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Summary

This thesis presents a detailed investigation into the air balancing process in
HVAC systems. Improvements have been made in both the flow measurement and air
balancing methods to optimize the balancing performance in terms of efficiency,

accuracy and cost. The main contributions of the thesis are summarized as follows:

The accuracy of flow measurement in the air flow control stations (AFCS) is
improved to achieve better control performance of the air balancing methods. A revised
airflow rate calculation formula for the averaging Pitot tube is proposed taking into
consideration of downstream disturbances. The revised formula significantly reduces
the systematic error caused by the flow control damper and improves the accuracy of
flow measurement to a large extent. Besides, the AFCS is equipped with wireless

technology to achieve wireless communication.

Two online air balancing methods are proposed, which are distributed
cooperative control-based air balancing (DCC-AB) method and gradient-based online
adaptive balancing (GOAB) method. Both methods can be performed during system
operation without interrupting the normal service of ventilation, which avoids
inconvenience to the occupants and financial losses caused by maintenance shutdown.
The balancing-in-service characteristic provides possibility to achieve accurate air

supply under dynamic loads, which indicates a large energy saving potential.

The DCC-AB method is based on the distributed cooperative control strategy. It
guarantees an asymptotic convergence towards the balanced state. the balancing process
starts from the given imbalanced state and converges asymptotically to the balanced
state. The drastic change of damper positions such as short cycling on and off is
circumvented, which avoids overshooting and oscillations of the flow rate value. An
incremental improvement in the imbalance of flow is guaranteed at each adjustment
during the whole process. The DCC-AB method circumvents the centralized
supervisory control and requires only a sparse communication architecture to
cooperatively achieve the objective. The method also incorporates an additional
adjustable term that reflects the total power consumption to optimize the energy
efficiency. Besides, this method is a model-free method that requires little prior

knowledge on the system topology and duct parameters.

Vil



The GOAB method is based on the gradient descent algorithm. In this method,
an objective function is defined to quantify the discrepancy between the normalized flow
rate and the set point, and the increment of damper angle is calculated using stochastic
gradient descent. An online adaptive mechanism for the Jacobian estimation is applied
to capture the change of Jacobian matrix during the balancing process. In this method,
the critical damper is explicitly identified based on the null space of the gradient vector.
At least one damper is guaranteed fully open, which minimizes the overall flow
resistance of dampers and total energy consumption. The GOAB method incorporates a
coefficient to control the speed of convergence rate and stability of the algorithm. A

rapid and stable convergence is guaranteed within several steps.
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Chapter 1. Introduction

1.1  Background

Heating, ventilation and air-conditioning (HVAC) system is designed to provide
a comfortable indoor environment in terms of temperature, humidity and other
environmental parameters for the occupants [1, 2]. It is widely used in residential,
commercial and industrial buildings and has become an indispensable part of people's
daily lives, especially for urban citizens who spend over 80% of their time indoors [3,
4]. However, HVAC is also known as the major energy consumer in buildings [5-7].
According to [8, 9], about 50% of the energy is consumed by HVAC in the building
sector in USA. The proportion can be even higher for tropical countries like Singapore,
where air-conditioning is required throughout the year [10]. Hence, a major concern in
modern HVAC systems is to reduce energy consumption without compromising thermal

comfort or indoor air quality (IAQ).

The mechanical ventilation system, also called the air distribution system or air
duct system, is an important part of the HVAC system and accounts for a significant
portion of the energy consumption in buildings. It is reported that the space heating,
cooling and ventilation together comprises up to 41.4% of the total energy in the
building sector in U.S. [10]. A trade-off exists between the energy efficiency of the
ventilation system and the indoor environment. Decreasing the ventilation rate may
reduce unnecessary energy dissipation [11] and excessive duct noise [12]. However,
insufficient ventilation can lead to degraded air quality, accumulated contaminants, and
can even cause occupants’ sick building syndrome (SBS) [13]. Studies have shown that
children’s performance of schoolwork [14, 15] and occupant productivity in office [16]
are also strongly affected by the ventilation rate. Therefore, precisely supplying the

required air flow quantities to each conditioned space becomes critically important.

Aiir balancing is an important means of guaranteeing the air flow distribution in
the duct system as design, which is also the main objective of the testing, adjusting, and
balancing (TAB) process [17]. The system is called balanced if it delivers the required
air for occupant comfort and space thermal loads [17]. Although balancing is partly
taken into consideration at the early stage of duct design, the system may not operate as

expected due to unpredictable modelling error and inevitable adjustments during



installation. Hence, before the system is put into use, the TAB must be performed to
ensure that the system is working in conformity with the design requirement [18].
Currently, the TAB is performed in the commissioning stage since it requires a complete
shutdown of the system. However, due to possible duct retrofitting and change of
occupancy, the system may fall back imbalanced. For this reason, the TAB must be
performed on the air distribution system regularly to ensure accurate air supply and

optimum working conditions.

The main challenges faced by air balancing is the accuracy of flow measurement
and lack of more systematic balancing approaches. Almost all air balancing methods
rely heavily on the flow measurement. The currently most widely used flow sensor in
air balancing application is the Pitot tube, which is susceptible to various disturbances.
This can degrade the actual performance of the TAB process. As for the balancing
methods, the commonly adopted one in industry is an iterative approach based on rule
of thumb, which is time-consuming and inefficient. Hence, future trend in air balancing
focuses on more accurate measurement and more intelligent control scheme. For the
former, applying correction coefficient for the flow sensor or placing filter to obtain a
more uniform flow are possible approaches to reduce the error caused by flow
disturbances. Besides, alternative flow measuring techniques of higher accuracy can be
considered within reasonable cost. For the latter, a foreseeable future is the automation

of the air balancing to eliminate the dependency on human and save manpower cost.

1.2 Overview of HVAC systems

Constant air volume (CAV) is a classic type of HVAC systems that has been
used since the invention of air conditioning [19]. In CAV, the volume of supply air
remains constant whereas the temperature varies to satisfy the space heating/cooling
load. There are typically two types of CAV systems, namely, the terminal reheat system
and the mixed air system [20]. The terminal reheat system operates at a fixed volume
flow rate and supply fan outlet temperature. The central air handling unit (AHU) cools
the air to a temperature low enough (usually 13<C) to meet the cooling load required by
the highest heat gain area within the building. The reheat coils then heats the air entering
each zone to regulate the supply air temperature depending on individual requirements.
The mixed air system has two separate air streams, which are set to the coldest and
hottest possible required temperature respectively. The two air streams eventually meet



at the zone mixing box and being mixed to offset the space load by adjusting the
proportions of warm and cool air. The mixed air system is effective in controlling the

temperature, but not as proficient at controlling the humidity.

Despite the specific subtype, the CAV system, by nature of its design, share
common some limitations. The supply air flow volume is fixed regardless of actual
heating or cooling load, which results in unnecessary energy waste when peak load is
not required. Another limitation is the energy inefficiency caused by the heating and
cooling coils operating at the same time during part-load conditions [21]. The CAV
system may still be an effective option for applications with a rather constant ventilation
load such as concert halls, theatres, gymnasiums, department stores, warehouses etc.
Nonetheless, when variable control of pressure or ventilation rate is required, adopting
a CAV system will most likely result in higher energy consumption and less effective

temperature, humidity and ventilation regulation.

The variable air volume (VAV) system came into view in 1960s and became
prevalent across Europe after 1980s [22]. Unlike CAV system that varies the supply air
temperature, the VAV varies the quantity of supply air to control the indoor climate [23].
A key component of a VAV duct system is the VAV terminal unit, also called VAV box.
Atypical VAV box is a sheet metal box consisting of temperature sensor, air flow sensor,
controller, actuator and damper. The VAV box can be either pressure-dependent or
pressure-independent. In a pressure-dependent VAV system, the damper actuator is
controlled directly by the room thermostat. The actuator modulates the damper in
response to the room temperature only. The actual air flow supplied to the space is
dependent on the duct static pressure. The pressure-dependent control strategy can cause
severe flow fluctuations in large systems [24]. By comparison, the pressure-independent
VAV system adopts two cascading control loops. The outer loop controls the room
temperature and the inner loop controls the supply air flow rate. When the room
thermostat senses the change of temperature, the outer loop sends signal to the inner
loop to reset the flow set point that satisfies the current indoor thermal load [25]. The
set point can be restricted within a minimum and maximum air flow rate regardless of
the duct static pressure, which assures proper distribution of air and acceptable 1AQ.
The pressure-independent units are regarded as a preferable option for large complex

VAV systems. There are other subtypes of VAV systems developed for particular needs,



such as single duct and dual duct, cooling only and cooling with reheat, bypass and fan

powered and etc. [26].

In general, the VAV systems offer superior performance over CAV systems in
multi-zone buildings subject to consequently variable ventilation loads [27]. According
to [28], the annual energy saving is over 17% in 6 test cities using VAV systems. Besides,
the VAV provides more precise temperature control, less fan noise and additional

passive dehumidification.

The dedicated outdoor air system (DOAS) is being considered as an alternative
to traditional all-air VAV system in recent decades [29, 30]. The concept of DOAS is
decoupling the space latent and sensible loads [30]. The DOAS supplies the required
ventilation air to meet the overall space latent load and a part of sensible load. A parallel
cooling system such as radiant ceiling panel works in conjunction to handle the

remaining sensible load [31].

The DOAS offers substantial benefits over traditional VAV systems in the
following aspects. In a multiple-zone VAV system, the central air handling unit supplies
a homogenous mixture of outdoor air and recirculated air to each zone. The outdoor air
fraction is determined by the critical zone that requires the highest, resulting in over-
ventilation in non-critical zones [32]. In comparison, the DOAS delivers the exact
amount of required air to individual zones, which significantly reduces the energy
consumption [33]. The decoupling of space latent and sensible loads allows effective
control of the indoor relative humidity level [34]. The main disadvantage of DOAS is
the high first cost, which can be balanced by operational advantages. Overall, by
choosing proper system configurations, the DOAS could provide more precise air
delivery, better humidity control, reduced energy usage and enhanced indoor

environmental quality.

A critical factor that affects the overall performance of HVAC systems is the
ductwork design. Improperly designed or installed duct systems can cause potential air
leakage, excessive noise, high energy cost and poor air quality. An important step is
choosing a duct configuration that best suits the space requirements and installation
conditions. There are several basic types of supply and return duct systems, as shown in

Figure 1.1.



A typical radial duct system consists of a central supply plenum, connected
directly to individual air outlets. This ductwork design is rather simple and requires less
technical expertise, making it easy and quick to install. The radial duct systems are found
exclusively in small buildings and single-story homes [35]. Another popular
configuration is the trunk-and-branch ductwork, which resembles a tree trunk with
multiple branches. This design uses a primary supply trunk to deliver the air, with
several branches extending out from the main duct. There are a few variations of the
trunk-and-branch ductwork, such as extended plenum and reducing trunk. In the
extended plenum systems, the trunk duct remains the same size for the entire length of
its run, which essentially serves as an extension to the supply plenum [36]. The length
of the trunk duct should not exceed 24 ft (7.32 m) on either side of the supply unit to
maintain the air velocity. For applications that calls for greater distances, the reducing
trunk system is employed. In this design, the trunk size (cross-sectional area) is reduced
after each branch take-off point to regain the air velocity. The reducing trunk system
provides a relatively constant air flow throughout the duct system while also indicating
a lager cost for fabricating duct transitions [37]. In the perimeter loop system, a
continuous loop duct is laid out around the perimeter of the conditioned space. The loop
is fed by several supply ducts radiating out from the central unit. The perimeter loop
system provides enhanced comfort in cold climate with proper installation of insulated
slabs. However, it is also one of the most costly duct systems to install [38].

Figure 1.1: Ductwork configurations
(a) Radial system, (b) Extended plenum system; (c) Reducing trunk system; (d) Perimeter loop
system

The next step in duct design is to select proper components and accessories that
facilitate the ductwork fabrication. A typical air duct system mainly consists of ducts,
fans, fittings and terminal units. Ducts are passages used in supply, exhaust or return
systems to deliver and remove air. Commonly used materials for ducts are galvanized
steel, stainless steel, aluminium, fiberglass and etc. The ducts can be fabricated in

rectangular, round, flat oval and flexible, as shown in Figure 1.2. Round ducts are



versatile, easy to build and connect. They are cost-effective for less material use with
the same duct cross-sectional area. Round ducts provide lower frictional loss, better
acoustic performance and easier insulation installation. For tight space where round
ducts cannot fit, the rectangular ducts can be an alternative option. Rectangular ducts
are easy to assemble and adapt to various space constraints. However, the installation
cost is higher, and the joints are more difficult to seal. As a compromise, the flat oval
ducts retain most advantages of the round ducts and have less space limitations. When
the installation of rigid ducts is extremely difficult or impossible, the flexible ducts can
be applied. Typical flexible ducts are crinkly, flexible tubes of metal wire coil covered
by bendable, reinforced plastic and a layer of insulation and protective coating. They

are extensively used for the connection of non-flexible ductwork and air supply outlets.

(a) (b) (c) (d)

Figure 1.2: Duct conduits
(a) Rectangular; (b) Round; (c) Flat oval; (d) Flexible

Fans are used to supply air to or exhaust air from the conditioned space. Two
primary types of fans used in the duct system are centrifugal and axial, shown in Figure
1.3. Axial fans are so named because of the direction of air flow into and out. The fan
blades rotate around the axis, producing a pressure difference that moves air in a
direction parallel to the axis. Axial fans generate high volume of air flow at low pressure
and therefore consume less power. The centrifugal fan, also referred to as blower, is
another design that operates a bit differently. The centrifugal fan consists of a series of
blades mounted on a circular hub, which accelerates air radially and outwards. The
direction of the incoming flow is changed by 90<at the outlet. Centrifugal fans are used
in applications that require higher pressure or steadier flow [39].



Figure 1.3: Fans
(a) Axial; (b) Centrifugal

Duct fittings are duct accessories used for construction of a ductwork. There are
a variety of fittings such as elbows, junctions, transitions, connectors, dampers and etc.
Selected ones are shown in Figure 1.4. Elbows are used to change the direction of air
flow in a ductwork. They can be classified by angle (30< 45< 60< and 909 or
throat/heel (square or radius) [40]. For sharp edged elbows, it is common to insert
turning vanes to reduce pressure losses. Junctions are used to split flow into multiple
branches or merge flows into a main branch, which are of various shapes like T-shaped
(tee), Y-shaped (wye) and cross. Numerous empirical formulas can be found to estimate
pressure losses for these fittings [41-46]. Dampers are used to regulate the volume of air
passing through a duct. Motorized dampers can provide precise positioning and are
widely used in air duct systems. Common types of dampers include butterfly, opposite,

parallel, and iris, as shown in Figure 1.5.

(©) @)

Figure 1.4: Common duct fittings
(a) Elbow, (b) Tee; (c) Wye; (d) Reducer
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(a)

Figure 1.5: Common types of dampers
(a) Butterfly; (b) Parallel; (c) Opposite; (d) Iris

Testing, adjusting, and balancing (TAB) is a commissioning service of checking
and adjusting HVAC systems to achieve design requirements [17]. Prior to the
acceptance by building owners, the TAB must be conducted to ensure the system
performs as anticipated. During the operation of building, the indoor environment keeps
changing with time and use [47]. The HVAC system running based on a fixed work
schedule can lead to unnecessary energy use during periods of low occupancy [48, 49].
Besides, the performance of HVAC systems may fail to satisfy design expectations due
to improper equipment installation, poor maintenance, and sensor failures [50]. Hence,
the TAB should be carried out regularly throughout the whole building lifecycle from

early design, construction, and operation to accommodate for such changes [51].

A main objective of TAB is to balance the air distribution system, where the
term ‘balance’ refers to proportioning flows in the system according to specified design
values [17]. Studies have shown that inaccurate air supply can cause degraded 1AQ [18,
52], unnecessary energy dissipation and large duct noise. Balancing the duct system to
provide a precise delivery of air is therefore essential to maintain thermal comfort and
optimize energy efficiency, which is required by various types of HVAC systems like
CAV, VAV, DOAS and etc.

Although for CAV systems, balancing is partly taken into consideration at the
early stage of duct design, they may not operate as expected due to unpredictable
modelling errors and inevitable adjustments during installation. For this reason, air
balancing should be conducted to make sure all terminal flow satisfies the design values.
Since CAV systems are usually not equipped with motor dampers, the balancing process
should be performed manually and the attainable accuracy is rather low. For VAV
systems, balancing is mainly required in the configuration of CFM settings. In pressure-

dependent systems, the actual minimum flow rates are not controlled and may under or



over ventilate the spaces served in minimum mode [53]. After the min/max CFM is
specified, the outlets on each terminal unit should be balanced to deliver the correct
minimum/maximum air flow. As for the DOAS, the outdoor air occupies 100% of the
air supply [54], making air balancing a more critical issue compared with other types of
HVAC systems.

Balancing air duct systems can be achieved in various ways. The approaches
may differ from each other in the implementing procedures, but the objective remains
the same. The commonly accepted criteria for TAB process, in accordance with the
standards of ASHRAE, NEBB, CIBSE, SMACNA and etc., are listed below:

1.) All measured air flow quantities should be controlled within #10% of the
design values.
2.) At least one damper/path should be left fully open in order to minimize the

overall energy consumption.

To understand the rationale behind the second one, suppose all dampers in the
duct system are partially closed, and the damper that should remain fully open
throughout the balancing process is named ‘critical damper’ in this thesis. Then the same
state of the system, considering the flow rate values only, can be achieved by fully
opening the critical damper while lowering down the fan static pressure, which clearly

reduces the total fan power.

1.3  Challenges and motivations

Air balancing is typically a process of regulating dampers and adjusting fan
speed to achieve design flow values. The current standard air balancing method in
industrial practice is essentially a trial-and-error procedure based on the rule of thumb.
It needs iterative attempts to balance all terminal air flow due to the coupling effect in
ducts [55]. Besides, the method requires a scheduled shutdown period of the ventilation
system since the dynamic state deviates largely from the normal working conditions
during the balancing process. These pose stiff challenges in practical applications of air

balancing considering the cost and performance.

First, the balancing process is costly in time and effort. It is a cooperative work
fulfilled by a team of skilled technicians. Owing to its iterative nature, technicians need

to move sensors back and forth during balancing, which is tedious and time-consuming.
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The duration of the process highly depends on technicians’ experience, the complexity
of the duct system and required tolerance, and is thus previously unpredicted. Second,
the balancing process disturbs the normal service of the ventilation system and requires
a scheduled shutdown. This is only applicable during the early stage of commissioning.
However, when the whole or a critical zone of a running system requires re-balancing
to meet the changing demand, blocking the basic service of ventilation can cause big
inconvenience to the occupants and massive financial losses. Hence, one of the
challenges is to propose new air balancing methods that can work during system

operation with the duration controlled in minutes.

Another challenge lies in improving the air balancing performance. For steady-
state performance, the criterion is the accuracy of final balancing results. Apart from
using more scientific approaches instead of rules of thumb, accurate flow measurement,
which serves as the foundation for all control algorithms, is also a vital factor. However,
current prevalent Pitot tube has limitations under low flow conditions and is susceptible
to upstream and downstream duct geometries, which can deteriorate the actual balancing
results. As for the dynamic performance, the transient response is long with current PID
algorithm and the system may keep changing, which makes the system unstable.
Therefore, future improvement in the performance of air balancing calls for smooth and

accurate control of the air flow.

Considering the necessity of air balancing and corresponding limitations, the
objective of this thesis is to optimize the balancing process in both the control algorithm

and measuring devices so that it can be:

e cost-effective: The procedures of air balancing should be converted into
clear and logical code that can be executed without human involvement.
Automation of the air balancing process is imperative to reduce dependency
on technicians and, as a result, save labor costs.

¢ low-maintenance: The implementation of air balancing should not disturb
the normal operation of building ventilation to reduce shutdown maintenance
costs. This requires development of online air balancing methods that
support balancing-in-service.

e accurate in flow measurement: The accuracy of flow measurement should

be improved, taking into consideration of low flow conditions and
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installation limitations for sensors, to better serve the proposed control
algorithm.

e intelligent controlled: The terminal devices should be able to communicate
with each other using Internet of things (loT) techniques to achieve

intelligent control, monitoring and visualization of the system.

1.4 Major contributions

This thesis aims to optimize the performance of air balancing in duct systems in
terms of efficiency, accuracy and cost. Improvements have been made in both the
hardware and software design. The main contributions of the thesis are summarized as

follows:

First, the accuracy of flow measurement for the key measuring and controlling
device in DOAS and VAV systems, the air flow control station (AFCS), is improved.
Based on the ANOVA test, this thesis reveals that the control damper in the AFCS has
significant effect on the amplification of the averaging Pitot tube (APT), which confirms
the previous findings in the literature. Then a revised flow estimation formula is
proposed for the APT inside the AFCS to compensate for the error caused by the
downstream damper. The revised formula incorporates the damper angle into the
calculation of flow rate, which improves the estimation of air flow in the AFCS. The
formula demonstrates a good generality over a large range of Reynolds numbers. By
applying the proposed formula, the measuring error by APT can be controlled within
0.6% for all tested cases. The highest accuracy (0.02%) is achieved when Re = 9.57 %103,
which is exponentially higher compared with the traditional formula (3.1%). Besides,
the hardware design of the AFCS is improved by integrating the wireless techniques.
This enables communication among individual terminal devices and provides possibility
to achieve more intelligent control, easier monitoring and better visualization. The more
precise measuring of air flow serves as the foundation for later proposed air balancing

methods.

As for the control algorithm, two online air balancing methods are proposed,
which are DCC-AB method and GOAB method. The proposed methods are in clear and
logical structure that can be executed without human involvement. The automation of
the balancing process significantly reduces the manpower costs. Both methods can be

performed during system operation without interrupting the normal service of
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ventilation, which avoids inconvenience to the occupants and financial losses caused by
maintenance shutdown. The balancing-in-service characteristic provides possibility to
achieve accurate air supply under dynamic loads, which indicates a large energy saving
potential. The two methods are based on different principles.

The DCC-AB method is based on the distributed cooperative control strategy.
The consensus algorithm that has been well developed in the field of network
communication is first extended to HVAC applications to solve the air balancing
problems. In the proposed DCC-AB method, the balancing process starts from the given
imbalanced state and converges asymptotically to the balanced state. The drastic change
of damper positions such as short cycling on and off is circumvented, which avoids
overshooting and oscillations of the flow rate value. An incremental improvement in the
imbalance of flow is guaranteed at each adjustment during the whole process. Besides,
the energy efficiency is taken into consideration by ensuring at least one damper to be
fully open, which significantly reduces the fan power consumption in damper. The
DCC-AB method demonstrates a good generality over a large range of design flow
requirements and is insusceptible to small sensor noise. A rapid and stable convergence
is guaranteed within several steps, which significantly saves time and labour cost.
Moreover, the DCC-AB method circumvents the centralized supervisory control and
requires only a sparse communication architecture to achieve the balanced state. The
DCC-AB method is a model-free method and requires no prior knowledge on the system

topology and duct parameters, making it easy to apply in practice.

The GOAB method is based on the gradient descent algorithm. In this method,
an objective function is defined to quantify the discrepancy between the normalized flow
rate and the set point, and the increment of damper angle is calculated using stochastic
gradient descent. To start with, the GOAB method first tests the response of terminal
flow rates with respect to damper angles to obtain an initial Jacobian matrix. Based on
this primary information, the algorithm starts to adjust terminal flows towards the
desired air distribution, during which the Jacobian is adaptively updated according to
newly obtained flow measurement data. The online adaptive mechanism for the
Jacobian estimation captures the change of Jacobian matrix during the balancing process.
The GOAB method stops until all measured flow rates meet the design values. In this
method, the critical damper is explicitly identified based on the null space of the gradient

vector. At least one damper is guaranteed fully open, which minimizes the overall flow
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resistance of dampers and total energy consumption. The GOAB method also
incorporates a coefficient to control the speed of convergence rate and stability of the
algorithm. A rapid and stable convergence is guaranteed within several steps. Besides,
this method requires little prior knowledge of the system topology and duct parameters,

endowing it great potential in industrial applications.

1.5 Organization

The rest of the thesis is organized as follows:

Chapter 2 presents a comprehensive review on the studies of air balancing,
including the state-of-the-art air balancing methods and common techniques for flow
measurement in air duct systems. This chapter first reviews 7 commonly used methods
for determining the air flow and air flow distributions, which are Pitot tube traverse,
thermal anemometry, vane anemometry, vortex flowmeters, ultrasonic flowmeters,
tracer gas and particle imaging velocimetry. These methods are compared in range,
accuracy, resolution, costs, application and constrains. Given that the Pitot tube is
currently the most widely used flow sensor in air balancing applications and is probably
the bottleneck of AFCS, related studies are presented in the following section. Then this
chapter reviews the existing air balancing methods available and divides them into two
categories, namely, the iterative methods and non-iterative methods. The first category
includes: 1.) proportional method [17] and 2.) target method [96]. The second category
includes: 1.) progressive flow method [97]; 2.) fan pressure-based method [98]; 3.)
Small’s method [99]; 4.) Chen’s method [100] and 5.) Jing’s method [102]. These
methods are introduced in historical context to show the development of this field. For
each method, the theory is explained in detail, and the strengths and weaknesses are
evaluated.

Chapter 3 proposes a revised flow estimation formula for the APT inside the
AFCS to improve the accuracy of measurement. To begin with, the effect of the
downstream damper on the flow measurement is studied. The statistical significance of
the correlation between the damper angle and the APT flow characteristic is quantified
by ANOVA analysis. Then an empirical formula for the APT is proposed to compensate
for the systematic error caused by the damper, and the corresponding uncertainty
analysis is given. Lastly, the proposed formula is validated under different Reynolds

numbers and the accuracy is evaluated.
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Chapter 4 proposes an online air balancing method, named as the DCC-AB
method. First, the theory of distributed cooperative control is introduced and expanded
to air balancing applications. Then the DCC-AB method is proposed based on the
distributed consensus algorithm. To explore the effect of individual model parameters
on the performance of the method, a detailed parameter analysis is conducted in
MATLAB. 5 cases are compared and discussed in terms of the selection of model
parameters and design flow requirements. Based on the simulation results, guidance is
given on the parameter design to optimize the performance of the method. At the end of
this chapter, laboratory experiments are conducted to validate the proposed method, and

comparisons are made with the simulation studies.

Chapter 5 proposes another online air balancing method, named GOAB method.
This chapter first presents the mathematical derivation, including the gradient descent
algorithm, estimation of Jacobian matrix and online adaptation mechanism. Then a
series of simulations are conducted in MATLAB to investigate the effect of several key
model parameters and initial conditions. Following the simulation studies, laboratory
experiments are conducted under different design flow requirements to test the
generality of the proposed method.

Chapter 6 summarizes the major works, attained results and main contributions
of the thesis. Based on the current knowledge and existing challenges in air balancing,

an outlook on future directions is given.
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Chapter 2. Literature review

2.1 Introduction

Accurate air balancing calls for intelligent control techniques and precise flow
measurement. For this reason, this chapter reviews previous research on both the air
balancing methods and common techniques for flow measurement in air duct systems.
The main purpose of this chapter is to summarize the current knowledge on exposure,
identify limitations and deficiencies in the balancing process and establish a theoretical
framework for the research topic. To begin with, Section 2.2 introduces several flow
measurement techniques including Pitot tube traverse, thermal anemometry, vane
anemometry, vortex flowmeters, ultrasonic flowmeters, tracer gas and particle imaging
velocimetry. Considering that Pitot tube is the most widely used flow sensor in air
balancing applications, related studies are presented in Section 2.3. Sections 2.4 and 2.5
introduce conventional (iterative) air balancing methods and non-iterative air balancing
methods respectively. These methods are reviewed in historical context to show the
development of this field. The conventional methods include proportional method [17]
and target method [96]. The non-iterative methods include progressive flow method [97],
fan pressure-based method [98], Small’s method [99], Chen’s method [100] and Jing’s
method [102]. For each method, the theory is introduced and the strengths and

weaknesses are evaluated.

2.2 Common approaches for flow measurements

Air balancing relies heavily on the measurement of air flow. Inaccurate or
inefficient flow measurements can degrade the performance of TAB process. There are
quite a few methods available to determine the air flow rate in duct systems. These
methods are based on different principles and have different advantages and
disadvantages in range, accuracy, resolution, costs and applications. The selection of
flow measurement methods should be in accordance with manufacturer’s

recommendation and accuracy requirements.

The most widely used method for flow measurement in air duct systems is the
Pitot tube traverse [56, 57], which also serves as a standard reference for calibrating
other devices. In this method, a Pitot tube is used to measure the local flow velocity at

the test point based on Bernoulli’s equation. The Pitot tube contains two tubes in
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different directions: one is parallel to the flow facing upstream and the other is
perpendicular to the flow. By measuring the pressure difference between two tubes, the
dynamic pressure is obtained and the corresponding velocity of flow can be calculated.
The Pitot tube traverse is simple, straightforward and cost-effective. However, due to
the long initial and response time, it is limited in measuring quasi-steady state flows.
Besides, the Pitot tube is not applicable to low Reynolds numbers since viscosity
imposes a stronger effect on the flow pattern at low flow and the assumption of inviscid
flow in Bernoulli’s equation fails [58]. Moreover, Pitot tube traverse method requires
long enough upstream and downstream clear straight duct, usually 10 times of the duct
diameter, to make sure the measured point locates at the fully developed region of the
flow, which is rarely met in practice. Aside from Pitot tube, other flowmeters like orifice
[59, 60], and Venturi tube [61] adopt the similar principle.

Thermal anemometry [62] mainly includes hot-wire [63] and hot-film [64],
which consists of electrical heaters and temperature sensors. By heating a wire
suspended in air and measuring the heat dissipation rate, the velocity of air flow can be
calculated based on forced convection equations. The accuracy of thermal anemometry
is decided by the accuracy of the temperature sensor and voltage/current meter. Thermal
anemometers are of relatively low cost since the hot-wire or hot-film can be extremely
small and thin. The response of thermal anemometers is significantly faster than Pitot
tube, which can be up to 105 Hz. However, it requires regular calibration since the heat
convection efficiency of the probe can be affected by adhered matters during usage [65,
66]. The use of thermal anemometry in extreme low air velocities needs special care and
extra calibration as the natural convection becomes prevalent and the heat convection

rate is no longer solely dominated by forced convection [67].

Vane anemometry [68, 69] captures the kinematic energy of flow and converts
it into rotary energy. When the vane angle is given constant, the rotary speed will be
proportional to the velocity of flow [70]. The simplicity of vane anemometer allows
manufacturing of portable handheld devices, which can be quite convenient. Vane
anemometers have a minimum detecting velocity: the air flow must be strong enough to
overcome the initial friction of the rotor. On the other hand, the timer counting the
interval between pauses can be overflowed when the rotary speed is too slow.
Considering the accuracy of the flow measurement using vane anemometry is relatively

low, it is suitable for basic applications requiring only qualitative analysis.
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Vortex flowmeters work on the vortex shedding principle, which is referred to
as the Karman vortex effect [71]. In the recent past, many literatures have been reported
on the performance of vortex flowmeters [72, 73]. Vortex flowmeters operate within a
small range of Reynolds number. The typical accuracy can reach as high as 0.5% to 1%
of reading after careful calibration, which is significantly higher than Pitot tube or
thermal anemometers. Besides, vortex flowmeters have relatively low cost and
maintenance, and faster response time. Since the measuring range of vortex flowmeters
is rather small, they are more suitable for monitoring process during normal operating

conditions.

Ultrasonic flowmeters are one of the fastest-growing technologies in the field of
measurement, instrumentation and control [74, 75]. Transit time ultrasonic method uses
two transducers to alternately transmit and receive the ultrasonic pulses. By measuring
the difference in the travel time of pulses transmitted in the direction of and against the
flow, the velocity of the medium can be obtained. The advantages of ultrasonic
flowmeters over competing flow technologies include: convenience of clamp-on, high
accuracy, fast response (less than 1ms), wide range of measurement, high sensitivity at
extreme low velocity and free of direct touch with tested flow. The accuracy of
ultrasonic flowmeters can be as high as 0.5% of reading or better after calibration. By
adopting multiple paths in the flowmeter, the 3-dimensional velocity component of the
flow can be obtained precisely, which is desirable for indoor flow measurement.
However, current ultrasonic flowmeters are all at high price, which restricts its

application as testing devices in HVAC system.

Tracer gas is a volumetric approach for measuring flow in small ducts or pipes.
A specific tracer gas with a known quantity is released at the upstream of the flow, and
a portion of the gas eventually leaves the system and disperses into the ambient. The
concentration difference between the release point and detection point will dictate the
amount of infiltration. The tracer gas method is widely used in HVAC duct systems for
quantifying air tightness and air exchange rate [76, 77]. Applications of this method can
be flexible with different strategies of gas injection. The accuracy is mainly determined
by the sensitivity of the gas concentration sensor, which is hardly below 5% in practical
applications [78]. Active tracer gas method needs a tracer gas source, which causes

inconveniences in many applications. Besides, the tracer gas method is currently of high
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cost compared with other flow measurement techniques of similar accuracy. However,

the tracer gas method is still preferable in measuring air tightness of the building.

Particle imaging velocimetry (PIV) is a technique for indoor air flow field
measurements. It uses high resolution video recorder to identify the suspended particle
in the flow and calculate the velocity vector field by comparing multiple frames of
images [79]. The PIV provides instantaneous velocity vector measurements and
quantitative information of indoor air distribution [80]. The PIV is significantly more
efficient than point-wise measurements of air velocity in the space using traditional
anemometry. The PIV uses the motion of tracer particles to indicate the air flow, and
the size of the tracer particle should be neither too small to scatter insufficient light
signal for image recording devices, nor too big to loss the tracking behaviour of
turbulence. The accuracy of PIV is directly determined by the displacement error and
the uncertainty in the time delay between pulses. The relative error of PIV is estimated
to be around 2% in a 2-dimensional PIV system [81]. Unlike tracer gas method, the PIV
requires an unobstructed view of the domain being measured, which may reduce the
applicability in buildings occupied by furniture. Currently, PIV is only applied to some
complex flow systems due to the relatively high cost.

Currently, Pitot tube is still the most prevalent flow measurement technique in
HVAC duct systems for its simplicity and low cost. The Pitot tube is typically used as
an insertion-type flow meter to measure the air flow rate in field test applications, which
can be quickly and easily installed. It is also commonly found in air flow control stations
(like VAV box) as an embedded sensor. Considering that measurements of air flow in
TAB are mainly fulfilled by the Pitot tube, related studies are reviewed in the following

section.

2.3 Studies on Pitot tube

Pitot tube comes in many varieties, where the averaging Pitot tube (APT) is more
commonly used in HVAC applications. The APT is a type of multiport self-averaging
flow meter that has two isolated plenum chambers with multiple sensing ports. These
ports are precisely drilled along the chamber in a certain pattern to obtain multiple
samples across the section of the pipe. The APT offers a more precise reading over the
plain Pitot tube since the measurement reflects the average velocity of the flow across

the entire pipe diameter instead of only a single point in the flow stream.
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The readout device measures the differential pressure between two plenum
chambers and converts it to the volumetric flow rate (or flow velocity) based on
Bernoulli's equation. The flow rate is proportional to the product of flow coefficient and
the square root of the differential pressure. For a given probe, the flow coefficient varies
with the operating conditions including fluid velocity, density and viscosity [82] and is
usually given empirically by the manufacture. Apart from these external factors, the
cross-sectional shape and relative positions of the openings can also dramatically change
the characteristics of the Pitot tube, which has been extensively studied in [83-87].

[83] formulated a mathematical model for the flow coefficient of APT, taking
into consideration of factors like probe shape, selected constructional features and flow
conditions. [83] pointed out that the obtained pressure difference and the change of flow
coefficient with Reynolds number are strongly dependent on the probe shape. The effect
of averaging chamber size on the uniformity of the pressure distribution in the chambers
was also investigated. The sensor characteristic shows little difference on the number
and location of holes, indicating possible simplification of sensor manufacturing. [84]
examined 8 designs of APT cross-sections to find the optimal shape that maximizes the
differential pressure. The distribution of the static pressure upstream and downstream
of the APT were studied using computational fluid dynamics (CFD). It was found that
the circular APT has the minimum differential pressure, and the diamond-shaped design
has the maximum. [85] conducted a series of numerical simulations to investigate the
characteristics of 15 different probe cross-sections. By solving the formulated
mathematical equations under assumed boundary conditions, the distribution of velocity
and pressure in the surroundings of APT can be obtained. To find the probe design with
best metrological properties, comparisons were made between the value of flow
coefficient and its dependency on Reynolds number. The probe with relatively low and
constant flow coefficient value was selected and further optimized in [86]. The
characteristics of the flow coefficient was then studied under different Reynolds number,
and empirical formulas were given for estimation. Analysis shows that the uncertainty
in the determination of the flow coefficient is around #0.7%. Experiments were repeated
under various pipe diameters (104-296 mm) in a wind tunnel. The observed
characteristics are consistent over a large range of flow under all cases, making it
possible to use a constant flow coefficient value in practice. [87] conducted numerical

studies to investigate the effect of APT probe shape on the permanent pressure loss. 4
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types of APT were tested to find the optimum shape that maximizes the differential

pressure while minimizing the permanent pressure loss.

Pitot tube is sensitive to the deformation of the velocity profile. Accurate flow
measurement requires fully-developed and symmetrical pipe flow. According to the
industry standards [88-90], a minimum of 7 duct diameters upstream and 3 duct
diameters downstream clear duct should be guaranteed for the installation of Pitot tube
to ensure the flow is fully-developed at the measuring point. However, this is rarely met
in practice due to space limitations, and the accuracy of measurement can be drastically
affected by upstream and downstream duct geometries. Extensive studies can be found
in the open literature investigating the performance of Pitot tube subjected to upstream

and downstream disturbances.

According to a review by [91], the log-linear method proposed by Winternitz
and Fischl exhibits superior accuracy (0.5%) for non-fully developed flow conditions in
Pitot tube measurement, which offers a solution for measuring irregular flow that is
commonly encountered in non-ideal duct configurations. Applying the log-linear
method (10-point), [89] studied the velocity contour with respect to varying distances
from 1D to 50D downstream of plain duct and obstructions including 309junction,
single 90<elbow, offset elbows and C-shape elbows. The results demonstrate that the
velocity profile will be highly skewed when obstructions exist close upstream,
associated with a large error in the obtained mean velocity. By comparing the measure
data with the ideal case (50D plain duct), the author concluded that at least 7D length of
plain duct prior to the measuring point should be guaranteed to achieve 5% accuracy
using a single traverse. [92] also investigated the velocity profile at various distances
downstream of an obstacle (3>309segmented elbow). Experiments were repeated at
different mean velocities (10m/s, 18m/s, 26m/s) using two designs of APT respectively.
A large deformation of velocity profile can be observed at even 9D from the obstacle.
[93] examined the flow coefficient of an APT installed behind an elbow bend and
indicated that the measuring uncertainty resulting from the asymmetric velocity profile
can be eliminated, providing sufficient upstream and downstream distances from the

meter.

There are a number of studies reporting in VAV applications since the Pitot tube
(mainly APT) is commonly adopted as an embedded sensor in VAV boxes. [94]
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investigated the major factors that cause inaccuracy and instability issues in VAV air
distribution systems. It was found that the inlet conditions, low VAV damper positions
and low airflow rates have significant influence upon the air flow measurement by Pitot
tube. To further examine the effect of inlet conditions (the upstream duct geometry) on
the Pitot tube amplification and precision, a series of designed laboratory and field tests
were conducted. Among all test conditions, the kinked inlet condition induces the largest
reading error, which can be up to 45% of the reference value. The subsequent research
[95] demonstrates that the error caused by non-ideal inlet conditions in Pitot tube flow
measurement can be reduced by a flow conditioner. With the flow conditioner installed
immediately upstream of the VAV box, the reading errors were controlled within 5%
for all tested inlet conditions. The results of experiments again indicate that the upstream
duct geometry can dramatically affect the accuracy of Pitot tube measurement. [88]
compared the response of VAV air flow sensor (Pitot tube) between non-ideal duct
configurations commonly found in buildings and a baseline case for two types of VAV
terminals in three different sizes. In the baseline case, 40 diameters of straight
unobstructed duct was constructed prior to the VAV box. In the test cases, the upstream
disturbances including 90 <short radius elbows, concentric reducers, expanders, S-shape
geometries and their combinations were investigated. Significant loss of both sensor
amplification and accuracy could be observed in almost every non-ideal inlet case. In
particular, placing a 90“elbow immediately prior to a transition shows no apparent
difference in the sensor response compared with the transition only, which implies that
the joint effect of multiple fittings may be dominated by the nearest one to the VAV box.
On the other hand, the supporting flow visualization experiments demonstrate that the
position of the embedded damper strongly interferes with Pitot tube. The author also
mentioned that increasing the distance between the damper and Pitot tube in a VAV box

is expected to mitigate the non-uniform velocity profile.

Most efforts to date have focused on the studies of upstream duct geometry.
There is a lack of research addressing the effect of downstream duct geometry on Pitot
tube measurement. The flow visualization experiments conducted by [88] provide
strong evidence that the downstream damper in the VAV box can significantly reduce
the amplification of Pitot tube. The current configuration of VAV box that the damper
is placed immediately downstream of the Pitot tube is obviously contrary to the

generally accepted industry standards specifying a minimum of 7D upstream and 3D
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downstream clear duct for its installation, and this is likely to cause noticeable errors in
flow measurement. However, this problem has been widely ignored by industry and the

effect remains unquantified.

2.4 Conventional air balancing methods

Conventional air balancing methods are essentially trial-and-error methods that
require iterative attempts to balance all terminal air flow to design values. Due to the
coupling effect, the previously balanced branches can be re-imbalanced when air flow
in neighbouring ducts changes, which makes the balancing process rather difficult to
implement. Consequently, conventional air balancing methods are laborious and costly,
and the duration highly depends on technicians’ experience, system complexity and
required tolerance. Although conventional methods have some deficiencies, they are
extensively used in engineering for fairly straightforward operation and low expertise

requirements.

Proportional method [17] is the most commonly used method for balancing
supply, return and exhaust systems. According to ASHRAE, the procedures for

proportional method are:

a) Measure the total system air flow at the fan outlet and calculate the flow ratio
ol (actual air flow to design air flow).

b) Measure each terminal air flow and calculate the corresponding flow ratio r;.

c) Arrange riin ascending order and keep the damper with the lowest ratio (rmin)
fully open throughout the process.

d) Starting from the second lowest ratio, sequentially adjust ri to rmin by
regulating the corresponding damper.

e) Repeat procedure (a) to (d) until all terminals have been balanced within £10%
of the design values.

f) Adjust the fan speed so that the total air flow is controlled within £10% of
the design value.

g) Re-measure all terminal air flow and make final adjustments.

[96] proposed a revised method, named target method, to speed up the
convergence of balancing process. An empirical formula for the calculation of target

flow is established to partially compensate for the secondary effect in ducts. In
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proportional method, the branch air flow and static pressure will gradually rise at the
beginning due to the increase of duct resistance. The previously well-adjusted terminals
will be no longer correct as the balancing process proceeds. In particular, the first
adjusted terminal will receive the largest excess of flow over its design value, and the
subsequent adjusted terminals will receive descending ones. This implies that directly
adjusting towards the target could be problematic. Therefore, the target method includes
a margin in the calculation of target flow, which varies with the sequence of damper
adjustment to compensate for later increase of flow rate. An empirical law is established

based on extensive simulation experiments. The deduction factor is given by

%k = (n/N

)0.0445

x100% , where n is the sequence of the damper being adjusted, N is the

total number of dampers, and %k is the deduction factor in percent form. Although the
method improves the efficiency of balancing process to a certain extent, it remains

iterative with the duration unpredicted.

2.5 Non-iterative air balancing methods

A few researches on the development of non-iterative air balancing methods
have been reported recently. [97] proposed progressive flow method (PFM) where the
balancing process starts from the furthest terminal and progressively proceeds backward.
The most downstream damper is set as the critical damper, and a control loop is
established between the measured flow and fan speed to achieve and maintain the design
value. Then the upstream dampers are adjusted sequentially. The control loop
guarantees the invariance of air flow through the whole downstream during balancing.
In this method, each damper is only adjusted once, thereby theoretically saving 2n+b—1
measurements for a system with n terminals and b branches compared with the
conventional method. However, this method requires additional devices for the control
loop and branch dampers, which increases the operating complexity and equipment

costs.

Following this backward-adjusting approach, [98] proposed another non-
iterative method, named fan pressure-based method (FPM) that dispenses with direct
measurements at terminals. In this method, fan pressure is controlled to be constant
during the balancing process and fan flow rate is estimated by the QP curve. At each
step, the damper is regulated until the estimated fan air flow satisfies the desired total.

The method is validated by experimental tests and demonstrates nearly the same
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performance as progressive flow method while requiring only a fan pressure sensor.
This method eliminates the need for flow measurement at terminals, which saves labour
work and costs of TAB process. However, this method only applies to small-scale
ventilation systems with short common pipes, and the accuracy of estimation relies on

manufacturer’s data and precision of the control system.

Although progressive flow method and fan pressure-based method improve the
efficiency of TAB process to some extent, they actually circumvent the problem caused
by secondary effect and the nature of the duct system remains unclear. [99] first
established a mathematical model explicitly calculating the damper positions satisfying
the design flow requirements. This model relates nodal pressures to branch flows by
mass conservation law and pressure loss equations. The system parameters including
fan characteristics and the minimum friction loss coefficient of each branch are
determined by two sets of measurements on terminal air flow. The first set is taken with
all dampers fully open and the second set is taken with one of the dampers closed. The
number of equations established is exactly equal to the number of unknowns introduced,
and the static system parameters can be obtained solving the nonlinear equations. Then
the desired damper positions are determined in a similar way by substituting the design
flow values into the model. The flow rate at each step of the balancing process can be
predicted from the identified model. Hence, by adjusting the terminal dampers singly
and sequentially while aligning the measured flow rates with the predicted values, the
system can finally achieve balance. However, this method only applies to simple duct
systems without junctions and may fail to provide reliable predictions for a complex

case.

[100] made further improvements to Small’s method in the efficiency of data
acquisition and the accuracy of parameter identification. The model is validated both
numerically and experimentally. Unlike traditional methods that take one measurement
at each terminal, Chen’s method collects multiple measurement data at a time to avoid
moving the sensor back and forth, which improves the efficiency of measuring process.
To fully utilize the acquired data, the maximum-a-posterior (MAP) estimation and trust-
region method are applied to achieve better accuracy in identifying system parameters.
In this method, dampers are closed in turns during the measuring process instead of
selecting a specific damper to regulate. In this way, the established equations for

identifying unknown parameters could be less ill-conditioned and easier to solve.
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Another work by [101] reduces the requirement on the fan model and generalizes the
application of the method to any subset of a duct system. However, Chen’s method relies
heavily on optimization algorithms and requires high computational power, which is
currently unavailable on most mobile devices. Besides, acquiring model structure from
either manual input or building information model (BIM) is not yet a common and easy

expertise that has been widely obtained by technicians.

[102] proposed a revised method where the identification of the inherent system
parameters is separated from that of the damper resistance coefficients. In this method,
the least squares regression is applied to identify the underdetermined parameters. A
variation of this method [103] adopts support vector machine to establish the pressure
prediction model and calculate unknown variables. The two methods circumvent the
difficulties encountered in solving non-linear equations by using supervised machine
learning. However, these methods only focus on the balancing accuracy and neglect the
TAB standards that at least one damper should be fully open. Besides, collecting enough
training data can be time-consuming and costly and may sometimes be unavailable due

to the lack of proper automatic devices.
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Chapter 3. Air flow control station (AFCS) with

improved APT flow estimation formula

3.1 Introduction

The basic device for measuring and controlling the air flow quantities in VAV
and DOAS systems is the air flow control station (AFCS). For VAV systems, the AFCS
is also known as the VAV box. The AFCS mainly consists of an air flow sensor,
controller, actuator and damper. The controller modulates the damper to different
positions based on the set point as well as the measured air flow rate. The AFCS intends
to deliver the required amount of air to the zone such that 1) the cooling/heating capacity
satisfies the cooling/heating load, 2) the room temperature matches the set point, and 3)
the ventilation rate meets the IAQ requirement. However, the actual performance of
AFCS is often affected by the accuracy of the embedded air flow sensor [95]. The
commonly adopted flow sensor in AFCS (such as VAV box) is the Pitot tube, which is
sensitive to various disturbances like ambient temperature, velocity profile and
protuberances and may fail to provide accurate readings in certain circumstances. Even
though some AFCS adopts cascade control architecture on the ambient temperature or
IAQ probes, inaccurate measurement of air flow rate in the inner loop could still
deteriorate the system's control performance. Moreover, if the design minimum air flow
rate is below the minimum detectable value by the sensor, the AFCS will cycle on and
off to maintain the space temperature, which could result in an uneven air flow and
reduced life expectancy of the AFCS [94].

This chapter proposes a revised formula for the APT to estimate the air flow rate
inside the AFCS. The proposed formula takes into consideration of the effect exerted by
both the Reynolds number and the downstream disturbances on the APT flow coefficient.
The incorporation of damper position into the calculation of flow rate compensates for
the error caused by the downstream damper, and thereby improves the accuracy of
measurement. Besides, the AFCS is equipped with wireless techniques to achieve
commutation among terminal devices. The remainder of this chapter is organized as
follows: Section 3.2 introduces the experimental setup and designed AFCS. Section 3.3
describes the experimental procedures. Prior to the experiments, necessary sensor
calibration is performed to reduce possible systematic errors and the bubble test is

conducted to avoid air leakage. Section 3.4 first applies the analysis of variance
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(ANOVA) to assess the statistical significance of the correlation between the measured
data and damper position. Then an empirical formula for the APT is proposed and the
corresponding uncertainty analysis is given. Section 3.5 validates the proposed formula
under different Reynolds number conditions and evaluates the accuracy. In the end,

Section 3.6 gives a summary.

3.2 Designed AFCS and experimental setup

The AFCS in our platform is designed imitating the common industrial ones, as
shown in Figure 3.1. It mainly comprises an APT, differential pressure transmitter,
damper actuator and controller. The geometry of the APT is shown in Figure 3.2. It has
similar metrological properties to the two-plate APT investigated in [85] based on a
preliminary study. The imbedded differential pressure sensor in the AFCS is Omron
D6F-PHO0505AD3, of which the measuring range is 250 Pa with #3% reading accuracy.
The single-plate damper is driven by a servo motor to rotate around the shaft within a
range of -90<to 90 “originally. After calibrating the damper angle and installing position
limiter, the damper works in a range from the neutral 0<position (fully open) to 90°
(fully closed). The damper position is controlled linearly by a 20ms-period pulse signal
with modulated width. A 1ms pulse will turn the damper to 0< and 2ms pulse will turn
the damper to 90< The motor provides an angular resolution of #0.18< The controller
regulates the damper until the measured flow rate satisfies the reference value. The
AFCS is equipped with a Wi-Fi communication module so that the data can be
bidirectional transferred by the supervisory computer wirelessly. Detailed specifications
are listed in Table 3.1.

Figure 3.1: The designed AFCS
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Figure 3.2: Exploded view of the APT geometry

Table 3.1: Specifications of the AFCS

Diameter 100mm
Length 260mm
Power Supply 5VDC
Measuring Range 15-150 m*/h
Accuracy 0.6%

Damper Position 0-90°

Angular

Resolution

Wireless g, 195
Communication

+/-0.18°

The experimental platform for flow calibration is shown in Figure 3.3. The main
duct, located in the first row, contains a centrifugal fan to provide air supply. The
manifold distributes the flow from the main duct into four branches. Each branch is
installed with a control damper to switch between different air supply paths. All testing
was conducted in the second row (from top), which is independent to the rest of the
branches. Hence, the schematic diagram of the experimental setup is simplified as
Figure 3.4. The simplified one consists of several essential components including

ducting, fan, AFCS and reference sensors.

28



Reference
Pressure sensor

Reference | Orifice r_% !
Anemometer | fowmeter = =-—=="}F-----
|
|

|

|

I

1 0

i m _'_-_'_| ‘ E/T/ H — T Junction
|

|

Lol : Reducer
75mm Lf
DN 65

=== Variable Length

Elbow

Centrifugal fan

Figure 3.4: Schematic diagram of the flow calibration platform

The system is made of 0.6mm Z22 SGCC galvanized steel spiral duct. The
diameter of the main duct is 200mm, and the branch under investigation is 100mm. The
elbow used in this platform is a 90°welded gored segmented elbow without internal
vent. And a 90 °T-junction with 45<entry branch is adopted to reduce the air resistance.
As denoted in Figure 3.4, the duct between the T-junction and AFCS is of variable length.
The ducting is separated into several segments of straight duct with flanged connection.
The upstream and downstream clear straight duct of the AFCS can reach up to 16 times
of the pipe diameter. A reducer is installed behind the AFCS to change the diameter into
65mm to satisfy the accuracy requirements for the orifice flow meter. And the distance
from reducer to the orifice is sufficiently long to ensure the accuracy of the measurement.

The LTI FSE 355-EC centrifugal fan is installed in this platform. A maximum
of 1800 m®h (0.5 m%/s) of air flow rate can be supplied when the fan operates at 1900
rpm and the discharge pressure reaches 1600 Pa. The fan is controlled by 0-10VDC
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signal to vary the fan speed, which is generated by an NI voltage output module (NI

9264) through a computer control system.

The range of the velocity under investigation is selected as 1m/s to 3m/s
according to the requirements of DOAS. Then the corresponding air volume flow rate
will be 28.3-84.8 m¥h (7.85x103-2.3610* m3/s) for the DN100 pipe. To accurately
measure the flow within this range, the YPLGK-65 orifice flow meter is selected
following the standards GB/T2624-2006, and the corresponding properties are given in
Table 3.2. The overall relative uncertainty level is below 0.8%. The orifice flow meter
offers a 4-20mA output signal, which is connected to an NI current input module (NI

9208) for data acquisition.

Table 3.2: Parameters of the orifice flow meter

Diameter . Orifice Plate . .
. Maximum . . Discharge Measuring
Model Nominal Bore Diameter Beta Ratio . .
Flow (m®/h) Coefficient Uncertainty
(mm) (mm)
YPLGK-65 | 65 191 40.144 0.590288 0.613037 0.78%

As shown in Figure 3.5, the TSI 8455-150-1 air velocity transducer is applied to
measure the discharge velocity from the outlet. The TSI 8455-150-1 provides selectable

measuring ranges from 0.127m/s to 50.8m/s with the accuracy of 32.5%.

Fiure 3.5: The TSI 8455-150-1 air velocity transducer
The Dwyer MS-121-LCD Magnesense differential pressure transmitter is used

to measure the pressure differential between the Pitot tube and the static tube, as a
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reference for the imbedded differential pressure transmitter. The Dwyer MS-121-LCD

offers an accuracy of #1% for 50 Pa bi-directional ranges.

3.3 Sensor calibration

All physical measurements are inevitably subjected to uncertainties. When
exposed to certain conditions, the readings of the sensor can drift slightly over time. It
IS necessary to perform sensor calibration for reliable, accurate and repeatable
measurements. Considering that the accuracy of the measured air flow quantities is the
critical factor that determines the success of this project, an additional reference
anemometer, the TSI 8455-150-1 air velocity transducer was applied to calibrate the
orifice flow meter YPLGK-65. Up to 49 points are measured by the anemometer over
the outlet cross-section (>3D downstream of YPLGK-65). The results are plotted in
cylindrical coordinate, as shown in Figure 3.6. The red dots demonstrate the measure
data and the z-axis represents the value of velocity. A surface fitting was performed on

the experimental data to obtain the velocity profile V (r,6). Then the volumetric flow

can be estimated by the surface integral of the velocity:

7 DI2

Q= [ [ vrdrde (3.1)

-r 0

g
o
=1

Velocity (m/s)
P
o

0.00 .|

Figure 3.6: Velocity distribution over the outlet cross-section
Table 3.3 compares the estimations with the direct measurements under 5
different flow rates, where the percent difference ¢ is defined as the absolute difference

between the two values divided by their average:
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(9:2*|\/1 —V2|/(\/1+V2) (3.2)

As can be seen, the flow rates obtained by two sensors show good consistency
among all tests. The largest difference (1.35%) occurs in the fifth test when flow rate
approaches the lower bound, and the results appear to be rather small (within 0.5%)
when flow rate is greater than 50 m®h. Hence, the orifice flow meter is considered to be

accurate within its measuring range.

Table 3.3: Comparisons of theoretical and directly measured air flow rates

Test Q (m¥h)  Q(Mih) & (%)

1 84.5 84.1 0.48
2 66.2 66.0 0.30
3 48.9 49.1 0.41
4 32.6 32.3 0.93
5 14.7 14.9 1.35

Similarly, the imbedded pressure sensor (Omron) was calibrated by the external
reference sensor (Dwyer), and comparisons were made between the two sensors. A total
of 200 pairs of data were collected at different flow rates and the results are shown in
Figure 3.7. The x-axis and y-axis denote the measured values by two sensors. In this
thesis, a relative residual sum of squares (RelRSS) is defined in Eq. (3.3) to quantify the
discrepancy between the two sets of samples. The RelRSS is defined as the ratio of the
residual sum of squares (RSS) to the sum of squares. The straight line in Figure 3.7
represents the linear equation y = x, and the shaded band represents the 95% confidence
interval for x when RelRSS = 0.006. It can be found that most points fall within the
bounds of the interval, and the experimental RelRSS achieves 0.0058. Hence, we
assume that the differential pressure sensor is sufficiently accurate.

ZN:(yi_Xi)z

RelRSS =121 (3.3)
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Figure 3.7: Comparisons of measured differential pressure by Dwyer and Omron

The installation of the damper plate is calibrated visually as shown in Figure 3.8,
where the left-hand side is the photo of AFCS from the front view before calibration
and the right-hand side is the schematic diagram from the top view. The diameter of the
damper axes is 2mm. A plumb line of 0.75mm diameter is adhered at the forefront of
AFCS, which aligns with the damper axes with an uncertainty of 0.5mm. The neutral
position (09 is calibrated until the plumb line, damper axis and the tip of damper plate
are all aligned. After calibration, the accuracy of damper angle is achieved 0.34<

Top view
100 mm

damper plate

damper axes @)
®=2mm

AFCS wall

200 mm

I
1
I
I
I
I
I
I
I
|
I
I
I
I
|
I
I
I
I
I
I
I
1
I

Range of uncertainty [*—*{

R —
‘ 50£1mm ‘ plumb line ®=0.75mm

aN [ |
Figure 3.8: Calibration of the damper angle
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Prior to the experiments, the bubble test was conducted to ensure there was no
detectable air leaks in the duct system. The ductwork was pressurized to approximately
1600 Pa with all vents blocked off, and the soapy water was sprayed on the joints along
the ductwork. If bubble appears, then there is a leak in the joint and the aluminium foil

tapes will be applied onto the surface.

After all these preparation works, experiments were conducted to find the
relationship between AP and 6 under different Reynolds numbers, where AP is the
differential pressure between the Pitot tube and static tube, 0 is the damper angle. The
clear straight ducts for both upstream and downstream of the AFCS is sufficiently long
(16D) to allow the attainment of fully developed flow. The control signals as well as the
sensor output signals were connected to the NI DAQ devices that could be accessed by
the supervisory computer. To begin with, the control signal was sent by the computer to
start the fan and sufficiently long time was spent waiting for the stabilization of the
system. For the base case (Re = 1.28x10%), the flow rate target was set to 56 m®h, and
a control loop was established to approach and maintain this target by varying the fan
speed. Then AP was measured at different damper positions following a specific
sequence. The damper is gradually closed (0 € {0°, 5°, 10°, ..., 85°}) and the test stops
until the maximum fan power cannot satisfy the flow rate target. The sampling rate was
10Hz and the duration lasted for 2s. A total of 20 data were sampled at each 0 to reduce
the measurement noise and the average was recorded. The entire process was repeated
40 times to ensure the measurement was representative. In particular, the sequence of
damper angle was altered in each run to eliminate possible systematic errors. The whole
process was repeated under different Reynolds numbers (Re e {6.38x103, 9.57x10%,
1.28x10% 1.59x10% 1.91x10%}) by switching the target flow rate Q to another value (Q
e {28, 42, 56, 70, 84} (m3/h)). The flow chart of experimental procedures is shown in
Figure 3.9.
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Figure 3.9: Flow chart of experimental procedures

3.4 Improved flow estimation formula for the APT

The Pitot tube and/or APT operates on the principle of the Bernoulli's equation
that the kinetic energy of the fluid is converted into potential energy at the stagnation
point, located at the Pitot tube entrance. The pressure differential measured by an ideal
Pitot tube should be equal or proportional to the local dynamic pressure, irrespective of
Reynolds number, flow condition and etc. In order to reduce the number and complexity
of the variables that govern the problem, the dimensional analysis is applied and a
normalized variable, p*, is introduced in this thesis. p* is defined as the ratio of the
differential pressure to the dynamic pressure, as shown in Eq. (3.4).

AP
pr=1— (3.4)
— pV
2 P

where, v = Q/A. In engineering applications, the commonly adopted calculation formula
for APT flowmeters is given by Eq. (3.5).

v=K |2AP (3.5)
Yol

where K is the flow coefficient of the APT provided by the manufacturer and is usually

a constant under a certain Reynolds number. Equating Egs. (3.4) and (3.5) gives p* =
1/K2, which implies that p* is also supposed to be a constant. However, a noticeable
variation in p* was observed in the experiments. The results for the base case (Re =
1.28x10% are shown in Figure 3.10, where the error bars indicate the standard deviation

of the 40 repeated measurements.

As depicted in Figure 3.10, p* appears to vary with 6 when Reynolds number
remains constant. When damper is almost fully open (6 = 0, p* is relatively high. As
the damper is gradually closed, a distinct decrease in p* can be observed. In order to
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determine whether the change in p* is correlated with the change in 0 or just attributed
to a random effect, the ANOVA test is conducted. The ANOVA is a statistical technique
that assesses potential differences among two or more group means. In this chapter, it is
applied to determine whether introducing a 6-dependent model will significantly reduce
the residuals than the 8-independent model by comparing the variances of residuals of
the two regression models. Without additional information, a simple linear function with

respect to 0 is assumed as follows:

p*= ﬂo +ﬂle (3.6)
The hypothesis test is formulated as:
H,:5=0
o i (3.7)
H :B#0

where the null hypothesis states that there is no significant relationship between p* and
0, and the alternative hypothesis states the opposite. The results of the ANOVA test are
shown in Table 3.4, where DF denotes the degrees of freedom, SS denotes the sum of
squares and MS denotes the mean square terms. F-critical follows an F-distribution with
numerator degrees of freedom 1 and denominator degrees of freedom 12. The obtained
p-value is 4.42x10°, which is significantly lower than the alpha level (a = 0.025), and
the F-ratio (38.7494) is greater than the F-critical (6.5538). Hence, the null hypothesis
is rejected at 2.5% significance level. The Q-Q (quantile-quantile) plot, shown in Figure
3.11, also provides a visual indication of univariate normality of the dataset. The
quantile values of the standard normal distribution are plotted on the x-axis, and the
corresponding quantile values of the experimental data are plotted on the y-axis. The
points deviate largely from the reference line, which indicates that p* is not normally

distributed. Therefore, we conclude that the damper position has a significant effect on

p*.
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Figure 3.11: Q-Q plot of sample data vs. standard normal

Table 3.4: The ANOVA table

Source DF SS MS F-critical F-ratio p-value
Factor 1 0.0475 0.0475 6.5538 38.7494 4.42x10°
Error 12 0.0147 0.0012

Total 13 0.0622 0.0048

The variation in p* implies that the damper could introduce a systematic error in
the measurement of air flow when simply assuming p* (or K) to be a constant. It can be
seen from Figure 3.10 that this error becomes larger as the damper angle increases. This
might be explained as follows: when the damper is about closed, the flow will
accumulate on the edge of the blade. The relatively large values of the velocity measured

at these points will increase the systematic measurement error.
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To compensate for this error, the relationship between p* and 6 is investigated

and an empirical formula is proposed based on Figure 3.10:
p*=f(6)+p, *(Re)

c
:_WJF P, *(Re)

(3.8)

where po*(Re) is the normalized differential pressure versus Reynolds number when 0
=0< f(0) is a negated sigmoid function representing the deviation from the fully open
state; a, b together with ¢ are unknown model parameters. The Reynolds number is
calculated by the duct parameters and the air properties at 300K (v = 1.56810° m?/s).
po*(Re) is the Pitot tube characteristics provided by the manufacturer. It is often given
as an empirical function [83, 86] or interpolation table. In this thesis, the curve of po*(Re)

IS given in Figure 3.14.

The unknown parameters are identified by the least squares method using the

data shown in Figure 3.10. The final formula is given in Eq. (3.9):

AP 01656

~0.2988x(6—16.88) + P

*(Re) (3.9)
;p(Q/ A)Z l+e

Compared with the traditional formula that considers only the change of Re, the
incorporation of 0 into the calculation can compensate for the error caused by the

damper.

To validate the proposed formula, experiments were repeated at another set of
damper angles (8 € {2.5°,7.5°, 12.5°, ..., 67.5°}) and the results are compared with the
predications given by Eq. (3.9). As shown in Figure 3.12, all experimental data falls
within the 95% confidence interval, and the root mean squared error (RMSE) of the
predications is less than 0.01 (RMSE = 0.0095). The proposed calculation formula
corrects the deviation of the pressure coefficient from po* when damper disturbance

occurs, which makes the estimated Q approach closer to the true value.

Figure 3.13 compares the computation of Q with and without correction. The
measured AP is denoted by the blue line with vertical error bars representing the standard
deviation. The corresponding axis is located on the left-hand side of the plot. The
computed Q without correction is denoted by triangle makers and its estimated

uncertainty level is rendered pink. The uncertainty of Q can be attributed to two sources,
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i.e., sensor uncertainty and model uncertainty, and the value can be estimated by the
propagation law. Then the computed Q with correction is denoted by circle makers. And
the true value of Q is represented by the dashed line. The scale of Q is shown on the
right axis. As can be seen from this figure, the 95% confidence interval deviates
significantly from the true value before correction. A non-negligible systematic error
will be introduced when damper angle is greater than 30< By applying the correction,
this systematic error in Q is reduced from 3% to 0.2% on average. It should also be
noted that the confidence interval becomes wider after correction, which means the
uncertainty level is increased since extra model uncertainty is introduced when
calculating p*. Overall, the proposed model reduces the disturbance caused by the

damper and improves the accuracy of the APT flow measurement to a large extent.
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Figure 3.12: Experimental validation of the proposed formula for the normalized differential
pressure (Re = 1.28x10*)
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Figure 3.13: Comparisons of APT flowmeter readings before and after correction (Re =
1.28%10%)
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The two sensors are assumed to be independent and the repeated measurements

are assumed uncorrelated. The uncertainty of the model can be estimated using the

Kline-McClintock method [85]. For the differential pressure AP, the uncertainty is given
by Eq. (3.10):

SAPY 1 Var (AP
(T =il ] e

where the term &, and &, are sensor accuracy given previously, and the Var (AP)

can be obtained from the 40 sets of experimental data.

Similarly, the uncertainty of the flow measurement is given by Eq. (3.11):

(gj = i(‘92\(% +82TSI +Var—(2Q)j (3.11)
Q N Q

Based on the definition in Eq. (3.4), the uncertainty level of pressure coefficient

[5'0*) =[5APT+2(@) (3.12)
p* AP Q

Then the uncertainty of model parameters s (s = a, b, c, ...) can be determined

p* is given by:

by:

(5s) = (ﬁaej {ﬁap*j (3.13)



And the uncertainty of model prediction can be estimated by:
sAPY 1 oAP .V (oAP _ Y 5QY
(—j =—— z(—&j +(—59) +2| = (3.14)
AP AP | 5\ 0s 060 Q

3.5 Further validation of the proposed formula under different

Reynolds numbers

The previous results demonstrate that the damper has a dramatic effect on p*,
and this effect is quantified by f(0) in Eq. (3.9). The estimated flow rate by the proposed
formula shows good agreement with the experiments when Re = 1.28x10%. To further
explore the generality of the formula, experiments are conducted under different
Reynolds numbers and the results are shown in Figure 3.15.

Figure 3.15 shows the plots of f(0) under different Reynolds numbers. It can be
found that the trends of f(0) are quite similar under all cases. A notable drop can be
witnessed when 6 is increased to about 30< After that, f(6) becomes nearly stable with
some small fluctuations. The formula exhibits generality over a large range of Re when
0 is relatively small. The maximum RMSE is less than 0.02 (RMSE = 0.0184) among
all tested cases. However, for the latter part of the graph, the curves are less consistent
with model predictions and the uncertainties become larger as well. One possible reason
is that when damper is nearly closed (0 > 60°), severe turbulence occurs around the blade
and the asymmetric velocity profiles causes inaccuracy in the APT measurement. It
should also be noted that the experimental data points are not aligned. For large 0 under
high Reynolds number cases, the data are missing since the maximum fan power still

cannot reach the target flow rate, which is also impractical in real applications.

0.05

— — — Identified Model
—&— Re=6.38x10°
Re=9.57x10° |
—&—Re=1.28x10*
Re = 1.59x10*
Re=191x10* |

0.00¢

-015

020 j°\'\(,//~ P~ |

025 . . . . . . .
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0

¢ (deg)
Figure 3.15: Comparison of f(0) under different Reynolds numbers
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Figure 3.16 compares the errors in the estimated flow rate values before and after
correction under different Re. As can be clearly seen from these figures, the flow rate
inferred from the measured AP deviates greatly from the true value by simply assuming
a constant p* (K). And the relative error can be as large as 3.78% when Re = 6.38x103.
By applying the proposed formula, the error is significantly reduced and the confidence
interval of the estimated flow rate successfully covers true value in all tested cases. The
improvement of the sensor accuracy is shown in Figure 3.17. The errors induced by the
damper are all controlled within 0.6%, and the highest accuracy (0.02%) is achieved
when Re = 9.57x103. Hence, the proposed formula is validated over the working flow

rate range of the specific AFCS.
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O After Correction 29.0 O After Correction
I 95% Confidence Interval I 95% Confidence Interval

28.0

Q(m®/h)
Q (m®h)

27.0

25.0 240 38.0
0.0 10.0 200 30.0 40.0 500 60.0 70.0 80.0 0.0 10.0 200 30.0 40.0 50.0 60.0 70.0 80.0
& (deg) 8 (deg)
— 3 — 3
(@) Re = 6.38x10 (b) Re = 9.57x10
9.50 T T 74.0 14.60 T T 88.0
—F— Experimental Data —3F— Experimental Data
= = = True Value = = = True Value
A Before Comection 14.10 A Before Correction 86.0
9.10 - ©  After Gorrection 720 O After Gorrection
I 95% Confidence Interval I 95% Confidence Interval
13600 @4 -@ -2 Q@ -y 84.0

g
=] O o0 0o 0 0o ©
3-70"'A_R_"Q'_Q'0‘"_6'0'__6'5'5"70-0 A

AP (Pa)
Q(m®h)
AP (Pa)
]
>
8
Q (m?h)

A A A A A4 A

78.0

7.50 684.0 11.60 76.0
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 0.0 10.0 200 30.0 40.0 50.0 60.0 70.0
o (deg) 9 (deg)
(c) Re = 1.59x10* (d) Re = 1.91x10"

Figure 3.16: Validation of the identified formula under various Reynolds numbers
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Figure 3.17: The reduction of error under different Reynolds numbers

3.6 Conclusion

This chapter proposes a revised flow estimation formula for the APT inside the
AFCS to improve the accuracy of measurement. First, the effect of the embedded
damper on the APT flow coefficient is investigated using ANOVA. The result reveals a
statistically nontrivial correlation between p* and 6 when a damper is placed
immediately downstream of an APT, which is in line with the findings by Klaczek. Then,
a flow estimation formula for the APT is proposed to compensate for the systematic
error caused by the damper and is later validated under different Reynolds numbers. By
applying the revised formula, the measuring error of APT can be controlled within 0.6%
for all tested cases, and the highest accuracy (0.02%) is achieved when Re = 9.57 103,
The proposed formula significantly reduces the systematic error caused by the flow
control damper in AFCS and improves the accuracy of flow measurement to a large
extent.

To put it into practical applications, a diagram of the instruction is given in
Figure 3.18. For manufacturers, in addition to the characteristic curve of the APT under
standard conditions, the correction function for the damper opening angle also need to
be provided as another correction coefficient. For the customers, no extra inconvenience
is introduced during the use of the AFCS.
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Figure 3.18: Proposed APT measurement procedure diagram
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Chapter 4. Distributed cooperative control-based air

balancing (DCC-AB) method

4.1 Introduction

Currently, most air balancing methods share a common drawback that these
methods are ‘offline” procedures that can only be performed during commissioning or
maintenance when the air distribution system is not in use. As previously stated in
Section 2.4, the proportional method requires multiple runs and the dynamic state of the
system can deviate largely from the working conditions during this process. The
progressive flow method and fan pressure-based method starts with all dampers fully
closed. As for Small’s method and Chen’s method, measurements are taken when a
subset of the dampers are fully closed. Consequently, these methods will disturb the
normal operation of the air distribution system and therefore require a scheduled
shutdown period, which could cause inconvenience and sometimes enormous financial

losses.

Inspired by the distributed consensus algorithm that achieves synchronized
behaviour of the agents in a multi-agent dynamical system, this chapter proposes a novel
online air balancing method to balance the air duct system based on the distributed
cooperative control. In this method, the balancing starts from the given imbalanced state
and converges asymptotically to the final balanced state. The drastic change of damper
positions such as short cycling on and off is circumvented, which avoids the occurrence
of overshooting and oscillations of the flow rate value. And an incremental improvement
of the balancing result can be guaranteed during the whole process. Hence, the method
can be performed during normal operation dispensing with service interruptions.
Moreover, the system reaches the balanced state through information exchange among

agents without computing any objective functions, making it a model-free method.

The remainder of this chapter is organized as follows: Section 4.2 introduces the
basic concept of the distributed consensus algorithm and proposes the DCC-AB method.
Section 4.3 conducts a detailed parametric analysis to explore the effect of individual
model parameters on the performance of the proposed method. Section 4.4 presents the
experimental results in comparison with the simulation studies. In the end, Section 4.5

summarizes this chapter and draws conclusions.
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4.2 Theory of the proposed DCC-AB method

The objective of distributed cooperative control is to formulate a control protocol
for the multi-agent system to achieve a synchronized behaviour of all agents in some
prescribed sense. This section introduces a consensus-based distributed control protocol
where the multi-agent dynamical system is interconnected by a fixed communication
graph topology, and each agent is allowed to depend only on the information of its own

and the neighbours.

A graph isapair G=(V,E) that consists of a set of vertices V and a set of edges
E <V xV . The node is denoted by v, eV, or i el ={1,---,n}, and the edge is denoted by
(v;.,v;), pointing from v, to v;. If (v, v;)eE=(v;,v;)€E, Vi, ], then the graph G is
called an undirected graph, otherwise, it is called a directed graph. The set of neighbours

of node i is denoted by N, ={j eV |(vi,vj)e E} . The degree of node i is the number of

its neighbours, which is denoted by deg(v;). The degree matrix of G is defined as a

diagonal nxn matrix, A =diag{deg(v,)}.

The structure of the graph is described by the adjacency matrix A, whose

elements are given by:

{1, if(vi,vj)eE
" 10, otherwise

(4.1)

An example of the communication graph is illustrated in Figure 4.1. For an undirected
graph, the adjacency matrix is symmetric, A=A". If there exists a path between every

pair of nodes, the graph is called connected. In this thesis, G is assumed to be a simple

graph: no self-loops, i.e., (v,,v;)¢ E which implies a; =0, and no multiple edges.

The Laplacian matrix L is defined as:

L=A-A (4.2)
Intuitively, the elements of L are given by:
=t o deN 4.3
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where |N;| denotes the number of the neighbours of node i. One can easily show that

all row sums of L are zero, i.e., » I, =0, which leads to an important property of the
i

Laplacian matrix that v, =(1--,1)" is an eigenvector of L associated with the zero

eigenvalue [104]. Moreover, since the undirected graph has a symmetric Laplacian

matrix L, all its eigenvalues are real [105].

Suppose each node is assigned with a value x;, then x=(x,,---,x,)" denotes the

state of the graph G . The Laplacian potential [106] of the graph is defined as:

w(x)=x"Lx (4.4)
where
T 1 2
X LX:E( Z): aij(xi—xj) (4.5)

and the proof of Eq. (4.5) is given in [105]. The Laplacian potential of a graph quantifies

the total disagreement among all nodes (agents). It can be shown that y(x)=0 if and

only if the multi-agent system reaches the consensus [107], which means the system

converges asymptotically to a one-dimensional agreement space characterized by:
X, =X, ==X (4.6)

A simple linear consensus protocol for networks of continuous-time integrators

without communication time-delays is given as follows [107-109]:
X=-Vy(x)=-Lx, x(0)eR" 4.7)
which can be expressed in a more explicit way:

% (1) == a; (% (t)-x (1)) (4.8)

jeN;
For the discrete-time agents, the protocol is given as follows:

% (k+1)=x(k)=T, > a;(x (k)-x; (k)) (4.9)

jeN;
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where T, is the step-size.

The consensus algorithm guarantees the convergence to a collective decision via
local communication with the neighbours. If a consensus is asymptotically achieved, the

equilibrium of the system is a state where all nodes agree:
X =(a,a) (4.10)
Summing Eq. (4.8) over i obtains > x =0, which leads to x=0. This implies that x

is an invariant quantity, i.e., X(c)=X(0). Hence, we obtain:
1
a=-3%(0) (4.12)

A consensus algorithm satisfying this specific invariance property is known as
the average-consensus algorithm [110], which has broad applications in load balancing

[111], sensor fusion [112], coordination of mobile autonomous agents [113] and etc.

01000
® @® |
A \a A A=[01 0 11
a s g5 azz,'aB 00 1 0 1
45\‘.53 \‘ " 0011 0

a L ]
By
a34

Figure 4.1: An example of the communication graph
The objective of air balancing is to ensure that air is evenly distributed
throughout the duct system. By ‘evenly distributed’, we mean the system delivers
precisely the amount of required air to each terminal. With this in mind, the duct network
could be regarded as a multi-agent dynamical system interconnected by a fixed
communication graph topology, where the agents (terminals) collaborate with their

neighbours to achieve an agreement:

G_._Oh_, (4.12)
e o
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where q is the actual flow rate, q" is the design flow rate, « is the final consensus

value, and the subscript n denotes the terminal. Eq.(4.12) indicates that the duct system
is ‘proportioned’ [17], i.e., the ratio of g to q  is equal for every terminal. This

equilibrium can be achieved applying the average-consensus algorithm given in Eq.

(4.9) if we let x be the flow ratio, i.e., x, :% , which leads to:
. . . (k
Ak a0 g, (4k)_a(K) w13)
Qi Qi i, Qi q;

Then the left-hand side of Eq. (4.13) is converted to the increment of a control variable
g

: RSP - (4.14)

where 6 is the damper opening angle and J, is the ix diagonal element of the Jacobian

g,
o6, 3y
matrix J ~ = )
aq, J
20,

Then Eq. (4.13) can be further simplified as:

6(k+1)-6,(k)=x zai,-(qi(k)—i*k)} (@.15)

oY q;

jeN;

T.q
where «; S

In this thesis, J is simplified to a diagonal matrix, which indicates that the flow
rate change associated with the variation of the damper angles from other terminals is
ignored. In other words, the modulation of the flow value for a terminal only considers

regulating its own damper. The Jacobian matrix can be obtained by analysing the q -6

characteristic curves of the dampers through experiments, where J. is estimated from

the average derivative of q(6).
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Practical criteria for air balancing in accordance with the standards of ASHRAE,
NEBB, CIBSE, SMACNA and etc. can be summarized as follows: 1.) All measured air
flow quantities should be controlled within #10% of the design values; 2.) At least one
damper should be left fully open in order to minimize the overall energy consumption.
To understand the rationale behind the second one, suppose all dampers in the duct
system are partially closed. Then the same state of the system, considering the flow rate
values only, can be achieved by fully opening the critical damper while lowering down
the fan static pressure, which clearly reduces the total fan power. The principles for the
selection of the critical damper follows proportional method [17] that the terminal with

the lowest flow ratio should remain fully open.

Based on the above criteria, a new air balancing method, named DCC-AB

method, is proposed as follows:

(K (K

o 0c+1)-0,()=x Y o[ L AW 5y (a1e)
jeN; q qj

where 6, is the damper angle of the critical terminal, £ is a negative gain. Together,

6. is a penalty term that discourages 6, from reaching large values. As long as j6. is

non-zero, the algorithm will continue until this term vanishes. The coefficient g

governs the relative importance of the flow imbalance term and the critical damper angle
deviation term. When £ is too small, the algorithm will mainly focus on eliminating
the flow imbalance, and 6, may remain very large when the algorithm stops. On the
other hand, if g is too large, the g6, term will dominate. The algorithm will mainly
focus on reducing 6., and the convergence rate can be slowed down. Hence, £ is a
compromise between the two terms. By tuning the parameter £, the proposed algorithm
could achieve air balancing with a minimum overall energy consumption. It should be
noted that the value of « in Eq. (4.12) is the weighted average of the initial states in
average-consensus problems. For the case under investigation in this thesis, a is
determined by the final equilibrium state and cannot be predicted since the fan operating
point changes with the system resistance. If « is exactly equal to 1, then the total flow
in the equilibrium equals the design total, and the balancing process ends. Otherwise, a
final adjustment of the fan speed is needed to proportionally bring the terminal flows to

the corresponding design values.
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4.3 Design principle of the proposed DCC-AB method

In this section, a detailed parameter analysis is conducted to aid the
understanding of the rationale behind the proposed algorithm and provide guidance on
the parameter design. A simulation model that computes the duct system dynamics is
built in MATLAB, where the simulation solving package is provided by Chen et al.
[100]. Then the DCC-AB method can be numerically implemented. 5 selected cases are
compared and discussed in terms of the selection of model parameters and the setting of
the design flow values. To isolate the independent parameter's effects on the simulation

results, a ‘base case’ is set up in Section 4.3.2.

4.3.1. p =0, equal q*
Prior to presenting the results of the base case, a simple case is first discussed.

In this case, the time step T, is set to 10s and the parameter £ is set to zero. The initial

damper angles are [5.0, 40.0, 35.0, 50.0, 10.0] (%) with the corresponding terminal flow
a,, = [173.8, 48.4, 59.8, 20.5, 131.7] (m*/h), and the design value q" = [144.0, 144.0,
144.0, 144.0, 144.0] (m%/h). The adjacency matrix A is given in Eq. (4.17). The results

are shown in Figure 4.2.

01100
1 0100
A=l 1 01 1 (4.17)
00101
00110

Figure 4.2 (a) depicts the trajectories of the system state (flow ratio). The
terminal flow ratio is denoted by the blue line with the corresponding axis located on
the left-hand side of the plot. The degree of consensus, defined in Eq. (4.18), is denoted
by the red line with its scale shown on the right axis. The degree of consensus is
evaluated by the relative standard deviation (RSD) of the system state, which is defined

as the ratio of the standard deviation to the mean:

(% _i)z
RSD(x)= std (x) _._n =
mean(x) +/n-1 Z": “

(4.18)
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It can be seen from Figure 4.2 (a) that the flow ratios (blue lines) gradually converge to
the same point with a synchronized pacing, and the corresponding degree of consensus
declines asymptotically towards zero. As previously mentioned, the value of « depends
on the final state of the system since the system resistance changes during the balancing
process. At the 10" time step, « converges to around 0.49 and the RSD achieves 0.0127,
and the system is assumed to reach the equilibrium state. The regulation of damper
angles is shown in Figure 4.2 (b). The increment of ¢ for a certain damper is calculated
based on the proposed algorithm at each time step and it approaches zero, which means
the system gradually becomes steady. Figure 4.2 (c) tracks the change of terminal flow
rates. At the equilibrium state, all terminals achieve the same flow rate, which is 0.49
times of the design value. Hence, a final adjustment of the fan speed is needed.
Intuitively, the total flow should be increased by a factor of 1/0.49 such that all terminal
flows can be changed proportionally to meet the design values. This can be
accomplished by regulating the fan input voltage U , and the adjustment process is
shown in Figure 4.2 (d). It is noteworthy that the lines are getting slightly wider apart as
U increases. The reason is that the terminal flow is not perfectly proportional to the
total flow and can be changed marginally from the desired value as U changes. The
final balancing results are shown in Table 4.1, where ¢ is the absolute percentage error
(APE) defined in Eq. (4.19). All terminal flows fall within £10% of the design value
and the maximum APE achieves 5%.

g:abs(q—q )

_ (4.19)
q

Table 4.1: The simulation results of Case 4.1

Terminal g, (M3N) g (M) qf (M3/h) 05 (9 £ (%)

1 173.8 144.0 137.6 35.4 4.4
2 48.4 144.0 136.8 32.6 5.0
3 59.8 144.0 139.8 335 2.9
4 205 144.0 141.1 31.4 2.0
5 131.7 144.0 141.2 31.4 2.0
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Figure 4.2: The simulation results of Case 4.1

4.3.2. B #0, equal q*
In Case 4.2, the parameter S is set to a non-zero (negative) value with all other

initial conditions remaining unchanged. This case will serve as the base case for later
comparison, and the results are shown in Figure 4.3. It can be clearly seen from Figure
4.3 (b) that the introduction of B renders the critical damper (purple line) wide-open.

The increment of & at each time step considers not only the disparity in system state
among neighbours, but also the opening angle of the critical damper. The damper angle
of T4 gradually approaches zero, causing all other damper angles to decrease on the
whole compared with Case 4.1. Specifically, at the equilibrium state, T5 (green line)
becomes fully open as well since T4 and T5 are symmetric branches. We also notice
from Figure 4.3 (b) that the time to reach steady state differs with terminals, and this in
turn affects the convergence curves of flow ratio. The system reaches a higher consensus
value (0.712) compared with Case 4.1 as the damper resistance in the equilibrium state
is lower. The balancing results are listed in Table 4.2. The fan power consumption is

also reduced due to the introduction of £, which will be discussed later in Section 4.5.
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In summary, a non-zero £ will force the critical damper to open gradually until

the term associated with S in the protocol vanishes. This causes all the other damper

angles to decrease as well and ensures that at least one damper will be fully open at the

equilibrium state.

Table 4.2: The simulation results of Case 4.2 (base case)

Terminal gy, (M¥N) g (M) qf (M3/h) 05 (9 £ (%)
1 173.8 144.0 144.3 22.5 0.2
2 48.4 144.0 141.5 8.8 1.7
3 59.8 144.0 145.7 17.1 1.2
4 20.5 144.0 143.4 0.5 0.4
5 131.7 144.0 142.0 0.6 14

Flow ratio
e
@

o
Y

0.8 -

108

10.7

106

105
0.4
b
03

0.2

0.1

= 0.0

t0 H 12 3 t4 t5 t6 7 8 19 al]

180.

160.

140,

@
=]

Flow rate (m°/h)
] B
: g B
2

@
1=
o

40.

o o

Time step

Degree of consensus

Damper angle (deg)
- NN W ow
&

°

=
=3

— T
T2

—w—T4
—n—T5

3 t4 15 6 17 8 9 o
Time step

(a) State trajectories of the duct system (b) Regulation of terminal damper angles

0-

——T1
ol ——T2

s
——T4
ol ——T5

0

t0 1 2 3 # t5 1 7 B 9 to
Time step

Flow rate (m®/h)

170.0 0

160.0 -

A,,
i B 2
g 2 B

120.0 -
110.0 -
100.0 -

90.0

= = = Design flow
[N TAB standards

w0

t 2 ] “
Time step

(c) Dynamic curves of terminal flow rates (d) Final adjustment in the balancing process

Figure 4.3: The simulation results of Case 4.2 (base case)

4.3.3. p # 0, different q*

The settings of Case 4.3 remain unchanged, except for the specification of design

flow values. In this case, each terminal is assigned with a different flow target, and the

results are presented in Table 4.3 and Figure 4.4. As can be seen, the system can still
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reach the balanced state under varied flow targets since the algorithm focuses on
achieving consensus on the flow ratio value rather than the absolute flow rate value.
After the fan adjustment, the maximum APE is controlled within 2.5%. For clarity,
Figure 4.4 (d) only shows the design flow for T4 (purple line) and its corresponding

#10% interval (rendered purple).

Other sets of design flow values have also been tested, and the results
demonstrate that the DCC-AB method applies over a wide range of design flow

requirements.

Table 4.3: The simulation results of Case 4.3

Terminal gy, (M3h) q* (M3h)  qf (M¥h) 05 (9 £ (%)

1 173.8 52.0 51.3 445 13

2 48.4 186.0 181.4 0 25

3 59.8 132.0 132.0 21.2 0

4 20.5 105.0 106.1 24.0 1.1

5 131.7 80.0 80.7 30.8 0.8
= =W L

Time step Time step
(a) State trajectories of the duct system (b) Regulation of terminal damper angles
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Figure 4.4: The simulation results of Case 4.3
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4.3.4. B # 0, different T,

The time step size actually controls the rate of convergence as the gain

coefficient « is proportional to T,. A small T, will lead to a conservative x while a
large T, will result in an aggressive x . In Case 4.4, T, is set to 5s, which is halved

compared to the base case, and the results are shown in Figure 4.5. It is apparent from

Figure 4.5 (a) that the convergence speed is slowed down when T, is reduced. At the

10" step, the blue lines are still far apart from each other and the RSD is greater than

0.07. We also notice that the individual convergence rates are affected differently by T,

as shown in Figure 4.5 (b). The steady state of T5 (green line) occurs earlier since the
second term in Eq. (4.16) becomes dominant. The curves of the left terminals are still

developing, either decreasing or increasing. On the other hand, if T, is threefold, which

S

is the case shown in Figure 4.6, oscillation occurs. Hence, a trade-off exists between the
stability and convergence time, and T, should be chosen properly to speed up the

S

convergence while avoiding overshooting.

To summarize, a conservative T, will cause an increase in convergence time,

whereas an aggressive T, may lead to oscillation.
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Figure 4.5: The simulation results of Case 4.4
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Figure 4.6: The simulation results of Case 4.5

4.4 Experimental validation

To validate the proposed method, laboratory tests were conducted on the air
distribution platform, given in Figure 4.7. The air distribution platform is a trunk-and-
branch duct system of 5 terminals. The duct system mainly consists of a centrifugal fan
with variable speed drive, a network of circular duct conduits, several fittings including
elbows and junctions, which are introduced in Section 3.2, and five terminals equipped

with controllable dampers.

Figure 4.7 Air distribution platform

57



1
| T4 Smart damper Smart damper 5

- =% A - ) Terminal T1,T2, T3, T4, T5
| Path 4 [/ Path5
| " Tee Dc(m) Db(m) Ds(m)
} 1> 9 0.2 0.2 0.2
\ 1 12 0.2 0.2 0.1
| T3 Smart damper
14 0.2 0.2 0.1

L - == E[ 14
‘ 20 17 0.1 0.1 0.1
[ Path 3
‘ 13 Elbow L (m) r/D
[
[ 3,57 0.2 1
| T2 Smart damper
+— =] Ngf 12 Duct L (m) D (m)
| 19
| Path 2 2 25 0.2
} g\ 4 13 0.2
| % y 6 3 0.2
} e 8 08 0.2
| Tl Smart damper 10 0.7 0.2
‘r o= _Eb il . ® 13 0.6 0.15
\ Path 1 | 15 0.75 0.15
| 8 ..
\ ~ Transition D1 (m) D2 (m)
[
| 11 0.2 0.15
} 16 0.15 0.1
} Damper D (m)

18, 19 0.1

20 0.1
21,22 0.1

Data

/)

Figure 4.8 Schematic diagram of the air distribution platform

Prior to the experiments, the Wi-Fi module was checked to ensure a stable
connection among terminals. The design flow for each terminal together with the
communication structure were specified. The fan control signal was connected to the NI
DAQ device which could be accessed by the supervisory computer. To begin with, the
signal was sent by the computer to start the fan and sufficiently long waiting time was
spent to make sure the system has been stabilized. At each time step, the terminal air
flows were measured, and the corresponding flow ratios were calculated. Then the
terminals communicated with their neighbours following the prescribed architecture to
exchange information on the current system state (flow ratio). The actuator would then
modulate the damper angle according to Eq. (4.16), as shown in Figure 4.9. The process
was repeated until the system reached the equilibrium within the specified tolerance
(RSD within 2% in this thesis). A closed-loop was established to monitor the measured
total flow rate and compare it with the reference value. The controller modulated the fan

input voltage until the measured total satisfies the design total. In the end, all flows were
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re-measured to make sure the duct system was balanced. A flow chart describing the
experimental procedures is given Figure 4.10.

i
1>
q3
0: Damper angle
A4, q: Terminal flow
x: System state
qs
—

Figure 4.9: Graphic explanation of the DCC-AB method

Experimental Procedure
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values and the communication structure

l

[ Start the fan and wait for steady ]

{ Specify the time step size, design ﬂow}

Measure the terminal airflow and
calculate the corresponding flow ratios

l

Communicate with the prescribed J

neighbors and modulate the damper
angle according to Eq. (22)

SOAV a1 opIsuy

System equilibrium
reached?

Yes

Adjust the fan speed such that the
measured total satisfies the design total

l

Re-measure all terminals and record
final airflow values

end

. J

Figure 4.10: Flow chart of experimental procedures
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The 5 cases in Section 4.4 were reproduced experimentally, and the results are
presented in the same sequence. The experimental results of Case 4.1 are given in Table
4.4 and Figure 4.11. As can be seen, the initial terminal flows deviate far from the
reference value, and the corresponding APE can be up to 58% (T4). After applying the
DCC-AB method, the maximum APE can be controlled within 5%. Moreover, the
system state exhibits a stable convergence with some small fluctuations, which indicates

that the proposed method is insusceptible to the small sensor noise.

Table 4.4: The experimental results of Case 4.1

Terminal g, (M¥N) g (M) qf (M3/h) 05 (9 £ (%)
1 147.7 110.0 109.8 45.1 0.2
2 48.5 110.0 105.7 34.6 3.9
3 86.8 110.0 104.5 40.3 5.0
4 45.7 110.0 112.0 28.1 1.8
5 102.8 110.0 111.6 26.0 15
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Figure 4.11: The experimental results of Case 4.1
Table 4.5 lists the initial conditions and the final balancing results of Case 4.2.
All terminal flows reach the design value after balancing, and the maximum APE

achieves 2.3%. It can be clearly seen from Figure 4.12 (b) that the damper angles are
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decreased on the whole compared with Case 4.1, and T5 is fully open in the end. This
leads to a smaller system resistance and a lower power consumption. The fan voltage is
491V in Case 4.2, whereas it is 5.32 V in Case 4.1. According to the third fan law, the
total power is proportional to the cube of the fan rotational speed. For PWM fans, the

fan speed is directly proportional to the DC voltage applied, and this leads to:

3
A (Y
RIS Bk 4.20
() 2

where P denotes the and U denotes the fan voltage.

Hence, the fan power consumption is reduced to about 78% when 2 is introduced.

Table 4.5: The experimental results of Case 4.2

Terminal g, (M3h) q* (M¥h)  qf (M¥h) 05 (9 £ (%)

1 146.3 110.0 110.7 31.7 0.6
2 47.2 110.0 1111 21.7 1.0
3 89.6 110.0 107.9 27.8 1.9
4 44.1 110.0 107.5 4.1 2.3
5 100.1 110.0 111.5 0 14
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Figure 4.12: The experimental results of Case 4.2
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The DCC-AB method is also validated in Case 4.3 where terminal design flows

are different, as shown in Figure 4.13 and Table 4.6.

Table 4.6: The experimental results of Case 4.3

Terminal g, (M3h) q* (M3h) qf (M¥h) 05 (9 £ (%)

1 150.2 80.0 78.1 41.2 2.4
2 48.6 120.0 118.0 13.8 1.7
3 72.4 140.0 148.2 13.3 5.9
4 52.2 100.0 100.5 0 0.5
5 94.4 70.0 73.3 28.6 4.7
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Figure 4.13: The experimental results of Case 4.3
For Cases 4.4 and 4.5, a similar conclusion holds for the experimental results.

The system is still far from the equilibrium after 10 steps when T, is too small. On the
other hand, an apparent oscillation can be observed when T, is too large. The selection
of T, in practical applications will depend on the parameters of the duct system and

should be chosen properly to speed up the convergence while guaranteeing the stability.
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Figure 4.14: The experimental results of Case 4.4
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Figure 4.15: The experimental results of Case 4.5

4.5 Conclusion

This chapter proposes a new online air balancing method, named DCC-AB
method, to balance the air flow in ventilation systems. The consensus algorithm that has
rich history in the field of network communication is first extended to HVAC
applications to solve the air balancing problems. The DCC-AB method guarantees an
asymptotic convergence towards the balanced state and can be performed during normal
operation of the ventilation system without service interruptions. The energy efficiency
is taken into consideration in the proposed method by ensuring at least one damper to
be fully open. The DCC-AB method circumvents the centralized supervisory control
and requires only a sparse communication architecture to cooperatively achieve the
objective. Besides, this method is a model-free method that requires no prior knowledge

on the system topology and duct parameters.

The proposed DCC-AB method is validated numerically and experimentally. A
qualitative parametric analysis is conducted in MATLAB to investigate the individual
model parameters on the performance of the method, followed by laboratory
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experiments for further validation. Guidance is given on the parameter design based
upon the simulation and experimental results. For parameter £, a non-zero value will
guarantee an optimized energy efficiency, and a moderate T, can speed up the
convergence while maintaining the stability. The maximum APE is controlled within 6%
among all tested cases with the best one achieving 2.3%. The fan power can be reduced

by about 78% compared with ordinary consensus algorithm that considers only the flow

imbalance among agents.

The experiments demonstrate that the proposed DCC-AB method applies over a
large range of design flow requirements and yield a good robustness against small sensor
noise. The DCC-AB method can guarantee a rapid and stable convergence within
several steps, which significantly saves time and labour cost. Moreover, the DCC-AB

method requires little expertise, making it easy to apply in practical use.
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Chapter 5. Gradient-based online adaptive balancing

(GOAB) method

51 Introduction

This chapter proposes another online air balancing method, named gradient-
based online adaptive balancing (GOAB) method to achieve the desired air flow
distribution in duct systems. The GOAB method can be performed during normal
operation of the ventilation system without service interruptions. To start with, this
method first tests the response of terminal flow rates with respect to damper angles to
obtain an initial Jacobian matrix. Based on this primary information, the algorithm starts
to adjust the terminal flows towards the desired air distribution, during which the
Jacobian is adaptively updated according to newly obtained flow measurement data. The
method stops until the measured flow rates meet the design values for all dampers. The
key contributions of the GOAB method are summarized as follows: 1.) a recurrent form
of damper adjusting rule is proposed based on gradient descent; 2.) the critical damper
is explicitly identified based on the null space of the gradient vector to minimize the
energy loss on dampers without compromising the balancing accuracy.

The remainder of this chapter is organized as follows: Section 5.2 presents the
mathematical derivation of the GOAB method. Section 5.3 investigates the effect of
several key parameters and provides guidance on the parameter design. Section 5.4
presents and discusses the experimental results. In the end, Section 5.5 summarizes this

chapter and draws conclusions.
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5.2 Theory of the proposed GOAB method

5.2.1. Objective function

— g T
> (O ‘J Main duct gg >

— |
| ﬁ'::f;;:}i:%: P | |
Air Flow I *] : ﬂ
|
|
|

Control Station |

|
(AFCS) | 2= }1_ M

3+ —_—— - ——_—a

Zonel Zone 2 Zone ny

SP | Static Pressure Sensor

vsD| Variable Speed Drive

dp | Differential Pressure Sensor

M | Motorized Damper

Figure 5.1: Schematic diagram of an exemplary duct system
Figure 5.1 shows a duct system with a single supply fan and n(n e N) number
of terminals (air discharge outlets). Each terminal is equipped with a flow sensor and a

damper that regulates the passing air flow rate continuously from its maximum value to
absolute zero. The reference flow rates for terminals, g (q" € R™), are given by the
indoor environment sensor, central controller, or building designer. The actual flow rates

passing through the terminals, g (geR™), are assumed to be accessible by flow sensors.

The damper angles are controllable by a set of control signal, 0 (96[9 0 ]" ),

min ? “'max

within reasonable response time. The system dynamics is assumed as follows:
q:A(q_qss) (51)

where A is the state matrix which satisfies the exponential stability condition that

ATM +MA is negative definite for some positive definite matrix M =MT" . The relevant

Lyapunov function is:

V(z)=z"Mz,vVzeR" (5.2)
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g, Is the steady state that dependents nonlinearly on the damper position and the fan

pressure:
Qs = Pfan - f (ess) (53)

The GOAB method focuses on proportioning the flow rather than the absolute
quantities. Therefore, the normalization of flow rate is introduced, and the target for
balancing can be expressed as an equality of two flow ratios in steady and balanced

states:

g (5.4)
where e, =[1 --- 1]T.

Then it becomes a constrained optimization problem where the objective

function can be given as:

2
.1 q q
min=|———-—— (5.5)
" 2|e,q e,
such that
6., <6 <06 .,vi=L---n
The gradient of the above objective function is given by:
a q )0
=l 4—-—"_| M— 5.6
% [eﬁq eﬁqj o0 (58)

.
where M :TL |—qTi , and ﬂ is the Jacobian matrix that describes the local
eral g 00

change of flow rates with respect to the change of damper angles. It is assumed that the

terminal flow rates can be approximated by a first-order Taylor polynomial:

of 2
q:qo+£(e—eo)+o(||e—eo||) (5.7)
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The value of Jacobian matrix will be updated during the balancing process based
on newly obtained measurement data. Based upon Eq. (5.6), one can derive the
stochastic gradient descent algorithm [114, 115] to approach the extrema of objective

function:
0., =0,-ag, (5.8)
where « is the step size.

5.2.2. Refinement of damper adjustment with consideration of

energy conservation

It can be shown that multiple solutions could exist in the duct system, i.e.,
different combinations of the fan static pressure and damper angle set exist that satisfy
the design flow requirement. The optimum is the one with the lowest fan power
consumption, which is also the one with the lowest duct resistance. Therefore, as
required by the TAB standards, at least one damper (critical damper) should be wide
open to minimize the energy consumption. Unlike traditional methods that identify the
critical damper by trial-and-error or even neglect it, the GOAB method can explicitly

solve the optimal damper angle set by the following theory.

Noticed that the matrix M in Eg. (5.6) has an eigenvalue =0 and a
corresponding eigenvector v=q . This guarantees the following equation for any

arbitrary constant A, named as the refinement coefficient:

a a0 o’
A= ———— | M| —AB0+14q |=0,| AO+ 14| — 5.9
Jo [e;q eij (89 + qj 99( + (89] qJ (5.9)
Eqg. (5.9) provides the possibility to select the optimal solution among all

possible ones by tuning A . Since 6=0°denotes fully open and 6=90<denotes fully

closed, the optimal refinement coefficient A can be obtained by:

A" =arg min Z(Ae + /I(Zf—ej q} (5.10)

such that
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of ™
0°<0, +A0+ 4| — | g<90°
00
which leads to the final adjustment law for damper angles:

of -1
AQ =— + A7 = 5.11
ag, (aej q (5.11)
5.2.3. Estimation of Jacobian matrix and online adaptation

The GOAB method will roughly estimate the Jacobian matrix at the beginning
and then adaptively modify it during the process of damper adjustment based on new
measurement data.

Assume the measurement noise is independent Gaussian-distributed (white

noise), then the Jacobian matrix around 0. can be approximated by least squares

estimation:
of T T\
—| 2 PY (XX 5.12
d (z2) (512)
where
| _
T=|- 0,-0
| |
| _
Y= q-9q
I ]

Noticed that Eq. (5.12) requires det(XX" )+ 0, which indicates that m (m=>n)
different sets of (q,e) tuples are needed to establish the initial Jacobian matrix. In this

thesis, m is chosen equal to n, and 0, is set to be pairwise-orthogonal.

The recurrent form of Jacobian adaptation is given by:
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of

00

-1

~PIS; = (1P, + 00,A0] ) (S, + 20,00 ) (5.13)

t

where

t _
P=u'Z¥ +) 1A0,Aq]
" (5.14)
S, = H'EET + ) uA0,A0]
i=1

4 is the forgetting factor, A, is the adjustment of damper angles at the it step and Ag,

is the corresponding change in flow rates.

During the balancing process, the terminal flow rates in response to the damper
adjustment are recorded, and the matrix S, and P, are updated online based on Eq.

(5.14) to estimate the Jacobian matrix on demand.

5.2.4. Low-pass filter trick

In practical application, the following trick can be applied to reduce sensor noise:

Aq(s) _ JAG(s)

F(s) F(s)

(5.15)

In this thesis, F(s) is a low pass filter that replaces 0, and g, with filtered 0: and

Q.-

t .
P =1 2¥" +Y 1 A0AG; (5.16)

i=1

t .
S, = 12X+ 1 IAGAG; (5.17)

i=1

5.2.5. Final form of the GOAB method

To summarize, the proposed GOAB method can be executed as follows:
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Algorithm 1 Gradient-based online air balancing (GOAB) method
Require: step size « , forgetting factor 4, target flow g, initial damper angle 9.,

initial flow g., balancing step limit n, convergence tolerance ¢

Procedure:
for each terminal:

1 Adjust the damper angle by A9,
2: Record the change of flow rate A, =0, —Q;-
3: Set back the damper angle to 0.

end for

4: Initialize the Jacobian by Eq. (5.12)

repeat n times:
Compute the gradient g, by Eq. (5.6)
Compute the refinement coefficient 4 by Eq. (5.10)
Compute the damper adjustment by Eq. (5.11)
Measure the terminal flow rate q
Update the Jacobian by Eq. (5.16) and (5.17)

end repeat

repeat:

10:  Adjust the fan speed

11: Measure the terminal flow rate g

until |q-q°)/q" <&
12: return

5.3 Design principle of the proposed GOAB method

To aid the understanding of the rationale behind the GOAB method, a detailed
parameter analysis is conducted in MATLAB. Two key parameters, A and «, are
investigated to provide guidance on the parameter design. To isolate the independent
parameter’s effects on the performance of the algorithm, a base case is set up in Section

5.3.1 as a benchmark.

5.3.1. Base case
In the base case, the step size « is setto be 1/3, and the forgetting factor . is
0.8. The refinement coefficient 4 is determined based on Eq. (5.10). The initial
terminal flow g.=[100.0, 94.1, 83.5, 75.4, 65.3](m%h), and the target flow is setas g
= [100, 100, 100, 100, 100](m3/h).

Figure 5.2 depicts the process of air balancing by using the GOAB method, and

Table 5.1 summarizes the obtained results. Figure 5.2 (a) tracks the trajectories of
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terminal flow rates during the process. The corresponding flow ratio, r=q/q’, is

shown in Figure 5.2 (b). To better illustrate the degree to which the flow ratios approach

consensus, i.e., whether flows are proportioned through the system, the relative standard

deviation (RSD) of the flow ratio is introduced. The RSD(r) is denoted by a red line in

Figure 5.2 (b) with the corresponding axis located on the left-hand side of the plot. The
adjustment of damper angles is shown in Figure 5.2 (c). It can be found that T5 remains
fully open throughout the balancing process, and the left dampers gradually converge to
steady-state after experiencing a rapid change in the first few steps. Noticed from Figure
5.2 (b) that all flow ratios approach 0.84 at the 10" step, which means the terminal flows
end up being proportioned at 84% of the design values. Hence, a final adjustment of the
fan speed is needed. Intuitively, the total flow should be increased by a factor of 100/84
such that all terminal flows can be proportionally changed to meet the design values.
This can be accomplished by regulating the fan input voltage, and the adjustment

process is shown in Figure 5.2 (d). The results are listed in Table 5.1, where q, denotes
the flow rate in the balanced state (in terms of flow ratio), g, denotes the final flow rate,
and ¢ is the absolute percentage error (APE). By applying the GOAB method, all

terminal flows are controlled within #0.3% of the design values.

Table 5.1: The simulation results of Case 5.1 (base case)

Terminal  g- (m%h)  q, (m¥%h) qf (M¥h) q* (m3h) & (%)

1 100.0 83.7 99.7 100.0 0.3%
2 94.1 83.7 99.8 100.0 0.2%
3 83.5 83.6 99.9 100.0 0.1%
4 75.4 83.6 100.2 100.0 0.2%
5 65.3 83.6 100.3 100.0 0.3%
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Figure 5.2: The simulation results of Case 5.1 (base case)
5.3.2. Investigation into the initial damper angle 0.

The GOAB algorithm is designed to work online, and it is not always the case
that the balancing procedure starts with all dampers fully open. To explore whether the
proposed GOAB method is independent of initial conditions, the initial damper angle is

set as 0.=[10.0, 10.0, 10.0, 10.0, 10.0](9) in this test case. The corresponding initial
flow g.=[100.0, 96.9, 91.0, 86.5, 80.6](m*/h).

The results shown in Figure 5.3 demonstrate that the GOAB algorithm is also
workable under non-zero initial damper angle conditions. As can be seen from Figure
5.3 (c), the GOAB algorithm will force one of the dampers (T5) to fully open at the first
step, causing all the other dampers to open as well. Then each terminal damper regulates
towards the target and T5 keeps wide open during the process, which guarantees a

minimum fan power consumption. Besides, the balancing accuracy is nearly unaffected

by 0., as shown in Table 5.2.

Other settings of 0. have also been tested, and the results indicate that the
GOAB method applies to any initial damper angle conditions.
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Table 5.2: The simulation results of base case with non-zero initial damper angles

Terminal  q- (m%h)  q, (m¥h) qf (M¥h) q* (m3h) & (%)

1 100.0 91.0 99.8 100.0 0.2%

2 96.9 91.0 99.9 100.0 0.1%

3 91.0 91.0 99.9 100.0 0.1%

4 86.5 91.0 100.1 100.0 0.1%

5 80.6 91.0 100.2 100.0 0.2%
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Figure 5.3: The simulation results of base case with non-zero initial damper angles

5.3.3. Investigation into the refinement coefficient 1
To investigate the effect of the refinement coefficient, A is set to zero in Case
5.2. The initial terminal flow remains g.=[100.0, 94.1, 83.5, 75.4, 65.3](m%h) as in the
base case. Other conditions including the step size « and forgetting factor x also keep

unchanged.

The simulation results are shown in Figure 5.4 and Table 5.3. It can be found
that the convergence speed of T5 is apparently slower than others, which leads to an

overall degraded balancing result. Further investigation into Figure 5.4 (c) reveals that
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the damper regulation proceeds out of step among terminals. The response of T1 and T2

starts from the beginning followed by T3, whereas T4 starts even later. We also noticed

that negative values can occur in the calculation of 0,,, in this test case when damper is
adjusted based solely on Eq. (5.8) and no correction is made by A". Under such
circumstance, the illegal values of 0,,, given by an arbitrary A will be chopped by the

operating range constraint, which alters the desired state trajectory. Consequently, the
convergence rate will be slowed down and the balancing accuracy will also be affected.

The maximum APE can be as high as 4.7% in this case.

Table 5.3: The simulation results of Case 5.2 where 1=0

Terminal  q- (m®h)  q, (m¥%h) qf (M¥h) q* (m3h) & (%)

1 100.0 85.0 101.3 100.0 1.3%
2 941 84.8 101.2 100.0 1.2%
3 83.5 84.6 101.0 100.0 1.0%
4 75.4 84.3 101.1 100.0 1.1%
5 65.3 79.5 95.3 100.0 4.7%
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Figure 5.4: The simulation results of Case 5.2 where A=0
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The parameter A has another important effect that it controls dampers towards
fully open during the balancing process, which can be better observed under non-zero

initial damper angle conditions. Hence, a supplementary case (Case 5.3) is provided in

this section. In Case 5.3, 6.=[10.0, 10.0, 10.0, 10.0, 10.0](9, g.= [100.0, 96.9, 91.0,
86.5, 80.6](m%/h) and 1 =0.

By comparing Figure 5.5 (c) with Figure 5.3 (c), we found that the system will
end up with all dampers partially closed if we set A to zero. The damper T5, which is
supposed to be fully open as indictaed in Figure 5.3 (c), is now partially closed.
Meanwhile, all other damper angles are increased, indicating a larger duct resistance.
By checking the product of pressure drop and flow rate through all terminals, it is
estimated that the energy consumption in dampers can be 43% higher in Case 5.3 when
A =0.

In summary, the parameter A provides an additional degree of freedom to
choose the optimum direction of the damper angle increment. The utilization of an
optimized 2 (i.e., 1) effectively avoids distortion in the predefined trajectory towards
target and significantly reduces the energy consumption by minimizing the overall

damper resistance.

Table 5.4: The simulation results of Case 5.3 (supplementary case) where 1=0

Terminal  g- (m¥h)  q, (m¥%h) qf (M3¥h) q* (m3%h) & (%)

1 100.0 91.0 99.9 100.0 0.1%
2 96.9 91.0 99.9 100.0 0.1%
3 91.0 91.0 100.0 100.0 0.0%
4 86.5 91.0 100.1 100.0 0.1%
5 80.6 91.0 100.1 100.0 0.1%
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Figure 5.5: The simulation results of Case 5.3 (supplementary case) where 1=0

5.3.4. Investigation into the step size o
The parameter « controls the speed of convergence rate and stability of the

algorithm. In this section, two cases (« =1/15 and « =2/3) will be tested.

In Case 5.4, « is set to 1/15 and the results are given in Figure 5.6 and Table
5.5. Compared with the base case where « =1/3, the convergence speed is distinctly
slowed down when « is reduced. It takes around 10 times longer to achieve the same
RSD as in the base case, and the final balancing result is slightly less accurate due to

slower convergence.

Table 5.5: The simulation results of Case 5.4 where a=1/15

Terminal  q- (m¥h)  q, (m¥%h) qp (M3¥h) q* (m3%h) & (%)

1 100.0 86.0 102.5 100.0 2.5%
2 94.1 84.9 101.3 100.0 1.3%
3 83.5 83.2 99.4 100.0 0.6%
4 75.4 82.4 98.6 100.0 1.4%
5 65.3 81.8 98.1 100.0 1.9%
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Figure 5.6: The simulation results of Case 5.4 where a=1/15
Figure 5.7 and Table 5.6 show the results when o =2/3. Oscillation can be
observed when the step size is twofold. In this case, the increment of damper angle is
much too aggressive, and the system is over-tuned. The algorithm becomes susceptible
to the sensor noise and is therefore less stable. It can be found from Table 5.6 that the
balancing result is worse than the base case with a relative error of 8.6%. For certain test

cases where the flow rate set point varies, the algorithm can even fail to converge.

To conclude, a conservative o will slow down the convergence, whereas an
aggressive o may lead to oscillations. The selection of « in practical applications shall
depend on the parameters of the duct system and should be chosen properly to speed up

the convergence while guaranteeing the stability.

Table 5.6: The simulation results of Case 5.5 where a=2/3

Terminal  q- (m¥h)  q, (m¥%h) qp (M3¥h) q* (m3%h) & (%)
1 100.0 84.7 100.9 100.0 0.9%
2 94.1 84.6 101.0 100.0 1.0%
3 83.5 84.8 101.2 100.0 1.2%
4 75.4 76.4 91.4 100.0 8.6%
5 65.3 87.8 105.4 100.0 5.4%

78



110.0 1.2 0.20

105.0

100.0

85.0

Flow rate (msfh)

Relative standard deviation

e
g

" " L L " L " . L , 0.5 L " L " n " ' 0.00
t0 t1 t2 t3 t4 5 6 t7 t8 t9 t10 t0 t t2 3 t4 t5 t6 7 t8 9 t10

Time step Time step

(a) Dynamic curves of terminal flow rates (b) Dynamic curves of terminal flow ratios

20.0 160.0

140.0 T3

— — — Design flow
I TAB standards

N
o
=

Flow rate (m3ih)
2
=

Damper angle (deg)
3
=

o
=4
=

X 40.0 L L L .
t0 tl t2 t3 t4 5 6 7 t8 9 t10 t0 t1 t2 3 t4

Time step Time step

(¢) Regulation of terminal damper angles (d) Final adjustment in the balancing process

Figure 5.7: The simulation results of Case 5.5 where a=2/3

5.4 Experimental validation

The procedure of the GOAB method is shown in Figure 5.8. To begin with, all
dampers were set to fully open. A signal was sent by the computer to start the fan and
sufficiently long waiting time was spent to make sure the system has been stabilized.
The flow rate of each terminal at initial state was measured and recorded. To obtain an
initial Jacobian matrix, the terminal dampers were partially closed in turn. The response
of each terminal flow was tracked and the initial Jacobian matrix was calculated by Eq.
(5.12). Then the algorithm comes to the adjusting and balancing stage. The regulation
of damper position at each time step was calculated by Eq. (5.11), and the Jacobian
matrix was updated by Eq. (5.16) and Eq. (5.17). The process was repeated until all
terminal flows reach the design values within tolerance. At the end of balancing stage,
the fan speed was adjusted to proportionally bring the terminal flows to the
corresponding design values, which was realized by a closed-loop established between
fan speed and the total flow rate. Lastly, all flows were re-measured to make sure the
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duct system was balanced. A flow chart describing the experimental procedures is given

in Figure 5.9.

The GOAB Method

A Repeat until convergence

Adjust damper angle .
a, i % él Adjust fan speed
2 »
= q- N q;
s i Record flow >
= 0 0
- = > response iy
~ J,
~ Update Jacobian >
7| Initialization of | J. matrix
»| Jacobian matrix
\ v

Figure 5.8: Graphic explanation of the GOAB method
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( Measure terminal flows O
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Set damper angle i

( Measure terminal flows O

Initialize Jacobian by Eq.(12)

L

Set damper angles

Measure terminal flows

Jacobian adaptation by
Eq.(16),(17)

Figure 5.9: Flow chart of experimental procedures

With the air distribution platform (Section 4.4), experiments were conducted to

validate the GOAB method. Following the simulation in Section 5.3.1, the design flow

80
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is set to 100 m*/h for every single terminal, and the regulation of damper angle at each
time step is optimized by A. The initial terminal flow varies from 74.7 m%h to 129.5

mé/h. The results are shown in Figure 5.10.

At the beginning, the terminal flow deviates largely from the design value with
the maximum relative error up to 30%. During the balancing process, the terminal flow
rates exhibit a nearly exponential convergence with some small fluctuations, as shown
in Figure 5.10 (a). The damper T4 maintains fully open throughout the whole process,
indicating a minimized duct resistance. At the end, the fan speed is adjusted to reduce
the error in total flow. It can be found from Table 5.7, by applying the proposed GOAB
method, all terminal flows are controlled within 22.6% of the design value.

Table 5.7: Experimental validation of the base case

Terminal  q- (m®h)  q, (m¥%h) qf (M3¥h) q* (m3h) & (%)

1 129.5 94.8 98.8 100.0 1.2%
2 108.8 94.7 100.9 100.0 0.9%
3 120.7 94.6 98.3 100.0 1.7%
4 4.7 97.7 98.7 100.0 1.3%
5 79.0 96.1 97.4 100.0 2.6%
140.0 1.53 0.24
——T1 i
—— 4r
130.0 Ig 0.20
——T4 1.3
120.0 . E
, 120 -
E 0.16 E
E 1100 g T
H g g
E z 1.0 0.12 'E
g 1000 2 0s ?;
- 0.08 3
90.0 0.8p %
o
.7
80.0 0.04
0.6
70.0 I — . 0.5 : : N
t0 tl t2 t3 t4 t5 t6 t7 8 o t10 t0 t1 t2 t3 t4 t5 t6 7 8 ta t10
Time step Time step
(a) Dynamic curves of terminal flow rates (b) Dynamic curves of terminal flow ratios
45.0 160.0
——T1
40.0 —%—T2
140.0 T3
—
g 30.0 = 1200 N 745 ranance
g 25.0 mg—
s R e W i
3 20.0 ; T
g 5
& 150 " 800
10.0 ——T1
" — T2
T3 60.0
5.0 ——T4
e T5
0.0 40.0 ‘ . ‘ g
t0 t t2 t3 t4 t5 t6 7 t8 o t10 to t1 t2 3 t4
Time step Time step
(¢) Regulation of terminal damper angles (d) Final adjustment in the balancing process

Figure 5.10: Experimental validation of the base case
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To further validate the GOAB method, experiments were conducted under
different design flow requirements. In the first case, the design flow for T2 is changed

to 50 m®h and the results are shown in Figure 5.11 and Table 5.8. In the second case,
all terminal design flow is assigned to a different flow target, g = [120, 100, 80, 60,
130](m3/h). The results are presented in Figure 5.12 and Table 5.9. For clarity, Figure
5.12(d) only displays the design flow for T2, and the corresponding #10% interval is

rendered red.

It can be found that the system can achieve air balance under varied flow targets.
Since the algorithm focuses on proportioning the flow rather than the absolute quantities,
all flow ratios gradually approach the same value. In the end, all terminal flows reach

the design values within tolerance and the maximum relative error is below 4.3%.

Table 5.8: Experimental validation with single change of flow rate set point

Terminal g. (m¥h) g, (M¥h) q;(M%h) q* (m¥h) & (%)

1 129.8 108.1 99.2 100.0 0.8%
2 110.4 52.0 47.9 50.0 4.3%
3 121.9 1115 104.6 100.0 4.6%
4 76.8 105.3 98.3 100.0 1.7%
5 80.1 107.1 95.1 100.0 4.9%
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Figure 5.11: Experimental validation with single change of flow rate set point

Table 5.9: Experimental validation with all flow rate set points changed

Relative standard deviation

Terminal  g- (m®h)  q, (m¥%h) qf (M¥h) q* (m3h) & (%)
1 134.2 113.7 122.8 120.0 2.3%
2 112.5 97.2 100.7 100.0 0.7%
3 123.3 74.3 76.6 80.0 4.3%
4 76.8 57.2 61.3 60.0 2.2%
5 82.7 124.6 132.7 130.0 2.1%
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Figure 5.12: Experimental validation with all flow rate set points changed

5.5 Conclusion

This chapter proposes a gradient-based adaptive air balancing method, named
GOAB method to support balancing-in-service. By defining an objective function that
quantifies the discrepancy between the normalized flow rate and the set point, the
GOAB method calculates the increment of damper angles based on stochastic gradient
descent. An online adaptive mechanism for the Jacobian estimation is applied to capture
the change of Jacobian matrix during the adjustment. The overall flow resistance of
terminal dampers is minimized utilizing the null space of the gradient vector, which
reduces the overall energy loss. The proposed GOAB method is validated numerically

and experimentally.

Simulations are conducted in MATLAB to investigate the effect of the initial
condition 0., the refinement coefficient A and the step size « . It has been revealed that
the GOAB is independent of initial conditions. The introduction of A guarantees at least
one damper to be fully open and effectively avoids conflicts to the damper angle
constraints, which leads to faster convergence towards balance. The parameter «

controls the speed of convergence rate and stability of the algorithm. A conservative «
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will slow down the convergence, whereas an aggressive « could lead to oscillations.
The experiments demonstrate that the proposed GOAB method is effective under
various design flow requirements. The relative error can be controlled within 4.3% in

all test cases.

The proposed GOAB method provides the possibility to achieve accurate air
supply under dynamic working conditions, which indicates a large energy saving
potential. This method requires little prior knowledge of the system topology and duct
parameters and therefore applies to a wide range of duct systems. Moreover, this method
significantly reduces time and labour cost compared with traditional methods, endowing
it great potential in industrial applications.
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Chapter 6. Conclusion and future work

6.1 Conclusion

The air distribution systems rarely perform as anticipated in design due to
unpredictable modelling error, inevitable adjustments and lacking regular maintenance.
Air balancing is a valid means to achieve the desired air distribution so that the system
can perform in conformity with design requirements. With proper air balancing
approach, the system can greatly benefit from the improved thermal comfort, indoor air
quality and reduced energy consumption and operating cost. It is therefore of vital
importance to investigate air balancing and make improvements on the performance of

the process. The present thesis has addressed the need with the following contributions:

Chapter 1 is the introductory chapter, giving some background knowledge
related to this work. It begins with the overview of HVAC systems including the
common types and topology of the system, major duct components and basic knowledge
of TAB and air balancing process. Then the challenges faced by air balancing and the
motivation of this thesis are clarified. At last, the Chapter summarizes the major

contributions and outlines the structure of this thesis.

Chapter 2 is the literature review. This chapter focuses on the flow measurement
techniques and air balancing methods, which corresponds to the two main challenges in
air balancing. First, 7 common techniques for air flow measurement are introduced,
followed by a detailed review of studies on Pitot tube. Then, the existing air balancing
methods are introduced in historical context to show the development of this field. For
each method, the strengths and weaknesses are evaluated and compared. By reviewing
the related literature, this chapter provides an overview of the current state-of-the-art of

this topic and identifies the existing limitations and deficiencies in air balancing.

Chapter 3 proposes a revised flow estimation formula for the APT inside the
AFCS to improve the accuracy of measurement. This chapter first studies the effect of
the downstream damper on the flow measurement by APT. Experiments are conducted
to obtain the characteristic curve of the APT under different damper positions. The
ANOVA test reveals a statistically significant correlation between p* and 0, which
indicates that the downstream damper could affect the amplification of the APT. The

conclusion is consistent with the previous findings by Klaczek. Based on the
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experimental data, a flow estimation formula for the APT is proposed to compensate for
the systematic error caused by the damper. The proposed formula is later validated under
different Reynolds numbers varying from 6.38>10° to 19.1<102, and the RMSE is below
0.02. To evaluate the performance of the proposed formula, the accuracy of flow
measurement is compared before correction and after correction. By applying the
proposed method, the flow measurement errors of APT are controlled within 0.6% for
all tested cases, and the highest accuracy (0.02%) is achieved when Re = 9.57x10%. In
summary, the proposed method significantly reduces the systematic error caused by the
control damper in AFCS and improves the accuracy of flow measurement to a large
extent. Besides, the AFCS is equipped with wireless techniques, which enables
communication among individual terminals. The AFCS with improved APT flow
estimation formula serves as a foundation for the following two chapters.

Chapters 4 and 5 focuses on the studies of air balancing methods. Chapter 4
proposes an online air balancing method, named DCC-AB method. The DCC-AB
method applies the consensus algorithm to solve the air balancing problems by treating
the duct network as a multi-agent dynamical system. The DCC-AB method eliminates
the need for centralized supervisory control and requires only a sparse communication
architecture to cooperatively achieve the objective. Besides, this method is a model-free
method that requires no prior knowledge on the system topology and duct parameters,
making it easy to use in practical application. Based on the consensus theory, the DCC-
AB method introduces an additional term that forces the critical damper to gradually
open during the balancing process, which ensures that at least one damper is fully open
at the balanced state. Then a series of simulation are conducted to investigate the
individual model parameters on the performance of the method. The studies show that

the parameter S governs the relative importance of the flow imbalance and the energy

consumption in damper. By tuning this parameter, the DCC-AB method could achieve

air balance with a minimum overall energy consumption. As for the parameter T, a
conservative T, will cause an increase in convergence time, whereas an aggressive T,
may lead to oscillation. With a proper selection of T, the convergence can be speeded

up without compromising the stability. The method is then validated on a trunk-and-
branch duct system of 5 terminals. The experimental results are consistent with the
simulation studies. The results also demonstrate that the proposed DCC-AB method

applies over a large range of design flow requirements. In all test cases, the maximum
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APE is controlled within 6% and the best one achieves 2.3%. Besides, the fan power
consumed by damper can be reduced by about 78% with the proposed method. In
summary, the DCC-AB method guarantees an asymptotic convergence towards the
balanced state within several steps, which significantly saves time and labour cost. Most
importantly, the method can be performed during normal operation of the ventilation

system without service interruptions.

Chapter 5 proposes another online air balancing method, named GOAB method.
The GOAB method is based on the stochastic gradient descent algorithm. The objective
function of the GOAB method quantifies the discrepancy between the actual flow rate
and the set point in a normalized form. By calculating the gradient of the objective
function, the damper adjustment rules are derived. Based on the null space of the
gradient vector, the optimum direction of damper angle increment is selected, which
forces the critical damper to be fully open. To start with, the method first conducts
several runs of measurements to obtain an initial Jacobian matrix. Then an adaptive
mechanism is applied to capture the change of Jacobian during the balancing process.
A series of simulation are conducted to investigate how model parameters affect the
performance of the method. The simulation reveals that the introduction of 4
effectively avoids conflicts to the damper angle constraints and guarantees at least one
damper to be fully open, which leads to faster convergence towards balance and lower
energy consumption. The parameter « controls the speed of convergence rate and
stability of the algorithm. A conservative « will slow down the convergence, whereas
an aggressive a could lead to oscillations. The simulation also shows that the GOAB
method is independent of initial conditions. The method is later validated on the same
experimental platform as in Chapter 4. The experimental results demonstrate that the
proposed GOAB method is effective under various design flow requirements. The
relative error can be controlled within 4.3% in all test cases. Besides, this method
requires little prior knowledge of the system topology and duct parameters and therefore

applies to a wide range of duct systems.

To conclude, this thesis focuses on overcoming the current challenges posted by
air balancing. Improvements are made on both the flow measurement and the balancing
methods. A flow estimation formula is proposed to improve the accuracy of flow
measurement in AFCS, and two novel online air balancing methods are proposed to

make the balancing process more effective and efficient.
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6.2 Future work

Despite certain achievements in this thesis, there is still much effort to be made
towards an accurate, efficient, simple and low-cost air balancing process. Further
research on this subject is highly valuable and urgently demanded. A list of foreseeable

works in the near future is given as follows:

The proposed APT flow estimation formula is based on the experimental data
obtained in the DN100 pipe. Although the formula is validated under different Reynolds
numbers. The effect of the pipe diameter on the form of the formula is unknown. It is
believed that the pipe diameter will only change the identified model parameters,
whereas the form of the formula will remain the same. Validation of the proposed
formula under different pipe diameters is necessary to make the formula more universal

since the actual AFCS can be manufactured in various sizes.

Due to the space constraints during installation, the fittings can be placed very
tightly in ducts. Although the proposed APT flow estimation formula compensates for
the error caused by the downstream damper embedded inside the AFCS. The accuracy
of the APT can still be affected by the upstream duct geometries of the AFCS. Based on
the literature review, the upstream disturbances affect the amplification more
dramatically than the downstream disturbances. What’s more, the influence of the
disturbances is possibly governed by the nearest one. Inspired by these findings, it is
interesting to investigate the feasibility of the following solution: the current
configuration of AFCS can be changed by placing the damper in front of the APT. The
corresponding flow estimation formula for correction can be proposed following the
same procedures. In this way, the AFCS can be more reliable for tight duct systems
since the dominated disturbance is the upstream damper and this disturbance can be

compensated by the proposed correction formula.

As for the air balancing methods, two methods are proposed in this thesis and
both methods achieve high balancing accuracy. However, comparisons between the two
proposed methods are not present. A reasonable cost and benefit analysis should be
given to evaluate the air balancing methods more thoroughly. Possible evaluation
criteria can be: 1.) the balancing accuracy; 2.) the duration of the balancing process; 3.)
the cost in acquiring data or duct parameters; 4.) the time used for tuning model

parameters and etc.
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For the DCC-AB method, the effect of the communication graph on the
performance of the method can be investigated. It is known that the eigenvalues of the
communication graph determine some of the properties of the convergence process like
the convergence rate, stability and etc. Hence, to further improve the performance of the
method, investigation into the communication graph can be conducted to speed up the
convergence. Besides, the robustness of the DCC-AB method subjected to

communication failures can be examined to evaluate the reliability of the method.

For the GOAB method, the initial Jacobian matrix is obtained based on several
runs of measurements. These measurements are performed in a relatively large range of
damper angles and the obtained initial Jacobian can be inaccurate. Although it is updated
based on the newly obtained data during balancing, the initial Jacobian may still affect
the convergence process. It is possible that the stochastic gradient descent algorithm can
be trapped in a local minimum far away from the global one. Further improvements can

be made on the initialization of the Jacobian matrix.

The proposed air balancing methods have been validated in the laboratory. For
future application in industry, validation under large-scale duct systems is necessary. In
addition, currently both methods require parameter tuning. To further reduce the
dependency on technicians and human involvement, self-tuning methods are in demand

for more intelligent and efficient air balancing process.
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