the CH T fault. As a result, the efficiency of the chillers
decreases while the required chilled water flow is reduced. On the contrary, the CT T
fault only affects the operation of Chiller #1 and Cooling Tower #1 and thus its impacts

are not so obvious.

;\g 1500 B CH
Qié PCHWPump
%gz 1000 s SCHWPump
= g—,.l B CWPump
gaa 500 1 s CT
cc
Q
o
>,§E 1250 4
o2z J
TE 1000
;g:l 750
g%% 500
wn
oA
2 1 0 1 2

dr [°C]
Figure 12 The impacts of CH_T (top) and SCHW_T (bottom) on the energy
consumption of components in the chiller plant

We also observe that the impacts of the sensor bias faults are proportional to the bias
for all the studied faults, except the SCHW T fault. Under the effect of the SCHW T
fault, as shown in Figure 12, the energy consumption of the primary chilled water
pumps and the condenser water pumps increase while that of the secondary chilled
water pumps decreases, when the dT increases, respectively. This is mainly because
that the SCHW T fault affects the staging control of chillers. The ratio of the measured
cooling load to the actual load increases when the dT increases. In other words, the
number of operating chillers may be higher when dT is higher. As a result, the number
of operating primary chilled water pumps and operating condenser water pumps
increases. On the other hand, with fewer operating chillers, the temperature of the
supply chilled water temperature may be higher, which affects the operation of the

secondary chilled water pumps.
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Figure 13 illustrates the operation of the chiller plant under the effect of the SCHW T
fault during a typical summer day. One can see that when there is no fault (denoted by
baseline), two chillers are operating, and the secondary chiller is operating during the
early morning and the late afternoon. When there is an SCHW T fault and the dT is
larger, there are three chillers operating as the cooling load is over-estimated. When the
SCHW T occurs and the dT is lower, there is only one chiller operating as the cooling
load is under-estimated. As a result, the temperature of the supply chilled water cannot
always be maintained based on the setpoint and is thereby larger than that during the
fault-free scenario and the faulty scenario where dT is larger. Consequently, the chilled
water flow rate, when there is a SCHW T fault and the dT is lower, is larger than that

in the other two scenarios.
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Figure 13 Operation of the chiller plant under the effect of SCHW_T fault during a
typical summer day

Figure 14 shows the results of the impacts of the sensor bias faults on the energy
performance of the boiler plant. Note that the gas consumption by the boilers is found
to be insensitive to the presence of the sensor bias, thus only the energy consumption
by the hot water pumps is considered in the evaluation results. Like the chiller plant,
the responses of the boiler plant to the sensor bias tend to be proportional to dT/a. In

addition, Only the BO_T significantly increases the unmet hours when dT is negative.
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Figure 14 The impacts of the sensor bias faults on the energy consumption and the
unmet hours of hot water pumps in the boiler plant

5.2.2 Leaking Valve

Figure 15 shows the results of the impacts of VAL LEA on the energy performance
and the unmet hours of the chiller plant. One can see that the total annual energy
consumption of the chiller plant slightly increases when the leaking valve fault occurs.
Specifically, the energy consumption of the chillers and the secondary chilled water
pumps increases. This is mainly because the temperature of the supply condenser water
increases when the leaking valve fault occurs, resulting in decreased cooling capacities

and the decrease energy efficiencies of the operating chillers, as illustrated in Figure
16.

24



=

>=

Annual Ene
Consumption [k’

CH
PCHWPump
SCHWPump
CWPump
cT

2000

1500 7

1000 A

Unmet Hours

500 A

1250000 4
1000000 4
750000
500000
250000
0-

Leakage_10% Baséline
Scenarios
Figure 15 The impacts of VAL_LEA on the energy consumption and the unmet
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Figure 16 Operation of the chiller plant under the effect of VAL_LFEA fault during a
typical summer day

On the other hand, as the amount of the condenser water processed by the cooling

410
towers reduces, the energy consumption of the cooling tower decreases significantly.
Note that the cooling load decreases when the temperature of the chilled water
temperature increase, as a result of the decreased cooling capacities of the chillers. This
explains why the energy consumption of the chillers doesn’t change much when the
415 leakage becomes worse. On the other hand, VAL_LEA significantly increases the

unmet hours.
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5.2.3 Untuned PI Control

The impacts of the untuned PI control faults on the chiller plant and the boiler plant
are similar. As an example, Figure 17 shows the impacts of the CH_PI on the operation
of the chiller plant. One can see that when § = 0.1, meaning the PI control has slow
responses, the total energy consumption of the chiller plant increases while the
secondary chilled water pumps contribute mostly to the increase. In addition, the unmet
hours also increase significantly. When = 10, meaning the PI control is overreact to
the control signal, the changes in the total energy consumption and the unmet hours are

not significant.
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Figure 17 The impacts of the untuned PI control faults on the energy consumption
and the unmet hours of the chiller plant

To better understand the impacts from the CH_PI, we investigate the behaviors of
the chiller plant during a typical summer day. As shown in Figure 18, when § = 0.1,
due to the slow responses, the temperature of the supply chilled water is far from the
setpoint. In this case, the flow rate of the supply chilled water increases when the
temperature of the supply chilled water is larger than the setpoint. When 8 = 10, the
temperature of the supply chilled water follows the change of the setpoint in a closer
fashion than that in the baseline. However, differences are not significant and thereby

the impacts on the operation of the chiller plant are not obvious.
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Figure 18 The impacts of CH_PI on the operation of the chiller plant during a

5.3 Impact Analysis

Based on the above analysis, we present the impact analysis results of all the studied
faults in Table 6. One can see for the chiller plant, the most critical fault is the CH_T.
The CH_T causes electricity consumption changes by 19.8% and the unmet hour
increases by 8,576. For the boiler plant, the most critical fault is BO T. The BO T

causes electricity consumption to change by 16.2% and the unmet hour increases by

12:00 18:00

typical summer day

0:00

—— baseline
p 0.1

— B 10

—— setpoint

8,649,
Table 6 Impacts of control-related faults
Fault Electrlclt.y Unmet Hour
Faults Intensive Consumption Increment
Absolute Increment [%]

SCHW_T dT = 2°C 8.0 -15
CH_T dT = —2°C 19.8 8,576
CT_T dT = 2°C 2.7 -1

SCHW_PRE | 4 = —20% 6.0 0
HW_T dT = 2°C 16.2 47
BO_T dT = 2°C 12.2 8,649

HW_PRE a = 20% 16.7 2

VAL_LEA c=15°C 8.3 1,705
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CH_PI B =01 18.5 1,746
CT_PI B =01 1.0 162
SCHW_PI B =01 5.6 19
BO_PI B =0.1 5.3 2,795
HW_PI B =01 1 1

6. Conclusions

In this study, we present a set of high-fidelity models for a typical chiller plant and
a typical boiler plant. Those models faithfully represent the control architecture of the
studied plant and thereby can be used for studying the control-related faults on a large
scale. The usage of proposed models is demonstrated via a comprehensive evaluation
of the impacts of common control related faults on the energy performance of the plants.
In this evaluation, sensitivity analysis is performed to quantify how the impacts from
faults change by the severity level of those faults. Detailed analysis is also provided to
better explain how the faults affect the operation of different components via the control
process.

The evaluation results suggest that the sensor bias faults of chillers impact the
operation of the chiller plant more significantly. This is not only because chillers
contribute substantial energy consumption, but also due to the strong coupling
relationship between the operation of chillers and the secondary chilled water pumps.
Also, the interaction between the supply-side and demand-side of the chiller plant
influences the behaviors of the chiller staging under the effect of those faults. Likewise,
the sensor bias faults of the boiler have higher impacts on the operation of the boiler
plant. Besides, the impacts of the studied faults on the energy performance of the
studied plants are not always proportional to the severity level of the faults. This is
mainly caused by the interactions between components in the plants through control
loops or physical processes. How to handle those nonlinearities can be an interesting
research topic when developing AFDD methods to diagnosis those faults. In the future,
we will further explore the potential of the proposed models to support various fault-

related studies. For example, we will study how multiple faults affect the operation of
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the chiller plant and the boiler plant simultaneously. We will also evaluate the

performance of the AFDD methods under complicated faulty conditions.
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