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UNIVERSITY OF ALBERTA

Abstract

Heating, ventilating, and air conditioning (HVAC) processes provide
a comfortable environment in a building. However they consume a great
deal of energy. Many efforts have been put into building energy
conservation since the energy crisis of 1873. On the other hand, the
encrgy conservation efforts have led a to tight building envelopes and
low ventilation rates, which can result in poor indoor air quality
(IAQ), or so called "Sick Building Syndrome". Indoor air quality

problem had been identified as one of the most serious public health

challenges.

Indoor air quality control has not been integrated into current
existing HVAC control strategies, therefore a conflict exists between
energy saving and indoor air quality improvement. In addition, there
exists some problems with indoor temperature setting, supply air

control, operation sequencing and selection in conventional HVAC

control systems.

The research focuses on investigating an intelligent control
strategy to improve energy conservation and IAQ control of HVAC systems
simutaneously. By using an intelligence engineering approach to

integrate 1AQ control, indoor setting, and operation planning into HVAC
control systems, the conflict and other problems related to HVAC

control systems can be solved.



This work describes the construction of an Intelligent Operation
Support System (I0SS) for HVAC processes. The 10SS consists of an
expert system for operation planning (ESOP) and an ‘ndoor comfort
setting system (ICSS) for room temperature setpoint as well as =«
conflict reasoning system (CRS) for 1AQ control and cnergy
conservation. An integrated distributed intelligent system, i.e.,
meta-system, is introduced to integrate these systems. The FSOP gives a
recommendation for selecting an energy saving operating mode for the
HVAC processes. The system contains the important personal expertise
and public knowledge, provides qualitative reasoning, quantitative
computation as well as graphic simulation. By implementing comfort-stat
strategy, the ICSS sets indoor temperatures with the advantages of
energy saving, thermal comfort and better indoor air qualily. The
conflict reasoning system obtains a resolution for IAQ control and
energy conservation. I0SS can be used to assist or train operators to

achieve better operation in HVAC systems.

Finally, an integrated intelligent control framework for HVAC real
time process control is presented. This new control strategy integrates
indoor air quality control, comfort indoor setting and operation
planning into an HVAC control system, which enhances HAVC systems
operation, and improves indcor air quality control and ecnergy

conservation.
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CHAPTER 1

INTRODUCTION

Heating, ventilating and air conditioning (HVAC) processes provide
a comfortable environment inside buildings, but consumes a great deal
of energy. Roughly speaking, buildings account for one-third of the

total energy consumed in the world, most of which is used in HVAC

processes.

Since the oil embargo of 1973, extensive research and development
on energy conservation in buildings has been pursued. Computer
technology has played an important role in energy management and

control systems (EMCS) during the past 10 to 15 years.

In summary, HVAC energy saving control strategies may be classified

as follows:

(1) Time scheduling This is the most effective energy-saving control

strategy in the early use of EMCS in HVAC processes. It turns equipment
ON or OFF at a preset time. Normally, this strategy turns equipment off
when it is not needed or it gives a better match of the loads. For

example, scheduling HVAC equipment to run during occupied hours,



‘day/night setback’ sets low temperature setpoint when heating is used
to maintain temperature, and sets high temperature setpoint  when
cooling is used to maintain temperature at night (Rinehart, 1981).
Seven different equations are compared by Seem et al. (1989) to
determine the correct time to return from night or weekend setback. 1t
was observed that the return time was linearly related to the outdoor
temperature. Linear or quadratic equations with a weighting function
provided the best forecast of return time. Time scheduling also allows

HVAC equipment to be off-duty to avoid electrical peak time.

(2) Advanced HVAC process control Optimization, adaptive control and

predictive control have been applied to HVAC processes (Athienitis,
1988; MacArthur et al., 1889; Maxwell et al., 1989; Nelser, 1986;
Mehta, 1983). Since chiller plants consume a very large amount of
energy in HVAC systems, chiller plant optimization has been the focus
of many research studies. A few important optimal control strategies
have been proposed for the chiller (Hachner et al., 1984; Cascia, 1988;
Johnson, 1985). Braun et al. (1989) investigated the methodologies for
optimal control of chilled water systems without storage, and proposed
a component-based nonlinear optimization algorithm and simple
system-based near-optimal control. Adaptive control techniques are
attractive in HVAC applications because process characteristics change
widel' due to the variations in weather and building occupancy (Wepfer
and Li, 1986; Underwood, 1989). It has been demonstrated by Dexter and
Haves (19838) that adaptive control can cope with many problems
encountered in HVAC applications, and requires far less commissioning

efforts than conventional controllers. The contreol performance is



superior to that of a manually tuned PID controller. The long term
behavior and energy savings achieved by using adaptive control in HVAC
processes are still under investigation (Dexter and Haves, 19839). By
predicting outdoor and indoor temperatures, as well as building thermal
resistance and capacity, it is possible to prevent the loss of energy
in preheat or precool cycles, and determine the best recovery time from
night setback (Seem et al., 19839) as well as the optimal start/stop
sequence. In addition, if an indoor temperature swing is allowed, a

large saving can be achieved by the predictive control strategy

(Shapiro et al., 1988).

(3) Economic operations There are several alternative air handling

processes which can achieve indoor setpoint. The following control

methods (Haines, 1984) are developed for energy conservation

operations:

(a) Economy-cycle outside-air control: This strategy uses outside air
for cooling whenever possible, thus minimizing energy use in the

refrigeration cycle.

(b) Enthalpy control: This strategy is achieved by calculating the
enthalpy of the processed air and choosing the minimum enthalpy cost
for the desired air handling operation. The enthalpy requirements of
the air processing operations can be established by making use of a

psychrometric chart in order to select the minimum-enthalpy cost

operation.



(c) Conversion of dual-duct to variable-air-volume (VAV): Replacing a
dual-duct system by a VAV system 1is a very effective energy
conservation technique. Mixing loss and fan horse power savings can be

made by adding fan volume control (Johnson, 1984; Teji, 1987).
(d) Energy-source shutdown: Depending on the season, shutting down
heating or cooling sources also provides energy conservation. However,

the shutdown should not cause the loss of environmental control,.

(4) Comfort technology Comfort research has provided a number of

alternatives for energy conservation (Nelson et al., 1987; Doherty and
Arens, 1988). "Comfort" and "energy" could be simultaneously optimized
by operation strategies which consider the dynamics of comfort and
control system. "Dynamic control" is a recently developed energy
conservation control strategy that utilizes comfort technology, having
been originally conceived back in the mid-70s. Hartman (1988), Colburn
and Harman (1987) investigated this advanced control strategy and
pointed out that seven key variables affected on human comfort
significantly. These variables are dry bulb temperature, relative
humidity, mean radiant temperature, air velocity, clothing, activity
(metabolic rate) and exposure time. Compared to other control
strategies, dynamic control allows user interaction and uses all seven
comfort variables. It combines three concepts: system-free cooling,
interior temperature drifting and thermal fly wheeling. This dynamic
control strategy introduces two new control concepts into HVAC control.

First of all, it integrates all controlled HVAC components into a



coordinated, but continually changing control strategy. Secondly, it
continuously anticipates upcoming weather and occupancy conditions in
order to develop the control law. A case study by Spratt et al.(1989)
i1lustrated that dynamic control offered less space-temperature control
than normal control, and improved the comfort conditions. Thermal
comfort dynamic control methodology has been implemented into a
commercial product called “TouchstatTH". The test results conducted on
two residences showed a 55% electricity saving, equivalent to

$2.58/m9yr (Colburn and Harmon, 1987).

Comfort technology has not yet been fully utilized in energy
conservation. Many users and designers are still unaware of the
opportunities available for energy conservation. Comfort technology

education has been suggested for transferring this knowledge to the

public (Hayter, 1987).

(5) New energy efficient equipment Heat-pump air conditioners, solar

energy heaters, and inverter control systems are the most recently
developed energy-efficient HVAC equipment (Nahar and Gupta, 1983). Most
of the equipment uses microprocessor-based control and significantly
reduce energy consumption (Cooper, 1983). They have often been used in
practical applications. Use of heat pumps are used in residential
alr-conditioning systems with advanced control, i.e. inverter control
system, defrost control, setback thermostats, variable-speed fan
control, etc., result in a 20-40% energy saving (Colliver et al., 1987;

Shimma et al., 1985; Imaiida et al., 1985).



From the system science viewpoint, the current energy management
and control strategies used in HVAC processes are a simple collection
of remedies or recipes, with neither coordination nor integration. The
reduction in energy consumption was easy to achieve in the early stages
with only a small capital investment. But these simple remedies have
now been exhausted. It is very difficult to model the HVAC processes.
Most problem solutions are based on heuristics or experiences.

(Jedlicka, 1985; Hartman, 1989).

On the other hand, energy conservation efforts of the last decade
have led to reduced infiltration and ventilation in the occupied
spaces. concentrations of internally generated contaminants have
increased (McNall, 1986). Air sampling in many buildings has indicated
that indoor concentrations of known pollutants often exceed the
standards set for outdoor and industrial exposures. Complaints by
occupants have also drawn attention to indoor pollutant levels, and
raise questions as to the adequacy of indoor air quality (1AQ) to

protect the health of the building occupants.

Indoor air pollution can impact the health and affect the
productivity. Poor indoor air quality causes health problems, such as
sensory irritation in eyes, nose, or throat, skin irritation,
neurotoxic symptoms, and nonspecific hyper-reactivity reactions, so
called "sick building syndrome" (M¢lhave, 1887). In recent years,
indoor air quality has been identified as a potentially serious health
problem, especially in energy responsive buildings (Franta, 1985). The

sick building problems have been characterized as "“one of the most



scerious public health challenges in next decade" (Bahnfleth, 1986).

Most production activities and research work are aimed at improving
human health and raising living standards. As people spend up to 90
percent of their life time inside residential or commercial buildings,

indoor air quality control becomes a very crucial issue in the

environmental protection.

The investigations responding to sick building syndrome complaints
have been conducted, and a number of problems involving both microbial
contamination and inadequate operation of the building’s HVAC system
have been identified (Morey et al., 1986;. The major pollutants of the
sick building syndrome include formaldehyde, radon, tobacco smoke,
asbestos fibers, carbon monoxide and nitrogen dioxide (Franta, 1985).
The sources of the problem are 3-4% from building fabric (such as
carpeting), 5% from microbiological contaminants, 11% from contaminants
generated from outside the building , 17-19% from inside the building,

and 50-52% from inadequate ventilation (Wallingford and Carpenter,

1986; Wallingford, 1988).

The indoor air quality problem is drawing more and more research
interest. Progress has been made in the research areas such as IAQ
measurement and diagnosis (Thorsen and Molhave, 1987; Sterling et al.,
1987; and Levin, 1987) and in modeling and prediction (Yuill and
Lovatt, 1986; Druzik et al., 1990; Feustel and Sherman, 1991; Hawthorne
and Matthews, 1987; Small and Marshall 1990; Woods, 1986). The

successful application of an intelligent environment controller which



is an adaptive controller with watchdog software to maintain indoor air

quality has been reported (Mesher et al., 1990).

Ventilation system performance deserves a special attention because
it is both a mechanism for removing indoor air pollutants, and a
potential energy load on the heating and/or cooling system of a
building (Sherman and Wilson, 1986). Intelligent ventilation for I1AQ
control is proposed by Rodahl in 1986. A new philosophy for ventilation
is introduced that considers the presence of all pollution sources. It
is quantified in a new comfort equation for indoor air quality (Fanger,
1989, 1990). Woods (1986) developed both empirical and rational models

to predict the effectiveness of ventilation for acceptable indoor air

quality.

As HVAC systems play an important role in indoor environment
control (Newman, 1981), the American Society of Heating, Refrigerating,
and Air-Conditioning Engineering (ASHRAE) is concerned with indoor air
quality control standards (MacNall, 1988). For example, the revision of
ASHRAE Standard 62-1981 (Ventilation for Accepted Indoor Air Quality),
ASHRAE Standard 62-1989 raised the ventilation rate from 5 cfm (2.5

L/s) to 15 cfm (7.5 L/s), and decreased the allowable CO2 concentration

from 2500 ppm to 1000 ppm.

Further research on improving indoor air quality by incorporating
energy conservation techniques has been proposed (0'Sullivan, 1888).
Energy conservation is important to the national economic and strategic
interests, and indoor air quality directly affects our health. A

perfect solution should address simultaneously reducing energy



consumption and improving indoor air quality. The adequate operation of
building HVAC system is one of the key steps to reach the goal of
reduced energy consumption coupled with improved indoor air quality
(Harrie and Gadsby, 1986). Obviously, there is a conflict between
indoor air quality control and energy conservation. So far suitable
techniques to resolve this conflict have not been reported. A
literature search did not reveal any suitable methods to improve IAQ by
coupling energy conservation. Currently, indoor air quality control has
not been integrated into HVAC operation and control system, therefore
IAQ and EMCS become two conflicting goals. It is realized that we need
to 1investigate new control strategies to improve IAQ and avoid
extensive energy consumption. Integration and conflict reasoning are

the challenges faced in developing new HVAC control systems.

Artificial intelligence (AI) provides an approach to dealing with
ill-structured problems by using heuristics and experience, so it is
not surprising that AI techniques have recently been applied to HVAC
processes (Haberl and Claridge, 1987; Camejo and Hittle, 1989; Bagby
and Cormier, 1988; Bergt, 1989; Brothers, 1988; Hartman, 1989; Haberl
et al., 1987; Liu and Kelly, 1988; Tuluca et al. 19839). Many
i1l-structured engineering problems with non-numeric information and
non-algorithmic procedures are suitable for applications of artificial
intelligence techniques (Rao et al., 19839). The Al approach provides a
programming methodology for solving ill-structured problems and allows
the use of heuristics. Intelligence engineering is the subject that
applies Al techniques to solve engineering problems and investigates Al

theory based on engineering methodology. Integration and conflict



reasoning are two important research subjects of intelligence
engineering. As most of the IAQ and EMCS problems in the HVAC processes
are non-algorithmic and ill-structured, intelligence engineering

approach provides a suitable methodology.

This thesis focuses on the research of new methods for HVAC
control, which aims at simultaneously reducing energy consumption and
improving indoor air quality in buildings. Inteiligence engineering

approach is our problem solving strategy.

10



CHAPTER 2

HVAC SYSTEMS AND OPERATIONS

This chapter provides a brief introduction to heating, ventilating,
air conditioning (HVAC) systems to assist readers in understanding the
HVAC processes before discussing the research project. Therefore, a
description concerning HVAC system structures and air handling
processes as well as control schemes will be presented first. In

addition, problems with the HVAC conventional control strategies are

discussed.

2.1 System Structure and Classification

There many different types of HVAC systems and various air handling
units exist to meet the requirements for all kinds of buildings and
weather. There is a large difference in the control and management
between central and distributed HVAC systems. Since central HVAC
systems are now used in the most of buildings, in this research
project, only central HVAC systems are concerned. The system structure
classification for central HVAC systems is demonstrated in Figure 1,
which contains decomposition, coupling and taxonomy information. Most
residential or office buildings only require temperature conditioning,
whereas in some industrial environment both temperature and humidity

must be conditioned. A single zone system sets all conditioned rooms at
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the same temperature and humidity, but a multizone system sets
different indoor parameters for the conditioned rooms. An air washer
and cooler both are used to cool and dehumidify air, which are chosen
by the HVAC system Jesigner depending on the weather and other factors.
For a large commercial building, a terminal controller or distributed

control system may be required.

The sixteen different types of centrai HVAC systems shown in Figure

1, which may be classified as follows:

Temperature conditioning, single zone and constant air volume system

(TSC).

A TSC system is shown in Figure 2. Outside air is mixed with return
air, then filtered, and heated or cooled to meet supply air
requirement. A constant air volume fan supplies the processed air to

rooms.

Temperature conditioning, single zone and variable air volume system

(TSV).

In a TSV system, the volume of air delivered by the supply fan can
be changed in order to match the building’s heating or cooling load.
Therefore a variable air volume (VAV) syscem usually has better energy

conservation performance than a constant air volume (CAV) system does.

Temperature conditioning, multizone and constant air volume system

(TMC).

In a multizone CAV system, there is a variable-volume damper, for

12



each zone In order to adjust the supply air volume, operated by a

static pressure controller.

Temperature conditioning, multizone and variable air volume system

().

In a multizone VAV system, the amount of air entering each zone is

determined by a terminal thermostat, which can also add heat to the

supply air if needed.

Temperature-humidity conditioning, single zone, constant air volume,

and dehumidifier for air dehumidifying process (THSCD).

A THSCD system is shown in Figure 3. Fresh air is mixed with return
air, which passes through a humidifier or dehumidifier, heatin, or
cooling coil. Then the processed air is supplied to rooms by a fan. The

differential pressure is usually kept positive by adjusting an exhaust

alr damper.

Temperature-humidity conditioning, single zone, constant air volume

and cooling coil for air dehumidifying process (THSCC).

In this type of the system, the cooling coil is used not only to
cool down air temperature, but also to dehumidify air moisture. Further

details about this system will be given later.

Temperature-humidity conditioning, single zone, constant air volume,

and air washer for air dehumidifying process (THSCW).

Fresh air is mixed with return air, then partially goes through an

air washer, and mixes with bypass air. This process is used for both

13



cooling and dehumidifying.

Temperature-humidity conditioning, single zone, variable air volume,
and dehumidifier for air dehumidifying process (TH§Y91.
Temperature-humidity conditioning, single zone, variable air volume,
and cooling coil for air dehumidifying process (THSVC).
Temperature-humidity conditioning, single zone, variable air volume,
and air washer for air dehumidifying process (THSVW).
Temperature-humidity conditioning, multizone, constant air volume,
and dehumidifier for air dehumidifying process (THMCD).
Temperature-humidity conditioning, multizone, constant air volume,
and cooling coil for air dehumidifying process (THMCC).
Temperature-humidity conditioning, multi-zone, constant air volume,
and air washer for air dehumidifying process (THMCW).
Temperature-humidity conditioning, multizone, variable air volume,
and dehumidifier for air dehumidifying process (THMVD).
Temperature-humidity conditioning, multizone, variable air volunme,
and cooling coil for air dehumidifying process (THMVC).

volume,

Temperature~humidity conditioning, multi-zone, variable air
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and air washer for air dehumidifying process (THMVW).

2.2 Air Handling Processes
The air handling processes, such as air washing, heating,
humidifying, cooling, dehumidifying and mixing are shown in Figure 4,

where RH stands for relative humidity.

Mixing: Assuming a is fresh air, N is return air, then K stands for the

mixed air status, akN shows a mixing process.

Washing: Assuming b is air washer water status, a portion of air goes

through an air washer and mixes with the bypass air. alb shows an air

washing process. L stands for the processed air status. The process can

be used to cool and dehumidify air.

Heating: The heating process increases air temperature or enthalpy, but

does not affect absolute humidity. ac demonstrates an air heating

process.

Humidifying: Ideally, a humidifying process should change only air
dampness, and not affect air enthalpy. In fact, if the temperature of
water or steam sprayed is higher or 1lower than that of the air

processed, a humidifying process causes enthalpy to increase or

decrease.

Cooling: The process of cooling decreases air temperature or enthalpy.

As air temperature decreases to below the saturated water vapor
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temperature, water condensation occurs. The process is shown as ae in

Figure 4, and is used to decrease temperature and/or humidity.

Dehumidifying: As demonstrated by af in Figure 4, when air passes

through a dehumidifier, water in the air is absorbed by the

dehumidifier.

2.3 Control

Currently, there are several control schemes for HVAC systems, such
as 100% outdoor air, 10% outdoor air, economy cycle, and enthalpy

control, etc (Haines, 1987).

100% outdoor air: This type of operation is for some special area such

as chemistry laboratories and special manufacturing. 100% outdoor air
passes through a filter, then enters an air handling unit (AHU), in
which a heating/cooling coil is controlled by a room thermostat. This
control scheme is simple, and the indoor air quality is high, but it

consumes a great deal of energy.

10% outdoor air: By far the simplest method of outdoor air control is

to open a "minimum outside air" damper whenever the supply fan is
running. 10% outdoor air is mixed with 90% return air, then enters an
AHU to be processed and supplied to rooms. Compared to 100% outdoor
air, it provides energy saving, but sacrifices indoor air quality. This

is early developed control strategy and is still used extensively.

Economy cycle: It is found that with minimum 10% outdoor air control,
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Cooling coil is operated even when the outdoor air temperature is near
or below the freezing mark. This method is called "economy cycle", in
which outside, return and relief dampers are controlled by temperature.

Economy cycle is the most commonly used control scheme nowadays.

SINGLE-ZONE ECONOMY CYCLE CONTROL SYSTEM: Figure 5 shows a
single-zone AHU; economy cycle outside air control system. OQutside air
and relief dampers are in minimum open position at winter design
temperature, and the return air damper is correspondingly in maximum
open position. As outside air temperature increases, the mixed air
thermostat (T1) gradually opens the outside air damper to maintain a
low-1imit mixed air temperature. Return and relief dampers modulate
correspondingly. As the outside air temperature continues to increase,
an outdoor air high-limit thermostat (T2} is used to cut the system
back to minimum outside air, thus decrease the cooling load. The room
thermostat can be used to reset the low-limit mixed air controller.
This will provide greater energy conservation than the system with a
fixed low-limit set point. The room thermostat resets the supply air
control point. The supply air thermostat controls the hot and chilled

water valves in sequence. This system is most commonly used today.

MULTI-ZONE ECONOMY CYCLE CONTROL SYSTEM: Figure 6 demonstrates a
typical variable air volume system with discriminator control. It
provides multizone control with only a single duct. The supply air is
maintained at a constant temperature which varies with seasons. The
individual zone thermostat varies with the air supply quantity to the

zone to maintain the desired temperature condition. Minimum supply air
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quantity is usually not less than 40% of the design airflow to provide
sufficient ventilation. Supplemental heating is used in all exterior
zones. The zone thermostat controls the VAV damper down to its minimum

setting then starts to open the heating valve if heating is required.

Enthalpy control: Outside air "economy cycle" control based on dry bulb

temperatures is not always most economical. For example, in a very
humid climate, the total enthalpy of the outside air may be greater
than that of the return air even though the dry bulb temperature is
lower. Since the cooling coil must remove the total energy from the air
to maintain the desired condition, it is more economical in such a case

to hold outside air to a minimum.

2.4 Problems with Conventional Control Strategies
There are several problems with the current existing control

strategies, which are summarized as follows:

(1) Lack of indoor air quality monitoring and control
There is no indoor air quality control strategy in the control
system, therefore indoor air quality is not guaranteed. If the number

of occupants increases, or fresh air mixing decreases, indoor air

quality may become poor.

{2) Fixed control strategy vs. variable HVAC operations
The control system has a fixed strategy for all seasons. It Iis
often seen that a cooling coil is in use in winter while the outside

air intake is less than 100% for an "economy cycle". Such a problem can
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be solved by changing the control strategy through seasons/time,
selecting different operations or combinations according to weather,
heat/damp 1load and HVAC structure information. In otlher words,

operation planning needs to be integrated into HVAC control system.

(3) Problems with supply air control

In a multizone VAV system, supply air temperature is fixed, supply
air volume to each zone is adjusted by a terminal thermostat in
responding to the changes of the room heat load. As both supply air
volume and temperature directly affect the room temperature, the supply
air temperature does not coordinate with supply air volume control

which is not a good strategy result in the possibility of both wasted

energy and péor indoor air quality.

(4) Disadvantages of thermostat indoor setting

The control systems sets indoor temperature as a constant by
thermostat strategy. In addition to temperature, other six variables:
mean radiant temperature, relative humidity, air velocity, clothing,
activity level (metabolic rate) and exposure time, also have
significant effects on comfort. A thermostat strategy does not maintain
optimal thermal comfort inside buildings. It possibly results in wasted
energy because the indoor temperature could be set unnecessarily high
or low. Comfort technology has not been fully utilized in HVAC control
to achieve energy conservation and improve comfort. It is suggested
that setting indoor temperature by comfort-stat (Fanger, 1870) may give

better comfort and energy saving than thermostat setting.
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(S) Difficulties of accumulating and utilizing private knowledge
Building operators usually gain valuable knowledge as hcuristics
and expertise for economic operation from experience. Current existing

control strategies have no facilities to update and utilize operators’

knowledge.
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CHAPTER 3

INTEGRATED DISTRIBUTED INTELLIGENT SYSTEM APPROACH

As discussed in Chapter 2, there are some problems with
conventional control strategies. In this chapter, an integrated
distributed intelligent system approach to an operation support system
(10SS) for HVAC processes is proposed. The objective of IOSS is to
coordinate different operations in HVAC system for better energy

saving, comfort and IAQ than that are obtained by a conventional

control strategy.

An intelligent system acquires and codifies the knowledge from
human experts to solve ill-structured problems. Heuristics play an

important role in the problem solving.

An intelligent system provides assistance to operators to optimize
the operation environment. It transfers and accumulates the expert
knowledge 1into computer programs so c¢ rators who do not have

well-trained operating experience can also control HVAC processes at

the level of expert operators.

The knowledge of I0SS covers HVAC control systems, energy

conservation management, and comfort technology as well as indoor air
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quality control. Qualitative and quantitative information processing
have to be coordinated. The problem of knowledge integration and
management is faced. The implementation of l0SS requires an advanced

intelligent system architecture and software environment.

3.1 Meta-System

An integrated distributed intelligent system structure was first
proposed in 1987 [Rao, et al., 1987; Rao, 1989]. It is a large
knowledge integration environment, which consists of several symbolic
reasoning systems, numerical computation packages, neural networks, and
computer graphics programs. The integrated distributed intelligent
system is 1illustrated by Figure 7. These software programs may be
written in different languages and be used independently. They are
under the control of a supervising intelligent system, namely,
meta-system. The meta-system manages the selection, operation and

communication of these programs.

As shown in Figure 7, a meta-system has its own database, i‘ule base
and inference engine, but it decomposes its activities into separated,
strictly ordered phases of information gathering and processing. The

main functions of a meta-system are:

1. To coordinate all symbolic reasoning systems, neural networks,
numerical computation routines as well as computer vision and graphics

programs in an integrated distributed intelligent system.

2. To distribute knowledge into separate intelligent systems, computer
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vision programs, graphics package, numerical computing routines, as

well as neural networks.

3. To acquire new knowledge efficiently and add new programs easily.

4. To find a near optimal solution for the conflict solutions and facts

among the different symbolic reasoning systems (i.e., expert systems).

5. To provide the possibility of parallel processing in the integrated

distributed intelligent systems.

6. To communicate with the measuring devices and the final control

elements in the control systems and transform various input/output

signals into the standard communication signals.

Integrated distributed intelligent system is very demanding in the
integration for different intelligent systems, neural network, computer
vision and graphics programs, as well as numerical computation packages
in order to realize the industrial automation in the knowledge
intensive stage. This new software integration platform can process
different knowledge (analytical and heuristic knowledge), different
information (symbolic, numerical and graphic information) as well as
different computer languages. The meta-system layout includes the

following six main components (Rao, et al., 1991):

1. Interface to external environment

The interface to external environment builds the communications
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between users and internal software systems as well as the external
software systems. The interface includes an icon structured menu that
includes windows, data structure, security module, and editor module.
The interface will play a key role in an open structured software
system in two ways: the first is to codify human expertise into the
computer system such that it can adopt the most creative intelligence
and knowledge in decision making; the other is to communicate with
other intelligent software systems to extend the system into a much

larger scale for the more complicated tasks.

2. Meta-knowledge base

The Meta-knowledge base is the intelligence resource of this
meta-system. It serves as the foundation for the meta-system to carry
out the managerial tasks. The meta-knowledge base consists of a
compiler and a structured frame knowledge representation facility. The
advantage of an open structured meta-knowledge base allows intelligent
functionalities to enter the meta- knowledge to engage more duties in

decision-making.

3. Database

The database in the meta-system functions as a global database for
the integrated intelligent systenm, distinguishing with those databases
in the subsystems which only attach to the individual subsystems they
belong to. The database contains an editor, an interface to the
inference engine, a management system and a physical storage structure.
The interface converts the external data representation form into an

internal form. The control of data flow is provided either by the
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inference engine, depending on the corresponding module 1in the
meta-knowledge, or by users at certain security classes. The management

system will carry out the data processing function.

4. Inference mechanism

Due to the diversity of the meta-knowledge and the variety of its
representation forms, the inference mechanism in the meta-system adopts
various inference methods, such as forward chaining, backward chaining,
exact reasoning, inexact reasoning, and so on. The inference mechanism
conducts operation and processing on the meta-knowledge. Additionally,
it also carries out various actions according to the results from
reasoning, e.g., passing data between any two subsystems, and storing
new data in the database. Therefore, there are some functional modules

in the mechanism, which further extend the functionality of the

inference mechanism.

5. Static blackboard

The static blackboard is an external memory for temporary storage
of reguired information when the system is running. Limited by the
on-board memory space, the integrated intelligent system is unable to
execute at the same time. In fact, it is unnecessary to run the entire
system simultaneously. Very often, the meta-system and all subsystems
are run on the external memory for any two subsystems to exchange
information. Besides data storage, the conversion of data in
heterogeneous languages into exchangeable standard form will also be

completed on the static blackboard.

25



6. Interface to internal subsystems

This component of the meta-system is established based on each
specific application. The interface connects any individual subsystems
which are used in problem solving and under the control and management
by the meta-system. Each module of the interface converts a unonstandard
data form in the integrated distributed intelligence environment. The

conversion among the standard forms of different languages is carried

out by the meta-system.

3.2 Integration of IO0SS

In 1I0SS, expert system for operation planning, indoor comfort
setting, and conflict reasoning are integrated and coordinated by a
meta-system framework. Symbolic reasoning, computer graphics and
numerical computation are integrated to facilitate the functionalities
of I0SS. The integrated architecture of I0SS is demonstrated in Figure
8. Several systems, such as operating mode consulting, comfort setting,
conflict reasoning and knowledge introduction, including a commercial
package, such as DBASE III plus'', Personal Consultant Plus (PC-PLUS'",
an expert developing tool), are Iintegrated by the meta-system
framework. The software menu screen is shown in Figure 9. The knowledge
acquisition, organization and function of each system will be described

in the following chapters.
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CHAPTER 4

EXPERT SYSTEM: OPERATION PLANNING

Operation planning is a process phase that is concerned with the
selecting and sequencing of different operations and combinations to

transfer an initial state to a goal state (Tsatsoulis and Kashyap,

1988).

As weather or load changes, an air conditioning system must change
air handling equipment. For example, in winter, a heating coil is used
to condition temperature, but in summer, a cooling coil is wused
instead. In some cases, alternative air processing is able to meet the
conditioning requirements. Operation planning is needed in HVAC process
control. The problem of operation planning is to choose an optimal
operating mode for air processing according to information about the
weather, HVAC system structure, air handling equipment, heat and wet
load, indoor setting, and indoor air quality. Table 1 shows some
typical operating modes for the THSCD air conditioning system shown in
Figure 3. As many types of HVAC systems exist, operation planning
heconies very complicated. It is a non-algorithmic problem, therefore it

is difficult to approach by a conventional mathematical modeling

method.

An expert system is a computer program containing knowledge,
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Judgment and experiences of an expert in a specialized area. Thus, the
expertise of a highly skilled individual can be automated in a computer
system, and be utilized by those with less expertise. It is a suitable

methodology for solving HVAC operation planning problems.

In this chapter, the development of an expert system for operation
planning (ESOP) 1is described, including knowledge acquisition,
representation, organization, and implementation. An example of energy

saving operating mode consulting is also illustrated.
4.1 Knowledge Acquisition

The key issue in the operating mode selection is to identify the
optimal operational mode subject to the conditions of system structure,

weather, indoor setting, air handling equipment, and changing heat/damp

load.

Expertise about optimal operation mode identification

The expertise for the operating mode identification can be
demonstrated in an air property chart. The following example gives a

description about the expertise.

For a constant air volume, single 2zone, temperature and humidity
conditioning (THSCD) system in Figure 3, the operating modes can be
divided in an enthalpy-humidity coordinates chart. The operational mode

identification expertise is demonstrated in Figure 10.
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N is the indoor air setting, which is determined by thermal comfort

requijrement.

S is the supply air, which is decided by the heat and damp load of a
HVAC system.
K is reached by mixing the minimum allowed amount of fresh air (usually

10%) with return air, SN/KN = 10%

In Figure 10(a), if the fresh air is in area 1, the optimal
operation should choose mode 1, i.e. recirculate air at 90%, fresh air
at 10%; cooling coil off; heating used to control temperature;
humidifier for controlling humidity; dehumidifier off. If the fresh air
is in area 2, the air conditioning system should be operated under mode

2, and so on. The status of air handling unit for each operating

mode is shown in Table 1.

It can be seen that in each operating mode, some air handling
elements are used to control temperature/humidity, some are kept in
certain status, and do not participate in the control. Those air
handling elements participating in control are defined as control
manipulated variables (CMV); others that do not participate in control
are defined as operational variables (0V). It should be noted that one
air handling element can be a CMV in one operating mode, but an OV in

another operating mode.

Air handling processes for various operating modes are described by

Figure 11, where

MODE 1 10% outside air is mixed with 90% return air, and heated to
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the desired supply air temperature, then water or steam is injected to
humidify air in order to meet the supply air moisture requirement

(1a-1b-1c-S).

Mode 2 Outside air is properly mixed with return air to reach the
desired supply air temperature, then water or steam is injected to

humidify air to supply moisture (2a-2b-S).

Mode 3 100% outside air is used and cooled to the desired supply

temperature, then water or steam is added to reach the supply moisture

(32-3b-S).

Mode 4 10% outside air is mixed with 90% return air, and cooled to
the desired supply air temperature, then water or steam is added to

reach the supply moisture (4a-4b-4c-S).

Mode 5 Outside air mixed with return air at a ratio of 1:9, then the
mixed air is cooled to the desired supply temperature. Afterwards, the

air passes through a dehumidifier (5a-5b-5c-S).

Mode 6 100% outside air is heated and then passed through a
dehumidifier to satisfy the desired supply temperature and humidity

requirement (6a-6b-S).

Mode 7 Outside air 1is mixed with return air to the supply air

temperature, then dehumidified to supply moisture (7a-7b-S).
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Mode 8 10% outside air is mixed with 90% return air, then a heating

and dehumidifying process is applied (8a-8b-8c¢-S).

Mode 9 Outside air is mixed with return air to control supply

moisture, then the mixed air 1is heated to the desired supply

temperature (9a-9b-S).

yode 10 Outside air is mixed with return air to control moisture, then

the mixed air is cooled to supply temperature (10a-10b-S).

Mode 11 100% outside air is dehumidified and heated to the desired

supply temperature and humidity (11a-11b-S).

Mode 12 100% fresh air is humidified and heated to reach the desired

supply temperature and moisture (12a-12b-S).

According to Figure 11, the operating modes are identified as:

MODE 1: i = iik AND w = wk AND iin = iis AND wn = ws
MODE 2: i =< iis AND i = iik AND 2B T~ 1 o 10 7 118 ,npy 5in = iis AND
wm - w wn - WS
Wwn = wWs

Where i, iis, iin, iik are the enthalpies of fresh air, supply air,
desired indoor air, and minimum mixed outside air respectively; w, wus,
wn, wk are the moisture values of outside air, supply air, desired

indoor air, and minimum mixed fresh air, respectively.

It should be pointed out that § is a dynamic point, and the
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relative position of S and N reflects the system heat and moisture
load. Considering various load cases, which are demonstrated in
Figure 10a-h, S moves around N, so the integrated conditions to
determine the operating modes become Mode 1:
i = iik AND w = wk AND iin = iis AND wn = ws
OR
i = iin AND w =< ws AND iin < iis
OR

i = iik AND w = ws AND iin = iis AND wn < ws

Mode 2:
i = iis AND i 2 iik AND Z1n — 1 < 1B 7 318 h sin = iis AND
wn - w wn - WS
wn = ys
OR
i = iik AND i 2 iis AND 22D " 1 1IN = 118 ,uh jin = iis AND
wn - w Wn -~ we
WNn < wWs
OR
i = iis AND i = iik ANp MR -1, iim - iis o0 .. o iis AND
wn - w wn - ws
Wwn < ws
Mode 12:
iin - 1 iin - iis . .
C o< oas C .. < -
i = iis AND i = iin AND W= w > wn = ws AND iis iin AND
WS = wn

OR

32



i = iis AND i = iin AND 23R " 1  2IR = 11S np 55n < iis AND
wn - w wn - WS

These conditions are used to issue IF statements in the knowledge
base to identify the operating modes. There exists a total of twelve
operating modes that respond to various load cases and weather in the
THSCD system. Each rule of the knowledge base identifies one optimal

operating mode corresponding to the input information.

For the sixteen different types of HVAC structures shown in Figure
1, over one hundred rules are issued for the operating mode consulting
knowledge base. Appendix A shows the energy saving operating mode
identification for the all sixteen different types of HVAC systems. The
operating mode identification for a multi-zone system is same as for a
single zone system except that the indoor setting is the mean value of
the temperature/humidity settings of all zones. For VAV systems (Figure
A-2, A-B, A-7, A-8), S1, S2 are supply air parameters corresponding to
minimum and maximum supply air volume respectively. Ki, K2 are the
minimum allowed outside air mixing parameters corresponding to minimum

and maximum supply air volume respectively. All the operating modes are

shown in Appendix B.

4.2 Knowledge Representation

Once the process operation and the related problems had been

studied, all the system inputs and outputs were investigated.
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Operation Planning Inputs:

HVAC SYSTEM STRUCTURE (Figure 1):

Conditioning-type (temperature-humidity, temperature), Zone~-type
(single  zone, multizone), air  volume (constant, variable),
dehumidifying unit (air washer, cooler, or dehumidifier).

WEATHER: Outdoor air temperature, relative humidity or wet bulb
temperature.

INDOOR SETTING: Indoor air temperature, relative humidity.

SUPPLY AIR PARAMETERS: Supply air temperature, humidity, and air

volume.

Operation Planning Output:

RECOMMENDED OPERATION MODE: Indication of all air handling units status

and combinations.

Qualitative Knowledge Representation
Qualitative knowledge representation for HVAC system structure and
symbolic information processing determines the classification of the
HVAC system.
A typical rule used to classify HVAC systems may ke described as:
IF CONDITIONING-TYPE = TEMPERATURE-HUMIDITY
AND ZONE-TYPE = SINGLE
AND AIR-VOLUME-TYPE = CONSTANT
AND DEHUMIDIFY-AIR-HANDLING-UNIT = AIR-WASHER

THEN HVAC-SYSTEM = THSCW
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Quantitative Computation

Weather information, indoor temperature/humidity setpoint and
supply air parameters are quantitatively represented. Numerical
information processing is applied for operating mode identification,
supply air parameters and indoor setting. The quantitative computation

is coupled into the symbolic reasoning.

EVALUATION OF AIR ENTHALPY AND HUMIDITY VALUE:

To identify the operating mode, as shown in the above, air enthalpy
and humidity need to be evaluated by the input of air temperature and
relative humidity. Air enthalpy and humidity are evaluated as follows
(Haines, 1987),

in English units:

i =024t +w(1061.2 + 0.444 t)

= 0.6129 Ps ¢
(14.696 = Ps)
1 _ (14.696 - Pus)(t - Wt)
¢ = —p; [Pus 5831 - 1.43 ] (1)
while in SI units:
i=t+w(2501.3 +1.86 t)
., = 0.6129 Ps ¢
1.0132x10"° -Ps
¢ = [Pus - 6.748 x 10°2(t - We))/ Ps

(2)
Where t is the dry bulb temperature of the air; ¢ is the relative

humidity of air; w is the absolute humidity of the air; Wt is the wet
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bulb temperature of the air; Ps and Pws are the saturated water vapor
pressures with respect to the dry bulb temperature and the wet bulb
temperature, respectively. In (1) and (2), the atmospheric pressure is
assumed to be at standard sea-level pressure. Where atmospheric

pressure is not at standard, corrections may be introduced.

SUPPLY AIR PARAMETER ESTIMATION:

Supply air parameters respond to HVAC system heat and humidity
load, which behave wuncertainly in most situations. Some air
conditioning systems have no measurements for supply air. The supply
air parameters used in the operating mode identification rules are
steady state parameters, so even if they are measured on-line, the
signals still need to be processed. Based on these reasons, the

following methods for supply air estimation are proposed:

Case 1. On-line data for supply air parameters available and off-line
operating mode consulting needed: the mean of the last five samples

of data are used as the steady state supply parameters.

Case 2. On-line data for supply air parameters available and on-line
operating mode consulting needed: the output and input relationship are
modeled for indoor air parameters and supply air parameters by adaptive
control techniques (Shi and Zhou, 1985). The steady state supply air
parameters can be predicted by the models. More details about this case

will be discussed in Chapter 7,
Case 3. On-line data for supply air parameters unavailable and off-line
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operating mode consulting needed: the steady state supply air

parameters are given as:

{(Vy + Vss) 1in+t Qt — io0°Vi}/ Vss (3)

Iss

Wss [(Vi + Vss) Wnt Qw - Wo'Vil/ Vss (4)

where Iss, Wss, Vss are the enthalpy, humidity, air volume of steady
state supply air, respectively. 1io, wo are outside air enthalpy and
humidity respectively. Vi is infiltration of air volume. Qt, Qw are
heat and humidity load of the HVAC system, respectively. K is the

percentage of outside and return air in the mixed air, i.e.

K = Fresh Air Volume (5)
" Return Air Volume + Fresh Air Volume’

As mentioned previously, supply air parameters are estimated based on
steady state, the HVAC system design data can be directly applied to

Qt, Qw, Vi and Vmax, and these data are usually available to the

operators.

4.3 Knowledge Organization and Implementation

This expert system is implemented under PC-PLUS, an expert system
developing tool. PC-PLUS provides an external access interface, which
allows the execution of the external program and retrieving of an

external database.

Knowledge base structure: In PC-PLUS, a knowledge representation
mechanism consists of three parts: frames, parameters, and rules. Each

frame, parameter, or rule has its properties that define their
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characteristics. Every frame holds a set of parameters and a rule base.

Frames can be hierarchically structured in PC-PLUS. A parent frame
can invoke the rules in a child frame, and a child frame can access the

parameters in its parent frame.

Hierarchy of the Frames: The hierarchical structure of the frame in
the operating mode consulting is based on the classification of the
HVAC systems, which is demonstratea in Figure 12. It consists of two
frrme  levels. The first frame level classifies HVAC systems, which
decides the subframe to activate according to the system type. In the
second level, consisting of sixteen frames, each frame contains a group
of external access rules and a set of rules to choose energy saving

operating modes corresponding to the structure of the HVAC systems.

Root Frame: In this frame, the user inputs or confirms the
information about the HVAC system structure. Symbolic reasoning decides
on the subframe to be activated in responding to the HVAC system

structure information.

Subframe: According to the classification of the root frame, there
are sixteen types of HVAC systems, and each corresponds to a subframe.
As air enthalpy and humidity value are used in the rules to identify
the operating mode, numerical calculation programs for evaluating alir
enthalpy and dampness are written in BASIC and executed by external
access rules. Each frame contains a rule base to choose an energy

saving operating mode for the corresponding structure of the HVAC
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system.

A typical rule for the system classification and activating a
subf'rame in root frame is shown as:
IF CONDITIONING-TYPE = TEMPERATURE-HUMIDITY
AND ZONE-TYPE = SINGLE
AND AIR-VOLUME-TYPE = CONSTANT
AND DEHUMIDIFYING-UNIT-TYPE = DEHUMIDIFIER
THEN HVAC-SYSTEM = THSCD AND CONSIDERFRAME THSCD
In the external access, the input data about temperatur= and
humidity are sent to external data files, executing the external
computation program, then the enthalpy and damp data are retrieved.
Except for air enthalpy and dampness evaluation, the external numeric
computation programs also handle the unknown information processing,

i.e., the estimation of supply air parameters.

For a constant air volume, single zone or central air conditioning
system with a dehumidifier, a typical rule in the subframe THSCD is:
IF i = iik AND w = wk AND iin = iis AND wn = ws

OR i iin AND w = ws AND iin < lis

1A

OR i ws AND iin = iis AND wn < us

1A

iik AND w

1A

THEN OPERATION-MODE = MODE-1
AND PRINT "The recommended operating mode is:
OUTSIDE-AIR-DAMPER at 10%; RETURN-AIR-DAMPER
at 90%; DEHUMIDIFIER off; HUMIDIFIER ON;

DEHUMIDIFIER OFF; HEATING COIL ON; COOLING COIL OFF."“
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Since there are twelve operating modes for this type of air
conditioning system, there exist twelve such kinds of rules in the
knowlwug  base. For all sixteen types of HVAC systems, the knowledge
base is made up of over a hundred such rules to identify energy

conservation operating modes.

4.4 An Operation Mode Consulting Example
An illustration of a consulting example (Figure 13) by using ESOF

is given below:

Input: HVAC system structure information:
TEMPERATURE
SINGLE-ZONE
CONSTANT AIR VOLUME
Air parameters:
UNIT-SYSTEM = SI-UNIT

WET-MEASUREMENT = RELATIVE-HUMIDITY

T1 =8 {Outside air temperature is 5 °c.)
TN = 24 (Desired indoor temperature is 24 °C.)
TS = 30 (Supply air temperature is 30 °c.)

Output: OPERATION-MODE = MODE-1
"The recommended operating mode is: OUTSIDE-AIR-DAMPER
at 10%; RETURN-AIR-DAMPER at S0%; HEATING COIL ON;

COOI.ING COIL OFF."

The ESOP recommends an energy saving operating mode for alir
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handling based on the input information about the HVAC structure,
weather, load, and indoor setting, thus providing an operating mode

consulting.
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CHAPTER S

COMFORT INDOOR SETTING

According to ASHRAE §55-1981, air conditioning system design
standard, indoor temperature range is from 65-80°F or 18-27 °C. and
relative humidity is 35-62%. Comfort research has provided a number of
alternatives for energy conservation (Nelson et al. 1987; Doherty and
Arens, 1988). It is realized that there is a relatively wide range of
indoor temperature settings that meet thermal comfort requirements.
Therefore a suitable indoor temperature setting is an energy
conservation strategy in HVAC process control. Currently, indoor
temperature is set at one temperature through all season/time, so
called thermo-stat setting, so it is not unusual to hear complaints or
comments about the room temperature being too warm in winter or too
cool in summer. This results in a large amount of wasted energy.
Comfort technology has not been fully utilized in HVAC control to
achieve energy conservation and improve comfort. Fanger (1970)
suggested that setting indoor temperature by comfort-stat may give
better comfort and energy saving than thermo-stat setting. And also it
has been found out that comfort-stat setting for indoor temperature is

beneficial to indoor air quality.

In this chapter, a brief introduction to current indoor setting

strategy is given, then the problems with this strategy are discussed.
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A comfort indoor setting is proposed to solve the problems. Finally a

comf'ort indoor setting system is developed.

5.1 Thermal-stat Setting

Currently, the indoor temperature of most HVAC systems are set by
thermostat strategy, which maintains the indoor temperature at a

constant value through all seasons/time. The disadvantages of this

strategy are:

1. It does not maintain the optimal thermal comfort. Besides
temperature, six other variables: mean radiant temperature, relative
humidity, air velocity, clothing, activity level (metabolic rate) and

exposure time, also have the significant affection on comfort.

2. It possibly results in energy waste and uncomfortable due to the

indoor air temperature being set unnecessarily high or low.

5.2 Comfort-stat Strategy

To overcome these drawbacks, a comfort-stat control strategy is
proposed to set indoor air temperature by the thermal comfort equation
(Fanger, 1970). The indoor temperature setting changes responding to
the all seven variables to maintain comfort. This strategy provides
thermal comfort-stat rather than just keeping temperature constant. It
optimizes comfort and energy conservation simultaneously. It is also
beneficial to ‘the indoor air quality because temperature changes

increase the air exchange where air is not well distributed.
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The comfort temperature indoor setting can be determined by the

following comfort equation, which was developed by Fanger in 1970:

M M -
tec1 = 35.7 - O.OSZKB; (1 -m) -0.18 Ie1 { Aba (1 -7n) -0.35 [43 -

M M M
0'061K3;(1 1)-Pa] 0.42[KB;(1—H) 50]—0.0023KS;

M
(44-Pa)—0.0014KB;(34—ta)] (8)

M M M
KB;(I-H)-O.35[43-0.OSIKB;(I-H)—Pa]-O.42[KB;(1—H) ~ 501

M M _
0.00235 (44-Pa)-0.0014;-—(34-ta) =
3.4 x 1078 c1 [(ter + 273)%- (tmrt + 273)%] + fo1 he (tel - ta)

(7)

0.2s 22: > 10.4 AV
“25¢ 10,44V

2.05 (tc1 - ta) for 2.05 (tc1 - ta)

he = { 45 4 IV for 2.05 (tci - ta)

(8)
where the parameters are:

te1: Clothes temperature( C)

Z%G: Human metabolic rate(kcal/hr m?

n: Mechanical efficiency

v: Relative velocity in still air (m/s)

Ic1 = Re1/0.18 (clo), where Rel is the total heat transfer resistance
from skin to outer surface of the clothed body (mahr°C/kcal)

fc1 : The ratio of the surface area of the clothed body to the surface
area of of tkhe nude body.

P, The partial pressure of water vapor in inspired air (ambient air)

(mmHg)

ta : Comfort temperature (°C), i.e. the desired indoor temperature
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setting.

tmrt: Mean radiant temperature(°C).

The data for M, n, v, Icl and fc1 are shown in Table 2 and 3

(Fanger, 1870).

The input information for solving the equation is M, =%, v, Iel
ADu

(clo), fec1, Pa, and tmrt. The Pa and tmrt can be obtained through

measurement.

The output information is the comfort temperature ta, which is the
desired indoor temperature setting for HVAC control system, and alsc

the input information for the ESOP.

To simplify the computations of solving the comfort equations
(6)-(8), and give the practical assessment of thermal environments, a
predicted mean vote (PMV) table was provided by Fanger (1970). As a
measure for the thermal sensation the commonly used seven point
psycho-physical scale is used:

-3 cold

-2 cool

-1 slightly cool
0 neutral

+1 slightly warm
+2 warm

+3 hot
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a positive value corresponds to the warm side and a negative value to
the cold side of neutral. When the comfort equation is satisfied, a

mean vote equal to zero (neutral) is generally expected.

The predicted mean vote under different indoor temperature is
presented for any given combination of activity level, clo-value, and
relative velocity. The PMV table (Fanger, 1970) presents 8 different
activity levels, 7 clo~values, 9 relative air velocities and 8 ambient
temperatures (mean radiant temperature = air temperature), as well as
about 3500 combinations of the variables. Indoor temperature setting is
based on the principle of lowest possible percentage of dissatisfied
(LPPD), i.e., the temperature with zero or close to zero predicted mean
vote is the optimal comfort temperature or desired indoor temperature

setting for HVAC system.

5.3 Implementation of comfort setting system

This indoor comfort setting system (ICSS) is implemented by using
DBASE III plus, a commercial database package. It consists of three
data bases, namely MRDTA, DCLOTH, and PMV. The MRDTA holds the data for
metabolic rate (M/Adu), mechanical efficiency (n) and relative velocit
in still air (v) at different typical activities (Table 2). The DCLOTH
database contains data for heat transfer resistance (Ic1), a ratio of
clothed surface (fc1) at different clothing ensembles (Table 11). The
PMV database holds for data the comfort temperature with the predicted
mean vote close to zero for different combinations of metabolic rate
(M/Adu), mechanical efficiency (7), relative velocity in still air (v),

and clo-value.
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An example of indoor temperature setting is shown below:
Input Information:
ACTIVITY:
Resting
Seated
CLOTHING:
Business suit
Output Information:
COMFORT TEMPERATURE: 23 °C

PREDICTED MEAN VOTE: -0.02
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CHAPTER 6

INDOOR AIR QUALITY CONTROL AND CONFLICT REASONING

In recent years, indoor air quality has been identified as a
potentially serious health problem. (Franta and Franta, 1985). The sick
building problems have been characterized as "one of the most serious

public health challenges in next decade." (Bahnfleth, 1986)

The sources of indoor air pollutants are classified into three
groups (Hubber and Wanner, 1983): outdoor air pollution; emission
products of building materials and indoor human activities. Human
activities, such as smoking, cooking, and perspiration, are the ma jor

contributions te indoor air pollution.

A HVAC system plays an important role in indoor environment control
(Newman, 1991). The indoor air pollution from human activities can be
removed by adequate ventilation (Wallingford and Carpenter, 1986;
Wallingford, 1988). Ventilation system performance has attracted
special research attention because it is both a mechanism for removing
indoor air pollutants, and a potential energy load on the heating or
cooling system for the building (Sherman and Wilson, 1986). Ventilation
models for IAQ control have been investigated (Fanger, 1988, 1990;
Woods 1986), but the ventilation control model or algorithm coupling

IAQ control has not been reported.
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Indoor air pollution caused by occupants can be removed by
increasing ventilatjon rate, but the increase in air exchange rate
results in higher ehergy consumption. Therefore a conflict exists

between energy conservatjon and improving indoor air quality (IAQ).

Investigating the ven’i. % T9]l model, algorithm and strategy
for indoor air qualit. . . wnich couples energy conservation
techniques is the objective or .nis chapter In this chapter, the field
tests for IAQ and veptilation are conducted. Based on the analysis and
test, the IAQ ventilation control models are identified and simulated.
Then the conflicts of energy conservation operation of HVAC processes
and IAQ control are analyzed. Finally the conflict reasoning rules for
a compromise solutiopn between energy saving and IAQ improvement are

acquired.

6.1 Field Tests
The energy conservation conflict in HVAC operations has been
analyzed. The relatjonshiP between the IAQ and HVAC operations is

further investigated by the fjeld tests.

Indoor air pollytion caused by the occupants can be assessed
through odors or carbonh qjoxide in the room [Hubber and Wanner, 1983].
The comparison of the cyrve for odor intensity with that for carbon
dioxide concentration ShowS correlations between these two parameters.
Such a relationship would be of @ high practical value because the

relatively easy carpon dioxide measurement can be related to a
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momentary odor situation in a room.

Carbon dioxide (CO2) concentration has been used as an indicator of
indoor air quality, and a high carbon dioxide concentration due to
human activity was demonstrated being indicative of poor air quality

(Hung and Derossis, 1989).

Concentration of carbon dioxide in ambient air lies between 0.03%
and 0.04% by volume. The maximum recommended concentration of COz in

indoor air of buildings is 1000 ppm (ASHRAE Standard 62-1989).

Field Test Design:
The goal of the field test is to obtain the dynamics about IAQ,

supply fan speed and air mixing damper.

The output and input signals are chosen as follows:
Output: CO2 concentration in the return air due to human activity as
an indicator of the indoor air quality.
Input 1: Supply fan speed.
Input 2: Air mixing damper opening.
Test Signal: Square waves of various widths as detailed for each test.

Operating condition: Near normal operating conditions.

The operating or starting condition are considered to be the steady

state of the input and output signals.

Field Test HVAC System:

The HVAC system of the administration building at the University of
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Alberta campus was selected for the tests. The HVAC system is shown in
Figure 14. The supply fan speed is variable. The system measurement and
control specifications are shown in Appendix C. The carbon dioxide of
the return air was measured in response to the square wave changes of
supply fan speed and mixing damper opening respectively. The CO2
concentration in return air was recorded using a CO02 indicator, R4l1,
made by Gaftech, scale range from -48 to 4884 ppm, the data averaging

period is 15 minutes, and the storage capacity is 6512 values.

‘Field Test 1 The results of field test 1, conducted on January 30, 1992

are illustrated in Figure 15.1.

Starting condition:

Output = 500 ppm (CO2 concentration in return :ir)

Input 1 = 85% (Supply fan speed)

Input 2 = 60% (Air mixing damper opening)

Test signals:

Input 1: Square waves of different widths shown in Figure 15.1
The supply fan speed was changed by the operator

following the square waves.
Input 2: Air mixing damper opening fixed at 60%, i.e., outside
air damper opens at 60%, return air damper opens at

40%.

Fleld Test 2 The results of field test 2, conducted on January 31, 1992

are illustrated in Figure 15.2.

Starting condition:
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Output = 410 ppm (CO2 concentration in return air)

I}

Input 1 = 60% (Supply fan speed)

Input 2 = 40% (Air mixing damper opening)
Test signals:
Input 1: Supply fan speed is fixed at 60%, of maximum
speed.
Input 2: Square waves of different widths shown in Figure
15.2. The mixing damper opening was changed by the
operator following the square waves.

The output data recording started at 9:00 am and finished at 3:30
pm. From the test results, it can be seen that the response of the
indoor CO2 concentration to the step change of the air mixing damper is
as expected when the outside air damper opening is increased, the

return air CO2 concentration are decreasing.

Field Test 3 The test condition is the same as the Field Test 1 except
the air mixing damper was kept at 30% open. The test was conducted on
February 4, 1992 as illustrated in Figure 15.3. From the results of
test 1 and 3, it can be seen that the response of the indoor CO2
concentration does not decrease when fan speed increase as w.uld be
expected from the results of test 2. The effect of supply fan speed on
the CO2 concentration of the return air is not so strong as the mixing
damper, but increasing the amount of supply air improves the air

ventilation and exchange locally, so the indoor air quality imprcves.

In addition to the HVAC operations, the CO2 concentratior s also
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af'fected by the number of the people in the building, which is
ref'lected in the test results, for example, at lunch time, most people

left the office, the CO2 concentration decreased as shown in Figure

15.2-3.

Field Test 4 (Figure 15.4) 1is the recording under the normal

operations. The tests started at 8:30 am and finished at 3:30 pm,

February 5, 1992.

The four complete field test data are listed in Appendix D.

6.2 TAQ Control Model Identification
Based on the experimental data collected from the field tests, the

following control model is identified using the leas. squares method

and MatlabTH software package:

In test 2, starting conditions:
CO2_o = 410 (Indoor CO2 concentration)

60% (Supply fan speed is 60% of the maxitum speed)

1

Us _o

Vd_o 40% (Mixing damper opening is 40%, i.e., outside air damper

opening at 30%, return air damper at 60%.)

The modal is:
CO2¢(k+1) = 1.8894 CO2(k) - 0.8928 COz2(k-1) + 0.0216 Vd(k) - 0.0901

Vaii=-1) + (k) (8a?

Var = 6.5960
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In test 3, starting conditions:
€02_0 = 400 (Indoor CO2 concentration)
Us_o = 50% (Supply fan speed is 50% of the maximum speed)

Vd_o = 30% (Mixing damper opening is 30%)

The model is:

COz2{k+1) = 1.8835 CO2(k) - 0.8819 CO2(k-1) + 0.0184 Us(k) - 0.0446
Us(k-1) + &(k;
(9b)
Var = 3.6076
Where Us: Speed (%) of supply fan - Us o
Vd: Opening (%) of mixing damper - Ud_o
CO2: Return air CO2 concentration (ppm) - CO2_o
&: Disturbance

The sampling time for the models is 5 minutes.

It should be pointed cut that the model (9a) and (9b) is time
varying, because indoor CO2 level is strongly affected by the numher of

occupants inside the building, and it is treated as a disturbance €(k)

in the models.

6.3 Indoor COz Control Simulation

From the field test results, it is seen that the COz concentration
of the return air can be controlled by manipulating the mixing damper

opening. The control loop is shown in Figure 16.
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Using the mixing damper opening as the manipulated variable as

shown in the model (8b),

PID control: Vd(k) = Kp * e(k) + Ki * ¥ e(k) + Kd * [e(k)-e(k-1)]

(10)
The simulation algorithm:
e(k) = CO2_H - COz(k)
Va(k) = Kp * e(k) + Ki * ¥ e(k) + Kd * [e(k)-e(k-1)]
Us(k) = 0 . (11)

Where Kp, Ki and Kd are the parameters of PID controller. CO2_H is

the indoor air carbon dioxide concentration setpoint.

The CO2 concentration <ontrol requirement is different from an
ordinary control loop. The setpoint can be the high limit of CO02
concentration, and when the output is lower than the setpoint, the
centrol action is not necessary. So for a real time HVAC control
system, when the indoor CO2 concentration is lower thun the setpoint,
the system may be able to switch to an energy saving operation as

discussed later.

The simulations were carried out using MatlabTH. a commercial

software package.

The simulation for the step response by using model (9b) is

demonstrated in Figure 17.1.
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The tuned PID parameters are:

Kp = -0.25
Ki = -0.01
Kd = 0

Considering the limit of control action in the model Sb, -40 < Va <
60, (i.e., Vdo = 40, Va4 = mixing damper opening - Vdo}, the

simulation result is shown in Figure 17.2

The simulation results show that indoor carbon dioxide

concentration can be controlled by a mixing damper.

6.4 Conflict Analysis

In HVAC processes, the ventilation rate or outside air intake is
controlled ty the air mixing damper position and the VAV sup:'ly fan.

Conflict analysis for the operations are described in Table 4.

Conflict of air mixing damper operation:

When the outdoor air damper (or air mixing damper) opening
increases, i.e. outside air intake increases, the IAO is wusually
improved under the same indoor pollution load. But there are two cases
for the HVAC energy consumption response: (1) if heating or cooling is
in use, the energy consumption increases; (2) if the system Is in
the free cooling or heating operating mode, the energy consumption

remains same.
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When the outdoor air damper (or air mixing damper) opening
decreases, the situation is reversed, 1i.e., there is usually a
degradation in [AQ under the same indoor pollution load. And also
there are two cases for the HVAC energy ccnsumption response: (1) if
heating or cooling is in use, the energy consumption decreases; (2) if

the system is in the free cooling or heating operating mode, the energy

consumption remains same.

Conflict of VAV supply fan operation:

When the supply fan speed increases, the supply air volume
increases and the air exchange rate increases. This usually results in
improved IAQ, but the energy consumption also increases because of the

system heating or cooling load increases and the fan motor electricity

consumpt ion increases.

6.5 Conflict Reasoning

The field tests, model identification and the conflict analysis
provide the knowledge to investigate conflict reasoning for a

compromise solution between energy conservation and IAQ control.

To develop the conflict reasoning rules, the following notation is

defined for t%e operating mode:

IAQ Operating Mode: Mixing-damper is wused to control indoor CO2

concentration. Heating or cooling is applied to meet supply temperature

requirements. Humidifier or air washr~/cooler/dehumidifier is used to

meet supply humidity requirements.
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Energy Conservation Mode: A operating mode that is recommended by the

expert system for operation planning.

Conventional Mode: High and low temperature limit control mixing damper

(Economy cycle outside air control). Heating or cooling is applied to
meet supply temperature requirements. Humidifier or air washer/cooler/

dehumidifier is used to meet supply humidity requirements.

As discussed in the CO2 control simulation, the high limit of
indoor CO2 concentration, i.e., 1000 ppm (ASHRAE Standard 62-1989), can
be used as the setpoint of the control loop. If the CO2 level is higher
than the setpeoint, it has to be switched to the IAQ operating mode, no
matter what energy saving operation opportunity exists, The €02
concentration is under control by manipulating t . mixing damper. The
indoor air quality is treated as first priority in the HVAC operations.
If the indoor CO2 concentration is lower than the high limit, tLhe
option of operating the HVAC system under energy conservation mode
exists, in which an acceptable indcor air quality and optimal energy
conservation can be achieved. In some situations, the IAQ problems may

not be solved by increasing outdoor air intake.

Typical conflict reasoning rules are described below:

Rule-1:
IF the CO2 concentration = High_Limit

AND the HVAC process is being operated under
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the Energy Conservation Mode

or Conventional Mode

THEN Switch HVAC system operation to the IAQ Operation Mode

Rule-2:
IF the CO2 concentration < High_Limit
AND the outdoor-Air intake = 10% for the last period of 30 min.
AND the HVAC process is being operated under

the IAQ Operating Mode

THEN Switch HVAC system operation to the Energy Conservation Mode

Rule-3:
IF the CO2 concentration = High_Limit
AND the outdoor-Air intake < 60% for the last period of 30 min.
AND the HVAC process is being operated under

the IAQ Operating Mode

THEN Check the outside air damper state under

the Energy Conservation Mode

AND IF the mixing damper is used to control
Temperature/Humiaity
THEN Switch the HVAC system operation to

the Energy Conservation Mode

ELSE Maintain the operating mode

Rule-4:

IF the CO2 concentration = High_ Limit

AND the outdoor-Air intake <95% for the last period of 30 min.
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AND the HVAC process is being operated under

the IAQ Operation Mode

THEN Check the outside air damper state under

the Faergy Conservation Mode

AND IF the outside air damper opens at 100%
THEN Switch HVAC system operation to

the Energy Conservation Mode

ELSE Maintain the operating mode

Rule-5:
IF the CO2 concentration = High_Limit
AND the HVAC process is being operated under

the Energy Conservation Mode

THEN Maintain the operating mode

The conflict reasoning system (CRS) was implemented in Turbo-C. “he
high limit for indoor carbon dioxide concentration is defined as 1000
ppm according to the ASHRAE Standard 62-1983. The system input
information is indoor CC2 concentration data, current operating mcde,
and outdoor air intake percentage or mixing damper position. The output

gives an operating mode change recommendation.
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CHAPTER 7

INTEGRATED INTELLIGENT CONTROL FOR HVAC PROCESSES

The intelligent operation support system (10SS) described in the
previous chapters can be used to assist or train operators, and it is
an off-line support system. In this chapter, a real time control
environment integration with IOSS is described. The integration for
indoor air quality control, comfort indoor setting and energy

conservation operation planning are presented and comparing with a

conventional control strategy.

7.1 Integrated Intelligent Control Framework

An integrated inteclligent control framework (IICF) for HVAC
processes is proposed as shown in Figure 18. It has an adaptive cascade
control loop, and consists of four parts: adaptive control model for

supply air, operation planning, intelligent controller and HVAC

processes.

The signals in Figure 18 are described below:

Measuring Signals:

ts, ws: Supply temperature and humidity, respectively.
tr, wr: Room temperature and humidity, respectively.

to, wo: Outside air temperature and humidity, respectively.
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coz2: Concentration of carbon dioxide in room.

Vs: Supply air volume or supply fan speed.

Control Signals:

TN, WN: Indoor temperature and humidity setpoint, respectively
(primary loop setpoint, determined by the menu or indoor comfort
setting system).

Ts, Ws: Supply temperature and humidity setpoint, respectively
(secondary loop setpoint).

U(k): Manipulated variable signals.

V(k): Operational variable signals.

COz2: High 1limit of indoor carbon dioxide concentration.

An adaptive control model is applied to determine supply air
temperature/humidity setpoint (Tss(k) and Wss(k)) for the second loop,
i.e., the setpoint of the intelligent controller. The adaptive control
model predicts of the steady state of the supply air (Tss, Wss and Vss)
for the operation planning (ESOP) of the I0SS. The I0SS functions as
the energy saving operating mode selection (ESOP) and conflict
reasoning (CR) as well as indoor comfort setting (ICS). The setpoint of
the adaptive control model can be set by menu or the ICS of the [0SS.
The ESOP and CR of the IOSS provide the operational variable status
(V(k)) directly to the AHU. The control actions of the manipulated

variables are decided by the intelligent controller.

The intelligent operation support system (I0SS), including energy

conservation operation planning, IAQ control and comfort setting are
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integrated in this intelligent control framework. Since the I0SS has
been described in the previous chapters. Only the adaptive control
for supply air control and intelligent controller for air

model

handling processes will be discussed in the following sections.

7.2 Determination of Supply Temperature/Humidity

To complete operation planning, steady state prediction of supply
temperature, humidity must be provided by a primary loop. In addition,

the setpoint of supply air control also needs to be determined.

As mentioned before, the heat/humidity load of HVAC system changes
widely over the seasons. The model for room temperature/humidity and
supply temperature/humidity and volume is time varying and uncertain.
In order to determine the prediction of steady state and setpoint of
supply air, an adaptive control model, or general predict model to
describe the relation between room temperature/humidity, supply

temperature/humidity and air volume is considered as follows:

tr(k + dt) = ao tr(k) vr(k) + a1 tr(k-1) vr(k-1)}+ ...... +

ant tr(k-nt) vr(k-nt) + bo ts(k) vs(k) + b1 ts(k-1) vs(k-1)

+ .. + bnt ts(k-nt) vs(k-nt) + &t(k)
(12)
wr(k + dw) = co wr(k) vr(k) + c1 wr(k-1) vr(k-1)+ ...... +
cnw wr(k-nw) vr(k-nw) + do ws(k) vs(k) + di1 ws(k-1) vs(k-1)
+ ... + dnw ws(k-nw) vs(k-nw) + &wlk)
(13)
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where

nt and nw are the order of models (12) and (13), respectively.

dt and dw are the time delay for temperature and humidity respectively.

ts(k), ws(k) and vs(k) are measured supply air temperature, humidity
and volume (or supply fan speed), respectively.

tr(k) and wr(k) are measured return air temperature, humidity,
respectively.

€t(k) and £d4(k) are the mode disturbances.

fao a1 ...... ant], [bo b1 ...... bnt], [co c1...... cnwl, fdo

For a constant air volume system, models (12) and (13) can be

written as

tr(k + dt) = ao tr(k) + a1 tr(k-1) + ...... + an tr(k-nt) +

+ bo ts(k) + b1 ts(k-1) + ...... + bn ts{k-nt) + Et(k) (12')
wr(K + dw) = co wr(k) + c1 wr(k-1) + ...... + cn wr(k-nw) +

+ do ws(k) + d1 ws(k-1) + ...... + dn ws(k-nw) + Ew(k) (13')

The model order, delay and parameters can be identified using
various model identification techniques. The model parameters can be
estimated on line using measured data, therefore the models can be

adaptive.
Supply temperature/humidity setpoint are determined as follows:
Ts(k) = [TN - ( ao tr(k) vr(k) + a1 tr(k-1) vr(k-1)+ ...... +

ant tr(k-nt) vr(k-nt) + 51 ts{k~-1) vs(k-1) + ...... +
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Bnt ts(k-nt) vs(k-nt) )] /Bo /vs(k)

(14)
Ws(k) = [WN = ( co wr(k) vr(k) + c1 wr(k-1) vr(k-1)+ ...... +
cnt wr{k-nt) vr(k-nt) + a1 ws(k-1) vs(k-1) + ...... +
dnw ws(k-nw) vs(k-nw) )] /do /vs(k)
(15)

Steady state prediction of supply temperature/humidity are

determined as follows:

Tss = TN[1-2a0-a1 -..... - ant ] Vrs (16)
bo + b1 +...... + bnw Vss
Wss = WIl1l-co-c1-..... -cnt ] Vrs (17)
do + di +...... + dnw Vss
where ;0 ar..... ant ...... do di...... dnw are the estimated values of

the model parameters.
7.3 Intelligent Controller

In IICF (cf Figure 18), with the operating mode changing, the air
handling equipment has to be changed correspondingly, therefore the
process control is non-linear and non-continuous. The current existing

control design mrthods have some limitations for this type of process

control, which mainly arises from a mathematical modeling approach.

A shortfall of the conventional approach is that the control design
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relies upon subprocess control designed independently. Since
independently controlled subsystems are interconnected through internal
mass and/or energy flows in the processes, there is no guarantee that
the overall system will remain stable. Furthermore, in the sense of
optimum, even though all individual subsystems work at optimal status,

the overall system may not be optimum due to the interconnection among

subsystems.

Compared with a conventional approach, an intelligent control

system design shows the following features:

1. Looking at the whole system, integrating industrial procecs
knowledge, operator's empirical knowledge and existing controil
theory.

2. Using heuristics.

3. Combiniig numerical computation and symbolic reasoning.

Expert system methodology has been introduced into intelligant
controller design (Porter et al., 1987; Astrom and Hagglund, °984;

Astrom et al., 1986, 1989).

As discussed in the previous chapters, to achieve the energy
conservation operations and improve IAQ, HYAC processes must chahge
the operating mode according to the recommendations of the online ESOP
and CRS. An ordinary PID controller is not suitable to the HVAC
operating mode switching because the controller parameters may need to

be adjusted due to the changes in the operating mode. The process
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nowledge and heuristics need to be applied in the control system.

Therefore, an intelligent controller with robust and adeptness is

considered in the 1ICF.

NOTATIONS ABOUT DESIGN

In existing control theory, process knowledge is representeu s a
signhal and mathematical model, but some specific physical
characteristics «f the process cannot be described in control system
design. Since any industrial process is actually composed of subprocess
interconnected through internal miss/energy flows, the ta<k of a
process control is to control the "inflow" or "outflow" of mass/e: -rgy
of the plant to bhalance the "outflow" or "inflow" among the s.inrrocess
at fhe setpoint. The conventional control block diagram is modified and
some new process knowledge is defined for the control block diagram. ..

single loop control system is shown in Figure 1S.

The system hardware blocks are:
(1) Plant 1 : controlled process,
(2) Plant 2 : controlling equipment,
{3) Actuator,
(4) Measuring devices, and

(5) Controller.

The system signals are Ysp, e(k), u(k) and y(k), which represent
system setpoint, error, input and output,

where
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N(k) and d(k) are measuring system noise and disturbances.

M is defined as "inflow" of mass and/or energy to the controlled
process (plant 1) from th: controlling equipment (plant ).

Z is defined as "outfiuw" (or "consuming") of mass/energy in the

conirolled preces . :.oat 1),

The countrolled process is classified as overdamped, underdamped,
non-minimum phasc -ad non-self-balancing system (i.e., open loop
integrator), and the process open loop stup response is shown iu Figure

20. Most air handling prccesses are overdamped systens.

DESIGN OF INTELLIGENT CONTROLLER

Combining decision making with control aigorithms by integrating
prociss knovledge, operation expertise and control techniques, enavles

one to handle more complex problems.

Knowledge-base for selecting control law: A iy issue in designing

a control system is the choice of a suitable control law. This
knowled;s : base provides a decision support to choose a suitable atrol
law for different processes and actuators. The procedure for choosing a

suitable control law includes three steps:

(i) Based on the process pattern, select a control algorithm.
(ii) Based on the actuator type and (i), choose a control! algorithm
which can be executed by the actuator.

(iii) Based on the process dynamic conditions, select the Lwitch pc'nt.
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The hierarchy of the decision search trce is demonstrated in Figure

21,

When the system error is :arger than 3e (€ is a switching parameter

in the decision rule base, namely the tuning key), the decision-maker

switches from PID control to bang-bang control. The € is not only used

for switching control algorithms, but also pleys an important role in

the controller tuning. The starting value of € may be an acceptable
error in a control system.

The effect of the tuning key € is shown in Figure 22.

Tuning rule base: Tuning rules perform two functions:

(1) provide initial settings *or the PID controller parameter~. and
(2) on-line tuning of the rID controller parameters

For a PID controller:
k

u(k) = Kp *e(k) + Ki *Ye(i)+ Kd *{e(k)-e(k-1}] (18)

1=k0
Tuning rule for prop. -ional gain Kp: 1n industrial process design, the
demand for accuracy is so governed that the output should be controlled

at the set point within an acceptable error, g, that is, for

y(t) = Ysp + ¢

(Umax - Umin) x% 0 < x < 100

€ (19)

Kp

rquation (19) means that when the system output moves across a
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setpuint with an error e(k) ( le(k)| = o ), the actuator output signal

. elk) X
is x% of the full range. .e., B e Y USUE s YA
X% of the ange. i.e p Umax = Umin™ * usually is 10%.
Tuning rule for integral gain Ki: The integr:' .erm can be considered

as the steady-s'‘:te input. When a control system is at steady-state,
k1
Ki = llsp /Ye(k)

ko (20)

Where Usp = Ysp/K, K is the static gain of the process. The Usp can

be acquired by experiences or estimated.

Tuning rule for derivative gain Kd: The rule to tune derivative gain is
to decrease the response rate of the system. For the processes with low
gain and large time consiant, derivative action is of little use. For
other systeas, the Ziegler-Nichols tuning rule Td = Ti/4 [Ziegler and
Nichols, 1942}, therefore
Kd = Kp>/ 4Ki
(21)

Those tuning rules are easy to apply for the selection of Lhe
initial PID parameters . For example, as shown in Figure 22, choosing
ko when |e(k)| = Se, and choosing ki when |le(k)] = 3e, then the
parameters of PID controller are automatically set. The ko is the time
of starting the integration of the PID controller, while the ki1 is the

time of stopping the integration.

On-line self-adjusting Kp, Ki, Kd : This controller has two features,
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that is, an automatic switching control algorithm from bang-bang
control to PID, and directly tuning PID parameters by adjusting e.
Figure 22 shows the affects of different € on a step response. Kz is

the time when process output first reaches the set point.

Criteria for adjusting €: Driving the process output y(k) to the

setpoint Ysp fraa an initial state Yo with maximum speed and no

overshoot.

SYSTEM BEHAVIOR AND SIMULATION RESULTS

For convenience, a water-tank control system is selected for the
simvt+~ti-p case study, as shown in Figure 23. The output is
level-tank-1, the input is valve :i-positi~a. The inflow of tank-1 is
from pump-2, and the outflow goes to tank-2. T»e time delay from the
input to the output is 5 seconds. A random noise with a variance of 0.5
is added to simulate the noise in the level measurement. The simu.ation
results obtained from this water-tank control system should be

applicable to air handling processes.

Step response The response to the step change of the setpoint

tank-level-1 is shown in Figure 24.1, The responses of input (control
action), tuning key €. and controller parameters Kp and Ki are also
demonstrated in Figure 24.1. In the starting period, the controller is
switched Lo beng-hong control. When the output is near the new
setpoint, the controlier is switched back to the PI controller. The
integral and proportional parameters are adjusted on-line using these

tuning rules. It can be seen that for a negative approach to the step
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change, though the outflow capacity of the water-tank is quite low, and
the system is under saturated state, the intelligent coutroller drives
the output to the new setpoint with maximum speed subject to the system
capacity, and no overshoot. It sho.s that the controliler handles the
nonlinear saturated control very well. For conventional PID control,

overshoot of output would be unavoidable.

Decoupling As shown in Figure 23, the tank-1 level and tank-2 level
are coupled. Adding such an intelligent controller to control
level-tank-2, the contrcl «i the two tank levels is ideally decouplod.
Figure 24.2 shows the step response performances of two such
intelligent controllers for the water-tank control system. The
simulation results are for the ic¢ =i conditions, i.e., the ideal tuned

controller for conditions of no time delay and r..surement noise.

Disturbance rejection The disturbance rejection capability of the

int ~l1ligent controller is shown in Figure 24.3. A step disturbance is
introduced into the control system by turning off pump-2. The
controller shows a good rejection to the step disturbance in inlet

flow to the tank.

Non-minimum-phase system control

Changing the knowledge base of the water-tank to behave like a
non-minimum-phase system, the open loop test is similar to the
non-minimum~phase pattern shown in Figure 20. Applying the controller
to this non-minimum phase system, a series of step responses is

demonstrated in Figure 24.4. The tuning process no longer resulted in
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overdamped system behavior, but the performance is still satisfactory.

In summary, the simulations of the water-tank control system shown
in Figure 24.1-4 indicate the excellent performance of this intelligent

controller. Further discussions about this controller are given as

f'ollows:

(1) the output of control system never diverges out of a shell.

The controller is configured as a bang-bang self-adjusting PID
cor* ‘en a large magnitude error appears, the bang-bang controller
' drives the cutput to the set-point. In the case of the
Ol ..20Se to the set-point, the self-adjusting PID controller gently
drives the system to the set-point. As bang-bang control is applied,
the system output is constrained. Under any circumstances, the output
y(t) is governed by

Ysp ~ (3¢ + A) < y < Ysp + (3e + A) (22)
where A = (time delay) x (error rate). Ysp * (3 € + A) can be

considered as a shell, and the output does not diverge out of the

shell.

For a first order system

yis) ke
ul(s)  1+71s (23)
Ysp - 3¢ - 1+ k/T1 < y < Ysp + 3¢ + t- k/T1 (24)
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For a second crder system

y(s) k e *°
u(s)  (1+#T1s)(1+128) (25)
Ysp - 3¢ - 1+ k/(T1-T2) <y < Yep + 3e + T- k/(Ti-12) (26)

In industrial process, equation (22) is very significant, wkich
guarantees that the output is within a certain range under any
ci-cumstances. The 1limit for minimum and maximum value of ¢ may

determine the shell size.

(2) the system behaves robustness ard adaptability.

As shown by the simulaticr 7 -nijts presented in Figure 24.1 to
24.4, when the system structurz s parameters changed, such as
disconnecting tank-2, turning off or on the pump, and changing the pump
outflow, the control system keeps good performance. The controller is
quite robust. As the controller combines both the bang-bang control and
the PID control, the switch point and PID parametcrs are tuned on-line

by the expertise rules. The controller is adaptahle to process changes.

(3) little a prior information is needed for the controller design.

The only prior inforration needed is process pattern, actuator type
and "outflow" Zsp or steady input Usp, which are easy to obtain.
Furthermore, any time delay mismatch, does not affect the control

performance.

(4) satisfactory performance for controlling non-minimum-phase system

For a non-minimum-phase system, neither a conventional PID
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controller nor a self-tuning regulator can deal with it well, but the

inteliigent controller shows quite satisfactory results.

Air haidling processes are overdamped, and the actuators consistiug
of switch, motor and valve. Conventional PID control algorithm with one
time tuning often gives unsatisfactory performance because the air
handling process characteristics change over seasons, especially when
operation planning is integrated, each operating mode has its suitable
PID parameters. The intelligent controller contains prccess knowledge,
ope~ation expertise and control! techniygues, and is composed of a
decision-making rule base, a tuning rule base and special situation
handling rule base. It combines bang-bang and PID control with adaptive
~trategies and on-line self-adjusted PID parameters. Thne simulation
results show that the controller exhibits both safety robustness and
adaptability, and very little a priori information is needed for the
controller design. Therefore, this intelligent controller is very

suitable for application to HVAC control.

7.4 Advantages of the Integrated Intelligent Control Strategy

Compared with the conventional HVAC control strategy, the proposed

integrated intelligent control framework has tlLe following advantages:

1. Indoor air quality monitoring and control are integrated in the
HVAC control system. If indoor CO2 concentration is higher than the
high-1imit, more fresh air is supplied to control the IAQ and a

compromise solution for the conflict between energy saving and IAQ
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improvy seat is obtained.

2. Flexible control strategy versus varijable HVAC operations. Sjince
operation planning is integrated into real time control environmeat,
energy conservation is achieved by changing operating modes with

maximum use of outside air energy over seasons.

3. Variable supply air temperature/humidity control in VAV system.
The adaptive control model for supply air provides coordination for the
supply temperature/humidity setpoint with the supply air volume. This
coordination can be beneficial to both energy conservation and ]AQ

.mprovement in IAQ.

4. Comfort technology is integrated in the control system so
unnecessary high or low temperatures can be avoided compared with the
thermal-stat setting of of indoor temperature using a conventiopal

control strategy.

5. Operator’s valuable knowledge from their operating experiepce

can be updated and accumulated through the I0SS.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

An intelligent operation support system (I0SS) and an integrated
intelligent control frame (IICF) for HVAC procesges have hu~n studied.
The I0SS consists of operation planning, comfort indno.- setting,
conflict reasoning and system introduction. An integrated distributed
intelligent system is used to integrate the subsystems. 7.z <xpert
system for operating mode consulting (ESOP) chooses optimal caergy
saving operaticn for air handling. Comfort setting system (ICS)
prevides the desired room temperature setpoint. The conflict reasoning
system (CRS) provides a compromise solution to the conflict between
energy conservation and IAQ improvement. The system introduction
provides a foundation to train HVAC nperators. The I0SS functions as an

off-line operation decision support or operator training system.

The integrated intelligent control framework (IICF) presents a new
control strategy which integrates I0SS into a real time control
environment. The IICF has an adaptive cascade control loop. In the
primary loop, the adantive control or general predict model determines
the setpoint of supply air temperature/, humidity for the secondary
loop, and predicts the steady state temperature and humidity of supply

air for operation planning. The indoor comfort setting (ICS) provides
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optimal comfort temperature for the primary loop setpoint. In the
secondary loop, the air handling processes are controlled by the
intelligent controller to reach the supply setpoint. The intelligent
controller with self-adjusting parameters enhances air handling control
quality and incorporates operating mode changes recommended by the
I0SS. Comparing with the conventional HVAC control systems, the 1ICF
has advantages in improving both energy conservation and indoor air

quality simultaneously.

This study paves the way for a new direction foi- future process
operation, energy management and control in the HVAC industry. The

following conclusions about I0SS and IICF are drawn:

(1) The development of the IOSS for a real world application requires
knowledge from different disciplines. The meta-system provides a
framework for the integration and management of this knowledge. In
I0SS, four subsystems: operating mode consulting (ESOP), indoor comfort
setting (ICS), conflict reasoning (CSS) and knowledge introduction, are

integrated in the meta-system framework.

(2) The ESOP codifies the important expertise about the operation
planning, which for the first time considers supply air parameters with
compiete dynamics. So it provides a reai time integrated operation
plannirg method for the HVAC process. It overcomes the disadvantages
from some currently «sed methods, and offers Dbetter energy
conservation, thermal comfort and indoor air quelity than the

operations based on a conventional control strategy.
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(3) The indoor comfort setting system provides comfort-stat instead of

temperature-stat, which offers comfort and energy saving

simultaneously.

(4) Conflict reasoning gives the co. :ict resolution for energy
con~ervation and indwvor air quality control in HVAC processes. The IAQ
operating mode is recommended when indoor CO2 concentration is over the
limit, which increases outdoor air intake If indoor CO2 concentration
is under the limit, an energy saving operating mode is in use. Thc mode

utilizes the energy of fresh air as much as possible.

(5) The IICF proposes a strategy to integrate IOSS in a real time HVAC
control system, therefcre the problems related to the conventional
control strategy are overcome, and IQA control are coupled energy
conservation techniques. Since adaptive control techniques are used to

2 supply air set point and air handling control, IICF can also
.*zer control performance compared to the conventional control

e

strategy.

Further research on the implementation of IICF into a real HVAC

plant is suggested.
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Table 1 ENERGY SAVING OPERATION MODES FOR THSCD SYSTEM
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eo&\@ Hﬂww o%wwwmmwmqw cocing _m amucsaamqw humidifier _m heater
mode\| Uf U2 ' U3 | U4 i US 1 Us
1 e0% : 10% | off 1 of i @ 1 @
B NG ” 1-U1 +  off m off © ' off
3 | 0% 1 100% . © | of | © : of
4 90% 10% r D) off (D) off
5 1 90% | 10% ; © | @ | of ! off
300 0% ;100%: @ ! ©® | of ! off
7 0@ 11Ut oof 1 ® & off | of
8 1 90% | 0% ; of ! @ | of | @
9 «+ ©  1-Ud m off m off m off m ©
10 ' © 11Ut @ + off 1 off 1 off
1 1 0% 1100%: of | © i off I @
2 | 0% :100% i of : of I ©® ! @

* @): The equipment used to control temperature
* € : The equipment used to control humidity




Table 2 Metabolic Rate at Different Typlcal Activities (Fanger, 1970)

Pages 81-84 inclusive have been removed due to copyright restrictions,

81



Table 3 Data for Different Clothing Ensembles (Fanger, 1970)

Page 85 Inclusive have been removed due to copyright rest. ions.
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Table 4 Conflict Analysis

. Cooling/Heating E c ) Indoor Air Qualit
HVAC Operation STATUS nergy Consumption r Air Quality
Outside Air Intake ON DECREASE
................................................. DECREASE
DECREASE OFF Unchange
Outside Air Intake | ON | INGCREASE INCREASE
INCREASE OFF Unchange
Ventilation Rate
DECREASE DECREASE DECREASE
Ventilation Rate INCREASE INCREASE

INCREASE
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HVAC systems

/

temperature
temgg_ratgre humidity
con |t|<mmg><ccmditioning
multizone single zone
. ———
I l
variable air volume constant air volume
air washer cooler dehumidifier

Figure 1 Structure classsification for HVAC systems
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enthalpy (kcal/kg)

P

o RH=100%

Humidity (g/kg)

Figure 4 Air handling processes
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Interface to User

Meta-System

Meta Inference
Knowledge }-— - Engine
Base g

Data
Base

Interface to Subsystems

Symbolic
Reasoning

Numeric
Computation

Computer
Graphics

Neural
Networks

Figure 7 Integrated distributed intelligent system
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HVAC _ _
PROCESSES ]
INSTRUMENTATION OPERATOR I
META-SYSTEM FRAME
: m
Operation Mode Comiort Conflict Knowledge
Consulting Setting Reasoning | | Introduction

Intelligent Operation Support System for HVAC

Figure 8 Integrated architechture of IOSS
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Introduce Eiisiiori] CHit_set CFRS Database File Mngr Next Menu

{0M SUPPDRT SYSTEM FOR HW(——————=
Introdnctxon

CERL Fpsle

U Y TP 1] | et s
hquu Saving Uperation Mode Consulting
The system will enter PCPLUS operation environment
Just momesent please ...

= PRESS ENTER ==—===—===

NTELLIGENCE ENGINEERING LABORATOR

Figure 9 Software menu screen
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10 Energy Saving Operating Mode Identification
THSCD system
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Figure 10 Energy Saving Operating Mode Identification
THSCD system
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Figure 10  Energy Saving Operating Mode Identification

for THSCD system
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HVAC systems classification

...........................

Rule base for
operation mode
identification

...........................

Rules set for
external access

Rule base for

operation mode
identification

Rules set for
external access

root frame
THMVW 16
......................... subframes

Numerical Computation Program

Figure 12 Frame structure of ESOP
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HUAC operation planning

The recomrended operation mode is: RETURN-AIR DOOR open 9€x; FRESH-NIR DOOR
open 18%; COOLER off; HEATER used to contrel TEMPERATURE.
- Review:

Yes
. air conditioni S R
«+ « The zane tupe matched gour sgstem : SINGLE-ZONE
« « The tupe of air wlume matched your ... :: : CONSTANT
« .+ unit system: English units and SI unlts 1+ SI-UNITS
+ . outdoor fresh air temperature 102
« . expected or desired temperature in room :: 20
e +  two tyves of measurement for humidit... :: NO
e« =]MPORT= :: TK1 (7.6777687) TK (1.448332E-3) TS2 (23.676...

1. Use arrow key or first letter of item to position the cursor.

2. Select all applicable responses.
3. After making selections, press ENTER to continue.

#x End - press ENTER to continue.

Figure 13 A consulting example
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Figure 21 Hierarchy of decision search tree
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Table B-1 OPERATION MODES FOR TSC SYSTEM

%, |returnair  outside air'
% amammﬂ damper
“ | opening cpening

mode U1 U2

cooling
coil

UK

heater

U4

90% : 10%

off

)

- b e af = e -

@ 1-Ut

off

S e

0% 100%

R R R e

off

off
W,
®

off

| 90% i 10%
' 0% ! 100%

off

©

SRR M I RN T -

b oor o el o e e mfe -] - -

- e e oo e - o

'

1

1

t

'
! '

Y
! 1
1
X q
L) L -
! ' "
t ' X
3 ' !
T ?
) i "
0 i
s - ! -
i » i " 1 1
) 1 1 X ! 1
t ' i i 1
] 1 ] _ [ 1
1 ) ' X 1 '
[} 1 ] i 1

* (@): The equipment used to control temperature




Table B-2 OPERATION MODES FOR TSV SYSTEM

%, |returnair  outside air " o . . " “
%%, |damper damper , heating coil ! ooo___._.m coil | supply volume |
mode\] °Peningur  openingu2 ! opening us 1 opening us | us !
1 '90% ' 10% + @ | off 1 min
2 " @) F" U1 | off m off " i \
3 ! off ! 100% ' off | off ' @

4 1 off 1 100% i off ! ® | max |

5 19% 1+ 10% ; of « @ | max |
6 190%  10% ! @ . off ! omax

7 toff 1 100% + @ ! off | max
8 1% . 10% ! off 1 @® | mn
MM m m m m

“ " " m " “

H %w

The equipment used to control teiaperature
The equipment used to control humidity



Tabie 2.3 OPERATION MODES FOR THSCD SYSTEM
e&@ returnair  outside miw €00iNg | gehumidiier 1 humidifier | heater
%.|damper damper " coil “ " "
mode\] U1 Y 1+ U | U. 1 Us v U6
1 1 90% | 10% i off + off I § . @
2 ' ® ! 1-Ul . off 4 ot 1 @ 1 off
3 L 0% 1100%: ® | off 1 © . off
4 190% ;10% : ® ' of 1 O  of
5 190% . 10%: @ : @ : off i of
[} ' ] !
6+ 0% :1100%: @© ! ©® ! off ' off
i J i 1
7 m D) m Ut off 1 @ ' off ' off
8 1 90% i 10% ! of ' © ! of ! @
] ¥ ] [
9 + © i 1Ut .y off i off + off 1 @
10, © (11Ut @ | of | off | off
11 ! 0% 1100% ) of | ©® : of ! @
12 1 0% 1100% off ' of 1 © 1 @

* (D : The equipment used to control temperature

* @) : The equipment used to control humidity




Table B4

OPERATION MODES FOR THSCC SYSTEM

.wo@o\ mﬂ.ﬂﬁww oac%uqu&q“ cooling " mom_.ﬂﬁ%_m " humidifier “ heater
o-|opening opening |  coil { opening )
mode\] U1 u2 ! us |, Us ! Us | U6
M N ] 1
1 190% ' 10%1 of + of \ @ 1 @
2 0 @ o tut !l oof 1 oof 1 @ ! of
T T i
3 0% 1100%: ® ' of 1+ © 1 of
i 1
4 190% ! 10% . ® 1+ of 1+ O | of
§ ,90% ; 10% ) on ! @ ! off ! off
M ! ) ]
6 , ©®  1-us M off ' of 1+ of 1 @
7 00O 11w © 1 of | off | off
8 . 0% 100 ' @ ! @© ! o ! of
9 '+ @ '1Uly @ 1 of | of , of
0 | 0% , 100% ' off ' of 1 O 1 @
1 )
1 0 0% 1 100%, of , of | © | @
N N 1 T 1 [
! ! 1 1 ! 1

* @ : The equipment used to control temperature.
* ) : The equipment used to control humidity
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Table B-5 OPERATION MODES FOR THSCW 3YSTEM

%%, |reumair  outside ar | air washer | humidfier | heater
©. |damper gamper ! washer damperby pass ! '
mode U1 U2 " us3 U4 " Us “ ué
11 90% i 10% | 0% 1100% | © | @
2 1 ©: 1U1i o% 1 100% | @ . off
3 1 0% 1 100%: @ 11ta 1 @ | of
4 1 90% i 10% | ® ! 1-U3 O | of
5 90% 10% + @ c U3 0 off 1 @
6 1 90% ! 10% ! © ! 1U3 ! of G
7 190%! 10% ! @ {103 | @ | of
8 | O Ul 0% 1100% ! of | ©
9« © i 1u1: @ 1 1-U3 1 off ' off
10 0% 100%: 0% i1100% : © @ @

* {O: The equipment used to control temperature
* © : The equipment used to control humidity
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Table B-6 OPERATION MODES FOR THSVD SYSTEM

N retum air  outside air ! €ooling ' gehumidifier ! idifier | heater ' supply
o | GRS, BRI | oot | vumidior | neser | S
1 1 %% 1 1% 1 off '  of @ T © + M
2 . ® 4 11Ut off 1+ o | ® ! off 1 Mn
8 | off | 100% | off 1 off L ©®© v off | @
4 g off , 100% ! @  of ' ® ' off | Max
S 1 9%% | ™ I © 4 off ' © 1 off ' Mn
6 '+ ® U1+ @© T of ' __off 1 o '  Mn
T L@ 3 vt 0 @ 7 of i+ off T oo 1w
8 | 9% . 0% 1 O ! © i off | off Max
9 , of T 100% I @ W i off ' off 7 Max
10 1 _@© | 1u1t ' off | © i _off + off | Max
11 off 1 100% :+ @ [ off ' o4 1 off ' @
12 1+ © + U1 o ' ® 1 off ' off 1 Mn
13 T @ 101 7 off 1 of 1 of ' @ 1 Mex
14, © , 11 T off  off | off ' ® | Mn
16, % | 1% 1 of « of | © ' ®© | wex
16 | %% | % | of + © ! of i @© ' Wax
17  off | 100% ! of | off ' ®@ 1 ®© ' M
18 1+ off ! 100% ¢ off ' off + of 1 © ' ©
19 + off 1+ 100% : off ' ©® + off ' @© I Max
20 | %% , 1% | @ ®) | off ' off , Min
21 | 9% , 1% T off |,  off L @ r © T Max

* @QThe equipment usec *
* (©) The equipment used t

3 control temperature

o control humidity




Table B-7 OPERATION MODES FOR THSVC SYSTEM

e@o& Gamper  Gaside ai m coot 0% pass | :caasm,m heater " E”w_.mwmm wﬂ%z
mogeN]Ture  PUZS ¢+ PR T us s PR o Yolume
1 3 9% & 1% ' of i of ! © ' ® 1 of ' wn
2 “ ) " U1 ) off " of | @ | off ' off | mn
3 | off 4 100% ' off | off v @ ¢ ooff . off G
4 1% L © oof L © ! of ! of | wmn
5 1% . 1% 1+ @ | B8 1 off | ® 1 of ' Max
6 " off _ 100% | © _ off | off ! ® " off | wmin
7 0 ©® 1 ot i ooff 4 off 1 ooff T ® 1 of 1 ma
8 + ® + it of T of ! off ' ® @ ' i
9 '@ I W U ® 1 o+ off ! off Y@ ) Min
10 j off 1t @ ! off i« off | off ! off | ©
11 ! off ! 100% 1 off ' off r ® o ® 4 off 1 Max
12 off  1w00% + ®@ @ ' off i off 1 off ' wn
18 + ® + M 1 off | off ' of ' © 1 off ! M
14 + off + 100% ! @ 1 off ' @ ¢t off 1 off ' wn
15 + off 1+ 100% ! @ i+ off ! off ' of ' off ©®
16 ' off ' 100% , of ! off ) of ' © ' of ' ©
17 1 ® 1 v @ ) of ' off | off 1 off ! Max

* (D The equipment used to control temperature
* @._.:m equipment used to control humidity
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Tabie B-8 OPERA1IUN MODES FOR THSVW SYSTEM

P return air outside air ) air washer | e 1 1 Suppl
om@. ama%m- acm:_im- : washer damper by pass ! humidifier « heater | m:vE‘
©..] opening opening " opening opening | Us “ I volume
mode| ut "u2- ! “us us —, ® | Y !y
1 1 9% ' 10% | of ' off + ® ! © ! wMn
2 ' @®©@ ' 1ur . off ' off + @ 1 off | Mn
3 ' off ' 100% ! of 1 off | @ ! of ' @
4 0% | 1% 1 @© | 1-U3 m ® | off i wmn
5 ' 9% ! 10% |} ® ' 1us | off | © ! Mx
i |}
6 . off " 100% + @ v 1-Us ' off " @ 1 Mn
7 ' ®© ! 1ur ) off ! off | off | @ ! Mmx
8 ! @ Ut , off | off 1 off 1 © | Min
9 + @ ' Ut ' ® i 1Us ! off ' off ! Mn
10 ¢ off ! 100 , @ ' 1us , off | off ! ©
11 ! off | 100% . off | off : off 1 @® |, ©
12  off | 100% 1 off 1, off '+ @ 1 @© ., Max
T T — T
13 ” 90% ' 10% © i\ off off of + @©
14 + off ' 100% ®© : 1-us © off + Max
" "
] §
! !

A P ol o

] L R T

* (D The equipment used to control temperature
* @._.:m equipment used to control humidity
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46 POINTS TRACED. --

EGU - enginnering units
AHU - air handling unit
AC - air conditioning unit
RAD ~ radiation

Units

C - Degrees Celsius

AMP - Amperes

PA - Pascals

RH - % relative humidity
PCT - percent 0..100%

POINT EGU Range Unit Desc of function & location

ADM11A010 10.000 120.000 aMP SF.I 1 AHU1 ADMGO1 -- supply fan motor current
ADM11A011 10.000 20.000 C SA.T 1 AHUL  ADM001 -- supply air temparature
ADM11AQ12 0.000 2500.000 PA SA.PR SPACE AHUL  ADMGO1 -- supply air pressure

ADM1IAQ14 10.000 20.000 C CD.T WEST AHU1T ADM0O0l =-- cold deck temparature

ADMI1AOL6 -100.000 300.000 PA SA.DP WEST AHU1l  ADMOO1 -- supply air diff. pressure
ADM1IAQL7 15.000 35.000 C HD.T WEST  AHUl ADM0O01 -- hot deck, temparature

ADMILAQL8 10.060 20.000 CD.T EAST  AHUL ADMO01 -~ cold deck temparature

apm1ia01l9 -100.000  300.000 SA.DP EAST AHU1l  ADMOO1 =-- supply air diff. pressure
ADM1IAQ20 15.000 35.000 HD.T EAST AHU1l ADMOO1 -- hot deck temparature

ADM11iAC22 20.000 30.000 RA.T AHU1  ADMQ01 ~-- return air temparature
ADM11AQ025 -200.000  400.000 E.DP ACl ADM0O01 -~- exhaust diff. pressure
ADM11A01S 0.000 100.000 CD.M WEST AHUl ADMOO1 -- cold deck moisture (humidity)
ADML1A021 0.000 100.000 RA.M ACl ADM0O01 ~- retrun air moisture (humidity)
ADM11A0SL 3.000 23.000 CCR.T WEST AHUL  ADM001 -~ cooling coil return temparature
ADMI1AQ52 3.000 23.000 CCR.T EAST AHUl ADMO01 ~- cooling coil return temparature

ADM11A00S  -30.000 30.000

OA.T NORTE =RAD ADM002 -~ outdoor air temparature
ADMIIAQ48  -30.000 30.000

OA.T EAST RAD ADM002 -- outdoor 3ir temparature

()(7000000(70(70000?%?00';0

ADMLIAC4S  -30.000 30.000 OA.T WEST RAD ADM002 -- outdoor air temparature
ADMIIAOS:  -30.000 30,000 OA.T SOUTH RAD ADM0Q2 ~-- outdoor alr temparature
ADMILIACSS 0.000 20.000 SOL.T EAST ADM002 -- solar temperature
ADMI1A0GE 0.000 20,000 SOL.T SW ADM002 -~ solar temperature
ADMIIAQST 0.000 20.000 SoL.T WEST ADMOQ2Z -~ solar temperature
ADMI1AD2€E 17.600 27.000 $PC.T 109 SOUTH ADM00I -- space temperature
ADMIIAT2? 17.30C 27.000 S2C.T 120 WEST ADMO01 -- space temperature
ADMIIAZIS 17.2090 27.000 SPC.T FLR2 INTER ADMO0L -- space temperature
ADMIIAIZY? 17,888 27.50 SPC.T EAST FLR.3 ADM00I ~-- space temperaturs
ADMLIASIC 1T.800 27.009 §pC.T FLR3  INTER ADM0O0l -- space temperature
AIMIIAZEL 17.00¢C 27.500 spC.T 331 NORTH ADMOOY -- space temperature

£l



ATHM112032
SMLIACIS
OML1R080
24112089
ADMIIACEL
FDM1IA0%4
ADMIIACEL
ZIMIIAOE3

SIMIIADES

'l

7

i

RIMLIBL2L .

AIMLIB122

ASMI18123

Fdalion o

ALULIELI24
ROMILBIZE

2 ey JwJ k-

Fadon a Do
ADMLLBLGL
IBL4S

ADMIIBI4E

17.600
17.300
17.609
17.00C
25.000
2G.000
230.69¢0

€.000

i)

le

OO ODODODDO
OO ODOOQAQMNODOOD

DO OO DN

DO YOO DO O

27.000
7.000
27.G00
27.000
60.000
30.000
30.000
1006.000
100.C00
105.000
100.000
1GC.000
180.000
10C.000
100.40¢
100.000
100.000
100.000

(e NeNeNe]

wOo

A
PA
PCT
BCT
2CT
2CT
jory
2CT
BCT
PCT
PCT

SPC.T 341
SpPC.T 327
SPC.T 18
SEC.T 16
3LD.PR

3LDG.T MASS
¥2..T

SA.ZR INZRUN
RA.P

MAL.DPR
HD.TV EAST
SA.MV

ED, TV WEST
£.DPR

CC.TV WEST
CD.TV EAST
VO.CTL sFl
VO,CTL RE2

WEST
SOUTH
NORTH
SOUTH
ARHUL
ACl
AHUL
AHUL
AHUL
AHUL

AHUL

AHUL
AHUL

ARUL
AHUL

ADMOOL
RDMOO1
ADM0OO1
ADMOOL
ADMOO1
ADMOOL
ADMOOL
ADMOOL
RDMOOL
ADMOOY
ADMCOL
ADMOOL
ADMOO02
ADMOGL
ADMCO1
ADMOO1
ADMOO1
ADMO01

space temperature

space temperature

space temperature

space temperature

building pressure

building mass

mixed air temperature

supply air pressure

return air pressure

mixed air damper position

hot deck temperature valve position
supply air moisture valve position
hot deck temperature valve position
exhaust damper position

cooling coil temperature valve position
cold deck temperature valve position
supply volume control position
retrun volume control position

C-2
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Keeorder Status

Tvpe: Z101-n1 Kamdo . 3K, - RN, M ooy Kecorder
Time at Recarder: 2704792 UX:38: 43 Last vpdate: Bd/708/491 1)
Sidgnal process: No Hracessing Accum: Not Sealed
values heane saved: AVOrates
Alarm status: tow slarm @ S v UK lpper ataem @ ARNT0,

Averaging period: QU TH000  Amount o data vecorded: 67 davs
Storage Capacity: 68412 values records: 67 days 20000500

Output compressed by o factor of 1

iate Trime Avy
GU/30/972 10:00:00 -3R, »
Q1730792 10:1H:00  -d4R. *

01730792 10030:00 433, s
O1/30/797 10:d4h:00 szt »
(/30792 11:00:00  H01. »
O1/36/792 11:15:00 4492, »
01/730/92 113000000 A, *
01730792 11:46:00  Hut, *
M /30/792 12:00:00 347, *
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