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The dynamic mathematical models for direct expansion air conditioning (DX A/C) systems with respect
to indoor carbon dioxide (CO;) concentration, relative humidity and air temperature and the coupling
effects among them have been built in this thesis. To reduce the energy cost and improve the energy
efficiency for DX A/C systems while maintaining both indoor air quality (IAQ) and thermal comfort
at acceptable levels, a hierarchical control structure is proposed in this thesis. This control structure
includes two levels. The upper level is an open loop optimal controller to generate the optimal setpoints
of indoor CO; concentration, relative humidity and air temperature for the lower level controller. The
lower level designs a closed-loop model predictive control (MPC) controller to optimize the transient
processes reaching the setpoints where the energy efficiency improvement and energy cost savings are

achieved.

In Chapter 2, the control objective is to improve both IAQ and thermal comfort as well as energy

efficiency for a DX A/C system. The details of a hierarchical control structure in this chapter are



as follows: In the upper layer, an energy-optimised open loop controller is proposed based on an
optimization of energy consumption of the DX A/C system and given reference points of indoor CO,
concentration, relative humidity and air temperature to generate a unique and optimised steady state for
the lower layer controller. In the lower layer, the closed-loop MPC controller is proposed such that the
indoor CO; concentration, relative humidity and air temperature follow the steady state computed by
the upper layer, whereas the energy efficiency is improved. To facilitate the MPC design, the nonlinear

DX A/C control system is linearized around the optimised steady state.

In Chapter 3, the control objective is to lower the energy cost and consumption of a DX A/C system
while maintaining both IAQ and thermal comfort at comfort levels. To achieve this purpose, an
autonomous hierarchical control (AHC) structure is designed and described below. The upper level
is an open loop nonlinear optimal controller, which optimizes the predicted mean vote (PMV) index
and the energy cost for the DX A/C system under a time-of-use (TOU) price structure of electricity
according to the changing environment over a 24-hour period, to generate the tradeoff setpoints of
indoor CO; concentration, relative humidity and air temperature for the lower level controller. The
lower layer is formed as a closed-loop MPC to track the trajectory reference points calculated by the
optimization layer. This AHC strategy means the upper controller can adaptively and automatically set
the setpoints and the lower layer adaptively and optimally tracks them, minimizing energy consumption
and costs. In addition, in this chapter, the volumes of outside air allowed to enter the DX A/C system
are regarded as varying with the changing circumstance over a day and are optimized by the AHC.
Moreover, a supply fan to steer the pressure swing absorption with a built-in proportional-integral (PI)
controller is proposed to lower the indoor CO, concentration such that it would reduce the complexity

of computation for the AHC and the cost of hardware.

In Chapter 4, the control objective is to reduce energy cost, improve energy efficiency, and reduce
communication resources, computational complexity and conservativeness, as well as peak demand
for a multi-zone building multi-evaporator air conditioning (ME A/C) system while maintaining
multi-zones’ thermal comfort and IAQ at comfort levels. To realize this objective and to consider the
interaction effects between rooms, we present an autonomous hierarchical distributed control (AHDC)
method. The upper level is an open loop nonlinear optimizer, which only collects measurement
information and solves a distributed steady state optimization problem to adaptively and automatically
generate time-varying and optimised reference points of indoor CO, concentration, relative humidity

and air temperature for the lower-layer controllers, by minimizing the demand and energy costs of



a multi-zone building ME A/C system under the TOU price structure of electricity according to the
changing circumstance during the day. The lower level also uses local information to track the trajectory
references calculated by the upper-layer distributed controller, via distributed MPC controllers. The
proposed hierarchical control strategy is distributed in two layers since they use only local information

from the working zone and its neighbours.

To validate the performance of these hierarchical control strategies for DX A/C systems, simulation
tests are performed in this thesis. In Chapter 2, simulations are provided to show that the closed-loop
regulation of the MPC controller and the energy-optimised open loop controller can maintain indoor
CO» concentration, relative humidity and air temperature at their desired setpoints with small deviations
and reduce the effect of indoor cooling and pollutant loads. The simulations also demonstrate that
the controllers are superior to conventional controllers in terms of energy efficiency. In Chapter 3,
the simulation tests show that the AHC strategy can reduce more energy consumption and cost than
the baseline strategy. In addition, the tests demonstrate that the AHC scheme is not sensitive to the
physical parameters of the DX A/C system. In Chapter 4, to show the performance of the two-layer
distributed control strategies, a case study is given. The simulation tests demonstrate that the AHDC
strategy is capable of shifting demand from peak hours to off-peak hours and reducing the energy cost
for a multi-zone building ME A/C system while maintaining multi-zones’ IAQ and thermal comfort at

comfort levels.

Lastly, Chapter 5 concludes all the findings of this thesis and provides some ideas for possible work in

future research.
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CHAPTER1 INTRODUCTION

1.1 BACKGROUND

The total energy consumption of the world market will increase by 36% between 2008 and 2035 [1].
This energy consumption can be divided into four main sectors: residential, commercial, transportation
and industrial. The rise in energy consumption by buildings has been significant in most part of the
world. The building sector accounted for 21% of energy consumption in the world in 2008!. In the
USA, the building sector accounted for 41% of primary energy consumption among all sectors in
20102. In South Africa, the residential, commercial and public services sectors share 40% of electricity
consumption, and based on National Electrification Statistics, electricity consumption is expected to

increase constantly?.

Because of the increase in the population, enhancement of comfort, global climate change and more
time spent indoors, energy consumption in the building sector displays an upward trend. Therefore,
most countries are focusing on the building sector as having the greatest potential for energy savings

necessitated by increasing energy demands, energy price and environmental issues.

Building’s energy demand is the main reason of electricity consumption owing to rapidly escalat-
ing space environmental quality requirements (such as thermal comfort, indoor air quality (IAQ),
ventilation, refrigeration and so on), which leads to significant greenhouse gas emissions. Energy
consumption demands in buildings are directly related to air conditioning (A/C) systems. A/C systems

account for half of a building’s energy usage. At the same time, owing to greenhouse effects the global

Uhttps://www.eia.gov/outlooks/ieo/
Zhttps://openei.org/doe-opendata/dataset/buildings-energy-data-book/resource/4516b230-4234-4778-b8 7f-

64bc6ab0b529.
3 file:///C:/Users/user/Downloads/essa3361.pdf.
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temperature is increasing steadily, which in turn has caused an increase in the use of A/C systems.
Accordingly, lowering the energy consumption in A/C systems of buildings is an important factor in

lowering greenhouse gas emissions.

The study reported in this dissertation is motivated by the considerable energy efficiency and energy
cost potential in the building sectors. Energy management of building A/C systems has become
important and hence the need to lower the energy cost and improve the energy efficiency of buildings.
In addition to improving the energy efficiency of buildings, interventions can be made in other ways
[2, 3], such as appliances operation scheduling [4, 5, 6], hybrid energy system supplies [7, 8, 9],
generator maintenance scheduling [10], lighting retrofitting and metering schemes [11, 12, 13, 14],
envelope and whole building retrofitting schemes [15, 16], facility retrofitting and maintenance schemes
[17, 18, 19] and an energy-water nexus [20, 21]. Therefore, building energy efficiency is a very broad
field involving multiple layers and focuses. Energy efficiency improvement can also be effected in
other sectors such as transportation scheduling including, overhead cranes [22] and belt conveyor
[23] and industry application aspects [24, 25]. The main topic of the thesis is the scope of the
energy management strategies of building A/C systems, which will be introduced in the following

sections.

1.2 A/C CONTROL SYSTEM FRAMEWORK

1.2.1 Indoor comfort control

Lowering building energy usage should not sacrifice user benefits [26]. User-health is related to energy
efficiency in some aspects. Nowadays, more and more people are working indoors much of the time,
therefore providing high thermal comfort and IAQ levels for users would contribute to increased work
efficiency and productivity. Effective energy management of building A/C systems can ensure [IAQ,

thermal comfort and energy efficiency.

In [27], the authors designed two controllers for a heating, ventilation and air conditioning (HVAC)
system, including feedback and feed-forward controllers, to improve the control performance (smaller
temperature variations) as well as energy efficiency. The use of optimization algorithms in various

applications related to energy management in building A/C systems has been increasing significantly

Department of Electrical, Electronic and Computer Engineering 2
University of Pretoria
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over recent years. A multi-objective genetic algorithm was used [28] to obtain predictive control of
air conditioned systems. The simulation results demonstrated that this method would achieve good

temperature regulation with important energy savings.

Ensuring indoor air humidity at an acceptable level is an important factor since it has a direct impact on
indoor thermal comfort level and the operational efficiency of buildings’ A/C installations [29]. In fact,
in cities with highly humid climates, such as Cape Town or Hongkong, high humidity may still adversely
affect indoor thermal comfort level and the energy efficiency of building A/C systems, even when
indoor air temperature has been maintained at a desired value. Various humidity control approaches
have been applied in large-scale central and chilled water A/C systems, such as pre-conditioning
outdoor air and heat pipe technologies [30, 31], or chemical and mechanical dehumidification desiccant
mechanisms [32, 33, 26, 34]. A wavelet-based artificial neural network (ANN) with a proportional-
derivative (PD) controller was proposed [35] for an A/C system to control indoor relative humidity
and air temperature, where thermal comfort and energy efficiency of the system was improved. For
controlling indoor humidity, a chiller/boiler was added to this A/C system. For controlling indoor
relative humidity and air temperature, an evaporation pressure control method was addressed [36]

based on the evaporator pressure and the relative humidity readings.

Nowadays, IAQ has become increasingly important and is regulated by A/C system design and control.
The indoor relative humidity, air temperature and carbon dioxide (CO;) concentration have been
regarded as the three major factors of indoor thermal comfort and air quality. In recent years, more
and more researchers have focused on how to improve thermal comfort and IAQ as well as energy
efficiency. In [37], a genetic algorithm was used to find the optimal settings of the multiple variable
process (i.e. air handling unit supply air temperature, outdoor ventilation rate and chilled water
temperature setpoints) by optimising the cost function including thermal comfort, energy consumption,
TAQ, maximum allowed relative humidity and minimum allowed ventilation flow to reduce energy
usage while keeping multi-zones’ thermal comfort and IAQ at acceptable levels. A multi-objective
optimization was proposed in [38] to optimize indoor air condition for HVAC system in order to achieve
high thermal comfort and acceptable air quality for occupants with efficient energy consumption all
the time. However, they did not consider the coupling effects between indoor CO, concentration,
relative humidity and air temperature. In many cases, these coupling effects cannot be ignored. In
fact, the experimental results [39] illustrated that the indoor CO, concentration correlated with indoor

air temperature. Furthermore, the indoor CO; concentration is affected by air humidity as discovered

Department of Electrical, Electronic and Computer Engineering 3
University of Pretoria
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through measurement investigation and data analysis [40]. As far as the researcher knows, there are
few studies in the literature that discuss how to control indoor air temperature, relative humidity and
CO2 concentration simultaneously, taking into account the coupling effects between them and the

energy efficiency of A/C systems.

1.2.2 Peak demand control

In addition to reducing overall energy consumption by building A/C systems, another significant need
for building controls is to reduce peak power demands. Because buildings, especially commercial and
office buildings, mainly consume energy during peak hours, the peak-average ratio (PAR) can be high
in the electricity grid [41]. Both electricity suppliers and customers are extremely focused on peak
demand because of economic and environmental challenges. New power plants are constantly being
built every year; however, this still merely serves to remit the rapidly increasing peak demand, which
reduces efficiency in non-peak hours and leads to higher energy costs for buildings. Therefore, it is of

great importance to use advanced strategies to reduce or shift the peak demand.

Demand response (DR) as a concept has paid more attention to buildings as an effective way to reduce
the peak demand. DR encourages end-users to adjust their electric usage in good time based on
electricity price. Advanced electricity rate structures including real-time pricing (RTP), time-of-use
(TOU) and critical-peak-pricing (CPP), are usually applied by utilities. It is illustrated that with
these time-varying rate structures users have opted to reduce their energy cost by taking DR action
[42, 43, 44]. In [45], a cost-effective control scheme was proposed for building HVAC system to shift

the energy usage away from the peak hours while thermal comfort and IAQ levels are maintained.

For reducing peak demand, most buildings are operated according to a simple on-off strategy: the A/C
systems are turned on during the occupied period and turned off otherwise. The setpoints of thermostats
are usually fixed during the entire occupied period. This strategy is simple but not optimal for energy
efficiency or cost-effectiveness [46]. Some alternative strategies are proposed to reduce significant
peak demand by adopting pre-cooling (or pre-heating) during a non-occupied period and changing
setpoints during peak hours. These strategies use the building’s thermal mass to shift the power demand.
However, the setpoint schedule is pre-determined, which does not consider the time-varying outdoor

and indoor conditions and the states of HVAC systems. A number of researchers have focused on
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reducing the peak demand by adjusting the operational scheduling of HVAC systems [47, 48]. However,
these methods are not able to deal with the impact of disturbances such as buildings’ internal loads and
weather conditions. Therefore, it is of great interest and potential to develop advanced approaches to

energy and cost savings for building A/C systems as well as handling disturbances.

1.2.3 Model predictive control

Model predictive control (MPC) has become one of the most successful advanced control strategies,
which is capable of maintaining a comfortable temperature and achieving energy efficiency in buildings
[49, 50, 51]. Other advantages of an MPC algorithm for building HVAC systems include robustness,
tunability and flexibility [52]. The MPC strategy has also been applied in intervention strategies for
other sectors, such as human immunodeficiency virus (HIV) infection [53], the dense medium coal
washing process [54], power dispatch problems [55] and transportation systems [56]. Therefore, it
has inspired many researchers employing MPC algorithms for HVAC systems to enhance both indoor
thermal comfort and energy efficiency [57, 58, 59]. An MPC strategy is capable of improving potential
building energy efficiency and thermal comfort and the performance is better than conventional PI
controllers reported in [49]. In [60], an economic MPC method was presented for optimizing the
building demand and energy cost under a TOU price policy to improve temperature comfort and reduce
demand, as in [61, 62]. In [60], the simulation results showed that the MPC strategy is able to shift
the peak demand to off-peak hours and reduce energy costs more in comparison with a baseline case.
However, the goodness-of-fit for temperature and power models is 76.22% and 80.3%, respectively,
which mean that the non-accuracy is approximately 24% and 20%, respectively, due to modelling a
linear system. The authors have also tested on particular days to show the advantage of MPC over its
baseline strategy, but it can be seen from the tests that load shifting on particular days is no more than

24%, which implies that the performance of the MPC strategy was unsatisfactory.

In [63], the authors proposed a hybrid model predictive control (HMPC) scheme, including a classical
MPC and a neural network feedback linearization, to minimise the energy and cost of running HVAC
systems in commercial buildings. Though the study modelled a nonlinear HVAC system, it was to be
controlled based on a linearized system by feedback linearization, which added control variables and
in turn increased computational complexity. This control method was also used in [64]. In [65], an

MPC strategy was presented to reduce energy cost and demand while keeping indoor temperature at a
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comfort level. To facilitate the MPC controller, the nonlinear HVAC system is linearized around an
equilibrium point. This equilibrium point is obtained by fixing the supply fan and solving a state point.
In [66], the authors proposed a practical cost and energy-efficient MPC strategy for HVAC load control
under dynamic real-time electricity pricing. The simulation results displayed that the MPC strategy can
lead to significant reductions in energy consumption and cost for occupancies. However, the building’s
nonlinear thermal model is linearized and used as the plant to be controlled by the presented MPC
strategy. A model-based predictive controller combined with a building energy management system
was purposed to improve indoor environmental quality, including CO, concentration, air temperature,
relative humidity and illuminance, and minimize energy costs in [67]. However, the study did not

consider the coupling effects between them.

1.2.4 Hierarchical control

To enhance energy efficiency while maintaining both indoor IAQ and thermal comfort at comfort
ranges, another MPC strategies based on energy scheduling were proposed in [68, 59, 69]. In [69],
a hierarchical control method was proposed for enhancing energy efficiency while maintaining the
predicted mean vote (PMV) index at zero, i.e., PMV=0. The simulation results suggested that the
strategy can save more energy in comparison with the authors’ previous work [68]. However, a practical
nonlinear MPC optimizer is designed in the upper layer to provide an impulse air temperature reference
for the lower layer PI controller, which inevitably increases the computational burden. Moreover,
the weather conditions and cooling loads are based on predicted data, which means the lower PI
controller may not effectively follow the reference calculated by the upper layer. In [70], the authors
considered two levels of the controller hierarchy to minimize energy usage and maintain temperature
comfort. However, this control strategy is scheduled based on a linearized system which causes loss of

accuracies in the model.

1.2.5 Large-scale A/C system control

Advanced building structures are extremely complicated because they are equipped with multiple A/C
systems. Effective energy management of multi-zone building A/C systems has potentially improved
energy efficiency and indoor comfort levels. In recent years, this interesting topic has inspired many

researchers to study how to advance the strategies for controlling building A/C systems.
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In [71], the authors proposed a combined genetic algorithm and feed-forward control for HVAC systems
to improve energy efficiency and indoor air quality. Compared with the optimal control strategy in
[37], the control strategy in [71] considered the optimal outdoor air ratio entering the system. In
[72], the authors presented a model-based optimal ventilation control approach for multi-zone VAV
A/C systems aimed at minimizing the total fresh air flow rate by compromising thermal comfort,
IAQ and total energy usage. In [73, 74], the authors proposed an optimal control algorithm based
on adaptive predictive model and the recursive least squares estimation technique to control indoor
CO; concentration, relative humidity and air temperature, simultaneously. This was achieved by
optimising the energy consumption of variable refrigerant flow and VAV combined A/C systems, as in
[75, 39]. A data-mining approach for the optimization of HVAC systems was presented in [76], as in
[77]. However, these approaches are rarely able to handle the impact of disturbances such as building

multi-zones’ internal heat loads and time-varying weather conditions.

Though MPC yields better performance to handle the above issues over other control approaches,
the size of the optimization problem increases rapidly when the dimension of the building HVAC
systems is large. A centralized MPC technique was proposed for multi-zone building HVAC systems
to improve energy efficiency and temperature comfort [78, 79, 80]. In the centralized control structure
case, all the subsystems are controlled by one MPC law. The model used for prediction consists of the
coupling elements. When this algorithm is used to control building HVAC systems in a large number
of rooms, especially connected zones and rooms, this algorithm is impractical, since the optimization
problems may be difficult to solve in a reasonable time and the control systems are not easy to maintain.
To improve computational efficiency, one of the effective control strategies is a decentralized control
approach. Large-scale control problems are decomposed into several independent controllers, which
can consider each local control parameter [81, 82]. In [81], the results demonstrated that the predicted
performance loss was 28.58%. In [82], the simulation results demonstrated that the performance of
comfort level is not better than that of the centralized MPC strategy, though the energy efficiency
level is close to the centralized method, due to rarely considering the coupling between neighbouring
zones. To improve comfort level and reduce computational demand for buildings, a superior choice is
to use a distributed control algorithm. The structure of the distributed control strategy is similar to
a decentralized law but is essentially a different approach [83]. The distributed control decomposes
the centralized control to a group of local agents that communicate with their neighbors, making it
possible to use them for large-scale dynamically coupled systems. A communication network that

allows collaboration among the local control laws allows improvement of global system performance
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compared to a decentralized structure. Moreover, the computational demand of this control strategy

should be significantly reduced compared to the centralized structure [84].

Because of the advantages of distributed model predictive control (DMPC), this approach has recently
been widely employed to reduce computational demand and handle the coupling among subsystems
[85, 86, 87, 88]. Despite DMPC having a superior performance to other control strategies, the purely
DMPC algorithms are very conservative for application [88] when the systems are nonlinear. In [86],
a DMPC was proposed to improve energy efficiency while maintaining each zone’s air temperature
within a comfort level. In [85], the DMPC algorithm employed, only required the predicted output to
exchange information with its neighbors for every sampling period. However, this algorithm could
only obtain Nash equilibrium, which may not be the optimal solution. In [87], the authors presented a
DMPC algorithm to control the building multi-source multi-zone temperature regulation problem. In
order to attenuate the online computational burden, the DMPC algorithm was implemented based on a
Bender’ decomposition. The results demonstrated that the computational and convergence time of this
algorithm was superior to that of the centralized MPC. However, the energy efficiency of this DMPC

algorithm was not particularly good compared to the centralized MPC algorithm, as in [88].

In [89], a centralized MPC supervisor calculated evaporator cooling and pressure setpoints for multiple
rooms and balanced temperature regulation with energy efficiency; these reference points were tracked
by local level decentralized MPC controllers. More recently, in [90], the authors proposed a method that
combined the closed-loop distributed and centralized structures to design a hierarchical control scheme
to balance computational complexity and conservativeness. In the study, the upper layer controller
collects temperature and predictive information from all rooms and zones, which means that the
centralized scheduling (CS) needs to communicate with all rooms. Moreover, the trajectory reference
in the optimization objectives is given and fixed over a 24-hour period, as in [85, 86, 88]. Centralized
control and distributed MPC schemes following a fixed trajectory reference were also reported in other
fields [91]. In [92], the results demonstrated that the MIMO MPC strategy following preprogrammed
time-varying reference points can reduce energy consumption and cost more when compared with a
fixed trajectory reference. In [93], the authors proposed centralized control and distributed control
schemes together to improve energy efficiency and thermal comfort. Although the optimal references
are preprogrammed and time-varying, the upper layer optimization problem is nonlinear, and solving it
for a large building using centralized approaches is computationally cumbersome, leading to scalability

issues. Furthermore, for implementation, centralized approaches require transmission of zone-level
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models and sensor information to the CS, leading to engineering difficulties and increasing information

exchange.

1.3 DX A/C CONTROL SYSTEM FRAMEWORK

1.3.1 DX A/C system

A direct expansion air conditioning (DX) system, as one of A/C systems, uses a refrigerant vapour
expansion/compression (RVEC) cycle to directly cool the supply air to a building because the evaporator
is in direct contact with the supply air. The main components of a DX A/C system include an EEV, the
outdoor compressor, a condenser coil and the evaporator placed indoor as shown in Fig. 1.1. Compared
to common centrally chilled water-based A/C systems, the advantages of the DX A/C systems are
simpler system configuration, better energy efficiency [94], and generally less cost of ownership and
ease of maintenance. Consequently, DX A/C systems have been commonly employed in buildings
over recent decades, particularly in small to medium scaled buildings. However, most current DX
A/C systems use single-speed supply fans and compressors, which operate by on-off cycling as a
low-cost method to maintain indoor air temperature only. This causes either indoor air overcooling or
irretentive indoor air humidity. ON/OFF cycling thus results in a lower level of indoor thermal comfort
for users. When advanced variable speed inverters technology is widely applied in DX A/C systems,
the indoor relative humidity and air temperature can simultaneously be controlled by DX A/C systems

by employing the varying speeds of the supply fans and compressors [95, 96].

However, since the complex dynamic features of heat and mass transfer happen at variable speed DX
A/C system and there is strong cross-coupling between dry-bulb temperature and wet-bulb temperature
inside the evaporator, it is extremely hard to design a simple control method to keep indoor relative
humidity and air temperature at the appropriate comfort levels simultaneously. For example, the
transient performance of two feedback control loops (i.e. the control loop for relative humidity by
the varying speed of the supply fan and the control loop for air temperature by the varying speed of
the compressor) when using a conventional proportional-integral-derivative (PID) feedback controller
would be inherently poor because of the strong coupling effect between the two feedback loops, to

control indoor relative humidity and air temperature [95]. To overcome and decouple the difficulties

Department of Electrical, Electronic and Computer Engineering 9
University of Pretoria



CHAPTER 1

INTRODUCTION

of the strong coupling effect, many advanced control algorithms have been developed. The control

strategies are mainly based on an empirical-based model and physical-based model.
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Figure 1.1. Schematics of a simplified DX A/C system.

1.3.2 DX A/C system control based on empirical-based models

There are many empirical-based methods to control the variable speed of DX A/C systems. Among

various empirical-based methods, artificial neural network (ANN) has been widely used as an empirical-

based modelling training technique, which has recently drawn many researchers’ attention owing

to its advantages of simplicity and good behavior on time response and accuracy of the modelled

physical processes. An ANN-based control strategy was presented for a DX A/C system to control

indoor relative humidity and air temperature simultaneously [97, 98]. The developed ANN-based

dynamic model was trained off-line by using the operational data involving either a training point or

a specific point. It would be incorrect to validate the performance of the proposed method when the

operating conditions of the system are beyond the training point. Therefore, the performance of this

designed ANN-based control approach can only be guaranteed when the training data are near the

system operating point based on the off-line.
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To ensure that the ANN-based controller is applied in the entire operating range of a DX A/C system,
an ANN-based dynamic model with an on-line adaptive controller was proposed to control indoor
relative humidity and air temperature simultaneously through the varying speeds of the compressor and
the supply fan reported in [99]. The controllability test results showed that this strategy achieved high
control accuracy and the operational data was within entire expected operating range. However, in this
study, the ANN-based training method with an on-line adaptive controller was only tested at a fixed
inlet relative humidity and air temperature. The inlet relative humidity and air temperature directly
affected the output cooling capacity of the DX A/C system reported in [100]. Therefore, training data
for adopting an empirical-based model controller for a variable speed DX A/C system to simultaneous
control indoor relative humidity and air temperature should be within the entire possible operating
ranges of the system, which include not only data for varying the speeds of the supply fan and the
compressor, but also for varying the inlet relative humidity and air temperature from the DX evaporator.
That implies that different indoor air setpoint settings in the conditioning space are governed by the DX
A/C system. Nonetheless, the strong coupling between heat and mass transfer, such as sensible heat
and latent heat loads that occur mainly in the wet-cooling region at the air side of the DX evaporator,
may further affect accuracy when using an ANN-based model for controlling indoor relative humidity

and air temperature simultaneously if the model is used beyond the range of training data.

Motivated by the above issues, a novel ANN-aided fuzzy logic controller for a variable speed DX
A/C system was proposed to control indoor relative humidity and air temperature simultaneously
by combining the complementary merits of fuzzy logic controllers and ANN modelling reported in
[101]. The simulation results showed the satisfactory control performance in terms of control accuracy
and sensitivity with different inlet relative humidity and air temperature. There is still an obstacle of
heat and mass transfer for sensible heat and latent heat loads taking place at the wet-cooling region
and dry-cooling region on the air side of the DX evaporator that is extremely complex and strongly
coupled, it may be necessary to propose a novel ANN-based model and control method to solve this

issue.

1.3.3 DX A/C system control based on physical-based models

The development of physical-based models for depicting the operational process of DX A/C systems

can provide a direct description of the natural phenomena and reflect their detailed operational charac-
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teristics since these are derived from physical laws. For example, with the model, the transient and
steady state behavior of the system can be predicted, and the influence of input variables, such as air
volumetric flow rate and mass flow rate of refrigerant, as well as the air side states can be identified
[102, 103, 104, 105]. The steady state and transient response processes for components of a DX
variable air volume (VAV) A/C system were illustrated in [102]. In [103], dynamic mathematical
models for a DX A/C system were built based on the principle of energy and mass conservation balance
and validated through experimental tests. In the study, the coupling loop between relative humidity
and air temperature is considered, which is beneficial for decoupling the two strongly coupled loops
of a DX A/C system to control the indoor relative humidity and air temperature simultaneously. The
validated models are expected to be very useful for future work in designing an effective controller for a
DX A/C system to control indoor relative humidity and air temperature simultaneously. The extremely
complicated process of heat and mass transfer occurring on the DX cooling coil was developed under

a steady-state equipment sensible heat ratio reported in [105].

In [106], a feedback controller for a DX A/C system was designed to avoid the use of a problematic
measurement of A/C system immediately downstream of a cooling coil by controlling action. In
[107, 108], a direct digital control (DDC) based capacity controller was designed for a DX A/C system
to achieve indoor relative humidity and air temperature at a comfortable level by varying the speeds
of the compressor and supply fan. The simulation results showed that the designed controller could
achieve reasonable control sensitivity and accuracy. However, the measured indoor cooling load is
taken as a controlled parameter, which cannot be obtained constantly owing to the thermal inertia of the
indoor air. Therefore, it is difficult to achieve good performance in controlling sensitivity and accuracy.
In [109], an H-L control algorithm, which is a DX A/C system operating at high speeds of the supply
fan and the compressor when the indoor air temperature cannot reach its setpoint and at low speeds
otherwise, was proposed. The experimental results suggested that the H-L control algorithm could
achieve higher control performances of indoor relative humidity and energy efficiency in comparison
with conventional on-off control. However, the development of H-L control could not achieve accurate
control of indoor relative humidity and air temperature. The stability of command following and

disturbance rejection could not be guaranteed.

A multi-input-multi-output (MIMO) linear quadratic Gaussian (LQG) controller was presented based
on a DX A/C system to control indoor relative humidity and air temperature simultaneously and

maintain these at their setpoints through the varying speeds of the supply fan and the compressor in
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[110]. The command-following and disturbance rejection capability tests showed that the proposed
MIMO LQG controller can effectively control indoor relative humidity and air temperature with high
control performance of accuracy and sensitivity. However, the LQG controller is designed based on
a linearization dynamic model. Furthermore, the system is linearized around a particular operating
point of a DX A/C system. For a real DX A/C system, the controller should be operated over a wider
working range. In [111], the authors proposed another control strategy by employing a PID controller
with a degree of superheat (DS) to improve the stability and operating efficiency of a DX A/C system.
However, in this study, the DX A/C system was still linearized around a particular operating point. In
[112], the authors proposed a novel DDC-based capacity controller including a numerical calculation
algorithm and a conventional proportional-integral (PI) feedback controller for a DX A/C system
to control an electronic expansion valve (EEV). The experimental results showed that the control
performance on the supply air temperature with this capacity controller is well maintained at the
desired value and desired space air temperature is achieved. However, the controller performance can
only be achieved based on fixing the air temperature entering the air-cooled condenser, the condenser
air flow rate, the supply air static pressure and the degree of refrigerant superheat at the exit of the
evaporator. In reality, the controller for a real DX A/C system should be applied to a wider working

range.

To control multi-zone buildings’ relative humidity and air temperature simultaneously, an energy-
efficient multi-evaporator (ME) A/C system was proposed in [113]. Experimental results demonstrated
that the control performance of the proposed capacity control algorithm was further improved in
comparison with its previous work. However, under certain operating conditions, controlling indoor
air temperature by using the novel capacity control algorithm could still cause significant fluctuations
owing to using a temperature of dead-band and time-delay for compressor start-up. Nonetheless,
interaction with other indoor units may be an important impact factor but was rarely considered. To
improve energy efficiency with superior thermal comfort and IAQ levels for multi-zone building ME
A/C system, a suitable optimization method is required for making each room’s CO, concentration,
humidity and air temperature consistent with their desired references. To realize this, one should
consider a case when each DX unit can exchange information with its neighbors. A generalized
control heuristic and simplified model predictive control strategy were proposed for DX A/C systems

to provide comfort temperature and energy savings [114].

Department of Electrical, Electronic and Computer Engineering 13
University of Pretoria



CHAPTER 1 INTRODUCTION

1.4 RESEARCH GAP

Firstly, based on findings from the literature, no study to discuss how to control indoor CO; concen-
tration, relative humidity and air temperature simultaneously, taking into account of three coupling
effects among them and in terms of the energy efficiency of DX A/C systems, has been reported in
the literature so far. Therefore, controlling both IAQ and thermal comfort and taking into account
energy efficiency for DX A/C systems will bring new control issues and increase the difficulty of
control owing to the complex physical phenomenon inside a DX A/C system. In addition, although the
findings in literature considered both IAQ and thermal comfort control issues in other A/C systems,
they did not consider the coupling effects among them. These problems have been considered in this
thesis. Nonlinear DX A/C control systems with respect to CO, concentration, relative humidity, air

temperature and the coupling effects among them have been built in this thesis.

Secondly, [110] proposed a MIMO LQG controller for a DX A/C system to control indoor relative
humidity and air temperature simultaneously with little consideration towards energy efficiency. In the
study, the work point is near a specific operational point. For a real DX air conditioner, the controller
should be operated over a wider working range. For controlling other nonlinear A/C systems, most of
the researchers employed MPC controllers to optimize the plant attaining equilibrium operational points
or specific operational points. These strategies may not be optimised in terms of cost-effectiveness or
energy efficiency. These issues have been solved in this thesis. In this thesis, the proposed controller is
designed based on a wider range of work point. In Chapter 2, an open loop optimal controller is first
proposed to minimize the energy consumption of a nonlinear DX A/C system to generate an optimised
and unique steady state. The MIMO MPC controller is designed to optimize the transient reaching
this steady state while energy efficiency improvements are achieved. More details of this method are

presented in Chapter 2.

Thirdly, MPC based on setpoint in terms of energy scheduling strategies and TOU policy for A/C
systems were reported in the literature to reduce peak demand. None of them uses MPC based on
setpoint adaptively preprogrammed and TOU policy in terms of energy and comfort scheduling to
lower peak demand for A/C systems. In addition, the allowed outdoor air entering the system is fixed
over a 24-hour period [73, 74, 115]. The outside weather circumstances are time-varying. In chapter 2,
a VAV ventilation fan was added to a DX A/C system and have been used to reduce indoor air CO,

concentration, which would increase the cost of hardware and the complexity of building DX A/C
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systems. This hardware can also be commonly used in the HVAC systems to improve IAQ. Moreover,
the PMV index can be conventionally used as an indicator of thermal comfort. As reported in findings
in the literature, indoor thermal comfort affected by IAQ. It is, therefore, necessary to extend the PMV
index such that it can represent both IAQ and thermal comfort. What’s more, the heat and mass transfer
on the air side of the evaporator has not been handled effectively in literature including empirical-based
model and physical-based model methods. These issues have been solved in Chapter 3 of this thesis.
In Chapter 3, the MIMO MPC controller and an open loop optimal controller, which adaptively and
autonomously generates optimal and time-varying reference signals for the closed-loop controller, are

designed. Details of this scheme and the control performance are presented.

Finally, according to the current practice of multi-zone building ME A/C system or HVAC systems and
research reported in the above literature, no effective control strategy can handle interaction between
rooms for the ME A/C system. Although studies on multi-zone building HVAC systems taking
into account the interaction between rooms were recently reported in the literature. However, these
strategies require more communication resources and were rarely solved in terms of energy efficiency,
demand shifting and energy cost, computational complexity and conservativeness simultaneously.
Therefore, there is a need to propose a new hierarchical distributed control strategy to improve the
performance of energy efficiency, demand shifting and energy cost, and reduce the communication
resources, computational complexity and conservativeness for the multi-zone building ME A/C system
while keeping multi-zones’ IAQ and thermal comfort at comfort levels. Therefore, two controllers,
including an open loop distributed controller taking into account DR action to shift peak demand and a
closed-loop distributed controller, are designed in this thesis to study energy efficiency and cost savings
improvement of the multi-zone building ME A/C system. Details of the two distributed controllers are

described in Chapter 4 of this thesis.

1.5 SCOPE AND OBJECTIVES

Motivated by the above issues, there is great potential for energy and cost savings with advanced
control of A/C systems while maintaining both indoor IAQ and thermal comfort at comfort levels. The
focus of this thesis is the design of new control strategies for DX A/C systems that improve comfort
levels for occupants and at the same time reduce energy consumption and cost of buildings. The

methodology to be described in the thesis can also be applied to other types of A/C systems.
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The main purposes of this thesis are the following:

* To develop dynamical mathematical equations for DX A/C systems with consideration of the

coupling effects of CO, concentration, relative humidity and air temperature.

* To develop a hierarchical control strategy for a DX A/C system that can adaptively and au-
tonomously generate the optimised and time-varying setpoints scheduling of indoor CO, concen-
tration, relative humidity and air temperature which can be used to operate the DX A/C systems

with higher energy efficiency and more cost saving.

* To develop a hierarchical control method to improve the energy efficiency, reduce the energy
cost, shift peak demand and maintain multi-zones’ IAQ and thermal comfort at comfort levels

for building ME A/C system.

1.6 RESEARCH CONTRIBUTION AND LAYOUT OF THE DISSERTATION

The main contributions of this thesis have been published in two international journal papers and a
third one has been submitted. Moreover, several conference contributions have been published or

accepted. These contributions are listed in the section on publication.

The main topic of this thesis is to develop a hierarchical control scheme to lower energy consumption
and cost for building DX A/C systems while maintaining both IAQ and thermal comfort at comfort
ranges. The contributions are briefly highlighted below in a representation of the layout of this

dissertation.

* Building dynamical models for DX A/C control systems with respect to indoor CO; concentra-
tion, air temperature and relative humidity with consideration for the coupling effects between

them.

* Design of two controllers for a DX A/C system, consisting of an energy-optimised open loop
nonlinear controller and a regulation MIMO MPC controller, to improve both indoor IAQ and

thermal comfort and maintain them at comfortable levels while minimizing energy consumption.
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* Design of two controllers for a DX A/C system, including an energy and comfort open loop
optimal controller and the tracking MPC controller, to lower energy consumption and cost while

keeping both IAQ and thermal comfort at comfort levels.

* Design of a two-layer distributed control scheme to reduce energy consumption and cost,
communication resources, computational complexity and conservativeness simultaneously,

while maintaining multi-zones’ IAQ and thermal comfort at comfort levels.

* The designed autonomous hierarchical distributed control strategy (AHDC) is capable of shifting

the peak demand to off-peak hours for buildings.

The layout of this dissertation follows the order of improving both indoor IAQ and thermal comfort,
minimizing energy consumption, and reducing cost while maintaining both IAQ and thermal comfort

in acceptable ranges and shifting demand for the DX A/C systems.

Specifically, Chapter 2 describes a DX A/C system and its main components, and models dynamic
mathematical equations of a DX A/C system with respect to indoor CO, concentration, relative
humidity and air temperature taking account of three coupling effects between them based on principles
of mass and energy balance. This is used to facilitate the research work for this dissertation. A
hierarchical control strategy is designed first, followed by the performance of this control strategy

through energy efficiency, setpoint regulation, reference following and disturbance rejection.

In Chapter 3, an autonomous hierarchical control (AHC) is designed to reduce energy consumption
and cost for a DX A/C system in a changing environment over a 24-hour period in this chapter. The
use of the nonlinear DX A/C control system given in chapter 2 is also used in this chapter, but the
correlation of the moisture content and air temperature at the evaporator outlet has been released. After
that, an open loop optimal controller, which includes the ability of autonomously and adaptively setting
setpoints, for lower layer controller is designed for the DX A/C system to follow. The design of the
MIMO MPC controller steers the DX A/C system to follow the time-varying and optimised setpoints.
The AHC performance analysis of the energy efficiency and cost savings of the DX A/C system is

given.

Next, an AHDC strategy is carried out for a multi-zone ME A/C system in Chapter 4. The dynamic
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models of multiple connected rooms and zones for an ME A/C system are built first, taking into
account interconnected neighboring rooms. In this chapter, the designed open loop optimal controller
is distributed; it only collects local information from one zone or room, to autonomously and adaptively
generate reference points, for closed-loop controllers. This is achieved by optimizing the demand and
energy costs of the multi-zone building ME A/C system under a TOU rate structure while meeting the
requirements of multi-zones’ thermal comfort and IAQ at comfort ranges. The closed-loop controller is
also distributed to track the reference points calculated by the upper layer distributed controller. After
that, the control performance of AHDC compared with the hierarchical control method in Chapters 2

and 3 is given at the end.

Finally, some general conclusions of this dissertation and ideas for future research topics are given in

Chapter 5.
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CHAPTER 2 PREDICTIVE CONTROL OF A DX A/C
SYSTEM FOR ENERGY
EFFICIENCY

2.1 INTRODUCTION

In this chapter, nonlinear control systems with respect to indoor air CO, concentration, relative
humidity and air temperature, taking into account the coupling effects among them in a DX A/C
system are firstly modelled. In order to improve indoor IAQ, thermal comfort, and energy efficiency,
a hierarchical control scheme is designed as a regulation MIMO MPC controller and an open loop
nonlinear controller based on an energy consumption optimization. For this optimal control strategy,
the energy models for a DX A/C system validated by curve-fitting of the experimental data in [116]
and the system constraints are formulated. The MIMO MPC controller optimises the indoor CO,
concentration, relative humidity and air temperature of the DX A/C control system to follow a unique
and optimal steady state, which is generated by an open loop optimal controller to minimize the energy
consumption of the DX A/C system with the reference indoor CO, concentration, relative humidity and
air temperature maintained. To show the performance of this hierarchical control scheme, comparisons
of energy consumption for setting different indoor CO, concentration, relative humidity and air
temperature setpoints are developed by a case study. In addition, the setpoints regulation, reference
following capability and disturbance rejection are also tested in a DX A/C system to demonstrate the

proposed control performance.
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2.2 CHAPTER OVERVIEW

This chapter presents a hierarchical control scheme to improve the energy efficiency of the DX
A/C system while maintaining indoor CO, concentration, air temperature and relative humidity at
their desired setpoints. A DX A/C control system and preliminaries are modelled and described in
Section 2.3, respectively. Section 2.4 outlines the proposed energy-optimised open loop nonlinear
control as well as the linearization of DX A/C control system. The presented MIMO MPC controller
and algorithm are presented in Section 2.5. Simulation results through setpoints regulation, reference
following capability and disturbance rejection tests are given in Section 2.6. Finally, conclusions are

drawn in Section 2.7.

2.3 DX A/C SYSTEM DESCRIPTION

2.3.1 DX A/C system

Fig. 2.1 shows a simplified schematic diagram of a VAV DX A/C system. The VAV DX A/C system
consists of two main sections, a DX refrigeration plant (refrigerant side) and an air-distribution
sub-system (airside). A variable speed scroll compressor, an EEV, a VAV ventilation, an air-cooled
tube-plant-finned condenser and a high-efficiency tube-louvre-finned DX evaporator constitute the
major components of the DX refrigeration side. The evaporator inside the supply air duct plays as DX
air cooling coil. A variable speed centrifugal supply fan, an air-distribution ductwork with return air

dampers and a conditioned thermal space constitute the air-distribution sub-system.

2.3.2 A/C space

In this chapter, the performance of the presented hierarchical control strategy is evaluated by a single

room model (that has been employed in the building energy simulation test (BESTEST) [57]).
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Figure 2.1. Schematics of a VAV DX A/C system.

2.3.3 Single-zone DX A/C model

According to principles of energy and mass conservation balances, the dynamical mathematical model
of the DX A/C system is a highly nonlinear coupling system with regard to indoor CO; concentration,
moisture content and air temperature. It is assumed that the DX A/C system is operated in the cooling
mode. The assumptions and basic operation of the DX A/C system are described below. Most of the
following assumptions are standard; they are taken from [103] and are sometimes made for the sake of

simplicity.

(A1) p% (0 < p < 100) of outside air entering into the system is combined with (100 — p)% of the

recirculated air at the inlet of the evaporator.

(A2) Before getting conditioned, enough air mixing takes place inside the heat exchangers.

(A3) The air side of the DX evaporator is separated into two areas, including the dry-cooling area

and wet-cooling area. Only the inlet air temperature can be cooled along the dry-cooling area and the

Department of Electrical, Electronic and Computer Engineering 21
University of Pretoria



CHAPTER 2 PREDICTIVE CONTROL OF A DX A/C SYSTEM FOR ENERGY EFFICIENCY

wet-cooling area occurs dehumidify the air. The simplified diagram of the evaporator is displayed in
Fig. 2.1. Generally, the dry-cooling area b on the air side of the evaporator is very small and it is only
used to decrease the inlet air temperature to reach its dewpoint temperature, while the wet region area

a can be used to couple air dehumidification and cooling.

(A4) Heat losses in air ducts are negligible.

(A5) The supply air enters into the conditioned space to reduce the cooling and pollutant loads acting

upon the system.

(A6) In the conditioned room, (100 — p)% of air is recirculated to the system and the rest of the air is

exhausted from the air-conditioned room by a damper.

The mass conservation and energy balance mathematical equations of the DX A/C system based on

the above assumptions are presented below.

The dynamic mathematical equation based on the principle of energy balance for indoor air temperature
in a conditioned room is given as [103]
dr;
dt

where C, denotes the specific heat of air; p represents the air mass density; V denotes the volume

CapV = apvf(TY_E)+Qload7 (2.1)

of the air-conditioned room. v denotes the air volumetric flow rate of the supply fan, which can be
calculated by

Ve = kanS fan, (2.2)
where Sy,, denotes the supply fan speed, ks., represents the gain coefficient of the speed of the
supply fan. Qj,qq is the indoor sensible heat load, which is associated with the air temperature in
the conditioned space and is mainly relevant to occupants, equipment, electrical devices, supply fan
heat gain, external heat load and the ventilation load, etc. The heat emitted from electrical devices,
equipment, supply fan heat gain, external heat load and the ventilation load is easy to identify; the
main uncertainty of the sensible heat loads are determined by the load related to occupants and can be
estimated by the current CO; concentration emission in the conditioned space. Hence, a simplified

sensible heat load can be calculated by

Qload = MCc+V + Qspl; (2.3)
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where C, represents the indoor CO; concentration in the conditioned space; V is certainty sensible heat
load and u is the gain coefficient of indoor sensible heat load. Qs is the sensible heat gain generated

by the supply fan, which increases due to the air volumetric flow rate. It can be expressed by

Q.vpl = ksprfy (2.4)

where k), denotes the coefficient of supply fan heat gain.

The dynamic mathematical equation based on the principle of energy conservation inside the condi-

tioned room with respect to the indoor moisture content can be described as follows [103]:

dw,
v dtZ = pv(Ws = W) + Mipad; 2.5

where the moisture loads M),,,; is mainly related to occupants, the fresh air ventilation load from

outside air and electrical devices, and can be modelled as

Mioaa = 9C.+ 7, (2.6)

where 7y denotes the certainty of latent heat load and ¢ is the latent heat gain parameter.

Based on the principle of energy balance, the air temperature in the dry-cooling area on the air side of

the evaporator is given by

dr; 1— p%)T. + p%Ty+T,
CapVi =2 = apvf(p%To+(1—p%)TZ—Td)JralA](TW—( PRI+ PRl 14, (57

dr 2 ),

where T,, denotes the surface air temperature on the DX evaporator wall; Tj is the air temperature at
the end of the dry-cooling area inside the DX evaporator; V},; denotes the air side volume of the DX
evaporator on the dry-cooling area; A; denotes the heat transfer area in the dry-cooling area of the DX
evaporator, ¢ represents the heat transfer coefficient in the dry-cooling area which can be computed

by [102]
. Ca
o :]elpvaigv (2.8)
r3
where v, is the face air velocity, j,; is the Colburn factors; Pr is Prandtl number.

The coupling between sensible and latent heat transfers takes place in the wet-cooling region for air
cooling and dehumidification. Therefore, the energy balance law applicable at the wet-cooling area on

the air side of the DX evaporator can be written as follows:

dr, aw,
CaPthdjs + pthhfgdjs =Capvf(Ty —T5) + pvshse (1 — p%)W, + p%Wo — W)

2.9)
T+ T
+ oAy (T, — 45

),
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where A; is the heat transfer area on the air side of the DX evaporator in the wet-cooling area; V,
denotes the air side volume in the wet-cooling area of the DX evaporator; W, is the outdoor moisture
content; ir, denotes the latent heat of vaporisation of water; o is the heat transfer coefficient in the

wet-cooling area calculated by [102]
. C
0 = jorPVa—7, (2.10)
r3

where j is the Colburn factors.

The energy balance equation applicable at the DX evaporator wall is modelled by

dT, 1—p%)T, %Ty+ T, T,+T,
prwvwiwza]A](( pO) Z+p0 O+ d—Tw)+a2A2( d+ €_TW)
dr 2 2 (2.11)

- mr(hrZ - hrl))

where p,,,C,,, and V,, denote the density of the evaporator wall, the specific heat of air on the evaporator
wall and the volume of the evaporator wall, respectively. 4,1 and h,; are the enthalpies of refrigerants,

which associated with the inlet and outlet of the DX evaporator, respectively.

It is assumed that the supply air temperature and moisture content leaving the DX evaporator is about
95% saturated. Then, the connection between them can be obtained by depicting and curve-fitting as

[103]
dW;  2x0.01987; +0.085dT; 0
dr 1000 dr

2.12)

The dynamic mathematical equation of indoor CO, concentration in the conditioned space can be

expressed by [37]
dcC.

dr
where v; is the volume flow rate of air supply; G is the quantity of CO, emission rate of one person; P

Vv

= vS(CY - Cc) + Cload (2.13)

denotes the number of occupants; C; denotes the supply air CO, concentration by the VAV ventilation

fan; Cjyuq = GP denotes the indoor pollutant load.

The details of the DX A/C control system are modelled by the above nonlinear differential equations
(2.1)-(2.13), which can be expressed in a compact format

x=f(x,u) =D fi(x,u) + D7 fr(2), (2.14)
where x = [7}77},Td7TW7Ws,Wz7Cc]T, u = [Vfamruvs]T’ and z £ [Qload;Mloadacload]T- The functions

fi, f» are defined by fi(x,u) = [fi1, fi2, f13, f14, f15,0, fi7)", f2(2) = [Qloads Mioad0,0,0,0,Cioaa)”
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and
Ji1 =Capve(T; - T2),
f12 :pr(‘/VS _ulZ)a

(1—=p%)T. + p%To+ T,
2

J13 =Capvy((1 = p%) T+ p%To — Ta) + AL (T, — )

fis =Capvy(Ta =T+ pushyg (1= po)We t poWo —We) + apa(Ty, — 1)
fis =0aA; (Td +{ _pZO)TZ Pl Ty) + oA ( TatT. _ T) —my(hya — hy1),
fi1 =ve(Cs = Cy),
and the coupling matrix D can be described as
[ 0 CpV 0 0 0 0 0|
0 0 0 0 0 pv 0
0 0 CipVi 0 0 0 O
D= CapVin 0 0 0 pPVirhge 0 0
0 0 0 CwpwVi 0 0 0
— 2X0ODBIE0085 ¢ 0 0 1 0 0
i 0 0 0 0 0 0 V|

The system models in (2.1), (2.5), (2.7), (2.9) and (2.12) supplying no fresh air to the system, have been
validated by experimental test reported in [103]. Eq. (2.13) was verified through an on-line learning

and model parameter identification estimation approaches with acceptable accuracy [37].

2.4 ENERGY-OPTIMISED OPEN LOOP OPTIMISATION

2.4.1 Open loop optimal controller

An open loop optimal controller is proposed to minimize the energy consumption of a DX A/C system,
with given reference point of indoor CO, concentration, relative humidity and air temperature for
generating a steady state. The energy model for a DX A/C system is given and used as an optimizing

objective.

The energy consumed by a DX A/C system mainly entails the power consumption of the compressor

P.omp, the fan power of the evaporator F,,,, the power consumption of the ventilation fan P,.,, the
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fan power of the condenser P.,, and the energy consumed by dampers. The energy consumption
by the dampers is neglected. Total electric energy consumed by a DX A/C system is consequently
expressed

Pll)l :Peva —"_PC()}’l +PC(JI11[J+PV€V[7 (215)

where P,,; denotes the total consumed energy of a DX A/C system at time ¢.

The power consumption of the evaporator fan P.,, can be presented as a polynomial function of the

supply air temperature, the indoor cooling load and the air volumetric flow rate by [116]

Pova =ap +ayvy +612V§c + a3 T +a471~2 +asQcool +a6Q300[ +a7VfTs +08Vcho()l 516
(2.16)

+ag Ts Qcool )

where the coefficients a; (i=0,1,...,9) are constant; they are obtained by curve-fitting of experimental
data. Q... denotes the room cooling loads, which is the summation of indoor latent and sensible heat

loads.

The power consumption of the compressor P, can be expressed by the empirical expression as
follows [117]:

Peomp = bo+b1 Ty +boTy+b3Tj +baTyTy +bsT] + b6 T} +brT i Ti+ b Ty T +boT,,  (2.17)
where the coefficients b; (i =0, 1,...,9) are constant and obtained by curve-fitting of the experimental

data. It is noted that in [116, 117] the polynomial functions the experimental data better.

The fan power of the condenser P, can be expressed as follows [116]:

Peon = co+cimy + com?, (2.18)

where the coefficients ¢; (i =0, 1,2) are constant; they are obtained by curve-fitting of the experimental

data as well.

The power consumption of the ventilation fan to reduce indoor CO; concentration is modelled as
proportional to a third-order polynomial function of the volume flow rate of the supply air. The
connection between the energy consumption of the ventilation fan and the volume flow rate of the

supply air can be expressed as follows [37]:
Py = V3, (2.19)

where @ is the energy gain coefficient of (2.19) that can be determined by parameter identifica-

tion.
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The coefficients of the energy models (2.16)-(2.18) for the DX A/C system can be determined by a
regression analysis technique in this study. The root-mean-square error (RMSE), the relative error (RE)
and the coefficient of variance (CV) are introduced and used to validate the fitness of the regression
models. In this chapter, these experimental data are cited in [116], and it is shown that the RMSE,
CV and RE are 7.16%, 12.89% and 13.43%, respectively. These errors are small and can be accepted.

Therefore, the energy models can be used as an optimization objective in this chapter.

With regard to the proposed open loop optimal controller, the DX A/C system is presumed to be in its
steady state with the reference of CO, concentration, moisture content and air temperature maintained.
Therefore, Ce rer, We rey and T . are defined as the references of indoor CO; concentration, moisture
content and air temperature in the conditioned space, respectively. The setpoints of indoor moisture
content and air temperature can be chosen by a thermal comfort zone. The setpoint of CO, concentration
is chosen acceptability to the occupants. The indoor thermal comfort level is given by a comfort
zone in an American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
psychometric chart [118]. Fig. 2.2 shows the ASHRAE comfort zone. T ,.r and W, ¢ are the two
indicators, which are chosen as the centre point of the comfort zone shown in Fig. 2.2. A steady state

of the DX A/C control system (2.14) is obtained by

D™ fi(x,u)+ D" fo(z) =0,

7} = E,refa (2 20)
Wz - Wz,ref7
Ce= Cc,ref-

To reduce the energy consumption of the DX A/C system, the process is as below: The objective
function (2.15) is optimised, while keeping the reference of indoor CO, concentration, moisture content
and air temperature, to generate an optimised steady state for the DX A/C system. For a simplified
purpose, x;, i = 1,2,...,7, represent each variable of the system state vector x, and u;, i = 1,2,3,

denote each variable of input vector u. x and u should be satisfied with the following conditions.

ChHW, e W, W, T, € [T,,T.]. The indoor moisture content and air temperature should be within the
comfort bounds, which can be accepted by occupants. The thermal comfort upper and lower bounds
T.,T,,W_and W, are the parameters, which are chosen in the light of the thermal comfort zone shown

in Fig. 2.2.
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Figure 2.2. ASHRAE comfort range.

(C2) C. € [C,,C,]. This bound is the requirement range of indoor air CO, concentration.

(C3) W, € [W,, W], Ty € [T,,T,]. The DX cooling coils and the physical characteristics of the coils
restrict the bounds of supply moisture content and air temperature. Besides, the upper bounds T’y and
W are less than the indoor air temperature 7, and indoor moisture content W, respectively, due to the

DX A/C system operating in the cooling mode.

(CH W, < (1—=p%)W,+ p%Wy, Ty < (1 —p%)T.+ pTy. The inlet moisture content and air temperature

across the DX cooling coils can only decrease in reaction to air cooling and dehumidification.

(C5) T, < Ty. The air temperature at the DX evaporator wall is less than the air temperature in the

dry-cooling region.

(C6) vy € [vs, V¢, my € [m,,m,], vs € [v,Vs]. The physical characteristics of the DX A/C system
constrain the upper bounds vy, m, and v,. The lower bounds v, m, and y, are strictly positive to meet

the ventilation and operation conditions of the DX A/C requirements.

(C7) p% € [p%,p%). The upper and lower bounds constrain the ratio of the fresh air entering the

system through the damper.
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Thus, the open loop optimal scheduling of the DX A/C control system is a nonlinear programming
(NLP) problem with the equality constraints in (2.20), the inequality constraints in (C1)-(C7) and the

objective function (2.15). Hence, an optimization problem can be designed below

subject to:

where h(x) = Wy — (1 — p%)W, — p%Wy and hy(x) = Ty — (1 — p%)T, — pTh.

min Ptoml

D™ fi(x,u)+ D~ fo(z) =0,

E — E,ref7
WZ = Wz,refa
Cc = Cc,ref7

INIA
&N
IN N
NN
sz

= BB N
IA
=
IA
~|
=

<W < Wi,
Svp <y,
m, < m, <m;,
vy S vy <V,

@

hi(x) <0, i=1,2,

In the optimization problem (2.21), the variables Ty, T, T,,, W, v, m, and vy are used as the optimising

variables to minimize P,,,;. In addition, the three variables 73, W, and C, are also used as the optimising

variables that have to satisfy 7, = T, ,.r, W, =W, ,.r and C. = C, .. For solving the above optimization

problem (2.21), the researcher employs the Matlab built-in function finincon to obtain optimal solution

for Ts7s’ TZJEf7 Td,su TW,S? ‘/Vsm WzJefu Cc,ref and Viss Mrsy Vss-

Remark 2.1 There are many solutions in (2.20), which can be regarded as steady states. In [103, 110],

the authors selected a specific operating point for the DX A/C control system to analyze the MIMO

controller design. In [119], the nonlinear HVAC system was linearized around an equilibrium point. It

can be obtained by fixing the system input and then solving the state as an equilibrium point, as that

in [65, 80]. The researcher’s proposal is an open loop optimal controller that minimizes an energy

consumption model of the DX A/C system to generate an optimal and unique steady state.
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2.4.2 Linearization for closed-loop control

Let T, = T; — Topef, OW, = W, — Wy, 6Cc = Co — Ceef, 0Ty = T — Tis, 6Ty = Ty — Ty,
0Ty =T, — Tyss OWs = Wy — Wy, Ovp = vy — vy, Sm, = m, —m,s and 6vs = vy — vy, be the
deviations of the system state variables and input variables from their steady states. Let xy =
(Ts.ss Tovefs Tasy Toonss Wess Were 3 Cever) T and g = [v7.,mys,v55]7 be the optimal steady state of states
and inputs, respectively. The dynamic mathematical equation of the DX A/C control system is then

linearized around the optimal steady states xp and ug, which can be written as a linear system as

0x = A¢(xq,u0)0x+ Be(xo,up)Ou, 2.22)
y=Cdx+Cxp,
where 8x = [8T;, 8T, 8Ty, 8T,,, Wy, 6W,,5C.]T denotes the deviation of the state vector x from its
optimal steady state of state xo, Su = [8vs, Sm,,8v|7 denotes the deviation of the input vector u
from its optimal steady state of input ug. y = [T}, W,,C.]” are the output variables of the original

system, which require to be maintained at their desired setpoints. The system state and input matrices

Ac(x0,u0),Be(xo,up) are computed by:

df(x,u)
ox

af(x,
7Bc(x07u0): fg);u) )

X=X(,U=1U( X=X(,U=U(

AC (X(), MO) =
and the system output matrix is
010 00O0°O0O

C=100000T1P0
0 00O0O0OO0T1

Remark 2.2 Linearization through the first order approximation of the Taylor expansion is one of
the classical approaches to deal with nonlinear control problems in the field of control systems. It is
locally valid in a neighborhood of the steady state. The loss of exactness of linearization is determined
by the size of the local neighborhood and is normally recompensed deviations by using closed-loop
control for the transient dynamics to attain the steady state which is generated by the open loop optimal
controller. The designed closed-loop regulation control is an MPC, which is presented in the following

section.
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2.5 CLOSED-LOOP CONTROL

2.5.1 Discrete-time linear system

The discrete-time expression of (2.22) is given by:
Ox(k+1) = Ay(xo,up)0x(k) + By(xo,up)Ou(k),
y(k) = Céx(k) + Cxo,

(2.23)

where k denotes the sampling instant, y(k), x(k) and u(k) denote the output vector, input vec-
tor and state vector at sampling instant k, respectively. Ay(xo,up) = eAeou0)Tsp By (xo,up) =
( fOTW A0t dr) B, (xo,up) are the state matrix and input matrix of the discrete system (2.23), re-

spectively. Ty, is the sampling period.

2.5.2 Cost function

The aim of the proposed MPC controller for the DX A/C is to maintain indoor CO, concentration,
moisture content and air temperature at desired setpoints as well as improve energy efficiency. To

reach the aim, the objective function is described by

ming, J = ming, (J; +J2), (2.24)

where

1. minJ; =min },”, (y(k+1i) — r(k))?, which is to make sure the indoor air temperature, moisture
content and CO, concentration are at desired levels;

2. h= Zﬁa Y|8u(k +i)||z which implies the consideration given to the size of the control law u

when the cost function J is intended to be as small as possible.

Here, R is a positive definite diagonal matrix defined as R = rwlin, x3n, (rw > 0), where I is an identity

matrix and r,, is a tuning parameter used to adjust the desired closed-loop control performance.

In the objective function (2.24), y; (k), y2(k), y3(k) are the predicted indoor air temperature, moisture
contents and CO, concentration at the kth step, respectively. Define the predictive output variables by

Y = [yi(k+1[k),y2(k+ 11k),y3(k + 1[k), ..., y1 (k+Np k), y2 (k + Np|k), y3 (k+ Ny k)], where y; (k+
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ilk), y2(k+ilk) and y3(k +i|k) denote the predicted output values of y; (k), y2(k) and y3(k) at step
Nf’
—_—
i (i=1,...,N,) at the sampling instant k. Define Ry = [l3x3,...,l3x3]" r(k) as the reference point
vector, where [T, o (k), W, rer(k),Ce re f(k)]T £ r(k) denote the setpoints of indoor air temperature,

moisture content and CO; concentration at the kth step. Define the input vector U = [5 ul (k), Su® (k+

T
1[k),...,8u’ (k+ N, —1]k)| as the predicted input vector Su’ (k) at time step k. N, denotes the

prediction horizon, N, denotes the control horizon.
2.5.3 Constraints

The constraints of the system control variables and the state variables can be used to guarantee that
the MPC algorithm is able to obtain a feasible solution by minimizing the objective function (2.24).
The details of these constraints are described in (C1)-(C6). It is noted that the problem of minimizing
the objective function (2.24) is a standard sequential quadratic programming (QP) problem, namely a

convex optimization problem under a linear constraints condition.
2.5.4 The proposed MPC algorithm

A standard MPC algorithm for the DX A/C system is formulated with the help of the state space model
(2.23), the objective function (2.24) and the constraints in (C1)-(C7). This algorithm can be designed
by

i. Compute the proposed MPC gain matrices as follows:

N,
T T
F=|CA (CA*> .. CANP] ,Mz[c Cc ... C] ;
[ cB 0 0 ]
CAB CB .. 0
D=
0
CAN—'B  CcAM=2B ... CAN»NeB
E=®T®+R,and H = (F8x(k) +Mxo— Ry)T .
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ii. Based on the MPC design procedure, the predicted output vector Y can be transferred to the input
vector U

Y = Mxy+ F8x(k) + ®U, (2.25)
and minimizes the cost function (2.24) as

minJ =min[(Y —R,)" (Y —R,) + UTRU]
(2.26)
=min(UTEU 4+ 2HU).

iii. Optimization: The optimal control series U* can be obtained by solving the objective function

(2.26) under the constraints in (C1)-(C6) satisfied as follows:

U* = arg miny (UTEU +2HU), s.t. (C1) — (C5) hold.

iv. Compute the receding horizon controllers:

u*(k) = [13><3,0,...,O]U*.

v. u* (k) is used in the system (2.23).

vi. Set time k = k+ 1, and update the system state variables, input variables and output variables
with the optimal input u* (k) to the system (2.23). Repeat the above steps from i to vi until the output

variables attain their desired horizon time.

2.5.5 Features of the proposed MPC strategy

The regulation of the MIMO MPC with an open loop optimal controller to minimize an energy
consumption model of a DX A/C system are examined. Fig. 2.3 shows the overall steps of the proposed
control approach, which is different from the previous studies. Fig. 2.4 details the framework of the
proposed MIMO MPC with an open loop optimization scheme. This figure describes the main dynamic
process of controlling the indoor CO, concentration, moisture content and air temperature, and the

purpose of the open loop optimizing energy consumption.

In addition, to demonstrate the performance of the proposed control strategy, comparisons of different
situations are given in the following simulations. The control performance of the proposed MPC

under different situations is regarded as the first case. Comparison of control performance on energy
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efficiency for the proposed MIMO MPC controller under different operating points based on the same

comfort conditions is also investigated. After the simulation tests, more details of control performance

will be provided.
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Figure 2.3. Simplified framework of the proposed control scheme.
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Figure 2.4. Framework of the proposed MIMO MPC with an open loop optimal control scheme.

2.6 RESULTS AND DISCUSSION

In this chapter, the performance of the proposed control method for a DX A/C system can be verified
via simulations in a Matlab environment. The experimental data presented in Table 2.1 are taken from
[116], which can be adopted to guarantee the validity of the energy models for a DX A/C system. The

performance of the proposed control strategy depends on the energy models. A single-zone building is
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Table 2.1. Coefficients of energy models.

Notations Values Notations Values

ap 900.5 ap —8.1
a 6.18 as —0.15
ay —4.61 as 0.02
ag —0.2 az 0.01
asg 0.12 ag 0.09
by —6942 by 82
by -0.7 b3 2.4
by -2.5 bs 2.68
bg 0.03 by —0.02
bg 0.04 b 0.0001
co 138.1 c1 0.52
) —2.3

Table 2.2. Parameters of the DX A/C system models.

Notations Values Notations Values
P 1.2 kg/m? hte 2450 kJ /kg
v 77 m? Ewin 0.45
As 18.759 m? Vi 0.04 m?
kspl 0.0251kJ/m*> C, 1.005kJkg '°C"!
Ay 3.311 m? Vio 0.16 m?
A 22.07 m?

used as the conditioned space to conduct these tests. The system parameters of the DX A/C system
listed in Table 2.2, which were validated by experimental data in [103], can be employed in this chapter.
To test the proposed MPC strategy with an open-loop optimisation scheme, the DX A/C system’s
constraints are described in Table 2.3. In this simulation test, the original nonlinear dynamic model

(2.14) can be used as the plant to control.
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Table 2.3. Values of system constraints.

Notations Values Notations Values
T, 26 °C T, 22°C
W, 12.3/1000 kg/kg dry air ~ W, 10.4/1000 kg/kg dry air
C, 850 ppm C, 650 ppm
T 22°C T, 10 °C
W, 10.4/1000 kg/kg dry air ~ W, 7.85/1000 kg/kg dry air
Ty 22°C T, 10 °C
T, 22°C T, 10 °C
vy 0.8 m*/s vy 0 m%/s
m, 0.11 kg/s m, 0 kg/s

s 3 m3/s v 0 m3/s

2.6.1 MPC with open loop optimal controller

To evaluate the performance of the proposed MIMO MPC with an open loop controller for minimizing

an energy consumption of a DX A/C system scheme, three cases are given as follows:

(1) Setpoint regulation.

(2) Reference following.

(3) Disturbances rejection.

2.6.1.1 Setpoint regulation

The simulation case with p = 25% air volume exhausted is studied in this section. Regarding this

simulation test, the researcher chooses the setpoints of indoor CO, concentration, moisture content and

air temperature as T, . = 24 °C, W, .y = 11.35/1000 kg kg~! and Ce,rey = 780.5 ppm, respectively.

T, rey and W, ;¢ are chosen due to the comfort zone, as showed in Fig. 2.2, and the C, . is selected to

be satisfied.
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When under 25% indoor air volume is exhausted, according to Table 2.2, the researcher obeys the
optimization process in (2.21), and the unique and optimised set of steady state is then obtained, which
is listed in Table 2.4. The state and input matrices A, and B, of the corresponding system (2.22) under
this steady state are calculated and given in Appendix A. To test the performance of the proposed
MIMO MPC, the control parameters are provided as follows: the prediction horizon is set to N, = 24
and the control horizon is set to N. = 24, respectively; the tuning parameter is r,, = 0.5; the sampling
interval is set to 2 minutes, and the total simulation time is set to K = 24 hours. To optimize the indoor
CO, concentration, moisture content and air temperature at their desired setpoints, there are several
types of constraints in the DX A/C system. To illustrate the robustness of the proposed closed-loop
controller, a disturbance factor due to the model error is considered in the simulation test. For testing
the MPC algorithm, the initial points of the system state variables are set to 23, 30, 23, 15, 12.44/1000,
13.5/1000 and 0.001, respectively, and the initial points of the system’s input variables are set to 0.309,
0.0415 and 0.7, respectively. One per cent (%) is the unit of the relative humidity (RH), and 11.35/1000

kg/kg moisture content is amount to 60% RH in a conditioned room.

Table 2.4. The optimal operation point of the system under p = 25% exhausted air volume.

Parameter Value Parameter Value
Tis 11.5°C Wss  8.665/1000 kg/kg dry air
T ey 24°C W, e 11.35/1000 kg/kg dry air
Ty s 15°C T 12°C
My 0.045kgls  vps 0.298 m>/s
S fan,s 2102 rpm Vsc,s 4243 rpm
Ceref  780.5ppm vy 0.097 m*/s
v 3.665 kW Y 1.396 kW
Ty 30°C Wo 13.5/1000 kg/kg dry air
Cs 300 ppm

The proposed MPC performance is displayed in Figs. 2.5-2.6. In Fig. 2.5, it depicts control of the
indoor air temperature, relative humidity and CO, concentration simultaneously by using the DX A/C
system in a conditioned room. It can be observed from Fig. 2.5 that the indoor air temperature, relative
humidity and CO, concentration are reaching their desired setpoints. From Fig. 2.6, it can be observed
that the varying speeds of the supply fan and the compressor and the volume flow rate of supply air can

be regulated simultaneously by the proposed MIMO MPC controller for the DX A/C system through
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setting relative humidity, indoor air temperature and CO, concentration levels. It can be noted that
the indoor CO, concentration, relative humidity and air temperature are maintained at their desired
setpoints afterwards when the setpoint is approached. It can also be noted that the proposed MIMO
MPC controller for the DX A/C system steers the indoor CO, concentration, relative humidity and
air temperature following their desired setpoints as 780.5 ppm, 60% and 24 °C, respectively, after a
transient process of 20 minutes. After attaining their setpoints, indoor CO, concentration, relative
humidity and air temperature are maintained at their desired setpoints with deviations no more than
49 ppm, +5% and +0.5 °C, respectively. Hence, the setpoints of indoor CO, concentration, relative
humidity and air temperature can be simultaneously maintained by using the proposed MPC controller
to regulate the varying compressor speed, supply fan speed and volume flow rate of the supply air for

the DX A/C system.

2.6.1.2 Reference-following capability test

Regarding the reference-following tests, the researcher expects that after the setpoint changes, the
proposed MIMO MPC would respond immediately, such that the changing setpoint can be reached

and maintained in a short time and in an optimal way.

The initial setpoints of indoor CO, concentration, moisture content and air temperature are set to
780.5 ppm, 11.35/1000 kg/kg and 24 °C, respectively, which are the same as the regulation test.
After 12:00, their setpoints are changed to 650 ppm, 10/1000 kg/kg and 20.5 °C, respectively. Then,
the current steady state, the variable constraints of the DX A/C system and the linearized system
matrices will change correspondingly. Thus, to achieve this control objective, the constraint conditions
of indoor CO, concentration, moisture content and air temperature are changed below. The output
constraints are changed from 600 ppm to 700 ppm, 9.5/1000 kg/kg to 11.5/1000 kg/kg and 18 °C
to 22 °C, respectively. The open loop optimal controller is used again with the changed setpoints to
optimize the energy consumption model (2.15) to generate the optimised steady state for the MIMO
MPC controller. Then the MIMO MPC controller follows the steady state calculated by the open
loop controller. Note that this setpoint cannot select according to the comfort zone in this section.
It is expected that with the setpoints changing, the proposed controller will be capable of having a
reference-following capability. Figs. 2.7-2.8 depict the reference-following test results achieved for the

proposed MIMO MPC with regard to the changing setpoints of the indoor CO, concentration, relative
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Figure 2.5. Setpoint regulation under 25% exhausted air volume.

humidity and air temperature by varying the speeds of the compressor and supply fan, and the volume
flow rate of supply air. When the setpoints of indoor CO, concentration, moisture content and air
temperature change from 780.5 ppm to 650 ppm, from 11.35/1000 kg/kg to 10/1000 kg/kg and from
24 °C to 20.5 °C, respectively, the steady state operation points of the supply air moisture content
and supply air temperature of the DX A/C system have no choice but to change accordingly from
8.665/1000 kg/kg to 7.5/1000 kg/kg and 11.5 °C to 10.4 °C, respectively, by using the proposed open
loop optimal controller and the MIMO MPC controller. During the simulation of the first 12 hours, the
indoor moisture content, air temperature and CO, concentration are maintained at their initial setpoints,
simultaneously, at the same time, the varying speeds of the supply fan and compressor and the volume

flow rate of the supply air for the DX A/C system are stable at its steady state. At¢ = 12 : 00, when
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Figure 2.6. Regulation of the varying speeds of the supply fan and the compressor and volume flow

rate of supply air.

the indoor moisture content, air temperature and CO, concentration are set to 10/1000 kg/kg, 20.5 °C
and 650 ppm, respectively, then these objectives follow their setting references under the proposed
MPC controller to immediately by adjusting the speeds of the supply fan and the compressor and the
volume flow rate of the supply air for the DX A/C system. In the end, the changes in the setpoints
are reached again after a transient process of 16 minutes. It can be noted from Fig. 2.7 that the indoor
CO» concentration, relative humidity and air temperature can be controlled and maintained at their

changing references by the proposed MIMO MPC controller.

From Figs. 2.7 and 2.8, it can be noted that after changing the references to indoor air temperature,
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Figure 2.7. Reference following.

relative humidity and CO, concentration, the steady state operation points varying. The speed of the

compressor, the supply fan speed and the volume flow rate of supply air have no choice but to change

accordingly from 2102 rpm to 2500.5 rpm, 4243 rpm to 5468.8 rpm and 5.8 m?/min to 8.0 m? /min,

respectively, by the open loop optimal controller and the MIMO MPC controller. After reaching and

maintaining the setpoints of the indoor CO, concentration, relative humidity and air temperature, the

variation ranges are still within =9 ppm, £5% and £0.5 °C, respectively. Consequently, the simulation

results demonstrate that the performance of the proposed MIMO MPC strategy on the part of the

reference following capability is satisfactory.
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Figure 2.8. Reference following of the varying speeds of the supply fan and the compressor and

volume flow rate of supply air.

2.6.1.3 Disturbance rejection capability test

The indoor CO, concentration, relative humidity and air temperature are still kept at their desired
setpoints when the conditioned room is affected by the changed disturbances of the pollutant, latent
heat and sensible heat loads, which requires robust performance. To test this performance, it is assumed
that the profiles of the sensible heat, latent heat and pollutant loads in the total test period are given
as shown in Fig. 2.9. Figs. 2.10 and 2.11 display the simulation results of the disturbance rejection

capability of the proposed MIMO MPC controller.
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The constraints of indoor CO, concentration, moisture content and air temperature are given below.
They are from 700 ppm to 850 ppm, 10.5/1000 kg/kg to 12.5/1000 kg/kg and 22 °C to 26 °C,
respectively. Starting at r = 8 h, the indoor sensible heat, latent heat and pollutant loads raise from
4.8 kW to 5.376 kW, 1.397 kW to 1.607 kW and 46.4 m? /s to 69.6 m? /s, respectively, as depicted
in Fig. 2.9. Thus, the steady state operation points of the DX A/C system have to be changed owing
to the increase in the indoor loads and the proposed controller cannot react fast enough to ensure
that the indoor CO; concentration, relative humidity and air temperature to maintain at their desired
setpoints. Fig. 2.10 shows the response profiles of the indoor CO, concentration, relative humidity
and air temperature. During the first 8 hours of the simulation test, the indoor CO, concentration,
relative humidity and air temperature are maintained at their desired setpoints as 780.5 ppm, 60% and
24 °C, respectively, before the load changes occur. Afterwards, the indoor CO; concentration, relative
humidity and air temperature rise from 780.5 ppm to 791 ppm, 60% to 68% and 24°C to 24.5°C,
respectively in response to the changes of the thermal loads. Then the supply fan speed, the compressor
speed and the volume flow rate of the supply air of the DX A/C system are regulated by the proposed
controller to maintain their setpoints, as shown in Fig. 2.10 and Fig. 2.11. The response profiles of the
supply fan speed, the compressor speed and volume flow rate of supply air are presented in Fig. 2.11.
The volume flow rate of supply air, the speed of the supply fan and the compressor speed increase
simultaneously to maintain the indoor CO, concentration, relative humidity and air temperature at
their desired setpoints. After the return of the indoor CO; concentration, relative humidity and air
temperature to their setting setpoints, the operation points of the volume flow rate of supply air, the
speed of the supply fan and the compressor speed of the DX A/C system are stabilized at 5.82 m3/s,
4243 rpm and 2103 rpm, respectively, until the end of the test. It can be noted from Fig. 2.10 that, after
returning to their setpoints, the variation ranges of the indoor CO, concentration, relative humidity and
air temperature are no more than +9 ppm, +5% and +0.5 °C, respectively. Thereby, the proposed
MIMO MPC controller is capable of controlling the indoor CO; concentration, relative humidity and
air temperature to their desired setpoints by regulating the volume flow rate of the supply air, the
compressor speed and the supply fan speed when the indoor thermal loads change, and is satisfactory

on the part of disturbance rejection capability.

The proposed energy-optimised open loop controller and the regulation MIMO MPC controller are still
capable of reaching the result that a setpoint change is made and the other variables are not allowed to
deviate from their setpoints. In fact, the open loop controller can achieve this purpose, and then the

closed-loop controller can follow it. This chapter only provides one test to show that the command
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Figure 2.9. The variation profiles of indoor cooling and CO; pollutant loads in the disturbance rejection

capability test.

following capability is satisfied by the proposed control strategy.

2.6.2 Analysis of energy efficiency

The performance of the proposed control method includes minimizing energy consumption, g, that is
computed by the expression formula g = ):kK;(} P,ora1 (k)ts, where 1 is the sampling interval and P,
described in (2.15) is the total power consumption for a DX A/C system. The sampling interval is set
to £, = 2 minutes in this chapter. Several ways are provided to verify the energy efficiency performance

of the proposed control strategy. The details of comparisons are described as follows.

1) To demonstrate the performance of the proposed MIMO MPC controller and an open loop optimal
controller and on energy efficiency, comparisons with previous control methods are given. Table 2.5
summarizes the energy consumption of the DX A/C system under different control methods. The
proposed MPC with a given specific operation point strategy is illustrated below: The nonlinear DX
A/C system is linearised around a given specific operation point. The MPC controller steers the indoor
CO; concentration, relative humidity and air temperature following a specific operation point. The
MPC with an equilibrium point strategy [119] can be summarized as follows: The state equilibrium
point is obtained by fixing the volume flow rate of the supply air, the compressor speed and the speed of

the supply fan for the DX A/C system, respectively. Thus, the nonlinear DX A/C system is linearised
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Figure 2.10. Setpoints regulation in the disturbance rejection capability test.

around this equilibrium point. The MPC controller is also used to steer the indoor CO, concentration,
relative humidity and air temperature reaching this equilibrium point. It can be concluded that the
proposed MPC with optimised operation point is superior to that of the other two control approaches

in terms of energy efficiency improvement, summarized in Table 2.5.

2) Table 2.6 summarizes energy consumption of a DX A/C system in various situations by the proposed
MIMO MPC and the open loop optimal controller. It can be noted that the setpoint regulation method
presents the least energy consumption. It is also evident that, in the case of the disturbance rejection

capability test, more energy of the DX A/C can be used to lower the heat and improve the IAQ. The
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Figure 2.11. The variation profiles of the varying speeds of the supply fan and the compressor and

volume flow rate of the supply air in the disturbance rejection capability test.

DX A/C system consumes the most energy because of the requirement of more cooling capacity in the

case of the reference-following capability test.

2.7 CONCLUSION

In this chapter, the researcher proposes a control scheme to maintain the indoor CO; concentration,

relative humidity and air temperature, simultaneously, at their desired setpoints by regulating the
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Table 2.5. Comparison of the energy efficiency of the DX A/C system for the MPC controller under

different operation points.

Control method Energy consumption (kWh/day)
Optimised operation point 17.26
Specific operation point 18.65
Equilibrium point by setting the input 21.96

Table 2.6. Energy consumption under different situations.

Situation Energy consumption (kWh/day)
Setpoint regulation 17.26
Reference change following 24.15
Setpoint regulation with load disturbances 19.64

volume flow rate of the supply air, the varying speed of the supply fan and the varying speed of the
compressor for the DX A/C system and to minimize energy consumption. The proposed control
scheme can be formulated by the MIMO MPC control and open loop optimisation of an energy
consumption model of a DX A/C system. The main contributions of this chapter are listed as follows:
1) the proposed open loop controller based on a minimizing energy consumption of a DX A/C system
and the given setpoint of the indoor CO, concentration, relative humidity and air temperature can
generate an optimised and unique steady state; 2) the indoor CO, concentration, relative humidity
and air temperature can be maintained well at their desired setpoints through setpoint regulation,
reference-following and disturbance rejection tests by employing the proposed MPC controller; 3) the
coupling effects between indoor CO, concentration, relative humidity and air temperature have been
considered in the DX A/C control system, whereas most previous works investigated energy efficiency
in either relative humidity control or air temperature control or CO, concentration control; and 4)
according to the simulation results, the proposed control strategy for energy efficiency improvement is

better than conventional control methods.

It can be noted from both theoretical and simulation results that the DX A/C system used in the
proposed MIMO MPC controller yield superior control performance and energy efficiency. It can

also be noted that the proposed MPC with the optimised steady state strategy can reduce the energy
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consumption by 1.39 kWh/day in comparison with the proposed MPC with a specific operation point
in the simulation results. The results also indicated that CO, emissions can be reduced by 502.28 kg
per annum (saving 1 kWh energy can reduce 0.99 kg CO, emissions '). Therefore, the proposed
control strategy allows effective energy management for building DX A/C systems to lower energy

consumption and CO; emissions.

For residential and office buildings equipped with a DX A/C system, the regulation of the proposed
MIMO MPC and the energy-optimised open loop controller strategies can be adapted to satisfy the
needs. In addition, for buildings using other A/C systems, the proposed control strategy can be modified

to suit the need.

Uhttp://www.integratedreport.eskom.co.za/.
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CONTROL OF A DX A/C SYSTEM

3.1 INTRODUCTION

Although the energy efficiency of the DX A/C system and both IAQ and thermal comfort improvements
are addressed in Chapter 2, the optimized and time-varying reference points of indoor CO, concen-
tration, relative humidity and air temperature over a 24-hour period have not been studied so far. In
addition, the weather conditions and the allowed volume of outside air entering the system were consid-
ered to be constant over a 24-hour period, as in [73] and [115]. In fact, the outside air temperature and
humidity are time-varying over a 24-hour period. They are the main objectives of this chapter, which
focuses on designing an AHC to deal with these issues. In particular, the researcher proposes the AHC
method for a DX A/C system to ensure that occupants’ IAQ and thermal comfort are within comfortable
levels. This also reduces both energy consumption and cost. The proposed AHC strategy includes two
levels: the upper layer and lower layer. The upper level is a nonlinear optimizer that generates the
optimised and time-varying trajectory reference points of indoor CO; concentration, relative humidity
and air temperature within comfort ranges for the lower-layer controller. This controller uses open loop
optimal control to minimize the value of the PMV index and the energy cost of the DX A/C system
under a TOU price policy over a 24-hour period. Meanwhile, the lower level designs a MIMO MPC
controller to adaptively and automatically track trajectory reference points computed by the upper
layer. Therefore, the setpoints of the indoor CO; concentration, relative humidity and air temperature
are not needed owing to the optimized setpoints adaptively feeding into the control system. On the
other hand, the allowed volumes of outside air entering the DX A/C system are considered to vary with
the environment changing over a 24-hour period. These are optimised by the proposed hierarchical

control strategy. Moreover, a supply fan that drives the pressure swing absorption (PSA) with a built-in
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PI controller is proposed to lower indoor CO, concentration in this chapter. This has the potential
to reduce the complexity of computation and the cost of hardware. Furthermore, the PMV index is
traditionally used as an indicator of indoor thermal comfort. In this chapter, it is used as an indicator of
both thermal comfort and IAQ when the indoor air CO, concentration is at its steady state. Finally,
to demonstrate the performances of the proposed control strategy, the proposed control strategy and

baseline control method are compared in Chapter 2 in a case study.

3.2 CHAPTER OVERVIEW

Autonomous hierarchical controllers are designed in this chapter to lower energy cost and improve
the energy efficiency of the DX A/C system while maintaining both IAQ and thermal comfort at
comfort levels. This chapter also considers the optimal volume of outside air entering the system. To
facilitate the proposed hierarchical controller’s design, the nonlinear dynamical system models, the
energy consumption models of the DX A/C system, the indoor pollutant and cooling load models
are presented first in Section 3.3. An open loop optimal controller and the MIMO MPC tracking
controller are designed in Section 3.4. Simulation results are provided in Section 3.5 to demonstrate

the effectiveness of the proposed control scheme. Conclusions are drawn in Section 3.6.

3.3 MODIFIED DX A/C SYSTEM

Compared to Chapter 2, the differentiating component of this chapter’s DX A/C system is the addition
of a PSA box to the supply fan and the removal of the VAV ventilation box for the purposes. Fig. 3.1
shows a simplified schematic diagram of this modified DX A/C system. The PSA box can absorb the
CO, contaminant concentration to improve IAQ. Therefore, the outside air entering the system and the

PSA box coordinate to improve the fresh air ratio of a room.

3.3.1 The DX A/C model

In this chapter, it is also assumed that the DX A/C system is operated in the cooling mode. Most of
the basic operation and assumptions of the system are the same as these in Chapter 2 for the purpose
of simplicity. Only one assumption is different, as indicated below: It is assumed that there are two

areas on the air side of the DX evaporator, that is, a dry-cooling area (sensible heat transfer only) and
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Figure 3.2. Simplified schematics diagram of the DX evaporator.

wet-cooling area (sensible and latent heat transfer region). The relationship between the two areas is

that the outlet air properties of the first one (dry-cooling region) are the inlet air conditions entering

the wet-cooling area. Therefore, the area from zero to A; pertains to the dry-cooling area and the

rest of the total surface area is the wet-cooling area A,. The simplified schematic diagram of the

DX evaporator is depicted in Fig. 3.2, which is modified from its original one [103]. The boundary

between the dry surface and the wet surface in the DX evaporator is determined by the distribution of

the surface temperature, which is time-varying under various conditions. The boundary is a bounded

and uncertainty parameter.

The dynamic mathematical equations of the DX A/C system for controlling indoor CO; concentration,

moisture content and air temperature simultaneously are built based on the principles of energy and
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mass conservation, which can be modelled in Chapter 2, and compactly written as follows:

CapV 5 = Capvy (T~ ) + Qs G.1)

pvdgfz = pvr(Ws = W2) + Migaa, (32)

CaPVhl% = Copvy((1— p%)T, + p%To — Ty) + 1A (T, — a _p%)TZ;”%T”Td), 3.3)

CaPth% +pVh2hfg% =Copvy(Ty —Ts) + hypgpvs((1 — p%)W, + p%Wo — Wy)+ o
oAy (T, — T‘“LT‘Y), .

Cwaded% _ alAl((l —p%)T, ;‘P%To +Ta T.)+ aoa( Ty —21- I To) — (s — i)y, (3.5)

V= (G~ €O+ Cuoaa (3.6)

It is assumed that the CO, concentration flow rate v, follows a PI controller

T
vy = kpvy + kg /0 vds, (3.7)

where kp and k; are the two tuned parameters of the PI controller.

Remark 3.1 In Chapter 2, the three control variables m,, vy and vy are designed to control three
state variables, namely C,, T,, and W,. In this chapter, among the three control variables, the third
control variable vy is special, which is described as vy = kpvy + kj fOT’ vrds. Therefore, the control
vector u can be represented by two control variables m, and vy. In fact, when manipulating vy to
control indoor humidity, the controller vy is steering vy simultaneously to control the concentration
of CO, concentration via a PI controller. The parameters kp and k; of the PI controller are tuned to
set and track the CO?2 setpoint. The researcher purposely adopted this design in order to 1) reduce
hardware requirements of the control implementations, and 2) save energy when combining the VAV
damper and the varying speed supply fan as shown in Fig. 2.1. In essence, there are three manipulated

variables. This type of control system is still controllable.

Since the air enthalpy, moisture content and air temperature leaving the evaporator has the following

relationship

hy = C T+ hypoWs. (3.8)

Therefore, Egs. (3.2) and (3.4) can be rewritten as follows:

dw, hy — C,T,
pV—==pvp(——2 = W,) + Mipads (3.9)
dr h fg
dh hy — C,T, T;+ 1T,
pthd—; = Copv(Ty —Ty) + hsepvs((1 — p% )W, + p%Wo — T) + oA (T, — 4255,
18
(3.10)
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The air side convective heat transfer coefficients of the dry-cooling and wet-cooling regions in the DX

evaporator shown in Fig. 3.2 are expressed in (2.8) and (2.10).

The air velocity v, can be described as follows:

vi=dv,+E, (3.11)
where d is the cross-sectional area of the conditioned space and & is the error vector since the air enters

or exits through the door or window.

The left-hand sides of (3.1)-(3.2) are the heat flow into the conditioned room. On the right-hand side
of (3.1), the first term denotes the heat transfer from the DX evaporator to the conditioned space. It is
operating in the heat mode if 7; > T, and in the cooling mode if 7y < T,. The other terms mean the
indoor sensible heat load needs to be removed by the DX A/C system. Similarly, on the right-hand
side of (3.2), the first term represents the wet-bulb temperature transferred to the conditioned room.
It is positive if W; is greater than W, for the humidification mode and negative if W; is lesser than W,
for dehumidification mode. The second term represents the moisture load required to be removed
by the DX A/C system. Egs. (3.3), (3.5) and (3.10) mean that the heat transfer takes place inside
the DX A/C system. In Eq. (3.3), the first term of the right-hand side represents the heat transfer
between the mixed air and the air side at the evaporator. The second term represents the heat transfer
between the evaporator wall and the mixed air. Eq. (3.6) denotes the dynamic balance of the indoor

CO; concentration.

Remark 3.2 In this chapter, the relationship between the moisture content and air temperature at the

2
outlet of the evaporator in (2.12): Wy = 001987, +?6%%5T“+4'4984 has been released, since it may not be

feasible under different operating conditions. In this chapter, the ratio of fresh air entering the system
is not fixed according to the changing environment over 24 hours. In a previous study in which the
researcher was involved [115], a VAV ventilation fan with an independent PSA was used to improve
IAQ. A supply fan to drive the PSA with a built-in PI controller is employed. This leads to one less

independent control input.

3.3.2 Load models

It is known that IAQ and thermal comfort are affected by a set of disturbances, such as solar radia-

tion through opaque, external air and transparent surfaces and internal heat gains due to occupants,
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appliances, lights, etc. Consequently, superior performance for controlling indoor CO, concentration,
relative humidity and air temperature are required to deal with the disturbances. When disturbances
are neglected, a large error occurs. Nevertheless, perfect prediction of future disturbances does not
happen in reality. Some disturbances such as outside temperature, humidity and CO, concentration
can be measured. While others such as solar radiation and internal gains cannot but may be estimated.
The researcher will subsequently provide more details for estimating indoor sensible heat load Qjyuq,

moisture load M;,,s and pollutant load Cjyuq.

Sensible heat loads are generally generated by internal loads such as occupants, lighting, equipment,
fresh air entering and applications and external loads such as heat transfer conduction mainly through
the building roof, floor, walls and doors. Heat transfer by radiation mainly through fenestration such as
windows and skylights is also an external load. In this chapter, the researcher assumes the external
load, including heat loads by radiation through windows and the fresh air load by ventilation. The
moisture load is also generated by occupants, equipment, fresh air ventilation and their applications.
The CO, pollutant load is directly generated by the occupants’ action. The sensible heat load owing to
lighting, equipment and applications and the latent heat load from applications are easy to estimate
based on electrical characteristics of these devices. The main uncertainties used to estimate the sensible
and latent heat loads are due to the loads associated with the occupants in the conditioned space. The
sensible heat and moisture loads are determined by occupants through the current CO, emission. To

predict the sensible heat, moisture and indoor pollutant loads, the following method is proposed

Qioad(t) = Orioad + Ospi + UCe+ V + Quir, (3.12a)
Mioaa(t) = ¢Ce + ¥ + My, (3.12b)
Cioad(t) = G- Occp, (3.12¢)

where the heat gain of the supply fan Qy,, is expressed in (2.4). The external heat load by radiation

O'r.10aq through windows is described by the following equation
Qr,load = Nyin€winAwinQrad, (3.13)
where n,,; denotes whether the conditioned space has a window, i.e., when n,,;, = 1, it has a window,

while if n,,;, = 0, it does not. The fresh air of the sensible heat load, Q,;,, and the moisture load, M,;;,

in the conditioned space are expressed as follows:

Qair = p%CZpr<TO - Tz)v (314a)
Myir = p%opv(Wo —W;). (3.14b)
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Remark 3.3 In this chapter, the researcher gives a simple way to predict the indoor sensible heat and
moisture loads and CO; pollutant load. In [64], an alternative method to estimate the cooling loads
were presented. Besides, the weather forecast data taken from the weather prediction of Cape Town is
qualified for this research, because 1) the current weather station can make exact predictions and 2)
the weather conditions and solar radiation are relatively stable in the area, which indicates that the
profiles of the predicted outside CO, concentration, relative humidity and air temperature are quite

representative.

3.3.3 PMYV index

The PMYV index is widely used as an indicator of human thermal comfort requirements. This indicator
was first proposed by Fanger [120] to predict the average vote of many people on the thermal sensation
scale. This sensation can be expressed by relating the integer range [-3,+3] to the qualitative words cold,
cool, slightly cool, neutral, slightly warm, warm and hot. The PMV index depends on the following six
factors: metabolic rate M (W /m?), clothing insulating I; (m?>°C/W), air temperature 7, and humidity
H._, air velocity v, (m/s) and mean radiant temperature 7,. It is computed by means of a heat-balance
equation given by [120]
PMV =(0.303e 0™ 1 0,028) { (M —W)—3.05x1073[5733 - 6.99(M — W) — P,] — 0.42[(M —

W) —58.15] — 1.7 x 10 °M (5867 — P,) — 0.0014M (34 — T,) — 3.96 x 1078 f;[(T,; +273)*

- (Tr+273)4] _fclhc : (TCI - TZ)},
(3.15)

where W (W/m?) is the external work, P, denotes the partial water vapor pressure in Pascal. The

surface temperature of clothing, 7,;, can be given as follows:

T =35.7—0.028(M — W) —IC1{3.96 w1078 £ [(Tog +273)* — (T, +273)*] + furhe (To — 7})},

(3.16)
where the convective heat transfer coefficient, /., can be expressed by
h, if iF > 12.1,/v,,
h. = ¢ ¢ VVa 3.17)

12.1,/vg, if b <12.1,/v,.
The factor h? is given as: h¥ = 2.38 - (T,; — T,)*>. Where f,; denotes the ratio of body surface area

covered by clothes to the naked surface area. The factor f; is defined as follows:

1.00+1.2901,; ifl; <0.078,
S = (3.18)

1.05+0.6451,; if1; > 0.078,
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and the mean radiant temperature, 7, can be determined by [121]

1.10 x 10896
where Ty is the globe temperature; D and € are the globe diameter in meters and the globe emissivity

T, = [(T, +273)* + (T, — T,)]"/* — 273, (3.19)
coefficient, respectively. P, is related to the relative humidity of the air, H,, by means of Antoine’s
equation [122]

P = 10Hze(16.6536—403o.183/(Tz+235)) (3.20)

where H, = 100W, /A ony» Acony 18 the unit transfer coefficient. The metabolic rate, M, can be determined
by [123]

M= AG,
where the coefficient A is the unit transfer coefficient. Then the PMV index is rewritten as a function

of the following variables

PMV = g(T.,W.,Ce,vy, Tr 1o, Tyy). (3.21)

Remark 3.4 There are several existing metrics to measure human (dis)comfort, e.g., temperature
constraint violations [64], comfort penalty [85], predicted percentage dissatisfied (PPD) [124], and
PMV index [69, 57]. The PMV index has been widely used as an indicator to maintain human comfort
temperature in [69] and to represent indoor air temperature and relative humidity in [57]. In this
chapter, the function (3.21) suggests that the PMV index can estimate not only indoor thermal comfort,
but also the IAQ, and is used to keep them at a certain range. This is subjective and can be regarded

as perfect when PMV=0.

3.3.4 Energy models

More details about energy consumption by different components of a DX A/C system are described in
Chapter 2. In this chapter, the researcher only gives the energy model of the total energy consumption
as follows:

Piot = Peva + Peon + Peomp, (3.22)
Note that in this chapter the energy consumption by the VAV ventilation fan cannot be included in the

total energy model since the VAV fan has been substituted by the supply fan with a PI controller.
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3.3.5 System constraints

The DX A/C system operation is limited by IAQ, thermal comfort and physical characteristics. Most
of the system constraints are listed in (C1)-(C9) in Chapter 2 and the other constraints are defined
below.

(C8) PMV € [PMV ,PMV|. The limit of the PMV index can guarantee both thermal comfort and IAQ

at comfortable levels.

(C9) The bound of the air enthalpy, Ay, satisfies: hy € [C.T +hngS,CZTS +hfgWs] because of
(3.8).

The system dynamic equations (3.1), (3.3), (3.5)-(3.6) and (3.9)-(3.10) can be expressed compactly
below

(1) = f(x(),u(t),w(t)), (3.23)
where the state vector of the system (3.23) can be defined by

x = [hy, T, Ty, T, W, €]
the control vector by

u=[vy,m]",

the load vector by
17

w= [Qloadeloada Cload

)

and the output vector by

y= [vazvcc}T-

The constraints in (C1)-(C9) can be compactly written by
xeX, ucU, PMV €F, peP, T, €T, Wy € Wy, and h;(x) <0, i=1,2, (3.24)

where X, U, P, Ty and W, are bounded sets. h;(x) is a function of the state variables, which are

described in Chapter 2.
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3.3.6 TOU strategy

Generally, most electricity companies have implemented the TOU strategy to benefit both electricity
companies and consumers. The TOU electricity tariff is a typical program of demand-side management
where the electricity price changes over different periods depending on the electricity supply cost. For
example, it charges a high price o}, in peak periods Jj, a medium price G, in standard periods T,
and a low price o; in off-peak periods J;. In this study, the daily TOU electricity prices are known in

advance and can be expressed as follows:

o, =0.20538 $/kW h,l € Tj,
o(l)=14 0, =0.05948 $/kW h,l € T, (3.25)

0; =0.03558 $/kW h,/ € T,
where T, = (8,11]U(19,21], T; = (0,7]U(23,24] and T,,, = (7,8]U(11,19]J(21,23]. $ is the United
States dollar and time 7 is the whole period of the day with [ = 1,...,24. Because of a big difference
in energy prices between the peak and off-peak hours, a cost reduction is expected if a significant
amount of power consumption is shifted from peak hours to off-peak hours. To reduce the energy cost,
some previous optimization control strategies are studied in [60, 62]. In this chapter, the researcher
proposes an alternative optimisation control scheme to minimize both the energy cost and energy

consumption.

3.4 HIERARCHICAL CONTROL DESIGN

The hierarchical control method is widely used to handle complex problems which can be decomposed
into smaller subproblems, and reassemble their solutions in a hierarchical structure. The main idea
is to establish a hierarchical control structure consisting of two layers. The two layers are developed
by using a control schedule, the simplified scheme of which is depicted in Fig. 3.3. The main
principle of hierarchical control can be described as follows: In the upper layer, the objective is
to collect information to generate the optimal operational conditions with respect to a performance
index based on an economic and environmental criterion over a long-term scale horizon, Hy, with
a sampling period, 7;. In this layer, detailed but static and physically original nonlinear models
are used. In the lower layer, a simple linear dynamic model is used to design an MPC controller,
which guarantees that the targets transmitted from the upper layer can be carried out over a short time

horizon, h; = Tp, with a smaller sampling period, t;, = 71 /n;. Fig. 3.3 suggests that the upper layer
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Figure 3.3. Simplified schematic of a two-layer hierarchical structure.
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Figure 3.4. Conceptual framework of the proposed hierarchical control scheme.

transmits information to the lower layer at the sampling instant m7;, (m = 0,1,...,00). The lower
layer receives the information as a task, and then completes the task within the sampling intervals

[mTL+qt1,mTL+(q+ 1)[1) (q:O,l,...,nl— 1).

This chapter proposes an AHC approach to obtain a real-time optimisation scheduling strategy to
reduce the total energy cost of a DX A/C system while maintaining both the indoor IAQ and thermal
comfort within requirement ranges. This control approach is based on a traditional control scheme
with a reference governor in the upper layer named the optimization layer. The optimization layer uses
a nonlinear optimizer to generate the steady states for a DX A/C system and the optimal proportion of
fresh air entering the system by optimising the energy cost of the DX A/C system and the PMV index
under the TOU electricity rate over the day. The lower layer receives the steady states as input, and then
the MIMO MPC controller is designed to track the trajectory references of indoor CO, concentration,
moisture content and air temperature. The conceptual framework of the proposed AHC approach is

illustrated in Fig. 3.4, with its details to be provided next.
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3.4.1 Upper layer

In the upper layer, the reference governor has been defined according to the optimization problem
described by (3.26). Note that the PMV index (3.21) and the energy model (3.22) are the two
different optimization objective functions, which are described below in (3.26). In the upper layer, the
optimisation problem is considered as an open loop optimal control framework. Consider the DX A/C
system (3.23) and its constraints (3.24). The researcher formulates the following optimal controller to

generate the steady states.
min (ot|PMV (tyy)] 4 (1 = @) Prot (tmg) G (tmy ), (3.26)

subject to the following constraints:

f(x(tm())v u(tm0)7 TY<tmo)7p(tmo)) = 07 (327)
X(tmy) € X, u(ty,) € U, PMV (t,) €F, p(tm,) € P, Ts(ty,) € Ts, Ws(t,) € Wy, h(x(t,)) <0,
(3.28)

where « is a weighting factor (0 < o < 1), x, u and f(-) are defined in (3.23). x(t,n, ), u(tm, ), 2(tm,) are

the optimization variables for m =0, ...,N; — 1, where z = [p, T}, T}, T,/

It is assumed that all the variables are within the bounded sets and that feasible solutions exist for
the optimization problem (3.26) by using an NLP algorithm. Among all the feasible solutions,
let xg(tmy ), tes(tmy ), 25 (tm,) e the optimal solution of the optimization problem (3.26), and x;(,,,) €
X, us(tmy) € Uy, z5(tm,) € Zsform=0,...,Ny — 1. X, Uy, Z are the optimal sequence points of the
state and input variables. In this chapter, the optimal sequence points are the steady states of equation

(3.27) over a 24-hour period.

Remark 3.5 The weighting factor o is chosen to balance the two objectives, which are the energy
cost and comfort levels. Specifically, a relatively large o provides a better comfort level but worse cost
savings. In the case that  is relatively large, more effort is taken to optimize the most comfortable
indoor air temperature, humidity and CO,, which causes a loss of balancing capacity. The parameter

a can be chosen by utilities to achieve different goals.
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3.4.2 Lower layer

As discussed above, in every sample period, 77, the upper layer controller calculates the optimal
steady state and sends the result to the lower layer. The lower layer then receives the steady state
as the trajectory reference including a closed-loop control algorithm trying to drive the DX A/C
system to track the trajectory reference. Therefore, in this case, this layer consists of a discrete-
time MPC controller with a sampling time of t,,, € [mTy, +qt;, MT, + (q+ 1)t;), m=0,1,... ,N. — 1,
q=0,1,...,; — 1, which can be designed to track the reference point of indoor CO, concentration,

moisture content and air temperature computed by the upper layer.

In the sequel, the researcher makes a commensurate quantization assumption that all variables are
quantized in the two sampling schemes, that is, they are represented by the starting values and retain
these values in the same sampling interval. The two objective functions PMV (t), Py (t), the TOU
function o (¢), and the constraints in (C1)-(C9) are coarsely quantized. This means that they take their
corresponding values at mTy, for all t € [mTy, (m+ 1)T). This assumption guarantees that if the steady

state (Xs(tn, ), us(tm,)) should be obtained from the optimisation (3.26)-(3.28), then one would have

(x5 (tmq )5 Us (tmq )) = (%s(tmg ) s (tmg)) -

The lower layer receives the trajectory references of state and input vectors defined as: xs(tmq) =
s 5 (tmy) s Teos (tmy ) s Ta s (tm, ) TW,S(tmq)vWZ,S(tmq)7CC,S(tr1lq)]T and us(tm,) = [Vfﬁ(tmq)vmr,S(tmq)]T- De-
fine 8T;(tm,) = T:(tm,) — Tes(tmy)> SWe(tm,) = Wiltm,) = Wes(tm, ), 6Ce(tm,) = Celtm,) = Ce.s(tm,),
Ohs(tm,) = hs(tm,) — hss(tm,)s 6Ta(tm,) = Ta(tm,) — Tas(tm,)s OTw(tm,) = Tw(tm,) — Tws(tm,)s
0V (tm,) = Vytm,) = Vy.s(tm,)> 6my(tm,) = my(tm,) — My 5(tm,), which are the deviations of states and
inputs from their trajectory references at sampling period [mTy, + gt;,mT;, + (g + 1)t;). Thereby, the
dynamical mathematical equation of the system (3.23) at time #,,, is linearized and can be written in a

linear state-space representation as follows:

6x(tmq) = Ac(%s(tmg ) s (tmy)) 6x(tmq )+ Be (x5 (tmg ) ts () Su(tmq) )
)’(tmq) = C5x(tmq) + Vs (tmo)
where the state variables 8x(t,,) = x(tm,) — Xs(tmy) = [6hs(tm, ), 6T (tm, ), 0Ta(tm, ), 6Ty (tm,), OW; (tm, ),

(3.29)

8Cc(tm,)]", the input variables Su(ty,) = u(tm,) — s(tm,) = [6v5(tm, ), Smy(tm,)]" Ys(tmy) = [T 5 (tmy )
W (tmg ) Ce.s(tm)]" and y(tm,) = [T:(tm,); Wes(tm,),Cc(tm,)]" are the original output variables.

A(Xs(tmg ), Us(tmy)), B(x5(tmy ), us(tmy)), C are the system state matrix, input matrix and output matrix
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at the sampling time 7, , respectively, which can be calculated by

8 my /) mo
Ac(xs(fmo)aus(tmo)): f(xgx(zmu)(t )) X(tmy) = Xs(tmy) 7

d o ) U
BC(XS(tmo)7uS(tm0)): f(xgu(zmu)(t )) X(l‘ ):JC~(t ) ,

and the corresponding output matrix is
01 00O0O
C=10000T1D0
00 0O0O01

The discrete-time version of (3.29) can be written by

5x(tmq+1 ) = Ad (X5 (tmg ), s (tmy)) Sx(tmq )+ Ba (x5 (tmg ) s (tmy ) 5”(tmq )s
Y(tm,) = C6x(tm,) + ys(tm, ),

where x(ty,), u(tn,) and y(t,) are the state, input and output vectors at sampling instant m7y, +

(3.30)

gy, m=0,1,....Np —1, ¢ =0,1,...,n; — 1, respectively. Ag(x(tm,), tts(tymy)) = &0 mo)tslim )it
B (xs(tmg ) s (tmy)) = (Jo el tmg)4stmg VTATY B (X (tn, ) s (fmy ) ) are the discrete-time system state

and input matrices, respectively.

The objective of this chapter is to design a MIMO MPC controller to optimise the DX A/C system
to reach the trajectory reference points of the indoor CO, concentration, moisture content and air
temperature and maintain at the required levels with lower energy consumption and cost. To achieve

this, the objective function to be minimised is given as follows:

np nc—l
min5u J(tmq) = Z |’y(tmq+j|tmq) _r(tqurj)Hz_'_RtSu Z Hau(tqurj)Hza
j=1 j=0 3.31)

(a) (b)

subject to:
6x(tm1, ltmgsn) = Ad(xs(tm0)7u5<tm0))6x(tmll—l |tm, ) +Bd('x5(tm0)7us(tm()))(Su(tmll—l [tm,) (3.32)
Yty |tmy) = COX(tmy _, [tm,) + s (tmo )
Sx(tm, [tm,) +%s(tmy) € X, Su(t,, ) +us(tmy) € U,
h=q+1,....q+n,, Lb=q,...,q+n.—1, (3.33)
q=0,1,....m;—1, m=0,1,... N, — 1.
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where (a) represents the tracking error of the indoor CO, concentration, moisture content and air
temperature and (b) denotes the balancing signal tracking error, respectively, in quadratic forms. The
current time index, Timgs defines the current time m7Ty + gt;. \tmq means the predicted value, which is
based on the information up to t = mT;, + qt;, n, = T /1; is the prediction horizon of the lower layer,
n. = Tp./1; is the control horizon of the lower layer, r(tmq +j) denotes the reference vector at step Imgs o
Y(tm,.;|tm,) is the predicted output vector at step #, . ., and Su(ty,, ;) is the predicted control vector at

step tm,, ;-

Remark 3.6 The system matrices of the system (3.29) are updated t0 A4 (xs(t(my1),)s Us(tms1,)) and
B (xs(t(m+1)y)s Us(Em+1),)) When the system transits from the sampling interval [mTy, + (n; — 1)t;, (m +
)T.) to [(m+1)Ty, (m+1)T. +1;). On the other hand, at sampling interval [(m+1)Ty, (m+1)T, +1;),
the variables 5x(tmnrl) and 5”<tmn,4) as the initial points are fed to the system (3.32), and the
references are updated in (3.31). The convergence for this periodic MPC for an optimisation problem

over an infinite time horizon can be proved by using the results [125, 126].

3.4.3 Algorithm

The researcher proposes the algorithm to solve the above nonlinear steady state optimization prob-

lem.

NLP algorithm is used to solve the original nonlinear DX A/C system.

Initialization: Given the initial state values x(0) and u(0), note that the initial state values are set

within their bounds.

1: Input the data of the outside condition, pollutant, latent heat and sensible heat loads.
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2: The objective function (3.26) and constraints in (3.27) and (3.28) are converted into the following

standard NLP so that it can be conveniently solved by the MATLAB built-in functions finincon:

p

c(z) <0

ceq(z) =0
minch -7 s.t. A-z<b (3.34)

Acq-7=Dbeq

Ib<z<ub

3: Solve the above minimization problem (3.34).

The proposed MIMO MPC algorithm can be given below.

MPC algorithm to the DX A/C system tracking control.

Initialization: Given an initial state value x(0), and let t,,, = 0 (m = 0,q = 0).

1: Calculate the optimal feasible solution U (f,,) = [ﬁ(tmo),ﬁ(tml),...,ﬁ(tmnl_l)]T of the problem

formulated in (3.31) and (3.33).

2: Let the MPC controller solution i, pc(fm,) = #(tm,) be the system in the sampling interval [, f,n, +

1), where the rest of the solutions #(ty,),q = 1,...,n; — 1 are discarded. x(ty,,,) is computed by

'x(tmq+l) = f(x(tmq)’”mpc(t’"q))'

3: Set ty, := tm,,,, and update the system states, inputs and outputs with the control input t,pc (tm,)

and the state equation x(t, ) = f(x(tm, ), tmpe(tm,))-

4: Until 1, := Ty, 1> update the system outputs, inputs, states and the state equation; repeat steps 1
and 2, one obtains the control umpc(tmn[—l) = ﬁ(z‘mnﬁl ). Apply the MPC control input i, (tmnl—l) to

the system in the sampling interval [tmnF1 Hm+1)o)-

5: Settm, :=1(1),, measure the state value x(t, _, ) by step tm, =tm,,,, and umpc(tm, ) to the system

X(tmi1),) = f(x(tm, 1), umpe(tm, ), and update the reference r(tm,) := r(tony1),) in (3.31).
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6: Compute the optimal solution U (t(+1),) = [#(t(m+1)y)> E(tmt1),)s - - - U (Hmt1),, )]T of the prob-
lem formulated in (3.31) and (3.33). Then the MPC controller uypc(tni1),) = @(f(nt1),) (the re-
maining ﬁ(t(m+1)q),q =1,...,n;— 1 are discarded) is used in the system in the sampling interval
[t im+1)051(m+1)o +11) t0 solve the MIMO MPC solution x(t(,1.1),) = f(X(¢(m+1))s Umpe (Em+1),)) OVer

the period [t(m+1)0 Tt mt 1), T 217).
T: Set ty, :=1(y41), and go to step 1.

Generally, the above MPC algorithm never stops, and it updates the controller at each time interval

[tm,stm,., ) to include feedback information.

3.5 SIMULATION AND RESULTS

Here, the researcher presents a case study to demonstrate the performance of the proposed hierarchical
control method of a DX A/C system. The experimental data from [116] is used to calibrate the
parameters of the energy models described in Section 3.3.4. Then the DX A/C system model is built
up in [103] based on the experimental environment. The proposed AHC strategy is compared with a

baseline strategy through simulations over 24 hours.

3.5.1 System setup

In this case study, an office room is regarded as the conditioned space. The volume of the DX
conditioned room is 77 m>. The parameters of the energy models are listed in Table 2.1. The DX A/C
system parameters are described in Table 2.2. For the proposed hierarchical control strategy considered
below, most of the system constraints are given in Table 2.3, the bound of the air enthalpy #; is limited
in the range of [27.3, 46.3] and one constrains the value of the PMV index in the range of [—0.5,0.5]
to ensure that the DX A/C system is able to maintain both IAQ and thermal comfort at acceptable

levels.

In this chapter, data of the outside relative humidity and air temperature over a 24-hour period in a
single summer is shown in Fig. 3.5(a). The data was obtained from a meteorological station located in

Cape Town, South Africa. The solar radiative heat flux density profile of Cape Town over a 24-hour
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Figure 3.5. Forecast of outside air temperature, relative humidity and radiative heat flux over a 24-hour

period.
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Figure 3.6. Estimation of the certainty internal sensible and latent, pollutant and external sensible heat

loads over a 24-hour period.

period is shown in Fig. 3.5(b). The certainty internal sensible and latent heat loads, the external
sensible heat load and the pollutant load in a conditioned space are predicted in Fig. 3.6. The values of
Figs. 3.5-3.6 at every hour are commensurately quantised. It is assumed that the PI controller would

absorb the CO; concentration in the air supply, where C;=360 ppm is used in this chapter.

The TOU electricity prices for summer hours are summarized in (3.25). For simplicity, only the TOU
energy charge is considered in this chapter. The original nonlinear systems (3.1)-(3.6) can also be

employed as the plant to be controlled in the simulation test of this chapter.
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3.5.2 Two control strategies

Here, two strategies to schedule the operation of a DX A/C system are considered in the conditioned
space. One is a MIMO MPC controller and an energy-optimised open loop controller, which serves
as a baseline strategy [115], and the other is the proposed AHC strategy. To compare the control

strategies, the predicted load and outside weather profiles are the same.

1) Baseline: The baseline strategy is described below. The researcher first determines a setpoint for
indoor air temperature and relative humidity based on a comfort zone, the psychrometric chart and a
setpoint for CO; concentration based on the level acceptable to occupants. The ASHRAE comfort
zone is taken from [127]. Its details are omitted here because of the space limitations. Under the given
reference points of indoor CO; concentration, relative humidity and air temperature, one can obtain a
unique and optimised steady state of the DX A/C system by solving the optimization problem (3.26)
under o = 0 and without TOU electricity price at every hour over a 24-hour period. The nonlinear
model can then be linearized around the steady state. An MPC is designed for the linearized state-space
model. The presented MPC with a sampling period of 2 min is applied that can simultaneously achieve

better performance on both thermal comfort and IAQ with superior energy efficiency.

2) Proposed method: For the proposed control strategy, the details are given below. The researcher first
uses the open loop controller to solve the optimization problem (3.26) to obtain steady states at every
hour by employing NLP. The MIMO MPC is designed to track the references of CO, concentration,
humidity and air temperature. In the proposed control method, the volume of the outside air entering
the indoor space is optimized. The optimal volume of outside air is used in the DX A/C system for
the MIMO MPC controller. The sampling period is set to 7;, = 1 h and the sampling interval is set
to Np = 24 in the upper layer. The sampling period for the proposed MPC design is #; = 2 min. The
prediction and control horizons are taken as n, = n. = 30 in the lower layer. At each time step, the
open loop controller is repeatedly used to solve the open loop optimization problem (3.26) and then
the tradeoff steady states are obtained by the lower layer. In Section 3.5.3, the energy consumption and

cost for the baseline and the proposed control strategies are compared in the next section.

Department of Electrical, Electronic and Computer Engineering 67
University of Pretoria



CHAPTER 3 AUTONOMOUS HIERARCHICAL CONTROL OF A DX A/C SYSTEM

10 T T T T T T T T T T 0.4

Cooling loads (kW)
Electricity rate ($/kWh)

0 2 4 6 8 10 12 14 16 18 20 23
Time (h)

Figure 3.7. Profiles of cooling loads and electricity rates over a 24-hour period.
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Figure 3.8. Optimal supply air temperature to the air conditioned room and p% of outside air entering

the system over a 24-hour period.

3.5.3 Comparison of two control strategies

The performance of both control strategies is compared with historical weather data of a specific day
in Cape Town. The total simulation time is set to K = 24 h. The predicted indoor cooling load profile
is depicted in Fig. 3.7, overlaid with an electricity rate for summer hours. The researcher duplicates
the indoor cooling load profile for the next day to simulate the MPC scheme. The profile of the supply
air temperature to the conditioned room and p% of the outside air entering the system over a 24-hour
period are shown in Fig. 3.8(a) and 3.8(b). The data can be used in the DX A/C system for the lower

layer closed-loop tracking control.
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The control calculations from two control strategies are applied to the DX A/C system. The reference
points tracking of indoor air temperature in the conditioned space for the proposed strategy together
with the setpoint regulation of indoor air temperature for the baseline strategy is shown in Fig. 3.9. The
reference points tracking of indoor relative humidity in the conditioned space for the proposed strategy
together with the setpoint regulation of indoor relative humidity for the baseline strategy are illustrated
in Fig. 3.10. The reference points tracking of indoor CO, concentration in the conditioned space for
the proposed strategy together with the setpoint regulation of indoor CO, concentration for the baseline
strategy are simulated in Fig. 3.11. One observes that the indoor CO; concentration, relative humidity
and air temperature for the proposed strategy can track their reference points well over a 24-hour period
through the changing environment. It is also evident that for the proposed strategy, the reference points
are tallish during the peak hours for CO, concentration, relative humidity and air temperature tracking.
The reason is that the proposed controller has automatically adjusted the reference points upward to
meet the energy cost and minimize consumption during peak hours, while both the thermal comfort
and IAQ are still kept within the acceptable ranges. One further observes that with the baseline strategy
under the varying cooling and pollutant loads, the MPC controller always maintains the indoor CO,
concentration, relative humidity and air temperature at their setpoint by regulating the varying speeds of
the supply fan and the compressor. From the local zooming out of Figs. 3.9-3.11, the reference points
of indoor CO, concentration, relative humidity and air temperature can be reached after a transient
process of 18 minutes. After reaching their reference points, the proposed controller maintains the
reference points with small variation ranges. The two control variables of the air volumetric flow
rate and mass flow rate of refrigerant of the DX A/C over a 24-hour period are shown in Fig. 3.12.
The two control variables are varying to drive the indoor air temperature, relative humidity and CO,
concentration to track their trajectory references according to the changing environment during the
day. It can be seen from Fig. 3.12 that the air volumetric flow rate is not increasing, though the
indoor cooling loads, pollutant loads and electricity rate are increasing. This is due to the proposed
controller adaptively adjusting the setpoint upward for reducing energy consumption. The minimal
energy consumption is achieved by optimizing the air volumetric flow rate and the mass flow rate of
refrigerant. As is shown in Fig. 3.13, the value of the PMV index for the two control methods is within

the expected range [-0.5,0.5].

Fig. 3.14(a) and 3.14(b) show the energy consumption and the energy cost of the DX A/C system
operation for the proposed and baseline strategies over a 24-hour period, respectively. One observes

from Fig. 3.14(a) and 3.14(b) that, both control strategies consume almost the same energy cost from
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Figure 3.11. Reference tracking of indoor CO, concentration over a 24-hour period.

0:00 to 7:00. The indoor CO; concentration, relative humidity and air temperature reference points
stay at the lower bound of the PMV index during off-peak hours without a higher energy cost. After
8:00, the energy cost of the baseline and proposed control strategies starts increasing since increased

pollutant and cooling loads are required to be removed and the power price is increased. Compared to
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Figure 3.13. Profile of the value of the PMV index over a 24-hour period.

the baseline strategy, Fig. 3.14(a) shows that the proposed method consumes less energy. Comparing
the two strategies, one also observes that energy costs under the proposed method are reduced further
during peak hours. This is due to the proposed controller, which automatically adjusts the reference
points upward such that the energy consumption and cost are minimized during peak hours while
maintaining both IAQ and thermal comfort at the required levels. From the simulation, it can be seen
that the major energy consumption and cost have been verified to reduce effectively during the peak
hour. The total energy consumption and cost over a 24-hour period are summarized in Table 3.1.
According to the findings, the proposed AHC strategy performs better than the baseline by around
31.38% of total energy consumption, and by around 33.85% of total energy cost for a DX A/C system
operation. It can be observed from Table 3.1 that the proposed control strategy shows a lower energy

consumption and costs compared to the baseline control strategy. The table also displays that the total
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Figure 3.14. Profiles of the energy consumption and cost of a DX A/C system for the proposed and

baseline controllers over a 24-hour period.

Table 3.1. Comparison of the proposed and baseline control strategies.

Strategy Energy consumption (kWh) Energy cost ($) Y |PMV]|
Baseline control 20.52 1.734 103.33
Proposed control 14.08 1.147 162.32
Saving (%) 31.38 33.85

values of the PMV index over a 24-hour period for the proposed control strategy are higher than that
of the baseline control strategy. It is expected that the proposed control strategy will reduce energy
consumption and cost at the expense of comfort level, which will nevertheless still be reasonably
and optimally regulated to the required levels. Therefore, the utilities can choose the two control

approaches to implement building DX A/C systems based on their different aims.

Though it is desirable to compute the energy cost savings brought about by the proposed control
strategy over the baseline control strategy, it is an impossible task for real buildings simply to compare
the cost values of two control strategies in one day, because load factors, outside temperature and
relative humidity cannot be the same every day. When demonstrating the effectiveness of the proposed
AHC scheme in different weather conditions, the proposed testing days happened to be much warmer

than the baseline testing days in this test. The weather conditions of the testing days are listed in
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Table 3.2. The energy consumption on the testing days is obtained and described in Fig. 3.15. From

this comparison, all proposed control testing days present much lower power consumption, showing

successful energy efficiency improvement by the proposed control strategy.

Table 3.2. Different weather conditions for the testing days

Date

Control Average Ty Average Hy Ty"™ Hy'“*

12/30
12/31
01/01
01/02
01/03
01/04
01/05

Baseline
Proposed
Proposed
Proposed
Proposed
Baseline

Baseline

28.6
29.2
28.8
28.9
28.1
28.0
27.6

72.4%
71.6%
72.1%
72.4%
73.2%
72.3%
73.4%

33.9
34.2
322
332
32.0
324
32.0

80%
81%
79%
81%
82%
79%
80%

25

kw
o

u

30-Dec

Figure 3.15. Energy consumption on testing days for the baseline and proposed approaches.

3.5.4 Sensitivity analysis
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The simulation results presented are obtained in this chapter under the assumption that the parameters

are accurate and the DX A/C systems can perfectly describe the real system. However, in reality, there

are usually uncertainties in parameters and models. In this chapter, a simple uncertainty analysis is

considered to illustrate how the uncertainty parameter would affect the control performance of the

proposed AHC strategy. Here, the uncertainties of some major parameters of the DX A/C system

are considered, namely the heat transfer area on the dry-cooling region in the DX evaporator A; and

the heat transfer area on the wet-cooling region in the DX evaporator A,. However, the total area
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Figure 3.16. Steady state of indoor air temperature optimised by the proposed open loop controller

under different system parameters over a 24-hour period.

Ap = A1 +A; is known. Hence, it is only necessary to consider that the uncertainty parameter A;
would affect the performance of the proposed control strategies. The open loop optimal controller
and the tracking of the MIMO MPC with different values of the uncertainty parameter A; are verified
through simulation. For the case study considered here, the simulations for the indoor air temperature
optimized by the proposed open loop optimal controller and the MIMO MPC temperature tracking
under different parameter values are shown in Figs. 3.16-3.17, and the results for the open loop optimal
controller under all different ranges of the uncertainty parameter are displayed in Table 3.3. The
standard deviations for the steady state of indoor air temperatures are less than 0.2 °C. The standard
deviations for the objective function values of the open loop controller are less than 6%. The results
suggest that the fluctuation of the control performance affected by the parameter uncertainty A; is
relatively small. Thus, the proposed autonomous hierarchical control strategy is not very sensitive to

the modelling parameter A; specified here.

3.6 CONCLUSION

This chapter proposes an autonomous hierarchical control method to reduce the total energy con-
sumption and cost of a DX A/C system while maintaining both thermal comfort and IAQ at required
levels. It proposes an efficient control algorithm to solve the autonomous hierarchical control problem
based on an open loop optimal controller and the MIMO MPC scheme. The optimal and time-varying
reference points of indoor CO2 concentration, relative humidity and air temperature for the DX A/C
system are generated by the upper layer. The lower layer MIMO MPC is then proposed to steer the

DX A/C system to follow the reference points, whereas energy consumption and costs are minimized.
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Figure 3.17. The MIMO MPC temperature tracking under different system parameters over a 24-hour

period.

The results show that the proposed control method could achieve an energy consumption saving of
33.9% and energy cost reduction of 33.85% while keeping the value of the PMV index in the range
of [-0.5,0.5]. The performance of the proposed control is obtained under the assumption that the
models and parameters can express the real system perfectly. However, in reality, there are usually
uncertainties. Hence, the researcher has made a parameter sensitivity analysis in this chapter. The
simulation results suggest that the performance of the proposed control method is satisfactory because
the standard deviations of energy saving are less than 5% in comparison with around 35% energy
saving for normal values. Therefore, the proposed control method is significant when applied in

theoretical and practical applications.
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Table 3.3. Open loop optimization results under different dry-cooling regions.

Objective function value Area of Portion of A} Derivation
of open loop optimization  dry region m? %
43.04 (0,0.05A0] 0.054¢ 2.14%
44.23 (0.0549,0.1049]  0.10A 0.57%
43.98 (0.1A¢,0.154y] 0.15A¢

43.00 (0.15A0,0.2049]  0.204, 2.23%
43.20 (0.24¢,0.25A¢)] 0.25A¢ 1.77%
43.48 (0.2549,0.3049]  0.304 1.14%
42.87 (0.3A0,0.35A] 0.354¢ 2.52%
41.57 (0.3549,0.4049]  0.40A 5.48%
42.54 (0.4A0,0.45A)] 0.45A¢ 3.27%
42.47 (0.45A0,0.504¢]  0.504, 3.43%
42.21 (0.5049,0.5549]  0.55A 4.02%
42.26 (0.55A0,0.6049]  0.65A 391%
44.00 (0.6049,0.70A¢]  0.70A9 0.04%
42.22 (0.7049,0.75A¢]  0.75A 4.00%
4191 (0.75A0,0.8049]  0.804) 4.71%
41.60 (0.8049,0.854¢]  0.85A) 541%
41.52 (0.8549,0.9049]  0.904 5.59%
41.70 (0.90A0,0.9549]  0.954 5.18%
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CHAPTER 4 DISTRIBUTED CONTROL OF AN ME
A/C SYSTEM

4.1 INTRODUCTION

Although the energy efficiency improvement and energy cost reduction, as well as comfort level
improvement, have been investigated in a single-zone DX A/C system presented in Chapters 2 and 3,
reducing the energy consumption, energy cost, communication resources, computational complexity
and conservativeness simultaneously for a multi-zone building’s ME A/C system while maintaining
multi-zones’ IAQ and thermal comfort at comfort ranges have not been studied so far. They are the
main objectives of this chapter, which focus on designing advanced controllers to solve the issues. In
particular, we propose an AHDC method for a multi-zone building’s ME A/C system. This control
strategy includes two levels. The upper level involves open-loop scheduling that only collects local
measurement information and operational profiles, formulates and solves a distributed coordination
steady-state optimization problem by optimizing the energy cost and demand charge of operating a
multi-zone building’s ME A/C system under the TOU price structures over a 24-hour period to generate
trajectory references adaptively and autonomously for lower-layer controllers. In this chapter, it is
assumed that the occupancies, functions and purposes in multi-zones are similar; in this situation, one
can distributively design an optimal scheduler, which scheduling generates time-varying reference
points and communicates with the whole connected network via neighbors. All rooms then transmit
their reference points to the lower-layer controllers. The lower layer designed as MIMO DMPC
controllers only uses local information to formulate and solve local optimization problems for the ME
A/C system to track autonomously and adaptively the trajectory reference points, which are calculated
by the upper layer, autonomously and adaptively. Therefore, for large-scale systems, the researcher first

proposes a two-layer distributed control strategy, which is capable of reducing more communication
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resources, computational complexity and conservativeness compared with the previous distributed and

non-distributed control strategies [85, 86, 87, 89, 88, 90, 93].

In the proposed distributed control scheme, communication can be done with reduced hardware of
cheaper and shorter-range communication modules and depend on the communication topology, a
receiver only. While in the conventional control schemes [78, 80, 81, 82, 89, 91], it may require
full-swing communication modules, which requires external service providers in long-range data

communication. It may also require that both transmitter and receiver for the implement.

In view of energy efficiency, the peak demand reduction of building’s DX A/C systems based on
demand response (DR) action has not been considered by the hierarchical controllers designed in
Chapters 2 and 3. Thereby, another purpose of the ME A/C control system designed in this chapter is
to shift the peak demand to off-peak hours to improve the energy efficiency and reduce the energy cost

of the ME A/C system.

Another contribution of this chapter is that the researcher proposes autonomous demand-side manage-
ment scheduling for office buildings, which is beneficial for both occupancy and buildings. The idea
of the ADSMS is based on the two-layer distributed controllers for a multi-zone building’s ME A/C

system and helps us understand how to use this control scheme in practical applications.

To illustrate the performance of the designed two-layer distributed control schemes over previous
controllers on energy efficiency and cost savings, and reduction of communication resources, computa-
tional complexity and conservativeness simultaneously for a multi-zone building’s ME A/C system, a

case study is provided to validate them.

4.2 CHAPTER OVERVIEW

This chapter presents a new hierarchical control system for a multi-zone building’s ME A/C system in-
cluding an upper-layer distributed nonlinear controller and lower-layer distributed controllers. Whereas
the multi-zone building’s ME A/C system is an extension number evaporators to a single-zone DX
A/C system reported in Chapters 2 and 3, the controller for a multi-zone building’s ME A/C system is

newly designed in this chapter. Moreover, the upper-layer distributed nonlinear controller only collects
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local measurement information to generate an optimized signal profile and communicates with the
whole connected network through neighbors by an open loop manner, and the lower layer distributed
controllers use the signals as inputs in a closed-loop manner. Further, the controllers designed in this
chapter consider the demand peak reduction, which was not studied in Chapters 2 and 3. In summary,
two-layer distributed controllers are designed to improve energy efficiency and reduce energy cost,
demand, communication resources, computational complexity and conservativeness while maintaining

multi-zones’ thermal comfort and IAQ at comfort ranges.

Section 4.3 presents nonlinear multi-zone dynamical models and energy models for a multi-zone
building’s ME A/C system. The proposed control strategy for the multi-zone building’s ME A/C
system is designed in Section 4.4. Simulation results are described in Section 4.5. Conclusions are

drawn in Section 4.6.

43 ME A/C SYSTEM

4.3.1 Description of an ME A/C system

A diagram schematic of an ME A/C system is illustrated in Fig. 4.1. The components of the ME
A/C system are dampers, DX evaporators, an air-cooled tube-plate-finned condenser, a variable speed
compressor, EEVs, variable speed centrifugal supply fans with PSA boxes, and a damper for mixing
the return air from the building with the outside air. The supply fan regulates its own speed based on the
air flow rate/opening controlled by the EEV to control cooled air to each room. Each indoor unit placed
in the room has an EEV and an evaporator. The PSA box absorbs CO, contaminant concentration of
mixed air to improve the fresh air ratio. Each indoor unit is connected to the compressor and the outlet
of the condenser. The indoor air unit recirculates return air from building spaces and mixes it with
fresh outside air. The proportion of return air to outside air is controlled by damper positions in the
ME A/C system. The mixed air is cooled by the DX cooling coil. In this chapter, the ME A/C system

is also assumed to operate in the cooling mode.

Because of the complex nature of the air flow and heat transfer process, ME A/C systems are usu-

ally modelled as time-varying nonlinear partial differential equations [128], which are not suitable
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#m: Indoor evaporator placed in Room m

Figure 4.1. Schematic diagram of the ME A/C system with control box.

for control and optimization. Therefore, the following assumptions are provided to simplify the

modelling.

1) The air in each room and outdoor environment is well mixed immediately so that the CO, concen-

tration, relative humidity and air temperature distributions are uniform.

2) The heat capacity of the air is constant.

4.3.2 Dynamic model of an ME A/C system

Based on the above configuration, the researcher uses an undirected connected graph structure to

represent the rooms and their dynamic couplings in the following way; The i-th room is associated

with the i-th node of the system. The mathematical dynamic models for the multi-zone building’s ME

A/C system via the relationship among air enthalpy, air temperature and the moisture content leaving

the evaporator i of unit i as hy; = C,T; + hy Wy ; are described as below. In this chapter, only the

interaction between rooms in terms of sensible heat gain is considered.

dT,; & Tj-Ti To—T
d?l — Z Z7]R“ Z,l + = 2,1 +Capr’i(Ty’i_T‘z,i)+Qload,i7
= Rl i
dw.,;
PVimg = Prril

CapVi

hs,i - Ca Ts,i

dT hfg
Capvhl,if = Capvy,i(Tnix — Ty i) + 01 jA1i (T —
Ty + T, hsi—CuTy;
2 hfg

- Wz,i) + Mload,ia
Tnix + Td,i

)

dhy ;
PVini—2 = 0o,;A2i(Thi —

dr )+ hAfngfJ(Wmix -

(4.1)

4.2)

(4.3)

)+ Capvri(Tyi—Ty), (4.4)
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CWPWVW% = o= 2 =T+ O‘ZJAZJ(# —Tvi) — (i — herj)myi,  (4.5)
dC, ; T
Vi dtc’l = (kpvy, +k1/0 vy.ids)(Cs — Ce;) + Gi - Ocep. (4.6)
where i = 1,2,...,m, T, ; is the air temperature of room j. These notations of the system states

and parameters in a single zone or an evaporator are defined. These notations in a multi-zone and
multi-evaporator are therefore omitted here. R;; = R;; is the thermal resistance of the wall between
rooms i and j and R; is the thermal resistance of the wall between room i and the outside area. If R;;
and R; are not known from the design specification, they can be obtained through model identification
reported in [129, 130]. T,,;, and W,,;, are the mixed air temperature and moisture content before the
DX evaporator cooling coils, respectively. The mixed air temperature and humidity are calculated

by

Yl pveilz
Yl Py
Z;'nzl pvf,in,i

Lis1PVy.i
where 0 is the mixing ratio between the outside air and the return air. It is assumed that the return

Iy = 6T0+ (1 - 5)
4.7
Wy =0Wo+(1-9)

air temperature and moisture content are the weighted sums of the zone temperatures and moisture
contents with weights being the air volumetric flow rate to the corresponding zones. The return air is
not recirculated when 6 = 0, and no outside fresh air is used when § = 1. § can be used to save energy
through recirculation, but it has to be less than one to guarantee minimal outside fresh air allowed
to the zones. Note that the first equation in (4.7) was reported in [64]. It is assumed that the mixed
moisture content has a similar description in the second equation of (4.7). The airside convective heat
transfer coefficients in both the dry-cooling a; ; and wet-cooling  ; regions at the evaporator i in
unit i are expressed in (2.8) and (2.10), respectively. The air velocity v,; of zone i is described in

(3.11).

The dynamic mathematical models (4.1)-(4.5) without considering outside air temperature and relative
humidity entering system for a single zone were modelled in [103]. The mathematical dynamic models
(4.1)-(4.6) absorbing the zone’s CO, concentration by an independent PSA box for a single zone are
reported in Chapter 2. The mathematical dynamic models (4.1)-(4.6) with absorbing CO, concentration
by using a PI controller based on a supply fan for a single zone were modeled in Chapter 3. On the
right-hand side of (4.1), the first term represents the heat transfer between zone i and all neighbours of

zone i; the second term denotes the heat transfer between zone i and outside wall.

Remark 4.1 Higher-order resistance-capacitance (RC) models were modeled in [78, 80]. For sim-

plicity, this study only considers a first-order RC model in this chapter.
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Remark 4.2 One of the predictions for a single zone DX A/C system’s cooling and pollutant loads
was expressed in [92] and used as measurement information in this chapter. The multi-zone loads
are affected by some parameters (such as To, Wo, Qraai» Occp;, internal heat gain Q;y, ; and moisture
ventilation load My ;). The prediction of these parameters is obtained through a weather forecast
station, historical data and schedules. Though multi-zone building’s cooling and pollutant loads
cannot be accurately predicted, the closed-loop distributed controller is capable of handling these

prediction errors.

To make the ME A/C system cooperatively control multi-zones’ IAQ and thermal comfort at acceptable
levels, we assume that the ME A/C system is equipped with a communication network based on
wireless sensors. In this network, they can share information (e.g., T;;, W, ; and C.;) with each other,
which is shown in Fig. 4.1. The information flow between them is modelled as a network connected
graph G = (V,9,A), where V = {1,2,...,m} is the index set of different rooms and zones of the ME
A/C system, ¥ C V x 'V is the edge set of ordered pairs of the ME A/C system, and A = [g;;] € R™*™ is
the adjacency matrix with entries a;; = 1 or a;; = 0. If the ME A/C subsystem i can receive information
from the ME A/C subsystem j, then (j,i) € ¥, a;; = 1 and the ME A/C subsystem j is called the
network neighbor of the ME A/C subsystem i, defined by j € V;, where V; = {j € V|a;; = 1}. If the
ME A/C subsystem i cannot have access to the information of the ME A/C subsystem j, then (j,i) ¢ ¥,
a;j=0and j ¢ V;. Self-connection is not considered for 9, ie., a;; =0, Vi € V. A graph G is undirected
if a;j = aj; for any i, j € V. In this chapter, the network connected graph § = (V, 9, A) of the ME A/C

system is assumed to be undirected and connected [131].

The ME A/C subsystems adjust their comfort levels adaptively by acquiring the adjacent information.
The neighbors of an ME A/C subsystem can be denoted in many different ways. In this chapter, the

following one is based on the effect of thermal resistance and expressed as follows:

Vi={J:|Rij| <&,i# j}, (4.8)

where & is a predefined threshold.

The system dynamic equations (4.1)-(4.6) can be written in compact form as follows:

X; :fi(xi,x_i,ui,wi), 1= 1,2,...,m, (49)

where the vector x; £ [h;, Ty i, Tyiy Tyi, Wi, Cei] T is the state of the subsystem Sy; u; = [vy;,m;,;]T are

the constrained control signals; @; = [Qload.i>Mioad.i, Cload’l-]T denote the load variables of room #; and
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x_; concatenate the states of all subsystems S; (j € V) of the subsystem S;, i.e., x_; = (...,xj,...). The

functions f;(x;,x_;,u;, @;) (i =1,2,...,m) are expressed as follows:
[ a2,iA2.i(Tw‘i_Td’i;rTx"i)+’7f’gPVf7i(V‘/zni.x_h“;i;:Tw)"‘Capr,i(Td,i_Tni) ]
.o PVia,i ‘
i ""}ij = +OTM+CaprJ(Tsx,isz.i)+Qlaud,i
CapVi Tty
Capvyi(Toiv—Ta )+ 0 AL (Ti— g %)
fili,x iy ui, ) = oo, CaPVii T . (4.10)
OC],iA|,i(M—Tw.i)+(X2,iA2,i( d’lz 2 —Toi)— (o i— Ryt i)y
hy —CaT, Cw,ipw‘ivw,i
Ty ~W i) +Migaai
Vi
(kaf7i+k1 jOTI Vf'ids) (CS‘,'—C(;,,')-FG,“OCC[J,'

pvri(

L 1 -

4.3.3 Simplified energy models of an ME A/C system

The power consumers of the ME A/C system include the dampers, condenser fan, compressor, and DX
cooling coils. The power to drive the dampers is assumed to be negligible. The condenser fan power
P.,, is approximated as a second-order polynomial function of the total mass flow rate of refrigerant
(m, = Y/~ m,;) driven by the fan

Peon = co+cim, + com?, 4.11)

where the coefficients ¢y, ¢; and ¢; are given in Table 2.1.

The power consumption of the evaporator fans is calculated as follows:

m

Poa =Y (a0 +arvyi,+axvy +asTyi+ as T+ asQci+ asQp  + arv Tyt
i=1 4.12)
agvy,iQci+aoTs;iQc,i),
where the coefficients g; (i =0,1,...,9) are also listed in Table 2.1. Q. ; is the summation of the

sensible and latent heat loads of room i.

The power consumption of the compressor Pryp)p is expressed by

" (i — By g
Pcomp:ZW7 (413)
i=1

where 7 is the combined total efficiency of the compressor (known parameters).

The total electric power consumption of the ME A/C system is expressed in (3.22).
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4.3.4 PMYV index

The details of the PMV index are described in 3.3.3. In this chapter, the researcher considers multi-
zones’ thermal comfort and air quality. Based on the equation in (4.6), the metabolic rate of room i

denoted by M,, under a steady state of the CO, concentration in room i can be rewritten as follows

[92]:

A I .
M; = OCCpi (kPVfJ—i-kI/O vfids)(Cc,,- —CS’,'), 1= 1,2, ce,m.

If PMV; denotes the thermal comfort and IAQ indicator of room i, the PMV; is then the function of

the following variables

PM‘/Z = gi(n,hWZ,i7CC,i7vf,ialcla Tr)a i= 172a -..,m. (414)
4.3.5 Constraints

The ME A/C system is subject to IAQ, thermal comfort and cooling operational constraints. Most of
the constraints of each room should be satisfied in (C1)-(C3), (C6), (C8)-(C9) and the other constraints

are listed below.

(C10) 6 € [9,0). Both upper and lower bounds limit the ratio of the outside fresh air entering the

system.

CID) Y vriTei <Yt vriTm, Yis veiWei < XL veiWn, i =1,2,...,m. The mixed air tempera-

ture and moisture content after each DX evaporator can only decrease.

C12)Ty; < Ty, T,y < Ty i, Ws; <W,,, i=1,2,...,m. The mixed air temperature and moisture content

after each DX dry-cooling and wet-cooling region can only decrease.

The constraints in (C1)-(C3), (C6), (C8)-(C12) can be compactly written as
% €X, u; €U, h3i(xi,u;) <0, ha;(x;) <Oand PMV; €F, i=1,2,...,m. 4.15)

where X, U, P and I are bounded sets. The functions /3 ;(x;,u;) and h4;(x;) correspond to the

constraints in (C11) and (C12), respectively.
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44 CONTROLLER DESIGN

To facilitate the description of the hierarchical distributed control algorithm for the nonlinear systems
(4.9), the notation “ will be defined for the upper-layer control while ! will be defined for the lower-layer
MPC. The researcher will also abbreviate the upper-layer open loop optimal controller to UOPC, and
the lower-layer DMPC for one of room i as LDMPC; for short. #/ represents the sampling time instant
of the UOPC, and t,i denotes that of the lower-lower DMPCs; define c¢(k,q) £ kN + g, where N is a
positive integer number corresponding to the number of sampling instants of LMPC between two
sampling instants of UOPC; ;! = t/i,o; = R 5t & t,lc - t,l( represent the sampling period of
the UOPC and LDMPC, respectively; 8 = M&'. T' represents the prediction horizon of the LDMPC
that satisfies 7% > T + §“.

Throughout the rest of this chapter, the researcher defines the long-term scale horizon as [0, K|, and

K"=né"(neN").
4.4.1 Upper level: Steady state optimization problem

In reality, each zone has desired CO; concentration, relative humidity and air temperature, the trajectory
references of which are determined by users. The aims of the upper layer considered in this chapter
are to minimize the total electricity bills in the building, which consist of demand and energy costs
under a TOU rate structure, and provide optimal reference points of air temperature, relative humidity
and CO, concentration for each zone in the lower layer. More specifically, the following centralized

steady-state optimization problem is considered

m n

X" (1) =arg miny ) () ( Y w1 Y, (Ec(td)Proni(t)8") +wa(De (8 ymaxi <g<n{ Prori (1) })] ) :
i=1 k=1

demand cost
energy cost

(4.16a)
subject to the following constraints:
Jilxi(e), x-i(0e), wi(ty'), 0i(t)) = 0, i = 1,2,....m, (4.16b)
‘PM‘/I(III;)‘Sﬁv 121,2,77’)’[, (416C)
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xi(t) € Xy, ui(ty) € Ui, hsi(xi(ty),ui(ty)) <0, hai(xi(zf)) <0, tf € [0,K"], i=1,2,...,m,
(4.16d)
where x(t) = [x1 (1), ..., xu(t¥)]" is the system state vector and u(}') = [uy (1), ..., un(t})]" is the
control input vector. The total energy consumption P, for the ME A/C system is expressed in (3.22)
and the PMV function is expressed in (4.14). The parameter 3 is the comfort bound of the PMV index.
E.(t}) is the TOU electricity energy charge rate at time step #;', and D (#;') is the demand charge rate at
time step ;. w; (i = 1,2) represent the weighting factors and f;(x;(z}'),x—i(#}),ui(t!), 0;(z}')) are given

in (4.10). x*(}) denotes a global optimal solution of the optimization problem (4.16).

Before studying the distributed steady state optimization problem, the researcher makes an assumption

on the system model.

Assumption 4.1 The optimal problem (4.16) admits a solution, of which the steady state of CO;

concentration, relative humidity and air temperature for each zone are almost the same.

This assumption is valid in many practical situations where different zones serve the same functions
and purposes, such as in an office environment; the comfort requirements are subject to the same
standards, ambient conditions and energy regulatory and pricing structure; therefore, they are normally

the same.

Secondly, under a steady state, the total heat gain from neighboring zones is sometimes less dominant
compared with that from the outside heat gain plus the indoor heat gain in every zone. As reported
[92], the TOU rate structure is also the main factor to dominate the steady state optimization solutions.

Ij—T. :

Therefore, in the optimization problem (4.16), one can ignore the interaction terms E?",l AR n
= T

4.1)or X% jy L );jT in (4.16b). A simplified optimization problem (4.17) can be formulated for one
zone i only as follows:
n
Xlr(t;g) —=arg mln l" u ( Z tk [)t()ll tk)éu)+WZ(DC([;:)maXISkSn{PtO[’j([;:)})>,

demand cost

energy cost

(4.17a)
subject to the following constraints:
filewi(af) i), (1)) = 0, (4.17b)
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PMV;(t)| < B, (4.17c)
xi(t¢) € Xy wi(t) € Ui, hai(xa(),ui(t)) < 0, hai(xi(r)) <0, 1 € [0,K"], (4.17d)
where x] (#;!) is a local optimal solution, and i means that the optimization problem (4.17) only needs

the measurement information from room i. Here, f;(x;,u;, @;) can be described by
r T, :+T; hy :—CqT ;
00, (T i— 455 “)+hngVf,i(Wmif“T:“HCaPVfJ(Td,i*Ts-i)
pVhZ,i
To-T;i
% F+Capvy i(Tsi—T;i)+Qload,i
CapVi Tin+T,
_ Capvs,i(Tin—Tai)+0u A1 (Ti— )
_ CapViii
ﬁ(xi’ ui’ wl) - Tnix+Ta i <P e Tqi+Tsi : (4 18)
0y AL (5 = Ti)+00 1A (25— =Ty i) = (R i—hr1 i) me
e eor Co,iPw,iVw,i
s —CaT.
pvy.i( ”T:” W) +Mioaai
TPVi
(kafJ*H([ JOI Vf‘,'ds)(Cs‘ifccl,')+G,’-OCCpl‘
Vi

The researcher has five important remarks to make on the optimization problem (4.16a).

* In (4.17a), the term regarding the end-user services contains two parts, i.e., the energy cost of
the multi-zone building’s ME A/C system given by Y _; [Ec(t}') Por,i(t}') "] (weighted by w1)
aims to minimize energy cost; the peak demand D, (1 )max; <<, { Por,i(1}) } (weighted by wy)

aims to reduce demand cost.

* The weighting factors w,w,, which are determined by users, are to balance the two objectives.
Specifically, if preferring more demand reduction, they can increase w, and decrease w; and

vice versa.

* It can be seen in (4.17a) that the energy and demand charge rates E.(#) and D.(z}') depend
on the TOU price policy. The rate structures are determined by utilities for various tuples of
customers. For some rate plans, customers have the flexibility to choose peak periods so that

they can save energy cost by optimizing the energy use during specific time periods.

* This steady state optimization problem is different from that in previous studies [115, 92]. In
[115], an open loop optimal control algorithm was proposed to minimize energy consumption by
setting air temperature, relative humidity and CO; concentration. In [92], an open loop steady
state optimal control algorithm is designed to optimize air temperature, relative humidity and

CO, concentration references, which could be time-varying to minimize energy cost and the
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PMYV index in possible. This chapter reaches the same conclusions as [92] in scheduling the

time-varying reference setpoints.

* The optimal solution applies to one zone, and the resulting reference setpoints are then com-
municated to the whole network through connecting neighbors. Therefore, the scheduling is

implementable in a distributed manner.

Fig. 4.2 is a architecture on how to implement the proposed control strategy.

The ADSMS is a hierarchical distributed way that aims at achieving energy and cost savings in ME
A/C operations without compromising occupancy comfort levels. The information communication for
the simplified ADSMS is illustrated in Fig. 4.2. The idea here is to consider comfort as a service for
occupancies, which is provided by the ME A/C system. The zones (using zone modules (ZMs)) are
where the people seeking this service (called a token), and a distribution system operator (DSO) is
the service provider (called as provider). There are four steps in the ADSMS that are explained in the

following.

* Master: The DSO collects one room’s measurement information (cooling and pollutant loads,
weather and occupancy), computes and transmits optimal reference signals to this zone by a

communication network.

* Slave: The neighboring zones receive communication information using numerous ZMs from the
driving system. Then its neighbouring zones then communicate to whole zones by connecting
neighbors. This way can easily be applied in engineering and reduce communication cost or

sources.

* Token requests: The main aim of the ZM is to run an MPC using forecast information (weather
condition, occupancy and cooling and pollutant loads) plus sensor readings (temperature and
humidity, thermostat and CO; sensors) to compute the minimal energy consumption and cost

required without breaching the comfort ranges.

* Coordination: After each room receives communication information, each DX unit employs

a DMPC algorithm to optimise the transient process to reach the IAQ and thermal comfort

Department of Electrical, Electronic and Computer Engineering 88
University of Pretoria



CHAPTER 4 DISTRIBUTED CONTROL OF AN ME A/C SYSTEM

Steady state
dlstrlbuted control

Distribution — Zone '%:_';;\\\
System Operator / ® \
(DsO) r/ .F\K N o
Qs_ -t .7
w \\\ : ( S

<

e /__f:
ZONE Ml]IJULE [
) y

7

Closed-loop
distributed control

Figure 4.2. Autonomous demand-side management scheduling architecture.

demands while minimizing energy consumption and costs.

Remark 4.3 For ease of implementation, the min-max problem in (4.17a) is converted into the
following standard NLP so that it can be conveniently solved by the Matlab built-in functions. A new

variable zp; is introduced to denote the peak demand of the day for zone i as following:

zpi = maxi<i<n{ Prori(t})}- (4.19)
By simplifying the objective to the form in Eq. (4.20), the optimization problem in (4.17a) can be

rewritten as follows:

min (w1 Y Ec(t}) Prori(t{) 8" +waDe (1) zp;) - (4.20)
k=1

4.4.2 Lower level: DMPC

In brief, the aim is to design the tracking rule u;(¢;’) (i € N) in a distributed way such that the systems
(4.9) can reach their time-varying trajectory references according to the changing environment during

the day, which are the optimal solutions to the optimization problem (4.17).

The UOPC transmits the reference signals, x"(s;t}') = [x} (s;24), ..., x5, (s;2)]7 " (s50) = [} (5511,

uh (st 7 T (s511),8(s324), to the LDMPC for s € [t4,¢

7Sl

(k+1)) =1,2,...,m. Here, x'(1}) =

X" (15 1¢). In the lower layer, the MIMO DMPC controllers are designed to drive multi-zone buildings’
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ME A/C system to track their time-varying trajectory references, which are calculated by the UOPC.
The linearized dynamics of the subsystem S; around their trajectory references at the sampling time
instant té (k,g) €20 be written as below. In (4.21), the interacting terms in non-neighboring zones are
ignored owing to the definition of neighbors in (4.8).
8:i(s) = Aii(t] 1 o)) Oxi(5) + X jev, Aij(tl g )0 (s) + Biltl ) Sui(s),
yils) = ci,-éxl(s) +300), 5 € [ i )
where Aii([Z-( )) 3){5 (x; (ti( )) uf(tf-(k,q)))v Ajj (tf-(kvq)) gﬁ (x; (tl( )) M?([i(k7q>))’ Bi(d(k,q)) =

g£ : (xf (e (k,q))’ ul (1! (k. q))) for j € V;. 8x; and Su; are respectively the deviations of the state and input

4.21)

vectors from their trajectory references of the subsystem S;; y; = [T% ;, W ;, Cc7,-]T are the original output
variables and y! = [T, W/;,C"]T are the trajectory references of the subsystem S;.

zZ,1 Zl’ C,l

The predicted linearized dynamics of the subsystem S; can be written as follows:
5xf(s;tcl,(k’q)) Aii(ss t )5x (s tl )—I—Zjev A,J( q))Sfj(s;ti(kﬁq))—i—
Bi(s; C(k,q))&ti (s; C(k,q))’
yf’(s;té(hq)) = C,',-5xf’(s;t£(k7q)) +yi(s;tl), s € [t! clkg) ( )+T ), i=1,2,....m

(4.22)

where 8x!(s;1! (kﬂ)), Sul (s;1! (k7q)) and y? (s;1! (k>q)) are the predicted state, input and output trajectories

at time step 7/ (k) 8% (531! (lw)) is the assumed state sequence of S; at time step 7/ (k)

The MIMO MPC algorithm is designed for the lower-layer controllers to minimize the optimization
objective after reaching trajectory references as well as to handle external disturbances to the building

and to compensate for the model mismatch. Let

Sul st kq z\;K st 5xj(st(kq))—|—v (st(kq)) i=1,2,...,m, (4.23)
je

where v;(s; i ok, q)) is a new input variable for zone i, (4.22) can be then converted to (4.24) as fol-
lows:

D (gl I
5xf(s,tc(k’q)) Aii(s; t )5x (s5¢ ( ’q)) +Bi<tc(k,q)) P (s;t! (k. q)) 424)
yf’(s;té(kg)) =C;;i6x (s;ti(k’q)) +yi(s:8), s € [tf‘(k’q),tc(km +TY,i=1,2,...,m.

Many standard approaches exist in [86, 88] for the system (4.24), which depends entirely on one zone
i. In this study, the researcher uses previous results achieved in [92] in the MPC design, then the

proposed optimization objective is given by

l c(kq)JrT] p 1 2 p / 2
’ . V(aesU .
min,, Wisitly ) i :/tl (Hyl. (S’tc(k,q)) -y (S’tk)HQ,- + Hvi (S’tc(k,q))HR,->ds
elka (4.25a)
Pl 1.1 ! P
VP (g + T 100g) =i (0 (kq)‘i‘T)‘pa i=12,....m,
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subject to:
Sxf(S,tf(kq)) :A”(S,tcl(kq))s.xf(s,t({(k/q)) +Bl(s,t£(k7q))vlp(s,l£(kq)), l - 1,2, .. 7m, (4‘25b)
yf.’(s;tcl,(kyq)) = Cii5xf’(s;té(k7q)) +yi(s;tf), s € [té(k,q)vté(k,q) +7h,i=1,2,....m, (4.25¢)
xf(S;té(k,q)) €X, vf(S;té(k,q)) eV, se [té(k,qyti(k,q) + Tl]a i=12,....m, (4.25d)

where the controllers Su? (s;té (k‘q)) obtained are distributed. Q;, R;, P, are the weighting matrix, V is
the bounded set of the new input variable v;. The convergence for the above finite horizon periodic

MPC optimization problem (4.25) can be proved by the results in [125, 126].
4.4.3 Algorithm

The implementation strategy of the proposed AHDC algorithms for a multi-zone building’s ME A/C

system is summarized as follows:

The upper layer distributed steady state optimization algorithm can be solved by the standard NLP
algorithm (3.34) in Chapter 3.

The lower layer DMPC algorithm can be given below.

1) At sampling time instant ;/, k = 0,1,...,n, UOPC receives each local neighbor measurement

information.

2) UOPC computes the state trajectory x' (%) = [x](t}),...,x;, ()], s € [tf,¢# + T*) and its corre-
sponding control input trajectory u” = [uf (t}),...,u,, (t¢)], s € [t}',t + T*), which are transmitted to

LDMPC, to obtain linearized systems (4.24).

3) At sampling time instant ¢/ (k.q)» LDMPCi receives the state measurement xi(t! (k q)) and x_;(s,1’ ( k!q))
from its neighbors, gives an initial point x;(0) (k = ¢ = 0) and computes the optimal control input

vi (s;1! (m)) of the optimization problems (4.25) over the prediction horizon [t/ (k) ! Pk T!.

4) The first solution v} (s;tcl. B q)) is used through (4.23) to update &u?” (s;1!

ek q)) as the initial condition

. . . l 1 l
over the next prediction horizon [tc(k’q 1) telg T o'].
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S5)If0<g<M,g=qg+1andgoto3);elsek=k+1, g=0and goto 1).

4.5 CASE STUDY

In this section, a six-room model is used to test the performance of the proposed AHDC strategy in
special climate conditions in Cape Town, South Africa. The simulations are conducted during normal
operation of an office building with normal occupancy. The six rooms are connected and the undirected
graph is G = {V, A} where V = {1,2,3,4,5,6} and &y =5. Rj2 =Ry} =Ry3 =R3 = R34 = Ry3 =
R4s = Rsa = Rs¢ = Res = Re1 = Ri6 =4 < €, R13 = R31 = Roa = Rap = R35 = Rs3 = Rug = Res =
Rs1 = Ri5 = Rgy = Ry = 8 > €y, Ri4 = R41 = Rys = Rsp = Rzg = Rg3 = 12 > &, then the neighbors

of zone i are shown in Table 4.1. It can be verified that the network is connected.

Table 4.1. The neighborhood definition of zones

Room (i) Neighbors (V;) Room (i) Neighbors (V;)

1 2,6 2 1,3
3 24 4 3,5
5 4,6 6 5.1

4.5.1 Parameter selection

The volume of each room is 77 m*. The model parameters of the ME A/C system are given in Table 2.2,
taken from [103]. R;; =4°C/kW and R;=15°C/kW. The coefficients of the power consumption for the
condenser (4.11) and evaporators (4.12) are calibrated through the regression analysis of the available
measured data reported in [116], which are depicted in Table 2.1. It is supposed that the combined
total efficiency of the compressor is 7] = 0.85. Each room has a window with an area of 4 m?. For the
proposed AHDC strategy considered below, the system variable constraints of each room are given by
bounds in Tables 4.2, and this study constrains the PMV index of each room in the range of [—0.5,0.5],
which refers to an international standard, to guarantee that the ME A/C system is able to control both
the TAQ and thermal comfort of each room within the required ranges for occupants. The weighting
factors of the upper layer optimization objective are defined as w; = 1, wp = 1. The matrix Q;, R;, P,

are selected as an identity matrix. In the previous study [92], the simulation results illustrated that the
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Table 4.2. Values of system constraints.

Notations Values Notations Values
Ty, 22°C T, 10°C
T, 26 °C T, 22°C
Tai 22°C Ty, 10°C
Ty 22°C T,,; 8°C
Wi 12.3/1000 kg/kg W, ;  9.85/1000 kg/kg
Cei 800 ppm Cei 650 ppm
Wi 9.85/1000 kg/kg W, ;  7.85/1000 kg/kg
Vi 0.8 m3/s Ve 0 m?/s
M 0.11 kg/s m,; 0 kg/s
hs.i 46.3 kl/kg hy, 27.3 kJ/kg
B 0.5

open loop optimal controller and the MIMO MPC strategies are not sensitive to the system parameters
Aj and A; of a single-zone DX A/C system within any ranges of [aA,bAo| where 0 < a,b < 1 and
a < b. This result can be extended to the multi-zone building’s ME A/C system. Hence, A; ; = 0.15A¢ ;

and Ay ; = 0.85A¢;, i € V are chosen in this chapter.

Since the outside air temperature, relative humidity and radiation determine zones’ thermal comfort
and IAQ, the data would be exacted better. However, the data cannot be predicted accurately, while
the LMPC is capable of dealing with the uncertainty disturbance rejection. The simulation time runs
from 0:00 to 23:59. The outside air temperature and relative humidity information are obtained from a
meteorological station located in Cape Town, South Africa. The predicted ambient air temperature and
relative humidity profiles over a 24-hour period are plotted in Fig. 3.5(a). The predicted solar radiative
heat flux density profiles over a 24-hour period are shown in Fig. 3.5(b). The estimation of the external
sensible heat load of each room over a 24-hour period is depicted in Fig. 3.6(b). The certainty internal
sensible heat load, latent heat load and the CO, pollutant load of six rooms over a 24-hour period are
predicted in Fig. 4.3. The values of Fig.4.3 at every hour are also commensurately quantized. Though
the data cannot be exactly predicted and estimated, the robust DMPC is employed and capable of

handling the prediction errors.
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Figure 4.3. Profiles of the forecast certainty sensible heat, certainty moisture heat and CO, pollutant

loads over a 24-hour period.

It is assumed that multi-zone building’s ME A/C system operates according to the TOU rate plan, as
shown in Table 4.3. It can be seen from the table that there is a big difference in the demand charges
from peak hours to non-peak hours. Energy cost savings can be expected if significant amounts of

peak energy consumption are shifted to non-peak hours.

Table 4.3. Time-of-use electricity rates.

Summer Period Energy charge ($/kWh) Demand charge ($/kWh)
Peak 12:00-18:00 0.20538 11.889
Standard 08:00-12:00, 18:00-21:00 0.05948 2.352
Off-Peak 21:00-08:00 0.03558 1.007

4.5.2 Comparison of optimal scheduling control strategies

To demonstrate the performance of the proposed AHDC, comparisons with other control strategies are
studied here to schedule the operation of the ME A/C system. The first approach is a DMPC algorithm
based on the given setpoints of a zone’s CO, concentration, relative humidity and air temperature,
aiming at energy consumption in [115], referred as S1. The second method is the DMPC algorithm
based on energy cost and the value of the PMV index minimization reported in [92], referred as S2.
The proposed control scheme is the DMPC algorithm based on demand charge and energy costs
minimization, referred to as S3. To simplify the comparison study among the three strategies, the
multi-zone building’s ME A/C system operation profiles are generated by the NLP algorithm with

the same outside and inside conditions. The control parameters are listed below: The sampling time
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A =2 min is used to discretize the dynamic model of the ME A/C system. The predictive horizon
for the DMPC algorithm in the lower layer is set as N = 15; the sampling periods of the UOPC and
LMPC; are 1 h and 2 min, respectively. Total simulation time is K = 24 hours. Table 4.4 summarizes
the combinations of the optimizations and strategies of the three scenarios studied. The simulation test

results for the three scenarios are given in Section 4.5.3.

Table 4.4. Comparison of different control strategies.

Scenarios Upper layer optimization Low layer control  Setpoint DR action
S1 Energy consumption DMPC Given

S2 Energy cost+PMV DMPC Autonomous

S3 Energy cost+demand cost DMPC Autonomous v

4.5.3 Simulation test for proposed control strategy

The performance of the three scenarios is compared by MATLAB simulations with historical weather
data for a special day. Fig. 4.4 shows the time-varying steady state profiles of each room’s air
temperature, relative humidity and CO, concentration, which can be obtained by solving the distributed
coordination steady state optimization problem (4.17) and the centralized steady state optimization
problem (4.16). It can be observed from Fig. 4.4 that the distributed steady state is close to the
centralized steady states of each room, and their deviations are small and can be accepted by occupants

(Assumption 1 is valid). Therefore, the proposed scheduling is effective.

Steady state temperature (°C)
1S & =3 & =

o

T
— Centralized ofroom 1
Centrazed of room 2
— Centralzed of room 3
Centrazed of oom 4
— Centralized ofroom 5
— Cenralzed of room 6
= Distibuted coordinaton

:_7_;.?,—.

Steady state humidity (%)

T
— Centralized of room 1
Centralized of room 2
— Centralized of room 3
Centralized of room 4
— Centralized of room 5
— Centralized of room §
= *Distributed coordination

o =1
= S

CcO, concentration (ppm)
s

—— Centralized of room 1

Centralzed of room 2
—— Centralzed of room 3

Centralzed of room &
— Centralized of oom 5
— Centrazed of oom 6
= Distibuted coordination

0 5 10 15 N 0B
Time ()

=

Figure 4.4. The steady state profiles in each room under the distributed and centralized optimal

controllers.
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The tracking reference points of air temperature for each room with the three control approaches are
illustrated in Fig. 4.5 over a 24-hour period. The tracking reference points of relative humidity for
each room with the three control approaches are depicted in Fig. 4.6 over a 24-hour period. The
tracking reference points of CO, concentration for each room with the three control approaches are
shown in Fig. 4.7. Figs. 4.5-4.7 also show that the optimized reference points are adaptively and
automatically preprogrammed by adopted scenarios S2 and S3. One observes that the air temperature,
relative humidity and CO, concentration of each room are tracked by the proposed control strategy
and maintain their time-varying reference points. It can also be seen from Figs. 4.5-4.7 that the
time-varying reference points of air temperature, relative humidity and CO, concentration of each
room with scenarios S2 and S3 are tallish during standard hours. The reason is that scenarios S2 and S3
automatically adjust their reference points upward during standard hours because of the TOU energy
price policy and DR action, respectively, such that energy consumption and cost are minimized while
both IAQ and thermal comfort are maintained at acceptable ranges. The pre-cooling and pre-decreasing
CO, contaminant concentration automatically starts in the morning simultaneously. This is because
the energy costs for operating a multi-zone building’s ME A/C system during off-peak hours are lower
than in other periods. In the morning, the time-varying reference points of CO, concentration, relative
humidity and air temperature for each room are kept at the lower bounds of the comfort regions to store
cooling and lower CO; contaminant concentration until the peak hours. As soon as the peak hours start,
the reference points increase to the upper bounds, hence reducing the peak demand in the afternoon by
taking DR action. After more cooling and pollutant loads occur simultaneously during peak hours, the
reference points are automatically set higher to turn off the cooling and increase the CO, contaminant
concentration. One also observes that the time-varying reference points of CO, concentration, relative
humidity and air temperature for each room are always maintained at comfort levels over a 24-hour
period with the proposed control strategy. It is furthermore clear that after reaching their reference
points, the proposed controllers maintain the reference points with small variation ranges. Therefore,
the proposed control strategy is capable of handling the changing cooling and pollutant loads and
weather conditions over a 24-hour period and maintaining both thermal comfort and IAQ at acceptable

levels.

To show the advantage of the proposed AHDC strategy over the other two control strategies in shifting
demands from peak periods to non-peak periods, the power consumption under different time periods
for the three control strategies is shown in Fig. 4.8. The total energy consumption and cost for the

multi-zone building’s ME A/C system under the three control strategies are depicted in Table 4.5.
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Figure 4.5. Each zone’s temperature profile for a 24-hour period.

It can be seen from Table 4.5 that with control strategies S2 and S3, more energy consumption and
costs can be saved in comparison with control strategy S1. The reason is that the CO, concentration,
relative humidity and air temperature reference points of each room are adaptively and optimally
preprogrammed under control strategies S2 and S3. It can be observed from Fig. 4.5 that the energy
consumption with control strategies S2 and S3 is almost the same, while the energy cost is different.
This implies that the proposed control strategy S3 is capable of saving more energy costs but not
saving energy consumption in comparison with control strategy S2. It can be seen from Fig. 4.8 that
the under the proposed control strategy S3 with DR action, more energy costs are reduced during
peak hours in comparison with control strategies S1 and S2. The reason is that the proposed control
strategy S3 automatically shifts the peak demands from peak periods to non-peak periods. Meanwhile,
energy consumption with the proposed control strategy S3 is more than that with control strategy S2
during standard periods since the energy charge in standard periods is lower than that in peak periods.
Therefore, the total energy cost saving and shifting demand is achieved over a 24-hour period while

maintaining both thermal comfort and IAQ at the required levels. According to the above comparisons,
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Figure 4.6. Each zone’s relative humidity profile for a 24-hour period.

the proposed control strategy S3 thus has a lower proportion of demand cost during peak hours and

shows successful demand shifting and energy cost.

Table 4.5. Comparison of control performance.

Strategy Energy consumption (kWh) Energy cost ($)

S1 124.56 10.67
S2 80.34 6.98
S3 79.78 5.66

4.6 CONCLUSION

This chapter proposes an AHDC approach to the problem of minimizing demand and energy cost as

well as reducing communication resources, computational complexity and conservativeness simul-
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Figure 4.8. Energy consumption on three time periods with the three control strategies.

taneously for a multi-zone building’s ME A/C system, while maintaining both thermal comfort and

IAQ at acceptable ranges. The developed control strategy is an improvement over the current control

approaches, in which the indoor CO; concentration, relative humidity and air temperature reference

points of each zone are adaptively and optimally preprogrammed to improve the operational profile for

the multi-zone building’s ME A/C system by minimizing the energy and demand costs. The lower-layer
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MIMO DMPC controllers steer the multi-zone building’s ME A/C system to follow and maintain
the autonomously preprogrammed references, meanwhile, the energy and demand costs are reduced
and shifted for the multi-zone building’s ME A/C system from peak hours to non-peak hours. The
simulation results show that the designed DMPC controllers optimise the transient processes reaching
the steady state. They also showed that the proposed AHDC strategy gave the distributed controllers
the ability to deal with the model parameter uncertainty of the ME A/C and time-varying weather
conditions. The proposed AHDC strategy is distributed suitably for a cluster of similar purposed

buildings, which requires less and cheaper communication resources to implement.
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This dissertation focuses on two conflicting issues of building DX A/C systems, namely energy
efficiency and indoor comfort levels, due to the contribution of long-term economic and environmental
benefits. These two conflicting issues have been completely investigated for improving them are
proposed. In particular, a hierarchical control scheme is developed to address energy efficiency
improvement and control systems taking into account of indoor CO; concentration, relative humidity,
air temperature and the coupling effects between them as well as thermal comfort and IAQ. This
section outlines the major contributions of this thesis and a brief overview of a future research topic in

this area.

5.1 FINDINGS

In this thesis, research on investigating both the thermal comfort and IAQ of building DX A/C systems,
improving energy efficiency has been successfully undertaken and reported. The main contributions

and findings of these chapters are reflected in the following section.

For indoor comfort and energy efficiency improvement, a MIMO MPC and an energy-optimised open
loop controller scheme for the nonlinear dynamic system of a DX A/C system were designed in Chapter
2. It can be observed that the control methods can control indoor CO, concentration, relative humidity
and air temperature to their setpoints, with small deviations. It is found that the control strategy can
effectively reduce the energy consumption and improve both IAQ and thermal comfort of a DX A/C
system. The present MPC strategy with the optimized steady state can save 1.39 kWh/day more energy
compared to conventional control strategies. It is also noted that a single room’s CO, emissions can be
lowered by 502.28 kg per annum. This control strategy will also be suitable for residential and office

buildings using HVAC systems.
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For indoor comfort improvement and energy consumption and cost reduction, an AHC strategy,
including an open loop optimal controller and a closed-loop tracking MPC controller, was designed
in Chapter 3. Though this control strategy is motivated in Chapter 2, both controllers that have been
designed are superior to the current control strategies for a DX A/C system in terms of reducing energy
consumption and cost. The open loop optimal controller adaptively and autonomously generates
time-varying and optimal setpoints by optimizing the PMV index and the TOU time-varying electricity
structure with comfort range over a 24-hour period, for a lower-layer controller. The closed-loop MPC
controller is designed to follow the scheduled setpoints of CO, concentration, relative humidity and air
temperature. At the same time, energy consumption and cost are minimized. It is expected that this
control strategy could be implemented in the application; the system’s parameter sensitivity analysis
showed that the proposed control scheme is not sensitive to the model parameters. According to
Chapter 3, the energy consumption and cost can be reduced by 31.38% and 33.85%, respectively, while
both thermal comfort and IAQ are maintained at acceptable levels. To this end, it can be concluded

that the AHC is a suitable control approach for controlling the DX A/C system.

Lastly, for multi-zones’ thermal comfort and IAQ and energy efficiency improvement, an AHDC
strategy was designed in Chapter 4. This control strategy included two-layer distributed controllers to
control a multi-zone building ME A/C system. The AUDC strategy has shifted demand from peaks
hours to off-peak hours by taking DR action for a multi-zone building ME A/C system. With the
AUDC strategy to autonomously and adaptively generate optimality and time-varying reference points
over a 24-hour period, more energy consumption and cost have been reduced compared with the
strategies designed in Chapters 2 and 3. It is also found that this hierarchical control method can
reduce computational complexity and conservativeness and requires less and cheaper communication
resources to implement. Though it is assumed that the multi-zones are similar in occupancies, functions
and purposes, in this way, the designed distributed scheduler and the closed-loop DMPC have been

verified by a case study to show its effectiveness.

5.2 FUTURE WORK

A number of future studies with respect to the research work in this thesis are suggested:

* For buildings using other A/C units with chilled water systems, the proposed control strategy
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can be modified to suit the need. Indoor CO; concentration, humidity and air temperature may
be controlled simultaneously by varying the opening of the chilled water valve and the supply

fan equipped with a PI controller.

* Most DX A/C systems have been widely applied in small to medium-scale buildings. It is
assumed that the control strategies that have been developed and advanced can be used to control
a large-scale office equipped with a multi-evaporator A/C system. Then the dynamic model will
be much more complicated than that reported in Chapter 4, and the control problems will be

more difficult.

* Since many factors have an impact on the heat and mass transfer between air and refrigerant
inside the evaporator of a DX A/C system, including heat and fluid flow geometries, there is
no uniform local heat transfer rate or heat conduction along tube walls, etc. Therefore, it is
impossible to consider all these factors in physical models; however, empirical-based models
based on the training operating data method are able to find the physical parameters. It is
expected that the proposed controller may achieve high control accuracy and sensitivity for a DX
A/C system by combining both the physical-based model method and empirical-based model

training method.

* Common control strategies are used to control the nonlinear control system by the first order
approximation of the Taylor method based on linearization, which brings model derivation for
controlling a nonlinear system. It is expected that a dynamic feedback control method will solve

this problem based on feedback linearization.

* The researcher hopes that the hierarchical control method that has been developed can be tested
by experiment and reported in the future to have been applied successfully in real-time DX

air-conditioner.
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ADDENDUM A SYSTEM MATRICES

A.l1 SYSTEM MATRICES

The system matrices for the DX A/C system are listed as follows:

[ 28372 0 ~1.2297  4.0669 —1959.2805
0.0039  —0.0039 0 0 0
0 43962 —11.5218 8.1436 0
Ac= 00314 00051 00381 —0.0763 0
~0.0015 0 ~0.0007 0.0022  —1.0588
0 0 0 0 0.0039
0 0 0 0 0
[ 30.6267 0 o |
—0.1621 0 0
225 0 0
B, = 0 —4.2254 0
0.0166 0 0
—0.00003 0 0
0 0 —0.000006 |

1469.4603
0
0
0
0.7941
—0.0039
0

0
11.3071

0

0

0
0.0054
—0.0013 |
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