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Abstract

Abstract

Communication technologies, especially wired technology, have developed considerably in
terms of signal stability and communication speed. Conventional renewable energy generation
units in traditional energy systems require additional communication devices to manage the
renewable power generation equipment, which can raise the size and expenditure of the system.
Additionally, although power line communication (PLC) can simplify system wiring by
eliminating the requirement for communication cables, additional signal coupling devices are
still needed to combine energy and signals. Therefore, it is significant to investigate a suitable

transmission approach for energy and signals in smart energy systems (SESS).

The purpose of this study is to analyse the feasibility of the integrated power/signal
transmission (IPST) approach and to develop IPST-based converters for SESs. Firstly, state-
of-the-art communication strategies including wireless and wired methods are reviewed and
their advantages and restrictions are summarised in comparison. The review work demonstrates
that it is essential to systematically analyse the possible signal modulation approaches for
power converter implementations and extend IPST technology in AC power system
applications. On this basis, this research then investigates the similarity between signal
transmission and power conversion from a system architecture perspective and analyses the
mechanisms of pulse width modulation (PWM) based signal modulation methods. Next, the
integrated transmission approaches are verified through the buck converter, boost converter
and cascaded H-bridge converter, and the simulation results demonstrate that the designed
strategies have decent noise immunity. Finally, all the proposed IPST methods in different
SESs are validated.

In summary, the main achievements of this study are the analysis of the feasibility of various
converters for IPST transmission and the extension of IPST technology to different SES

applications.

Key Words: Power converters; integrated power/signal transmission; signal modulation;

signal demodulation; smart energy systems.
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Chapter 1 Introduction

Chapter 1  Introduction

1.1 Development of Power Electronics and Communication

Technologies for Energy Systems

In the last century, the development of power electronics has grown beyond leaps and bounds.
This rapid development is caused by the expansion of market demand for networked and
integrated power electronics-based circuits and systems in various energy conversion and
processing applications [1], [2]. Furthermore, with the widespread use of renewable energy in
industrial production, residents’ daily life and other fields, the requirement for researchers with
knowledge of energy conversion has also led more engineers to start research in the area of

power electronics.

The semiconductor power devices used in the field of energy conversion and power
transmission, joint with the power converter topology theory and control theory, formed the
basis of power electronics technologies [2], [3], [4]. The history of power electronics can be
traced back to 1900, when the vacuum tube was invented as semiconductor devices for current
control [1], [2]. Then the age of vacuum tubes was ended in 1947 when the germanium
transistor was created at Bell Telephone Laboratory [1]. When a commercial thyristor was
introduced by General Electric Company in 1958, it signalled the beginning of the modern
times of power electronics. Then silicon-controlled rectifiers (SCRs) were widely applied as
substitutions of power magnetic amplifiers and mercury-arc rectifiers [1]. In the 1970s and
1980s, power electronics technology achieved leapfrog development due to the revolution of
microelectronics. The utilization of integrated circuit (IC) control chips and microprocessors
provided the feasibility of controlling the high-power semiconductor devices [1], [2], [3]. As
the consequence of the introduced high-power, high-speed, and high temperature switching
devices, as well as the employed advanced digital control mechanisms, power electronic
applications have grown noticeably in recent three decades. The main functions of power
electronics technology are power conversion and energy processing, including DC/AC, DC/DC,
AC/DC, and AC/AC converter technology, which are widely used in various power levels of

power supplies nowadays [2]. As long as humans continue to explore methods to improve
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energy efficiency during power production, power transmission and power distribution, power

electronics technology still has great potential for future development.

The vacuum tube was mostly used in televisions, radio and other electronic products for data
transmission at early time [5]. Later with the introduction of semiconductor devices in the
1940s, it not only greatly promoted the development of electronic technology in the field of
power transmission, but also expanded the scope of application of electronic technology in the
field of communication [2], [4], [5]. Because the semiconductor devices are smaller, more
reliable, and efficient than vacuum tubes, the vacuum tube was gradually replaced by the
transistor in the mid-1960s [6]. Then the optical fibre communication was proposed by
Hockman and Kao in 1966 [6]. After that, the large-scale data networks whose name were
TYMNET and ARPANET were established around 1970, which first employed packet
switching instead of circuit switching [6]. In the 1980s, cellular telephone switching protocol
was proposed by Fluhr and Nussbaum, and cellular radio gradually became a significant part

of the public switched telephone network since then [6], [7], [8].

In the 2000s, there was a tremendous breakthrough in data transmission with new techniques
introduced. For instance, the maximum data rate through narrow bandwidth copper cables was
increased by applying digital subscriber line technology. Additionally, other techniques such
as code division multiple access and time division multiple access achieved both speech and
data transmission through mobile cellular communication systems and had a profound impact
on smartphones’ future development [6]. After a century of development, a broad range of
theories is involved in communication technology, which includes information theory,
electromagnetic wave theory, stochastic process theory, signal transmission theory, and so on
[5], [6], [7], [8], [9]. Nowadays, the communication technique has been widely applied in
satellite  communications, mobile phones, computer networks, and other areas. The
communication technology will continue to evolve in the future, especially the concept of the
Internet of Things (10T) has created a new opportunity for its development [10], [11], [12],
[13]. The 10T is aiming to connect various objects and devices to the Internet, thus information
can be exchanged between humans and objects, objects and objects. One of the vital
components of 10T technology is data communication on terminal devices. Comparing to the
general Internet terminals, the communication devices of loT technology have the
characteristics of easy installation, simple peripheral circuit and low cost [10].
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1.2 Applications of Smart Energy Systems

As a source of power for residents’ daily production and life, energy systems have a profound
impact on contemporary issues such as climate change, health and environment, sustainable
development, environmental protection, global energy and food security [14]. However,
traditional energy system based on fossil energy sources can no longer meet the requirements
of energy development in the 21% century due to unfavourable factors such as high
environmental pollution and the depletion of fossil energy sources. Therefore, it is necessary
to develop smart energy systems (SESS) to replace traditional energy systems to cope with the
massive demand for energy from a growing population, while mitigating environmental
damage and increasing energy use efficiency. The concept of SES was first introduced in [15]
and [16] as a revolutionary invention and architecture to enhance system flexibility by
optimising the energy structure, particularly in the ‘conversion’ phase of the power system. In
other words, this entails merging the electricity, transport and thermal sectors and using the
flexibility of these diverse areas to complement the lack of flexibility of renewable energy
sources, including hydro and tidal energy. As depicted in Fig. 1-1, the SES concept can be
applied in a wide range of electrical applications such as microgrids, electric vehicles, smart
cities, and energy routers. However, most of the existing research is focused on the control and
management systems of microgrids to improve energy efficiency, thus there is still great
potential for SES in other areas [17]. As the aim of SES is to improve energy efficiency and
promote flexibility in power generation, power electronic converters are required to guarantee
that the same format of power is transmitted over the power lines. Furthermore, appropriate
communication strategies are needed for the system to adjust energy supply and demand in a

timely manner.
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Figure. 1-1. Potential applications for smart energy systems

For example, the concept of microgrid is advocated to realise large-scale energy conversion
and power transmission through resource optimization, considering the needs of high
dependability and low cost in creating power grid systems [18]. Some of the microgrid system
uses the two-way flow of power and information to provide consistent, secure, and efficient
real-time demand-supply control [19], [20], [21], [22]. Power converters are applied in
microgrids to connect various distributed power generators to the grid network. Because
microgrids are expected to create and transmit a great quantity of data such as tariffs and
electricity plans, an efficient information transmission technique is required not only to cope
with such vast data but also to solve network security challenges such as customer information
leakage and wide-scale blackouts [23], [24]. From this perspective, microgrid is consistent with
SES in terms of the goal of system architecture optimisation and renewable energy integration.
Moreover, the SES concept can be utilised in battery management system (BMS) of electric
vehicles (EVs) to increase battery life span by managing the charging and discharging process
of the battery. Power converters are employed in the powertrain of EVs to transfer energy
between batteries and motors. Communication signals including battery status and motor speed

signals are transmitted to enable efficient management within the EVs. Therefore, SES systems
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should be developed to meet the specific requirements of these applications by considering
aspects such as energy security, environmental friendliness and cost effectiveness as exhibited
in Fig. 1-2. Nevertheless, power conversion and information transfer are two separate sections
in conventional SES, hence this study has significant implications for reducing the size and

cost of SES systems by using power converters to implement information transmission.

1. Renewable energy

2. Reduce reliance on
non-local resources

. Environment evaluation

1. Loss reduction

2. Waste reduction

3. Production
enhancement

Resources

1. Energy quantity analysis Design | Demands 1. Reduce loss
2. Energy quality analysis [@eST e o 2. Reduce waste
3. Sustainability analysis 3. Use local resources

1. Sustainable resources " 1. Reduce CO, emission
2. Reasonable prices 2. Use advanced materials
3. Local resources 3. Reduce pollutant

Figure. 1-2. Design considerations of a SES system [25]
1.2.1 Electric Vehicles and Battery Management Systems

Global warming is one of the major problems that the world is facing today. The challenges
posed by climate change are driving sustainable energy development to reduce carbon dioxide
emissions from fossil fuel combustion. However, renewable power sources like wind, hydro,
and solar have a great dependence on the environment, which leads to the instability of the
generated power [26]. For instance, wind turbines will not rotate if the wind speed is not within
the expected speed range [26]. Additionally, the same amount of photovoltaic (PV) arrays
produces much less electric power on a rainy day than on a sunny day [27]. Therefore, various
solutions have been proposed in the literature to solve the variability of renewable energy
sources. For example, the feasibility of demand side management for the electricity system is
considered in [28]. Besides, using hybrid energy as power supply for smart grid is addressed
in [29]. Moreover, employing energy storage systems such as batteries, water pumps, and oil
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heaters is another possible solution to solve the unstable issue of renewable energy sources
[30], [31].

Recently, the application of EV has created novel possibilities for the development of
renewable energy sources. The electric power created by renewable energy sources can be
stored in batteries and then consumed by EVs. Compared to the traditional internal combustion
engine car, the electric vehicles not only produce fewer air pollutants such as CO and NOg, but
also generate less noise by its motor [32]. Furthermore, if the battery of EV is charged at night,
it can avoid the peak of power consumption, which is beneficial to the grid to balance the load
and reduce the cost [33]. There are three main types of electric vehicles: battery EV, plug-in
hybrid EV, and fuel-cell EV. The technology of battery EV is relatively simple and mature
comparing to hybrid EV, and its battery packs can be easily recharged from the charging station
[32]. A hybrid EV obtains its power from conventional fossil fuels or rechargeable energy
storage device. Because it employs hybrid power, the internal combustion engine’s maximum
power can be calculated using the average required power to maintain the system operates
efficiently. The battery is used to complement the power of the internal combustion engine
when it is insufficient. Moreover, the surplus power of the internal combustion engine can
produce electricity for battery charging under low load condition [33]. Since both the energy
sources are consumed reasonably during the vehicle operation, the system is energy efficient.
A fuel-cell EV acquire electric power through chemical reactions in fuel cell stacks [34]. A
fuel cell EV is an environmentally friendly vehicle since its chemical reaction mechanism does
not generate hazardous products and its energy conversion efficiency is better than that of an

internal combustion engine [34].

Electric vehicles have a broad market prospect. According to a group of data demonstrated in
Fig. 1-3 [35], the number of EVs on the road maintains growing from 2010 to 2016 and reached
2 million units in 2016. One of the main challenges in increasing the market share of EV is that
its price is much higher than that of the same model using an internal combustion engine [36].
Nevertheless, with the enhancement of relevant national support policies, EVs still have great

potential for development in the transport market.
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Figure. 1-3. The number of EVs on the road in different years [35]

As fossil fuel restrictions and pollution increase, electric vehicles (EVs) have become
increasingly accepted as a viable alternative to regular internal combustion engine vehicles [37],
[38], [39]. Lithium-ion batteries are broadly accepted in EVs due to its high energy density,
high power density, low self-discharge rate, and long-life span [39], [40], [41]. However, extra
care is required to ensure that the batteries operate properly. Specifically, overcharging the
battery can result in overheating and even explosion. Furthermore, over-discharging the battery
can hasten the ageing process and diminish the battery’s capacity permanently [42], [43]. As a
result, the battery management system (BMS) is designed to maintain battery packs functioning
within safe limits by monitoring voltage, current, temperature, and estimated state of charge
(SOC) and state of power (SOP) of battery packs [44], [45].

Battery balancing is one of the major functions of a BMS [46]. With the battery balancing
function, the energy can be dispersed evenly, and the energy wasted in long battery strings that
operate under frequent cycling circumstances can be reduced when the nominal voltage, current,
or power is transferred among battery cells [46], [47]. According to the various energy
dissipation strategies, battery balancing approaches can be classified as passive balancing and
active balancing [48]. In passive balancing, the surplus energy of the overcharged battery is
dissipated by the fixed shunt resistor [49] or the switching shunt resistor [50], [51]. Because of
their simple structure and ease of implementation, passive balancing techniques are attractive
for low-cost system applications [48]. However, because the excess battery charge is released
through the heat created by the resistor, this approach is inefficient in terms of energy
consumption. Active balancing approaches, as opposed to passive balancing methods where
energy is dissipated through resistors, utilise inductors [52], [53], capacitors [54], [55],
converters [56], [57] and transformers [58], [59] to transfer energy between independent cells.
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Consequently, since power flows from higher charge batteries to lower charge batteries, there
is negligible energy loss in active balancing [44]. Although active balancing is more efficient
in converting energy than passive balancing, it contributes to the complexity of the circuit and
switching control [48].

1.2.2 Intelligent Street Lighting Systems

Street lighting systems are critical for traffic safety, everyday life for citizens, and city
beautification. As the number of streetlights utilised to satisfy the needs of urban development
grows, an effective light emitting diode (LED) management method is required to decrease

urban lighting system power consumption and postpone bulb ageing and failure [60], [61].

In recent years, research on Intelligent Street Lighting (ISL) systems has grown in popularity
in response to the above-mentioned design criteria. ISL can facilitate the deployment of smart
municipalities and improve urban and municipal service capacities as an important component
of smart cities. It can perform tasks such as measuring the current, voltage, and temperature of
streetlights, on-site operation monitoring of key road sections, street light-based EV charging
stations, and so on [62], [63]. In such a system, the data transmission between the remote
console and the LED lights, which can increase the utility of LED lights based on actual
environmental situations and lower the cost of manual detection in the case of LED failure [64].
To enable communication between remote consoles and LED lights, a possible solution is to
use an Internet of things (1oT) framework where embedded and wireless sensors, such as light,
sound and infrared sensors, are used for status detection of the LED lights and the sampled data
is transmitted to the remote console through different methods such as ZigBee [65], [66], [67],
global system for mobile communication (GSM) [68] and power line communication (PLC)
[69]. The inclusion of automation in the ISL control process allows for environmental
protection, high system efficiency and energy savings, and provides sufficient lighting for late
night travellers [70].

Various investigations have analysed the impact of utilising different communication strategies
in ISL management systems. For instance, ZigBee is a short-range wireless network standard
that transmits data at up to 250 kbps through the 2.4 GHz frequency spectrum [71]. Each node
in the grid is linked and can operate as a transmitter and receiver at the same time [71], [72].
According to [73], a ZigBee-based wireless sensor network is proposed for an energy-
conserving street lighting system. In addition, a ZigBee-based wireless streetlight control
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system is studied in [74] for streetlight remote monitoring and power adjustment as well as
on/off control. GSM is a long-distance communication system. The microcontroller can
manage the on/off state of a streetlight by setting a time delay, and an update can be delivered
to a specified phone number when GSM is used in an ISL system [75]. Furthermore, as
demonstrated in [76], a GSM-based ISL system is provided for remote streetlight monitoring
and control. In this system, the microcontroller processes the sampled data and sends the results
to the control centre through short message service (SMS). To provide consumers with cost-
effective and dependable ways to operate streetlights remotely, a command is sent to the base
station for night illumination through SMS, and the user can then receive a successful initiating

response [77].

Power line communication (PLC) is a technology that integrates power and signal transmission
over power lines. The research of PLC-based ISL systems has attracted interest in recent years
due to the benefits of cheap maintenance costs and broad coverage [78]. In a PLC-based ISL
system, a signal relay strategy is applied to overcome the PLC’s insufficient distance, and
management and timely control functions are achieved through the efficient use of grid
resources [79]. According to [80], a homemade power modem chip is developed to suppress
noise in low voltage power lines, assuring the ISL remote control’s efficiency and
dependability. As demonstrated in [81] and [82], converter-based approaches are used to
modulate and inject signals into power lines for communication between the central controller
and each streetlight due to the simple signal modulation technique and high interference
rejection ability. Moreover, according to [83], a baseband switching ripple communication
approach for LED lighting is developed to achieve high data rates and low switching

frequencies.

1.3 Motivation of Integrated Power/Signal Transmission

With the development of the smart grid and the demand for renewable energy generation
systems, more and more power electronics equipment require communication. The
conventional method for realizing communication is to embed optical or wireless
communication modules to the original system. This does not significantly affect their size and
cost for large equipment. But for terminal circuits in most distributed power systems, such as

cell balancing circuits in battery management systems, and state detection and power
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optimization circuits for photovoltaic modules, the volume and cost for the whole system will

increase significantly [84], [85].

Although the existing wired communication approaches such as power line communication
(PLC) technology, power over Ethernet (PoE) technology, and Fieldbus technology can be
used for transmitting both power and communication signal simultaneously, some limitations
still cannot be ignored. For instance, because the power line itself is not initially used for data
transmission, the characteristics of power line impedance are different from other wired
transmission media such as optical fibre. In other words, the complexity of the power line
channel limits the distance and reliability of the transmitted data. Moreover, as the frequency
band of carriers in broadband power line communication is from 2 MHz to 32 MHz, which is
coincides with the frequency of short-wave radios, it is necessary to consider the radiation
interference generated by such carrier [86]. In the IEC61158-2 Fieldbus standard, each bus
typically can provide less than 10W of power, and the current-mode power supply design
causes the node current cannot vary widely [87]. Moreover, since the PoE technology employs
Ethernet for power transmission, its applications are limited by its low power rating restriction

and are only suitable for VVoIP phones, IP cameras, and other low power devices.

This research aims to analyse the approaches of signal transmission employing power
converters and to investigate relevant applications of this technology. To simplify the
expression, the power converter-based signal transmission method is referred to as integrated
power/signal transmission (IPST) in the subsequent content. Compared to conventional
wireless communication, IPST method has higher noise immunity and higher data security
because its data transmission channel is a fixed power line. Due to the nature of high-power
ratings of power lines, it is challenging for hackers to intercept information transmitted over
power lines. Additionally, the signal couplers such as resistors, capacitors, and inductors
utilised in PLC and the extra communication cables applied in wired communication system
can be omitted in IPST approach, thus reducing system volume and cost. Although there are
some related studies using converters to transmit signals, most of them are based on DC/DC
converters and other topologies have rarely been studied. Therefore, it is necessary to further
investigate the theoretical basis of the IPST approach and to study its potential applications. To

achieve the objective of this research, it can be further divided as follows:

i. To review the state-of-the-art communication strategies. Specifically, the mechanisms

of wired communication such as PLC and PoE are reviewed. Moreover, the advantages
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and disadvantages of each communication approach and the areas of application are
summarized. Furthermore, the up-to-date studies related to IPST technology are
discussed. The limitations of these studies can be identified after the review, thus the
necessity of developing IPST technology is addressed. Additionally, the potential
applications of IPST technology are extended to battery management systems (BMS)
for electric vehicles (EVs), microgrids, and intelligent street lighting (ISL) systems

based on these studies, which are the main targets of this research.

. To analyse the similarities between power converters and communication technologies

in terms of structures and modulation strategies and propose general ideas for data
modulation and transmission using power electronic converters based on these
similarities. Besides, the feasibility of baseband communication and carrier
communication through power converters is proved. Moreover, the modulation and
demodulation methods of IPST technology are verified by simulation with a buck
converter. To promote the data rate of carrier communication, an integrated phase shift
keying/frequency shift keying (IPSK/FSK) method is proposed, which is verified by a
Buck converter, a Boost converter, a Buck/Boost converter, and a cascaded H-bridge
converter. The results are compared with conventional carrier modulation methods, and
it is demonstrated that the proposed method has a low bit error rate (BER) and excellent

noise immunity.

To develop an IPST-based BMS for electric vehicles for battery charge/discharge
balancing. The proposed strategy employs power converters instead of a controller area
network (CAN) bus for signal transmission, thus reducing the cost of EV
communication system by simplifying system wiring. Besides, a partial power
processing (PPP)-based triple active bridge (TAB) converter is proposed rather than
isolated TAB converter to promote energy conversion efficiency. Moreover, the battery
state of charge (SOC) data, motor speed control signal, vehicle light instruction signal,
and other communication data can be successfully transmitted with the proposed

method.

. To develop a bidirectional Buck/Boost converter for ISL systems to realise two-way

communication. Considering that the low stability and high cost of ZigBee-based ISL
systems and the complicated system wiring of a wired ISL communication system, a

novel IPST-based ISL system is proposed. The remote-control centre of the designed
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system can transfer control signals of light-emitting diodes (LEDs) and can receive the
operating status of LEDs from each LED terminal. Moreover, the proposed system
contains a ‘request to send/confirm to send (RTS/CTS)> mechanism to avoid conflicts
when multiple LEDs send their status at the same time. Furthermore, the streetlights in
the proposed system are powered by photovoltaic (PV) panels placed on the roofs of
bus station platforms, which has a great significance for the development of low-

carbon-emission cities.

1.4 Dissertation Outline

The dissertation involves eight chapters. The structure of the dissertation is arranged as below:

Chapter 1 briefly introduces the background of power electronics and communication
technology for SESs. In addition, the motivation of this research and the outline of this thesis

are exhibited.

Chapter 2 reviews the principles of wired communication technologies for electrical energy
conversion systems, and summarises their advantages, disadvantages, and applications.
Besides, the latest research on converter-based signal transmission from the perspective of
signal modulation and demodulation schemes are reviewed, from which the limitations of
previous studies are summarized, and the feasibility of using power converters for signal

transmission is concluded.

Chapter 3 compares the similarities between power converters and communication
technologies and demonstrates the mechanisms of feasible IPST approaches. A comparative
study of the proposed IPSK/FSK transmission method with other methods is carried out to
demonstrate the higher data rate of the proposed method. Moreover, a Buck converter, a Boost
converter, a Buck/Boost converter, and a cascaded H-bridge converter are employed as

simulation models to present IPST results.

Chapter 4 designs a PPP-based TAB converter for BMS to achieve multi-directional energy
conversion and signal transmission. The operation mechanism of the designed converter is
discussed, and the signal transmission capability is verified by simulation. Besides, the

extended application of the proposed converter is illustrated.
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Chapter 5 designs a cascaded multi-level inverter topology for EV power system. After
demonstrating the defects of CAN bus-based EV communication system, the designed system
employs frequency shift keying (FSK) approach to modulate motor speed control signal and
batteries SOC data. Furthermore, a batteries balance discharging strategy is presented, and the

feasibility of the proposed method is examined by simulation.

Chapter 6 develops a bidirectional buck/boost converter for the ISL systems. The system
configuration and on/off control mechanisms are presented. Meanwhile, the general and
emergency communication strategies between the remote controller and each streetlight are
discussed. In addition, the energy saved by the proposed system is estimated by placing

photovoltaic panels on the roof of the bus stop platform for energy harvesting.

Chapter 7 concludes the main achievements of this research. Furthermore, future studies that
related to signal transmission speed optimization and IPST application extensions are

illustrated.
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Chapter 2 Review of Communication Technologies

for Electrical Energy Conversion Systems

To clarify the limitations of existing communication technologies and previous studies on IPST
technology, this chapter reviews the mechanisms of various wired communication strategies,
such as fibre-based communication, CAN bus-based communication, and PLC technologies.
The merits, defects, and applications of each communication technology are concluded in this
chapter. Besides, the state-of-the-art studies on IPST technology are reviewed. The signal
transmission methods of IPST technology are categorised into three fractions in this research,
which are baseband communication, PSK-based communication, and FSK-based
communication. The author observed a valuable research direction to improve the signal
transmission speed by IPSK/FSK modulation method through the review work and found that
the IPST technique can be used not only for DC/DC converter-based applications but also
extended to various DC/AC and AC/DC converter-based applications, such as BMS for EVs,
AC microgrids, and ISL systems. Moreover, the review in this section lays the foundation for

the remainder of this study.

2.1 Wired Communication

Wired communication is another communication strategy that employs wires as a
communication medium. Unlike wireless communication, wired communication is more stable
and relatively unaffected by adverse weather conditions because it has a fixed transmission
path. This section reviews the mechanisms and limitations of commonly used wired
communication strategies involving PLC, PoE, fibre optic communication, and CAN-bus

based communication.
2.1.1 Power Line Communication

Power line communication (PLC) generally refers to the utilisation of power lines for data
transmission, including communication for both low-voltage distribution lines and high-
voltage transmission networks [88], [89], [90], [91]. The history of PLC began around 1918,
and such technique has been widely applied in automatic meter reading, grid load control, and
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power management since the 1950s [91]. Based on the various frequency range of the
modulation wave, the PLC technique can be categorised into broadband PLC and narrowband
PLC. Narrowband PLC has a lower data rate and can be applied for equipment control. On the
contrary, broadband PLC was invented at around 1990, allowing up to 10 Mbps high data rate
transmitted using frequencies between 2 and 30 MHz. Because of its high data transmissions

rate, it can be utilized for Internet access [88], [91].

The PLC modulation techniques were evolving to increase the channel capacity. FSK method
and PSK method were applied for early PLC carrier signal modulation. In binary FSK method,
two discrete carrier frequencies are used to transmit binary ‘0’ and ‘1°. In PSK method, by
changing the phase of a carrier wave, a digital signal can be modulated using a finite number
of various carriers. However, using a single frequency cannot eliminate the effects of frequency
selective fading and can be easily interfered by the harmonics with the same frequency from
the environment during the transmission process [88], thus spread spectrum (SS) modulations
such as frequency hopping (FH) was investigated for the low-voltage PLC channel [92], [93].
In this modulation scheme, a pre-defined pseudorandom sequence is revealed to both
transmitter and receiver. Such sequence is then employed for a carrier to fast switching among
various frequency channels [93]. Since the transmitted data is encrypted by a pseudorandom
sequence, the frequency hopping signals can effectively against deliberate interference.
Nevertheless, the total bandwidth applied for frequency hopping is much larger than that used
to transmit the same message with a single carrier frequency [93]. Orthogonal frequency
division multiplexing (OFDM) technique is another efficient method to increase the data
transmission rate in broadband PLC. The multi-carrier transmission technology OFDM realizes
data transmission by converting serial data into N parallel data and then distributing it to N
orthogonal subcarriers [94], [95]. Although the modulation rate of each carrier is relatively low,
the overall data transmission rate can achieve 200 Mbps [96]. OFDM technique has various
advantages. For example, it has high-frequency band utilization and can suppress inter-symbol
interference as well as inter-carrier interference effectively by adding guard time and cyclic
extension during the modulation process [95]. Moreover, as the modulation and demodulation
of the sub-carriers is achieved by utilising inverse fast Fourier transform and fast Fourier

transform approaches respectively, the OFDM method is highly efficient [95].

The PLC technology can be applied for distributed DC power and photovoltaic systems after
optimizing line impedance and signal coupling circuits. To simplify system wiring, a PLC

technique is applied to realise communication between various sensors of the robot [97]. Its
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PLC signal coupling circuit adopts transmission line transformer design to increase the output
current and the number of nodes. According to [98], PLC technology is used to the optimal
control of photovoltaic power generation system. For the photovoltaic array consisting of
multiple series-connected photovoltaic modules, the maximum output power of a partially
shadowed photovoltaic array can be tracked by adding a boost circuit and PLC communication
module in each photovoltaic module. The operating conditions of each PV panel can therefore
be transmitted through the power cable. Additionally, this paper also verifies the feasibility of
PLC applied to series DC power supply system by analysing the characteristics of transmission
signals. As demonstrated in [99], the direct sequence spread spectrum signal generated by the
load disturbance is directly superimposed on the output power line of the photovoltaic panel
by controlling the load modulation circuit in parallel with the photovoltaic module to transmit
the state information of each photovoltaic panel. This approach is cost-effective, but the
communication rate is low. Although each of the above methods has its own advantages, their

power supply circuit and communication circuit are completely independent.

2.1.2 Fieldbus IEC 61158-2

IEC 61158 is the international standard for Fieldbus and released the sixth version in 2014.
IEC 61158-2 is the physical layer standard for Fieldbus, which specifies the implementation of
bus power supply [100]. It uses Manchester encoding to transmit baseband signals. Specifically,
the binary ‘0’ is transmitted when the signal changes from 0 to 1, and the binary ‘1’ is
transmitted when the signal changes from 1 to 0. Based on this mechanism, the data is
transmitted by adjusting the current +/-9 mA to the bus current Ig of the system as shown in
Fig. 2-1. The bus has a large AC impedance because the bus power output and the bus node
input are designed as current source types. Fig. 2-2 indicates the structure of IEC 61158-2
communication system. The transmitting terminal sends the data to the bus in the form of
incremental current. Since the AC impedance of the bus is a constant value, which is
determined by two 100 Q terminal resistors, the incremental current signal can generate a
voltage pulse and such pulse is then overlaid on the bus. At the receiver, the transmitted signal
can be decoded by measuring the voltage variations. The system employs a twisted pair as the
transmission medium and up to 32 sites can be connected to a bus segment. Unlike PLC
transmitting a signal by moving its spectrum to other frequency bands, IEC 61158-2 uses power
line baseband modulation approach for signal transmission. Therefore, instead of using the
conventional analogue modulation and demodulation circuits, Fieldbus IEC 61158-2 only
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employs a few coupling circuits, comparators, digital processing circuits, and control software

to realize communication function [101].
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Figure. 2-2. IEC61158-2 communication system structure [102]

2.1.3 Power over Ethernet

Power over Ethernet (PoE) is a technique that employs twisted pair Ethernet cable to transmit
information and power to IP-based endpoints like voice-over-Internet (VolP) phones. [103],
[104]. Conforming to the 10 Mbps 10BASE-T and 100 Mbps 100BASE-T X standards, modern
Ethernet cabling consists of four twisted pairs, only two of which are used for data transmission
[103]. The international standard of PoE is IEEE802.3af, which was established in 2003 [103].
This standard not only proposed a unified method to powering devices either by utilizing 24 or
48 volts to the spare pairs or by incorporating the data lines for power transmission but also
enables non-PoE compatible devices that not require power to access the network [103], [104],

[105]. Furthermore, power sourcing equipment (PSE) and powered device (PD) are two types
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of devices identified in such standard, where the PSE offers the required power and the PD

operates as the receiver of the power [104].

End-span PSE and Mid-span PSE are two different approaches for transmitting DC power
through Ethernet twisted pair. In End-span PSE structure, the PSE is involved in the hub or
switch. There are two different approaches for power supply connection in End-span PSE as
presented in Fig. 2-3. The first approach transmit data and power through the same pairs and
the power is transmitted through the spare pairs in the second method. When utilizing the spare
pairs for power transmission, the cable’s current carrying capacity is increased by connecting
the wires inside the pairs together [104]. When employing the same pairs for data and signal
transmission, there will be no DC bias occurred in the windings of the transformer if the DC
currents in each of the wires in the pair are the same [104]. In Mid-span PSE structure, PSE
can reside anywhere in a 100-meter Ethernet cable, connecting legacy hub or switch ports to
end stations. Because the power is generated by mid-span device rather than the switch, the
standard off-the-shelf Ethernet switches can be maintained in this structure [104], [105]. The
power can only be carried by spare pairs for a mid-span equipment as the signals have to be
transmitted without disruption. The system composition of a Mid-span PSE is displayed in Fig.
2-4. To improve power supply capacity, the maximum output power of PSE in the standard
IEEE802.3af is larger than 15.4 W, the value of which is further boosted to 100 W in the
standard IEEE802.3bt in 2014 [106].
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Figure. 2-3. The system structures of the End-span PSE applied in PoE, where (a) refers
to the data and power transmitted through the same pairs and (b) demonstrates the

power transmitted through the spare pairs [104]

Non-powered Mid-Span Power )
Switch Insertion Equipment Powered End Station

R 110000, 000000 et i
8V = PD

spme e 000000 [psE L D000000C]
o 00000 000000 T8t s

i

‘IJ

Figure. 2-4. The system structure of the Mid-span PSE applied in PoE [104]
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2.1.4 Fibre Optic

A cylindrical dielectric waveguide built of low-loss materials is known as an optical fibre. It is
mainly built by high-chemical-purity fused silica glass. Because the refractive index of the
waveguide’s core is greater than the exterior dielectric’s refractive index, light is steered down
the fibre axis in a fashion that guides light through total internal reflection [107]. In a
fundamental fibre optic system, a transmitter firstly transforms an electrical signal into light,
and then the light is transmitted through an optical fibre cable to the receiver. Finally, the light
signal is received and transformed back to an electrical signal at the receiver. Fibre optic
communication technology has been well developed since it was first studied around 1975
[107]. Nowadays, commercial long-haul C+L-band light wave systems can transmit up to 192
channels over a 50 GHz grid at rates up to 250 Gb/s, with a total long-haul capacity of 48 Th/s
at spectral efficiency of 5 b/s/Hz and up to 76 Tb/s at 8 b/s/Hz for short-haul applications [108].
In addition, the Pacific Cable Network can achieve 144 Th/s bidirectional data rates in the

Pacific Ocean with six fibre pairs [108].

Fibre optic communication systems have the following advantages over metal cable systems.
Firstly, the potential transmission bandwidth of the optical carrier frequency is much larger
than that of a metallic cable system. Besides, fibre optics are smaller in size and lighter in
weight than metallic cables. Moreover, since optical fibres are composed of electrical insulators
such as glass or plastic polymers, they do not cause arcs or sparks when exposed to abrasion
or short circuits, making them feasible for applications where there is an electrical hazard [107].
With these merits, fibre optics is popular in computer networks and telecommunications.
However, there are still drawbacks to fibre optics, including expensive installation costs,
connector costs between fibres, and maintenance costs [109].

2.1.5 Controller Area Network-Based Communication

In the early 1980s, Robert Bosch GmbH invented the Controller Area Network (CAN) bus to
realise robust and low-cost communication in automotive networks [110]. Then Bosch
launched the CAN flexible data-rate in 2012, which has a 64-byte payload and can achieve 5
Mbps in practise [110]. A typical CAN bus structure is presented in Fig. 2-5, where it employs
a twisted-wire pair as the communication medium. Besides, each node of the CAN bus contains
a microcontroller unit (MCU) to connect actuators and sensors to the bus. Additionally, the

transceiver at each node is used to receive and drive signals from the bus and to convert the

35



Chapter 2 Review of Communication Technologies

single-ended logic utilised by the CAN controller into differential voltage signals for
transmission on the CAN bus and vice versa [111]. Therefore, each node of the CAN bus can
either send or receive data, and its typical architecture supports either master-slave or point-to-
point communication and determine whether to respond to the received signal [111].
Furthermore, the CAN protocol utilises differential lines to promote the noise immunity of the
system and decrease electrical interference. Specifically, CAN_H and CAN_L are the two lines
with different voltage level used for signal transmission. When one of the nodes transmits logic
‘0’ to the bus, the bus signal will remain dominant logic ‘0’ as shown in Fig. 2-6. Nowadays,
CAN technology has been extended to various applications. For example, a CAN bus is applied
to transmit speed and position control signals for motor drive system to avoid the defects of the
RS-845 in [112]. As presented in [113], CAN bus is used in a human motion capture and
analysis system for transferring human motion data among signal processing units at various

locations, which is designed to assist elderly people walk properly.

Node 1 Node 2 Node 3
MCU MCU MCU
CAN Controller CAN Controller | CAN Controller
{ { {
CAN Transceiver CAN Transceiver CAN Transceiver
CAN H | | |
RIE R
CAN L

Figure. 2-5. A typical architecture of a two-wire controller area network (CAN) bus
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Figure. 2-6. Signalling strategies in CAN bus [114]

As CAN bus simplifies the communication system of the automotive network by reducing

wires and costs, it enables efficient signal transmission through a centralised network of
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electronic units [111]. In addition, because CAN features arbitration on message priority (AMP)
protocols and carrier sense multiple access with collision detection (CSMA/CD), it permits
nodes that have lost arbitration to deliver information while the bus is idle, without incurring
any data loss or disturbance [111]. Nevertheless, only up to 64 nodes can be linked to the CAN
bus, which limits the use of the CAN bus to specific areas. Moreover, although the CAN bus
contains a cyclic redundancy check (CRC) algorithm for transmission faults checking, it cannot
prevent adversary injection of data [110]. Therefore, the CAN protocol lacks a thorough

integrity check to maintain data integrity.
2.1.6 Comparative Analysis for Wired Communication Methods

Each of the above wired communication strategies has its advantages. PLC is popular because
they avoid the use of additional communication cables. Besides, the fieldbus IEC 61158-2
enables the connection of programmable logic controllers at the direct control level to plant
devices at the field level through digital signals. Moreover, PoE is famous for its low
installation cost, while fibre optic has the merit of high bandwidth level. Furthermore, CAN
bus enables centralised control of network-connected electrical components, making it popular
in automobile control systems. Table 2-1 summarises the specifications of the above wired

communication technologies.
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TABLE 2-1 Comparisons of Wired Communication Technologies

Maximum  Distance  Standard  Application Advantages
Speed
Power line 1-2 Mbps 100 km for |EEE Home Simplified
communication | for low 1901 automation, wiring and low
[89] [90] broadband  frequency and smart grid  cost
Fieldbus IEC IEC Power Simple
61158-2 [100] 31.25 kbps 2 km 61158-2 generation and mod%lation
[101] distribution
Power over
Ethernet [103] 100 Mbps 100 m IEEE IP camera and Low cost
802.3af  VolP phone
[104]
Light guides Wide
Fibre optic [107] IEC and structural .
[108] 400 Gbps 300 m 60793-2  health pandW|d_th and
o light weight
monitoring
CAN bus [111] 1 Mbps 250 m ISO \Eeli?:;rliecan q All nodes can
[112] P 11898 lifts communicate

2.2 Integrated Power/Signal Transmission

Integrated power/signal transmission (IPST) technology is designed to transmit both power and
communication signals using the same medium, thus eliminating the need for power
transmission equipment or communication equipment in conventional systems to save costs.
As power converters are widely utilised in power generation systems and electronic devices, it
is suitable to be employed to implement IPST. Currently, some related literature has analysed
the methods of implementing the communication function of power electronic systems through
power converters. This section will compare these studies in two categories: baseband
communication and carrier communication. Specifically, baseband communication transmits
signals directly through the operating state of the switches, while carrier communication
transmits modulated signals through the carrier wave. Although the application of these studies
is different, the signal transmission methods introduced in the literature provide a novel

direction for the implementation of IPST.
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2.2.1 Baseband Communication for IPST

As demonstrated in [83], a coded pulse width modulation (PWM) approach is proposed for
IPST in a LED lighting system. In this study, the ‘on’ and ‘off’ states of MOSFETS are
disturbed to embed digital signals to the converter as displayed in Fig. 2-7. Besides, the number
of ‘0’ and ‘1’ in a code string is the same to maintain the LED operates in continuous
conduction state. For instance, an 8-bit code can be used to encrypt integer from 0 to 35 after
arranging the combinations. After the data transmission, the received signal can be decoded at
the receiving end according to its gradient. Experimental results indicate that the designed
method can achieve a data transmission velocity of 1.25 Mbps using GaN MOSFETSs with a

code error rate of less than 10 [83].

!
on
Conl\)f%rfllt\ilonal —l I_l off rl I_l I_l .
0 T 27 37,

S S S 4]; t

\ Coded data .

CodedPWM onf off I_l
0 Iy 21y 31, 41, ¢

Figure. 2-7. The conventional PWM waveform and the coded PWM waveform [83]

According to [81], a bidirectional communication method for LED lighting system is proposed
as presented in Fig. 2-8. In this topology, when the master node transmits data, the gate signal
of MOSFET M consists of PWM signals of different pulse widths, representing ‘0’ and ‘1°. On
the contrary, when the slave node transmits data, the master node will continue to send 1’ and
MOSFET Q will turn on at the negative edge of ‘1’ to transmit ‘0’ on behalf of the slave node.
Experimental results indicate that for a 140-meter-long wire, this method can achieve 92%
LED power efficiency, and the data transfer function barely affects the output power [81].
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Figure. 2-8. Typical structure of a bidirectional communication topology for LED
systems [81]

Similarly, according to [115] and [116], a time division multiplexing method is employed for
transmitting both communication signal and power through a DC/DC topology. Because
various switches operate with different duty ratio, the communication between the master
module and the slave modules is realised by checking the changes of the bus voltage. Moreover,
arectifier is employed in each slave module to obtain continuous power as the electronic power
transmitted from the master module is in discontinuous mode. Nevertheless, there are two
limitations in the design. Firstly, only one signal can be transmitted at the same time to avoid
interference. Secondly, the communication signal is not transmitted continuously, which limits

the communication rate of the system.

As presented in [117], an LLC resonant DC/DC converter is proposed for smart buildings. The
converter is designed to transfer sensor data and provide power to the LED arrays in this study.
Specifically, the pulses at the beginning of each switching period and the pulses at the end of
each switching period are utilised to represent ‘0’ and ‘1°, respectively, as depicted in Fig. 2-
9. Moreover, the dimming level are controlled by altering the duty ratio of the switches. After
the signal is transmitted through the converter, the high frequency clock of the field-
programmable gate array (FPGA) can be employed to determine whether the pulse width is
wide or narrow, and then the specific information transmitted can be identified at the receiver.
Experimental results present that for a 4.5 m distance, this approach can achieve 47 kbps data
rate with bit error rate (BER) of less than 107 [117].
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Figure. 2-9. Variable pulse position for data transmission [117]

2.2.2 Carrier Communication for IPST

According to [118], [119], and [120], a buck circuit with a multipath load structure is utilised
to realise the signal transmission function and power conversion. The proposed system
structure is displayed in Fig. 2-10. By adjusting the switching frequency with PWM approach,
the switching ripple generated on the input bus can be modulated with the FSK method. Besides,
digital ‘0’ and digital ‘1’ are modulated by carriers with various frequencies, which will be
further discussed in Chapter 2.3. In their experiments, a peak detection circuit is employed to
capture the switching signal, followed by band-pass filtering and signal processing to identify
the transmitted ‘0 and ‘1. However, when there are multiple DC/DC circuits on the DC bus,
the signal spectrum obtained by the peak detection circuit cannot reflect the switching
frequency as the switching ripple overlap with each other, which causes the low accuracy of

the received signal.
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Figure. 2-10. Typical FSK-based carrier communication structure [118]

As presented in [121], a dual active bridge (DAB) converter is employed to achieve
bidirectional communication in the energy router. It employs a single-phase shift PWM method
for power conversion control and uses the FSK approach for signal modulation. Simulation
results indicate that the designed system can realise a data rate of 100 kbps with a time delay
less than 10 ms [121]. Additionally, according to [122], FSK method is employed to modulate
communication signals by adjusting the turn-off angle of the switched reluctance machine for
voltage ripple generation on power line and uses autoregressive power spectrum density
approach for signal demodulation. Moreover, As presented in [123] and [124], the feasibility
of employing FSK-based IPST technique in microgrid and wireless power transfer systems are

verified, respectively.

The PSK method can also be applied for signals transmission in converters. In this approach,
digital ‘0’ and digital ‘1’ are modulated by carriers with various phase angle, which will be
further discussed in Chapter 3. Some relevant studies are listed below. For example, the multi-
carrier communication approach to visible light communication system is introduced in [125],
where the transmitted signals are modulated by the envelopes and the instantaneous phases of
the carriers. The experimental results show that the proposed pulse width and pulse phase
modulation scheme can be successfully implemented in a six-carrier controlled buck converter

to achieve 96% power conversion efficiency [125]. Moreover, the feasibility of combing the
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PSK and PWM methods for signals and power transmission is theoretically analysed in [126].
It proves that triangular carriers are more suitable for IPST than sawtooth carriers, which cause
more interference to the circuit. Nevertheless, the research also observed some limitations of
the IPST technology. For instance, it is inappropriate to realise IPST in a communication-based
control system. In addition, crosstalk between signal transmission and power control signals
can increase the data error rate. In addition, the proposed system in [126] should comply with
the harmonic frequencies and amplitudes of electromagnetic interference (EMI) standards, as
it uses voltage ripple for signal transmission [126]. According to [127], a full bridge converter
is proposed to achieve dual power/signal transmission, where its conversion power is
modulated by a phase shifted PWM method and its transmission signal is modulated by a PSK
method. Its system topology is depicted in Fig. 2-11. The designed system uses digital signal
processor (DSP) to produce control signals for the four switches. Besides, digital ‘1’ is
modulated by shifting carrier phase while digital ‘0’ is modulated by the normal carrier. It is
worth mentioning that the carrier of the digital ‘1’ is alternately leading or lagging the normal
carrier phase to maintain the average current constant [127]. Moreover, it verifies that the
amplitude of the data carrier is proportional to the output power and that the proposed method
can achieve 5 kbps data rate in a 2-kW system. However, current ripple generated by other
converters on the DC bus at the same frequency as the data carrier can affect the quality of the

transmitted signal by this approach.
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Figure. 2-11. Topology of a full-bridge converter and its power/signal regulation
mechanisms [127]
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A combination of direct sequence spread spectrum (DSSS) and PWM is proposed in the [128]
for energy and data transfer. The signal transmission mechanisms demonstrated in this study
is exhibited in Fig. 2-12. The transmitted data is first spread to a broad spectrum and then
modulated with phase shifted PWM carriers. Next, the modulated carrier is further processed
with the output voltage reference signal for gate signals generation. After applying the gate
signals to the DC/DC converter, the transmitted signal can be demodulated from the receiver
voltage ripple using the discrete Fourier transform (DFT) method. Additionally, the
predominant harmonics of the DC/DC converter voltage ripple are extended to nearby
frequencies because of the use of the DSSS technique in the data modulation process [128].
Experimental results indicate that this method is suitable for 1oT applications and microgrid.
Nevertheless, the signal transmission rate is restricted by the switching frequency, thus it can
only be employed in low-bandwidth communications [128].
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Figure. 2-12. Signal and power transmission schemes of a DSSS method [128]
2.2.3 Comparative Analysis for IPST

Each of the above baseband and carrier IPST strategies has its advantages and disadvantages.
For example, the baseband IPST method has the advantage of a relatively simple signal
transmission scheme and fast data rates, while it is subject to more environmental interference.
Because the baseband IPST method transmits signals without carriers, its data rate is equal to
its switching frequency. As the carrier IPST method employs carriers for signal modulation, its

data rate is less than the switching frequency. Furthermore, the carrier IPST method has
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relatively decent noise immunity, but sacrifices high data rates due to the complex modulation
and demodulation processes used. Table 2-2 summarises the comparisons of the above

baseband and carrier IPST technologies.

TABLE 2-2 Comparisons of the Baseband and Carrier IPST Technologies

Data .
Rate Advantages Disadvantages
1. High data rate 1. Low communication
Baseband IPST iJgSto 2. Simple control security
[83] [115] [116] Mbps scheme 2. Weak anti-interference
3. Low cost capability
L Isﬂelguhriiommunlcatlon 1. Low bit rate due to low
y bandwidith utilisation
Carrier IPST Upto10 2. Decentnoise immune 2. Complex modulation and
[120] [124] [127] | kbps capability ' demodulation
3 Ia_ong transmission 3. High maintenance cost
istance

2.3 Comparison of Various Communication Approaches

The various communication approaches mentioned above are compared in this section to have
an intuitive impression of their merits and limitations. Wireless networks are popular in the
daily life of residents because of their low maintenance cost, mobility, and ease of installation.
However, interference and data security are the main drawbacks of wireless communication
and therefore require further investigation. Moreover, wired networks offer the benefits of high
bandwidth and good data security, but have limited mobility. In addition, the IPST method can
greatly reduce cost and system size by using power lines for data transmission and has a good
level of data security because the transmitted data can hardly be hijacked directly from the
power lines. Nevertheless, the data transmission rate of this method is low, and the
communication signal is subject to interference from other electronic devices connected to the
same power line. Table 2-3 summarises the advantages and disadvantages of wired, wireless,

and IPST communication technologies.
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TABLE 2-3 Comparisons of Wired, Wireless, and IPST Technologies

Advantages Disadvantages

1. High data rate

High reliability 1. Difficult for wiring
Wired 3. Low installation cost as I -
I . 2. Limited mobility
Communication cables is cheap

Good security 3. High maintenance cost

Less interference

1. Easy installation o
) - 1. High interference
Wireless 2. ngh mOblllty .
" ) 2. Small signal coverage area
Communication 3. Low maintenance cost _ )
) o Poor service quality
4. High reliability
1. Simplified system wiring 1. Low bit rate
IPST Approach ] ] electronic devices
3. High data security o o
4 3. Applications limited by

Low cost power electronics

The IPST method is worth further study because of its good data security and its ability to save
system size and cost. The previous research has the following limitations. Firstly, most studies
use voltage ripple for data transmission, which can cause data errors when there are large
fluctuations in the output voltage waveform. Secondly, most studies use DC/DC converters for
signal transmission, and there is still a gap in the feasibility study of IPST in DC/AC converters
and AC/DC converters. Thirdly, previous studies have combined existing signal modulation
techniques including FSK and PSK with PWM for integrated transmission, thus other
modulation methods can be tested for signal rate breakthroughs. Fourthly, existing research
provides theoretical support for IPST technology, but further research is needed to promote
this approach in various applications and to address potential technology integration challenges.
Based on these limitations, this study systematically analyses the mechanism of the IPST
technique and proposes an IPSK/FSK modulation method. Besides, the transmitted signals are
demodulated according to the waveforms of the current at the receivers. Moreover, some
potential applications of this technology are explored, including battery power balancing for

BMS and motor speed control for electric vehicles.
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2.4 Analysing Power Electronic Converters from a

Communications Perspective

Power electronics and information electronics are two major branches of electronics. The two
disciplines have the same origin, similar nature, and operating principles, but they have
developed into different directions. Information electronics focuses on the information loaded
on the electrical signals, while power electronics focuses on the transformation and processing
of electrical energy itself [129]. Based on the similarity between power electronics and
information electronics, an intensive analysis of the content of power electronic converters,
revealing the fundamental property that power electronic converters themselves can exchange
information when converting and controlling electrical energy is presented. On this basis, the
concept, principle, and method of integrated power/signal transmission (IPST) approach
through power electronic converters are introduced. The integrated approaches including
FSK/PWM and PSK/PWM are analysed in this chapter in terms of their modulation and

demodulation mechanisms.
2.4.1 Communication Systems Overview

The purpose of communication is to transfer information between two points in physical space.
A typical communication system consists of three main components: a transmitter, a
communication channel, and a receiver, as shown in Fig. 2-13. Firstly, the signal source
containing various types of messages is converted into their original electrical signals.
Specifically, analogue and digital sources are two types of signal sources, where analogue
sources output continuous analogue signals such as audio and video signals, and digital sources
output discrete digital signals such as keyboard characters. Besides, the signals from the
analogue sources can be converted into digital signals after digitisation. Digital signals are
more widely used than analogue signals because they are less prone to distortion during
transmission and have a high degree of fidelity [130]. Then the transmitter is used to modulate
and amplify the source signal to enable it to be suitable for transmission in the communication
channel. In this process, baseband data is typically modulated to a higher frequency band to
satisfy the sufficient power and immunity required for long-distance transmission.
Communication channels are intended to connect transmitting and receiving devices at
different locations in physical space and can be further divided into wired and wireless channels.

Nevertheless, the channel provides a transmission path for the signal and at the same time
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causes noise interference to the signal due to the exposure of the channel to the physical space.
After the signal has been transmitted through the communication channel, it finally reaches its
destination: the receiver. The receiver’s function is the opposite of that of the source. It
demodulates the transmitted signal and restores it to the corresponding original source signal.

_____________________________________________
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Figure. 2-13. Block diagram of a typical communication system

Communication systems can be categorised into analogue and digital systems. In an analogue
system, the analogue source is modulated directly into the frequency band by a modulator and
then demodulated at the receiver to obtain an analogue signal in the baseband. Digital
communication involves more technical approaches, including encoding, decoding, channel
coding, channel decoding and synchronisation of the original digital signal [129]. In addition
to the processing of the digital sequences, the main technologies involved in a digital
communications system include the modulation process of moving the baseband digital signals
to the frequency band and the reverse process (demodulation) at the receiver. Therefore,
modulation and demodulation are the core elements of both analogue and digital

communications systems.

2.4.2 Feasibility Analysis of Using Power Electronic Converters for Signal

Modulation

Power electronic converters have been widely applied in energy devices for power conversion
and energy processing. Specifically, the form and level of electrical energy is controlled by the
high frequency operation of switches, combined with passive devices such as capacitors,
inductors, and diodes [131]. The buck converter presented in Fig. 2-14 is used as an example
to explain the energy conversion process. A voltage reference signal Vyef is used to generate the
gate signal of the MOSFET S thus the voltage source Vin transfers the desired output voltage
Vout to the output via the controller. Therefore, power conversion process of the converter can

be simplified as depicted in Fig. 2-15.
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Figure. 2-14. Structure of a typical buck converter
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Figure. 2-15. Block diagram of a typical power conversion system

Fig. 2-13 and 2-15 demonstrate that both the communication and energy conversion systems
contain transmission processes, with the difference that the former transmits electrical signals
through a physical medium, and the latter transmits energy through converters. Because the
modulated gate signals are applied to manipulate the output power in the power conversion

system, it is possible to utilise the gate signals for data transmission.

PWM modulation is a commonly used power control method in DC converters where the
modulated pulse width is applied to control the output voltage level. A typical PWM waveform

is exhibited in Fig. 2-16, and its Fourier expression is as follows:

T

A
A
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Figure. 2-16. A typical PWM waveform
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In Fig. 2-16, T represent the amplitude and the period of the PWM waveform, respectively. In
its Fourier expression, @ and D represent the angular frequency of the typical waveform and
the duty ratio associated with the period T, respectively. Besides, cn is the amplitude of high-
frequency components of the PWM waveform, which demonstrates that these components
exist during the power conversion process and thus can be further used as carriers for signals
transmission. Specifically, since the Fourier expression of the PWM waveform involves three
coefficients: ao, an, and bn, where ap can be considered as DC component of the output
waveform and a, and by as the harmonic fractions of the waveform, the frequencies, phase
angles, and amplitudes involved in a, and b, can be utilised for data modulation without
affecting the value of ag. For instance, when the buck converter mentioned earlier operates in
continuous conduction mode, the initial value of the inductor will be equal to its final value at
each cycle and the relationship between the input voltage Vin and the output voltage Vout is
derived as:

Vour = D - Vi (2-3)

Therefore, the output voltage of the Buck converter is only affected by the duty ratio.
Additionally, other parameters such as the frequency and phase angle involved in the PWM
waveform are not participating in the energy conversion process, which proves that they can
be used for signal modulation.

2.5 Signal Modulation for Converters Based IPST

2.5.1 Frequency Shift Keying

The frequency shift keying (FSK) method employs carriers of different frequencies for signal
modulation. As the communication signal is modulated by the fast switching of the converter
switches in the IPST system, square waves are used as the carrier. A typical FSK modulated

waveform is exhibited in Fig. 2-17, where the digital ‘1’ is modulated by the carrier of
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frequency f1 and the digital ‘0’ is modulated by the carrier of frequency f2. If the carriers are
represented by the sinusoidal waveforms with the fundamental frequencies of the impulse
carriers for simplicity of analysis, their expressions can be acquired as below, where M is the
amplitude of the carriers.

I 1o of]1]
R R
IR

Figure. 2-17. A typical FSK modulated waveform

M cos(2mf;t), when transmit digital '1'
M cos(2mf,t), when transmit digital '0’

crsi () = { (2-4)

As the pulse widths of the carriers are not involved in the signal modulation process, they can
be further modulated by PWM methods for power conversion. Fig. 2-18 depicts the integrated
modulation approach in an intuitive way. Similarly, the phase shift keying (PSK) and integrated

PSK/FSK modulation processes discussed later can be represented by this block diagram.

Phase or Pulse
Frequency Width
C icati ) i Modulated
ommuned 1011) Modulation = Modulation &)

Data Gate Signal

Figure. 2-18. Integrated power and signal modulation approach
2.5.2 Phase Shift Keying

The phase shift keying (PSK) method employs carriers of different frequencies for signal
modulation. A typical PSK modulated waveform is exhibited in Fig. 2-19, where the digital ‘1’
is modulated by the carrier of phase angle ¢1 and the digital ‘0’ is modulated by the carrier of
phase angle ¢.. If the carriers are represented by the sinusoidal waveforms with the
fundamental frequencies of the impulse carriers for simplicity of analysis, then their
expressions can be acquired as below. Next, the pulse widths of the carriers can be further
modulated by PWM method.
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nOnA0Amn.,

Figure. 2-19. A typical PSK modulated waveform

M cos(2mft + ¢4), when transmit digital '1’'

M cos(2mft + ¢,), when transmit digital '0' 2-=5)

cpsk (t) = {

2.6 Signal Demodulation for Converters Based IPST

The demodulation process is aiming to detect the original data from the modulated signal from
the receiver. Envelope detection, over-zero detection and coherent demodulation are the three
commonly used demodulation algorithms. This thesis focuses on envelope detection and
coherent demodulation, because the over-zero detection method may be affected by the noise
interference of the switch harmonics and lead to false codes.

According to communication theories, if the two frequencies used for signal modulation are
orthogonal to each other within a coding period, one frequency used for coherent demodulation
will not interfere with the other. In other words, if a modulated signal containing two carriers

expressed as
s(t) = Ay cos2ufit + 1) + Aycos(2rfiort + @) (2-16)

then the carrier orthogonality indicates that

Ts
f cos(2fit + @1)cos(2rfot + @) =0 (2-7)
0

where Ts is a random code period. The expression in (2-7) can be further derived as

sin[2n(fy + f2)Ts + @1 + @2] — sin(@; + @3)

2n(f1 + f2)
sin[2n(f; — f2)Ts + @1 — @5] — sin(@; — @) _ _
* (s~ 12 - e
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If the above equation valid, then the carriers’ frequencies should satisfy the following condition

(fitfITs=p
{(fl —f2)Ts=q S

where p and q are integers. If p equals to g, then the relationship between the carrier frequency

and the coding period is derived as

p
frorf, = o, (2-10)
The two frequencies are spaced
p
fi-f=7 @-11)
N

This expression provides the frequency relationship between the two carriers, thus ensuring
orthogonality between the carriers. In other words, this is the fundamental requirement of the

frequency that the carrier should meet when modulating the signal.
2.6.1 Envelope Detection

The envelope detection method is an approach that uses a high frequency amplitude modulated
signal as input and provides a demodulated envelope of the original signal as output [132]. The
envelope detection is mainly used for demodulating FSK modulated signals and its process is
exhibited in Fig. 2-20. Firstly, the modulated signal is extracted from the current waveform and
processed by a bandpass filter. Because digital ‘1’ and digital ‘0’ are modulated by carriers
with different frequencies, the bandpass filter suppresses the amplitude of harmonics beyond
the passband frequency in the time domain. Next, the upper envelope representing the position
of the initial data in the time domain can be obtained by envelope detection. Finally, the original
digital data is recovered by judging the envelope amplitude followed by down sampling. The
downs sampling process resamples the judged waveform using the original data rate to obtain
the original data string. If the digital ‘1’ is restored using this demodulation process, the digital
‘0’ will be transmitted in the complementary time slot of the digital ‘1’ by default. This method
can greatly reduce the calculation burden on demodulating two digital numbers respectively.
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Current Bandpass Envelope Down sampling Restored
Waveform  Filter for f; Detection and Judgment Data

Figure. 2-20. Block diagram of envelope detection

Specifically, if the envelope detection process is applied to demodulate the digital ‘1’ from the

FSK modulated signal, the demodulated carrier after bandpass filtering can be assumed as

x(t) = My cos(2nfit +6,)[1 — y(t)] + M,, cos(2rf,,t + 6,,) (2-12)
where
_ (1, if digital '0" is sent or the channel is idle
y(®) = {0, if digital '1' is sent (2-13)

In (2-12), the waveform after bandpass filtering is simplified as the sum of the demodulated
carrier and noise, where My is the amplitude of the extracted carrier, and M is the superimposed
amplitude of the other harmonics and noise in the bandpass region. The envelope e(t) of x(t)
can then be extracted through the Hilbert transform approach.

e(t) = x(t)? + 2(t)?
1 f°° x(7) (2-14)

X(t) =— d
() m)_ t—1 '

Since the amplitude of other order harmonics is decreased after filtering, a threshold value Vi
is utilised to further isolate the carrier-envelope from the noise envelope, with the range of Vi
is set between Mna<Vin<M1. The selection of Vi will be further discussed in Section 2.7 with
specific examples. Fig. 2-21 presents the typical waveforms of envelope detection method,
where s(t), x(t), and r(t) refer to the transmitted signal, bandpass filtered waveform, and

recovered signal, respectively.
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) [T 1]0 ofT1

Figure. 2-21. Typical waveforms for envelope detection approach

2.6.2 Coherent Demodulation

The core of coherent demodulation lies in the multiplication of a coherent carrier wave that has
the same frequency and phase as the transmitted data carrier at the receiving end with a
bandpass filtered carrier wave through a multiplier. In contrast to envelope detection methods
that use the carrier frequency difference for signal recovery, coherent methods demodulate the
signal by the product of carrier and low pass filtering and therefore have a wider range of
applications than envelope detection that is only applicable to frequency modulated signals. As
the modulation process shifts the original signal to a higher frequency band (carrier frequency),
the demodulation process can be seen as the reverse method of modulation, i.e., recovering the
signal from a higher frequency band. The coherent demodulation process for a FSK modulated
signal is exhibited in Fig. 2-22. Moreover, the coherent demodulation is applicable for PSK
modulated signals. After coherent demodulation, the initial information transmitted can be
recovered by comparing the filtered result with the threshold amplitude after lowpass filtering.
The lowpass filter used in this process will be introduced in Section 2.7 with specific examples.
Furthermore, the demodulation process can be implemented by the sliding discrete Fourier
transform (SDFT), where the computation time of the discrete Fourier transform (DFT) can be
significantly reduced by shifting the phase window. The mechanisms of SDFT will be further
discussed in Chapter 4.

Current Bandpass >X > Lowpass Down sampling Restored
Waveform Filter for f; T Filter and Judgment Data
cos(2mf1)

Figure. 2-22. Block diagram of coherent demodulation
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For a modulated signal s(t) €oswct with the initial signal of s(t) and the carrier angular

frequency of wc, the coherent demodulation result is
1
s(t) - cosw,t * cosw, t = Es(t)[l + cos2w,t] (2 —-15)

which indicate that the high frequency components can be further removed by a low pass filter.
If the coherent demodulation is applied for another modulated signal s(t) €0s(wc+@)t, the result

is
s(t) cos(w, + @) t - cosw.t = s(t) cos w,t - [cos w,t cos gt — sin w,t sin ¢t]

1
= Es(t) [cos @t + cos gt cos 2wt — sin @t sin 2w,t] (2—-16)

Assuming cos(ewct) is the carrier used for demodulation and cos(wct+¢) is another carrier, then

the results in (2-16) indicate that a cosine component cosgt can still exist after lowpass filtering.
As the amplitude of %s(t) and %S(t)COS(pt is different, a threshold value can then be set

between these values for signal restoration.

Because in a real communication system, either the frequency divider or the phase-locked loop
may shift state, the reference phase may change phase angle by 180 degrees. Thus, a coded
invertor or differential coherent modulation is applied in practice to avoid phase ambiguity
[133].

In addition to PSK and FSK, the amplitude of the carrier can also be modulated using the
amplitude shift keying (ASK) method. For example, the digital “1* and the digital ‘0’ can be
modulated by carriers with amplitudes of M and 0 respectively. However, as ASK modulation
relies on amplitude level, which is subject to amplitude degradation and noise interference
during transmission, the transmitted signal is vulnerable to be falsely restored at the receiver.
Therefore, ASK modulation is less immune to interference than FSK and PSK and is rarely
used in practice. The detailed modulation and demodulation of the ASK method will not be

discussed in this thesis.

2.7 Summary

This chapter reviews the standards and applications of wired communication technologies such

as PLC, PoE, and fibre optic. After summarising other studies in the literature on IPST in terms
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of baseband and carrier communication methods, this chapter introduces the mechanisms of
the commonly used modulation approach such as FSK and PSK, as well as demodulation
methods including envelope detection and coherent demodulation. Three significant targets of
this review work can be achieved. Firstly, a valuable subject that promotes the existing IPST
methods regarding data rate and error rate is observed, which provides a feasible direction for
the subsequent research. Secondly, researchers can acquire a thorough understanding of the
advantages and disadvantages of various communication approaches. Thirdly, the review work
discovers a signal demodulation method for extracting data from current ripple, which provides

an innovation point for future research.
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Chapter 3  Converters Based Integrated Phase Shift
Keying/Frequency Shift Keying Approach

In this chapter, the proposed integrated phase shift keying/frequency shift keying (IPSK/FSK)
method will be presented, and the proposed method will be verified by simulation results in
buck converters, buck/boost converters and cascaded full bridge converters. Furthermore, the
noise immunity of the proposed method will be compared with other modulation methods such
as FSK and PSK in the Buck converter.

3.1 Mechanisms of Integrated Phase Shift Keying/Frequency
Shift Keying

The IPSK/FSK approach combines the conventional PSK and FSK methods for signal
modulation. Because of the simultaneous use of the carrier's frequency and phase angle for data
modulation, it offers greater data rates than conventional single modulation methods. A typical
IPSK/FSK modulated waveform is exhibited in Fig. 3-1, where two signals can be
simultaneously transmitted through the converter. Specifically, digital ‘1’ and ‘0’ of signal S;
are modulated by carriers with frequencies @1 and ¢ respectively. Besides, digital ‘1’ and ‘0’
of signal S, are modulated by carriers with phase angle f; and f respectively. If the carriers are
represented by their first order harmonics, their expressions can be derived as below. Then the
pulse widths of the carriers can be further modulated by PWM method. Although this
modulation scheme has a greater data rate, it requires a more complex demodulation strategy,

which will be discussed later.
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Figure. 3-1. A typical IPSK/FSK modulated waveform

Cipsk/rsk (t) =

M cos(2mfit + ¢,), when S;transmit digital '1' and S, transmit digital '1'
M cos(2mfit + ¢,), when S;transmit digital '0' and S, transmit digital '1'
M cos(2mf,t + ¢@4), when S;transmit digital '1' and S, transmit digital '0’
M cos(2rf,t + @,), when S; transmit digital '0' and S, transmit digital '0'

B-1

When the converter operates without signal transmission, it only requires a single PWM
waveform for power conversion control. In addition, a preamble can be inserted before each

frame of data to alert the receiving device to prepare for data reception.

For signal demodulation, a combination of envelope detection and coherent demodulation is
used. Specifically, the envelope detection approach is applied to restore the frequency
modulated digital numbers and the coherent method is employed to recover the phase
modulated digital numbers. As four different carriers are applied in the proposed method and
the envelope detection only considers the carrier frequency during signal recovery, the method
is used only once to separate two frequencies of carriers. Besides, since the coherent
demodulation considers both the carrier frequency and phase during signal recovery, the
method is used twice to distinguish two phases of carriers.
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3.2 Simulation Results and Analysis for Different Converters

3.2.1 Simulation Results of the IPST Integrated Buck Converter

The feasibility of the IPST is verified by simulation in MATLAB/Simulink with a buck
converter. The simulation model is presented in Fig. 3-2 and the simulation parameters are
listed in Table 3-1. Typical waveforms for FSK and PSK approaches are presented in (a) and
(b) of Fig. 3-3 respectively. In Fig. 3-3(a), from top to bottom, these curves refer to the initial
transmitted signal, the load current waveform, the extracted carrier, the upper envelope of the
carrier, and the restored signal, respectively. In Fig. 3-3(b), from top to bottom, these curves
refer to the initial transmitted signal, the load current waveform, the extracted carrier, the
waveform after coherent demodulation, the waveform after lowpass filtering, and the restored
signal, respectively. In this simulation, a Gaussian bandpass filter of order 80 with a passband
between 9.9 kHz and 10.1 kHz is used to extract a 10 kHz carrier. In addition, a Gaussian low-

pass filter of order 20 with a cut-off frequency of 1080 Hz is used to recover the 1 kHz signal.

Original Signal

_”U_m_l' Restored Signal
Camer:>’* PWM | |Demodulation — [l |[L]

WWW y )

Vi Ap T §Vom
L

Figure. 3-2. The simulation model of the Buck converter
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TABLE 3-1 Simulation Parameters of the Buck converter

Parameter Name Value
Input VVoltage 200 V
Inductor 0.3mH
Capacitor 3 uF
Load Resistor 10Q

Carrier phase of digital ‘1’ in sz (IPSK/FSK) 0

Carrier phase of digital ‘0’ in sz (IPSK/FSK) /3

Carrier frequency of digital ‘1’ in s1 (IPSK/FSK) | 10 kHz

Carrier frequency of digital ‘0’ in 51 (IPSK/FSK) | 20 kHz

Duty ratio of the switch 0.5

—

Original signal  ;

o

1
Load current  #;(A)1

?

Extracted carrier ¢,

(= e ]

4
1.5/

Carrier envelope ¢, 1/\'1/‘L
0.5+
0

1 L

Restored signal  re,
0

0 1 2 3 4 5
Time (ms)

(@)
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Figure. 3-3. Typical simulation waveforms of FSK and PSK of the Buck converter

It can be observed from Fig. 3-3(a) that the fluctuation of c1 decrease dramatically at 1ms and
3ms, which indicates the bandpass filter successfully inhibit the amplitude of 20 kHz carrier.
Besides, a minor delay can be investigated from c1, and this is caused by the filtering process.
Since the attenuation at cut-off frequencies is set at 6 dB in the bandpass filter, the attenuation
ratio R can be obtained as 0.5 from (3-2). In other words, the amplitude of waveform c; in cut-
off frequencies region (0.6) is half of its amplitude in the passband frequencies region (1.2).
Therefore, digital value ‘1’ is selected as threshold to separate the cut-off frequencies region
and passband frequencies region of the filtered wave. As the transmitted signal is recovered by
resampling the threshold waveform at the initial data rate as the sampling frequency, the

received signal is eventually delayed by one bit as presented in re; of Fig. 3-3(a).
20logR = —6 (3-2)

From Fig. 3-3(b), it can be investigated that the waveform of extracted carrier cs fluctuates at
1ms, 2ms, and 3ms, which is caused by the carrier phase variation. Like the results in Fig. 3-
3(a), aminor delay can be found in c3, and this is caused by the filtering process. As the carriers
used in the PSK method have the same frequency and different phases, the band-pass filter
cannot suppress the amplitude of the carriers with the same frequency, which results in PSK
having more ripples than FSK.
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Similarly, the simulation results of the combined FSK/PSK modulation approach are presented
in Fig. 3-4, where the transmitted signal s, is demodulated by envelope detection method and
signal s1 is restored by coherently demodulating the two carriers separately. In Fig. 3-4, i3, Cs,
c7, and cg respectively represent the output current, the upper envelope of the extracted carrier,
lowpass filtered carrier containing f1, g1, and lowpass filtered carrier containing f2, 1. Besides,

the restored signals of s; and s, are exhibited as re; and rey, respectively.
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0 . . .
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containing f; and ¢,

o

=]
S_o
=M 9O NGO

Filtered carrier
containing f; and ¢, ©8

I
o

Restored signal re,

—

4 5
Time (ms)

o

o
-
)
[#%]

Figure. 3-4. Typical simulation waveforms of FSK/PSK modulation of a Buck converter

The amplitude of i3 changes at 2ms because of the alteration of carrier frequency. Besides, i3
fluctuates at 1ms and 3ms because of the alteration of carrier phase. The simulation results
indicate that the modulated power contains the harmonics of the converter switch and that first
order harmonics can be used for signal modulation. Moreover, the proposed IPSK/FSK method
can have higher data compared to the single FSK or PSK methods described previously, as it
can transmit two signals simultaneously while maintaining the same carrier frequency and
phase as the FSK and PSK methods.

The bit error rate (BER) of the IPST approach is then obtained by comparing the original data
with the recovered data. The BER is defined by the number of bit errors per unit time. As
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shown in Fig. 3-5, simulation results for FSK and differential binary phase shift keying
(DBPSK) methods are compared with PSK and quadrature phase shift keying (QPSK) methods
for conventional communication systems with respect to BER, where FSK is demodulated by
envelope detection and DBPSK is demodulated by differential coherent modulation [134].
DBPSK is a method of encoding symbols with phase differences between consecutive samples
and QPSK uses four phases to encode two bits per symbol. In this simulation model, the data
rate is 1 kbps and the probability of both the digital ‘1’ and the digital ‘0’ is set to 50% for a
random data string. Simulation results demonstrate that the IPST approach has decent noise

immunity and its BER is close to 0 when the signal-to-noise ratio (SNR) is greater than 5 dB.

le+00—_
- PWM/TFSK
- PWN/DBPSK
-8 PSK
- QPSK
le01 IPSK/FSK
e-01
5_: |
= |
o
s
-
=
)
=
=] )
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1-’—“-(:)3—' rrrfrrrrfrrrr [ rrrr e
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Signal-to-noise ratio (dB)

Figure. 3-5. Simulated results of BER vs SNR for PWM/FSK, PWM/DBPSK, PSK,
QPSK, and IPSK/FSK

The comparison among PWM/FSK, PWM/PSK, PWM/DBPSK, and the proposed IPSK/FSK
approach is listed in Table 3-2. PWM/FSK is more susceptible to noise interference than other
methods because it uses the carrier frequency for signal modulation and the high frequency
noise can be attenuated by a bandpass filter. Besides, PWM/PSK is subject to phase blurring
during demodulation and therefore has a high BER. In addition, the proposed IPSK/FSK
method can achieve higher data rates than PWM/PSK and PWM/FSK by fully utilising the
carrier phase and frequency for signal modulation, but it introduces a more complex
modulation and demodulation scheme. Therefore, the appropriate IPST method requires

consideration of the actual requirements in specific applications.
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TABLE 3-2 Comparison Among Different IPST Methods

Bit error Band Noise Datarate Complexity
rate utilisation immunity
PWM/FSK Moderate Low Low Low Simple
PWM/PSK Moderate High High Low Moderate
PWM/DBPSK | Low High High Moderate Complex
IPSK/FSK Low High Moderate High Complex

3.2.2 Simulation Results of the IPST Integrated Boost Converter

The topology of the Boost converter using the IPST method is presented in Fig. 3-6. After
modulating the transmitted signals s; and s, by means of the converter switch S, the output
current and voltage waveforms of the proposed IPSK/FSK method are depicted in Fig. 3-7.
Unlike the previous Buck converter, this simulation model employs a closed loop to simulate
the dynamic performance of load variation. In this figure, Ry, io, Vin, and Vo respectively
represent the load resistance, output current, input voltage, and output voltage. The simulation

parameters applied in this model are listed in Table 3-3.
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Figure. 3-6. The simulation model of the Boost converter
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TABLE 3-3 The Simulation Parameters of the Boost Converter

Parameter Name Value
Input Voltage 220V
Inductor 0.3mH
Capacitor 0.3 mF
Load Resistor 30-40 Q
Carrier phase of digital ‘1’ in S 0
Carrier phase of digital ‘0’ in Sz /3

Carrier frequency of digital ‘1’ in s1 | 10 kHz

Carrier frequency of digital ‘0’ in S1 | 28 kHz

Proportional of PI controller 0.03
Integral of PI controller 200
Output voltage and Vrer 300V
40t
Load p Q)
. 357
resistance - |
30 ,
Output 15 '
current fo(A) 12
0
300+
I]]pllt V. (V 250+
voltage " 200f
1501
400
Output
voltage Vo(V) 2%0
0 0.1 0.2 0.3 04 0.5

Time (s)

Figure. 3-7. Typical waveforms of the Boost converter

The load resistance changes at 0.1, 0.2 and 0.3 seconds and a corresponding change in output

current can be observed. Besides, the 220 V input voltage is successfully boosted to 300 V as
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expected. The output voltage waveform achieves its steady state at about 0.02s. As the designed
model transmits signals with different carriers, it can be investigated from the output voltage
waveforms that fluctuations in different time ranges (e.g., 0.1-0.2s and 0.2-0.3s) can have
different amplitudes. The signal transmission results are presented in Fig. 3-8. In Fig. 3-8, cu,
C2, and cs respectively represent the upper envelope of the extracted carrier, lowpass filtered
carrier containing f2, @1, and lowpass filtered carrier containing f1, 1. Besides, the restored

signals of s; and s, are exhibited as re; and rez, respectively.
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Figure. 3-8. Typical simulation waveforms of IPSK/FSK modulation of a Boost

converter

The signal rate is set as 10 bps in this model. Besides, s1 is ‘0110°, and sz is ‘1011°. As the
order of the bandpass filter is increased to 120, the waveforms of cy, 2, and ¢z in Fig. 3-8 have
sharper rising and falling edges than that in Fig. 3-4. Moreover, unlike the previous Buck model
which used the output current waveform for signal demodulation, this model uses the output
voltage waveform for carrier extraction as the amplitude variation of the current waveform can
lead to misinterpretation of the transmitted data. After the demodulation process, the
transmitted two signals are successfully recovered with a time delay of one bit. The reasons for

the delay have already been mentioned in the previous paragraphs. The simulation results
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indicate that the proposed method can be applied in both open-loop and closed-loop controlled

converters.

3.2.3 Simulation Results of the IPST Integrated Cascaded Full-Bridge

Converter

The proposed IPSK/FSK method can be applied to DC/AC converters. Fig. 3-9 presents a
cascaded full-bridge topology for integrated power/signal transmission. The topology contains
two series-connected full-bridge converters, where the upper full-bridge cell is used for signal
modulation and the lower full-bridge cell is applied for power modulation. The intrinsic
inductance of the transmission line is represented by L. When the converter is operating, the
transmitted power will eventually be conducted to the load R. Specifically, the AC output
power is obtained using a sinusoidal pulse width modulation (SPWM) method that compares
a reference sine wave to the triangle carrier and utilises the comparison outcomes to drive the
four IGBT switches. For signals modulation using the four fast-switching switches of the top
full-bridge converter, switches Q1 and Q operate simultaneously using four different carriers
for the modulation of two signals. Meanwhile, switches Qz and Qa4 turn on and turn off at the
opposite conditions of Q1 and Q2 to avoid short circuit. The modulated signal is overlaid on the
modulated current waveform because the two full-bridge converters for signal transmission
and energy conversion are connected in series. Because the amplitude of power source Vi is
substantially lower than that of power source V2, the modulated signal is overlaid on the current

as a minor amplitude fluctuation, causing no significant distortion to the current waveform.
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Figure. 3-9. The simulation model of the cascaded full-bridge converter
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Table 3-4 lists the parameters that used in this model. A 200 V DC voltage source is used for
AC power generation. An extra 10 V DC voltage source is used to create the modulated signals
on the current waveform. It is appropriate to use a 10 V voltage source for carrier generation
because the amplitude of the carrier produced by the 10 V power supply will not significantly
distort the current waveform of the power conversion, and the carrier energy is large enough
to be detected in the demodulation process. The transmission line’s intrinsic inductance is
adjusted to 200 uH. Moreover, two 4-bit signals are transmitted along with energy conversion.
In the designed simulation model, s1 is “1100°, and Sz is 1010°, and both signals have the data
rate of 5 bps. The simulation results are exhibited in Fig. 3-10, where c1, ¢2, and ¢z respectively
represent the upper envelope of demodulated carrier of s1, and two demodulated carriers with
the same phases and various frequencies. Besides, re; and rez in Fig. 3-10 refer to the recovery
signals of s1 and s, respectively. These signals are demodulated from the current waveform
and the successful recovered signals verify the feasibility of the proposed method in a DC/AC

converter.

TABLE 3-4 Simulation Parameters of the Cascaded DC/AC Converter

Parameter Name Value
AC reference frequency 50 Hz
DC voltage source for power conversion 200V
DC side carrier voltage 10V
Carrier frequency of digital ‘1’ in S1 1 kHz
Carrier frequency of digital ‘0’ in S1 2 kHz
Carrier phase of digital ‘1’ in Sz 0
Carrier phase of digital ‘0’ in S /3
Power line inductance 200 pH
Load resistance 2Q
DC side carrier frequency for AC current modulation | 20 kHz
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Figure. 3-10. Typical simulation waveforms of IPSK/FSK modulation of a cascaded full-

bridge converter

3.3 Summary

This chapter summarises the similarities between communication and power conversion
systems, both of which require the transfer of data or energy between different areas. Based on
this commonality, the feasibility of the IPST approach is analysed. In addition, the mechanisms
of FSK and PSK data modulation methods combined with PWM power modulation methods
are investigated. Besides, methods for demodulating data from current waveforms including
coherent demodulation and envelope detection are studied. This chapter then proposes the
IPSK/FSK method to facilitate data rates by making full use of the carrier phase and frequency
for data modulation and analyses its feasibility through simulation. The simulation results of
the buck converter proves that the IPST approach can simultaneously transmit data and energy.
Furthermore, the proposed IPST method has acceptable noise immunity compared to the PSK

and FSK methods applied in conventional SESs.
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Chapter 4  Integrated Power/Signal Transmission
In a Triple Active Bridge Converter Based on Partial

Power Processing for Battery Management Systems

4.1 Introduction

Partial power processing (PPP) is a technology that employs converters to process part of the
total power while most of the unprocessed system energy transfers directly through power
cables [135]. Power losses can be decreased since the PPP converter processes less power,
resulting in enhanced system efficiency and power density [136]. The concept has been
successfully implemented in a variety of applications, including fast charging stations for EVs
[137], mismatch effects mitigation in photovoltaic system [138], battery balancing in energy
storage systems [139], and maximum power point tracking operation in offshore wind farms
[140]. Furthermore, previous research has developed other PPP converters incorporating
flyback converters [139], dual-active bridge converters [141], and quasi-Z-source converters
[142] based on their equivalent full-power isolated converters. Nevertheless, because these
studies are mainly focused on PPP in two-port converters, PPP in multi-port converters requires
further investigation. A family of PPP multi-port converters is presented in [143] to implement
the bidirectional energy flow of each port, which is critical for multi-port applications in
practice. Nonetheless, to establish a theoretical basis for the bidirectional flow of energy, it is
important to understand the energy flow at each port. With the merits of high energy conversion
efficiency, PPP multi-port converters have a promising future and deserve further research in

topology design and application.

A PPP-based triple active bridge (TAB) converter is proposed in this chapter to facilitate data
communication among several BMS battery packs. The proposed converter has three ports,
and power is exchanged among them using a phase-shift PWM mechanism. Furthermore, each
battery pack’s communication signals, such as temperature, voltage, current, and SOC, are
superimposed into power conversion process using phase perturbation modulation (PPM) [127].
This method enables charging and discharging between battery packs while inheriting the high
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efficiency merits of the PPP converter. Through simulations, this chapter demonstrates the

practicality of the integrated transmission method in battery balancing applications.

This chapter is arranged as below. Firstly, the power flow control methods and the
configuration of the proposed TAB converter are briefly described. Secondly, the signal
transmission strategies are demonstrated. Thirdly, a simulation model that contains a TAB
converter is implemented in MATLAB/Simulink and a brief conclusion is provided at the end

of this chapter.

4.2 Topology Configuration

Fig. 4-1 presents the traditional TAB converter topology [144] and the proposed PPP-based
TAB converter structure. The proposed topology has three ports, each of which involves an
active bridge with four switches, an inductor L; (i=1, 2, 3), and a transformer with winding N;
at each port. Moreover, capacitors C, and Cz are connected in parallel with the H-bridge cells
at Ports 2 and 3, respectively, and operate as energy buffers among the three ports. Furthermore,
a battery pack Bi are connected at the terminal of each port. The positive electrodes of these
three battery packs are connected through the active bridges and the negative electrodes of the
battery packs are linked by wires, thus forming a charge/discharge circuit. In this design, the
partial power transferred among three ports by magnetic coupling of the three windings, while
the rest of the power flows directly from the discharging battery packs to the charging battery
packs. In contrast to conventional DC/DC converters such as buck/boost converters and flyback
converters, the design contains multiple ports and can therefore cater for multi-directional
power flow requirements. In addition, the designed system uses a distributed battery pack rather
than the entire battery module in a conventional BMS system and can therefore be flexibly

placed in different parts of the electric vehicle to save space.
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(b)

Figure. 4-1. Topology of (a) the traditional TAB converter [144]; and (b) the proposed
PPP-based TAB converter

4.3Energy Flow Analysis

4.3.1 Dual Active Bridge Converter

To derive the energy flow expression of a PPP-based TAB converter, the characteristics of an
isolated dual active bridge converter (DAB) are first analysed. Assuming all the converter
switches are instantaneous, the phase shift-controlled waveforms can be acquired as shown in

Fig. 4-2, where Sy, Sy respectively refer to the gate signal of the switches at different positions
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in the two branches of a full-bridge converter at Port 1. Besides, Sy and Sg are the gate signals
of the switches of the other full-bridge converter at Port 2, which lag S1: and S, for ¢1 radian.
As an inductor L is connected between the two full bridge converters, its inductance current i,
can be used to represent the total current. Therefore, there are four different states of inductor

current in a switching cycle Ts, and the current states can be derived from the following

equation.
~ |
S1& S | ' L,
2 . —
S7 & SS : : > [
I |
. | | | /\
Iz I I [ .
/ I I\ | Tt
I | |
I | |
I 1 | 1
Ip 4 L 5 tytl
Figure. 4-2. Typical waveforms of a DAB converter
When to<t<ty,
Vy + V-
i (6) = = (t = to) + i (to) (4—1)

where t1=to+(p1Ts)/2n and V1, V2 are the equivalent voltages of the two H-bridge cells at the

primary side of the transformer.
When t1<t<ty,

i -1,
L

iL(t) = (t—t) +i,(t) (4-2)

where t)=to+T4/2.

When to<t<ts,

. V=1 .
iL(t) = —71 (t —ty) +i,(t2) (4-3)

where tz=to+(p1Ts)/2x.

When ta<t<to+Ts,
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-V V.
iL,(t) = % (t — t3) +iy(ts) (4—4)

Because the converter operates in continuous conduction mode, the inductor current at the
beginning and end of each cycle are equal. Therefore, the inductor current can be further

derived as

(Vy = Vo)m + 2V,

(iL(tO) = —i;(ty) = —i, (to + E) = —

2 4t f,L

4-5

it = =iy (65) = =i, ¢ +5):(V2—V1>”+2V1<P1 (%=3)
o e A anfL

where fs=1/Ts represents the switching frequency. Then the expression for the power Pap

transmitted from Port 1 to Port 2 in a switching period can be acquired as

1 t0+TS
Pab = V111 = Vl (F-]- lL(t)dt)

S Yty

2 t1 t,
=V lFS(-]; i, (t) dt+ft1 i (t) dt)l

0

_ @1(m — @)WV,
2m? fiL

(4-06)

where 1 denotes the equivalent current of Port 1 on the primary side of the transformer.
Similarly, the power migration of the converter can be obtained in the same approach when the
switches S7 and Sg lead the switches S; and S». Finally, the expression of the power Pay for these

two scenarios can be derived as

p. = ©1(T — |1 DV1V;
ab 2m2f,L

(4-=7)

from which it can be observed that when the phase shifted PWM method is utilised, the power
flow direction is related to the leading/lagging conditions of the switches (¢1) and independent
to the port voltages.

4.3.2 Partial Power Processing Based Triple Active Bridge Converter

The phase-shift PWM method is applied to control the power flow direction in the proposed

converter. Specifically, the switches of the various ports are managed by shifted signals, and
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the two switches in the same bridge arm are designed to operate conversely. Taking the control
signals of switches S1 and Sy as references, the control signals of switches S7 and Sg and
switches Si1 and Si2 are lagged by @2 and @3 radians, respectively, as exhibited in Fig. 4-3,
where -n<gp;<n, -n<p3<m, and the duty ratio of each switch is half of the switching cycle.
Additionally, the current waveforms of Ly, Lo, and L3 of a traditional phase-shift isolated TAB
converter are depicted in Fig. 4-3 for iL1, iz, and i3, respectively. The voltages of the three
battery packs are arranged to the same initial SOC value and the turns ratio N1: N2: N3 of the
transformer is set to 1:1:1 for a simplified analysis.

N

S1& Sy [4—— | :'_I,r
S&Ss I ——
Sn&S, T 1 1 — .
| 1
N
|
|| A
]

Ir>

/
S TN

Figure. 4-3. Typical waveforms of an isolated phase-shift TAB converter

The power flow characteristics of a phase-shift isolated TAB converter can be derived from
the DAB converter and the expression in (4-7) can be extended to (4-8) by analysing various

operating states of the TAB converter.

(@ — oDV V,
2 2m2f(Ly + Ly)
_ P3(m — |3 V1V3
P22 fi(Ly + Ls)
(93 — 92) (T — @3 — P2 DV, V3
212 f;(Ly + L3)

A

(4-8)

KP23 =

In this expression, V1, V2, and Vs refer to the voltages of batteries B1, B2, and Bs, respectively,
and P12, P13, and P23 are the power flow from Port 1 to Port 2, from Port 1 to Port 3, and from

Port 2 to Port 3, respectively. Furthermore, fs is the switching frequency. In the proposed
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topology, since the rest unprocessed energy transfers directly through inductors, the conducted
energy in one operation cycle can be obtained in (4-9), where Ci2, Ci13, and Cy3 are the
conducted power flow from Port 1 to Port 2, from Port 1 to Port 3, and from Port 2 to Port 3,

respectively.

(C (i =0)
2Ly + Ly)fs
=) B
| T @ik “
o )
U227 (L + La)fs

Next, the total power transferred among these three ports in one switching period can be
acquired from (4-8) and (4-9) by adding together the processed power and conducted power.
The equation of the total power converted among various ports is presented in (4-10), where
T1o, T13, and T2z are the total power flow from Port 1 to Port 2, from Port 1 to Port 3, and from

Port 2 to Port 3, respectively.

fT (= | DViV, + 22 (V, = V)
12 212 f;(Ly + L)
Ir, = @3(m = |3 DV1 V5 + 212 (Vy — V3) (4 —10)
2m?fo(Ly + L3)
T . — (03 — 92) (T = |3 — P2 )V, V3 + 212 (V, — V)
S 2m2f.(Ly + Ls)

Suppose each inductor has the same inductance and the sum of each two inductors is Le, the

port power can be derived from

Q2(m = | DViVa + @3 (= |93 DV1 V3 + 47T2V1 - Zﬂz(Vz +V3)

p
Ty =T, + T3 = 2n2f,L,
=@ = | DViVa + (@3 — 92) (T — |3 — @DV, V5 + 47TZV2 - 27T2(V1 +V3)
<T2=—T12+T23= 2
2mefL,
—@3(m — |@3DV1Vs — (93 — 02) (T = |93 — @DV, Vs + 4m? Vs — 202 (Vy + V)
T3=-Ti3—Ty = 2
\ 2m?fiL,

(4-11)

where Ti1, T2, and Tz represent the total power of Port 1, Port 2, and Port 3, respectively.
Therefore, the direction of power transmission is determined by both the port voltages and

phase shift angles of the switching gate signals. For instance, Fig. 4-4 displays five typical
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energy flow scenarios. When T1>0, T><0 and T3<O0, the total power flows from Port 1 to Port 2
and Port 3 as presented in Fig. 4-4 (a). In this case, the relationship among ¢2, @3, V1, V2, and
V3 can be acquired from (4-11) and exhibited in (4-12), where p2=¢3 and d=gp2(n-|p2|)=¢3(n-|p3|)
are assumed in this formula. Therefore, the multi-directional power flow can be realised by
alternating the phase shift angle of the converter switches within a certain variation of the port
voltages. When there is neither energy flowing in nor out of one port during a switching cycle,
the proposed topology will operate as a DAB converter with energy flowing between the
remaining two ports, as depicted in Fig. 4-4(e).

Port 2 Port 2 Port 2
—
—>
Portl =— Port 1 Port 1
Port 3 Port 3 Port 3
@ (b) (©
Port 2 Port 2
Port 1 Port 1
Port 3 Port 3
(d) (e)

Figure. 4-4. Typical power flow directions of the proposed topology, where (a) T1>0,
T2<0 and T3<0; (b) T1>0, T2>0 and T3<0; (c)T1<0, T2>0 and T3>0; (d) T1<0, T2>0 and
T3<0; (e) T1=0, T2>0 and T3<0

(27‘[2 (VZ + V3 - 2V1)

Vi(Vy +V3)
—2m%(Vy + Vs — 2V
5> 22t Vs —20;) (4—12)
AR
_27T2 (Vl + VZ —_ 2V3)
\ A
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4.3.3 Efficiency Analysis

The total losses (Pt) of the designed topology can be seen as the composition of semiconductor
components loss (Ps), high-frequency transformer loss (Py), and heat loss on passive devices
(Ppa), which is presented in (5-13).

P, = P, + Py + Pyg (4 —13)

Specifically, conduction loss and switching loss are two types of semiconductor losses. In
addition, high-frequency transformer losses can be categorised into copper loss and iron
loss. As only a partial of power is processed by the transformer in the proposed topology,
the transformer loss is less than that of the traditional isolated TAB converter.
Nevertheless, the conduction loss of the designed topology is higher as the results of the
introduced power lines. If the conduction loss is omitted in low-resistivity and short-
distance power lines, the designed topology can have lower total losses and thus realise

higher efficiency than the conventional isolated TAB converter.

4.4 IPST Integrating in Triple Active Bridge Converters

The phase perturbation approach is employed in the proposed converter for signal modulation
and the typical modulation waveforms are exhibited in Fig. 4-5, where S(t) is the original signal,
and Cary, Carz, and Cars denote the triangle carriers utilised in port 1, port 2, and port 3,
respectively. To be more specific, the carrier used for modulating digital ‘1’ of the transmitted
will be shifted for +At and -At when the corresponding port requires communication.
Meanwhile, the carrier used for modulating digital ‘0’ and the carriers utilized in other ports
will remain unchanged. Since the energy flow is controlled by the phase shift of the carrier, the
signal transmission method is achieved by further perturbing the carrier phase shift angle on
the basis of the power conversion. As shown in Car: of Fig. 4-5, the triangular carrier is shifted
left and right by the same time At when modulating the digit ‘1°. This method allows the same
power to be processed by keeping the resulting duty cycle constant when transmitting ‘1’ and
‘0.
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Figure. 4-5. Typical waveforms of phase perturbation modulation
The relationship between At and Ag is

Agp

At =
21 f

(4—-14)

Taking a conventional isolated DAB converter for instance, the output power with and without

phase perturbation for transmitting a digital ‘1’ are derived as Pn and Pr, in (4-15), respectively.

[p(m — @) — Ap*IV1V,

P, =

T2 fLe
4 —15
P = p(m — ViV, ( )
" m?fsLe

In this equation, ¢ and Ag respectively represent the initial phase shift angle and perturbated
phase shift angle. Besides, the carrier frequency is supposed to be two times the signal
frequency. The difference between P, and Pn is

_ Ap?V,V,

P,—P, = —_12 4-16

which indicate that the perturbated phase shift angle has little effect on the average output
power when Ag is small. Therefore, the phase perturbation method can be used for signal

modulation in the proposed TAB converter.
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After the communication data is transmitted through the proposed converter, the carrier for
digital ‘1’ is then demodulated from the current waveform using the sliding discrete Fourier
transform (SDFT). If the switches in port 1 are employed for data modulation, the data can be
demodulated from the current at port 2 or port 3 because of the multi-directional power flow

capability of the proposed converter. For a discrete-time series x(n), its DFT expression is

it —j2mnk
X(k) = Z x(e N k=0,1,.,N—1 (4 —17)
n=0

where k is the frequency index and n is the time index within the sequence length N of each
frame for DFT transformation. Besides, X(k) denotes the DFT output result at the k™ frequency
point. In two adjacent and non-significantly overlapping time series with each other, the DFT

expressions are

N-1

( —j2nnk
| X, () = Z x(n)e N
i N (4 —18)
—j2mnk —j2n(m-1)k
Xne1(k) = Z x(n+1e N = z x(m)e N
n=0 m=1

where m=n+1. Using the iteration method, the DFT expression of the next time sequence is
derived in [145] and can be expressed as

Xne1(k) = ejZTnk[Xn(k) —x(n+1—-N)+x(n+1)] (4—-19)

Therefore, the result of the DFT calculation at Xn+1(K) is equal to the result of the previous DFT
calculation Xn(k) plus the difference between the current sampled signal value x(n+1) and the
value of the sampled signal x(n+1-N) before the window length, which is then phase-shifted.
With the SDFT method, the time spent on DFT calculation is greatly reduced, thus decreasing
the system computational burden. Moreover, the magnitude and phase variations in time

domain and frequency domain are derived in [146] and presented below

2
Mag xn(k) = - Mag Xn(k)

2k
Phase x,,(k) = Phase X, (k) + N

(4 —20)

from which the amplitude of the carrier used for modulating digital ‘0’ can be suppressed in

time domain after the SDFT processing. Next, coherent demodulation and a low-pass filter are
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applied to recover the digital ‘1’. Finally, the restored digital ‘1’ waveform is compared to a

threshold value and resampled using the initial data rate.

4.5 Simulation Results

A simulation model containing three battery packs is designed in MATLAB/Simulink to
examine the feasibility of the proposed transmission method. The designed model is the same
as depicted in Fig. 4-1 (b), with three battery packs connected with each other in parallel
through full-bridge converters. The system configurations are exhibited in Table 4-1, where
the voltages of the three battery packs are set to 180 V, 200 V, and 210 V, respectively, with
an initial SOC of 50%. Moreover, the converter switching frequency is chosen as fs=10 kHz
and the transformer turns ratio is N1:N2:N3=1:1:1.

TABLE 4-1 Parameters of the TAB Simulation Model

Parameter name Value
V1/V2/V3 (Battery pack voltages) 180/200/210 V
SOC1/SOC2/SOCs (Initial state of charge) 50%
N1:N2:N3 (Transformer turns ratio) 1:1:1

fs (Converter switching frequency) 10 kHz

fa (Transmitted data frequency) 1 kHz
L1/L2/L3 (Series inductance) 300 uH
C2/Cs (Series capacitance) 100 pF

Ag (Perturbated phase shift angle) /2

4.5.1 Energy Conversion

1) @o=n/3, p3=2w/3: In this scenario, phase-shift angle ¢> and ¢z are lagging the port 1
bridge waveform and ¢> is leading @3 as shown in Fig. 4-6. Therefore, power from B:
is transferred to B> and Bs. Additionally, the inductor current waveforms in steady state
are exhibited in Fig. 4-6. Fig. 4-7 presents the variation of SOC for the three battery
packs, from which it can be investigated that B; is discharging while B, and Bz are
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charging. The slope of Bz is smaller than that of B3 as ¢2<gs3, which is consistent with

the analysis in the previous sections.

1
S &S
1 2 ot
'
s.&S,  LClo,
0 -
1 L
S, &S, 3
— i i =i
< 10 Y . N
<
L
5 0
[&]
S
g -10 L L L )
i)
£ 30 30.1 30.2 30.3 30.4

Time [ms]

Figure. 4-6. Typical simulation results when g2=n/3, p3=2n/3
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Figure. 4-7. SOC values of the three battery packs when ¢2=n/3, ¢p3=2n/3

2) go=-m/4, p3=5n/12: In this scenario, phase-shift angle ¢ is leading ¢z and the port 1
bridge waveform as depicted in Fig. 4-8. Because the charge of battery pack B is less
than its discharge with |p2|<|es| in this scenario, B1 and B2 supply power to B3 together.
Furthermore, the discharge rate of B is smaller than that of Bz as ¢2 is leading the port
1 bridge waveform. Fig. 4-9 presents the variation of SOC for the three battery packs,

which is consistent with expectations.
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Figure. 4-8. Typical simulation results when ¢2=-n/4, ¢p3=51/12
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Figure. 4-9. SOC values of the three battery packs when ¢2=-n/4, p3=5m/12

@2=-21/3, p3=-4m/15: In this situation, phase-shift angle @2 and ¢z are leading the port
1 bridge waveform and ¢: is leading ¢z as shown in Fig. 4-10. Therefore, power from
B2 and Bs is transferred to B:. Additionally, the inductor current waveforms in steady
state are exhibited in Fig. 4-10. Fig. 4-11 presents the variation of SOC for the three
battery packs, from which it can be investigated that B; is charging while B, and Bs are
discharging. The discharge rate of Bz is larger than that of Bz as |p2>|gs|, which is

consistent with the analysis in the previous sections.
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Figure. 4-10. Typical simulation results when ¢2=-27/3, ¢p3=-4n/15
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Figure. 4-11. SOC values of the three battery packs when g2=-2n/3, p3=-4n/15

4) @2=-m/3, p3=n/15: In this scenario, phase-shift angle ¢ is leading @3 and the port 1
bridge waveform as depicted in Fig. 4-12. The inductor current waveforms in steady
state are exhibited in this figure. Fig. 4-13 presents the variation of SOC for the three
battery packs, from which it can be investigated that B; and Bs are charging while By is
discharging. The charge rate of B is larger than that of Bz as Bs has a larger voltage

value, and By is charging because |p2|>|p3|.
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Figure. 4-12. Typical simulation results when g2=-1/3, p3=n/15
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Figure. 4-13. SOC values of the three battery packs when @2=-n/3, p3=n/15

p2=-1/3, p3=n/3: In this scenario, phase-shift angle ¢- is leading ¢3 and the port 1 bridge
waveform as depicted in Fig. 4-14. The inductor current waveforms in steady state are
exhibited in this figure. Fig. 4-15 presents the variation of SOC for the three battery
packs, from which it can be investigated that B3 is charging while B; is discharging.
Moreover, the amount of charge of B1 remains unchanged as |p2|=|p3|. In other words,

the total power flows directly from B; to Bs in this case.
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Figure. 4-14. Typical simulation results when g2=-n/3, p3=n/3
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Figure. 4-15. SOC values of the three battery packs when g2=-n/3, p3=n/3

When comparing Fig. 4-8, Fig. 4-12, and Fig. 4-14, and comparing Fig. 4-9, Fig. 4-13, and Fig.
4-15, it can be observed that the state (charging/discharging) of the battery packs can be
changed when g2 and g3 are altered slightly without changing their leading/lagging conditions.
However, since the voltage differences among the three battery packs can affect the power flow
directions, the proposed PPP-based topology can balance the battery packs with small voltage

differences by changing the phase-shift angles.
4.5.2 Signal Transmission

The signal transmission capability of the designed converter is examined by transmitting an 8-
bit frame °11010010°. The simulation results when the circuit is operating for gp>=n/3, p3=27/3

are exhibited as an example. Fig. 4-16 presents the key waveforms when the switches in port
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1 are employed for signal modulation, where Sigu, i1, i2, Sigz, Sigs, and Siga refer to the original
signal, the current waveform of port 1, the current waveform of port 2, the curve after SDFT
processing, the curve after coherent demodulation and the restored signal, respectively. In this
simulation, the speed of the transmitted data is 1 kbit/s. Besides, the value of k in (4-17) is 2,
which indicates that each DFT sliding window contains two carrier periods. As can be seen
from i1 in Fig. 4-16, the waveform fluctuates differently when transmitting different digital
numbers, which is caused by changes in the carrier phases. Because the total energy flows from
port 1 to port 2 and port 3 in this case, the simulation results indicate that the communication

signal can be transmitted in the same direction as the power flow.
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Figure. 4-16. Key waveforms when port 1 is transmitting signal

Similarly, the key waveforms when the switches in port 3 are employed for signal modulation
are shown in Fig. 4-17, where i3 represents the current waveform of port 3. With the rest of the
parameters set to the same values as those used to obtain the results in Fig. 4-16, the simulation
results indicate that the communication signal can be transmitted in the opposite direction to
the power flow. Therefore, the energy and communication signals can be transmitted

independently through the phase-shift PWM approach in the proposed converter.

88



Chapter 4 IPST in TAB Converters Based on PPP for BMS

Sig,

0
i,[A] -20
-40
40
is[A] 20
0
. 5
Sig, 0
-5

15T

Sig; 05 \/\/\ yaN
-05 L

Sig,

0 2 4 6 8 10
Time [ms]

Figure. 4-17. Key waveforms when port 3 is transmitting signal

4.6 Summary

A PPP-based TAB converter is exhibited for realising battery balancing and signal transmission
functions in this chapter. The energy conversion is achieved by the phase-shift PWM method,
and the transmitted data is modulated by the PPM approach. The energy flow direction in the
three ports is controlled by the leading/lagging condition of the converter switches. Because
only a fraction of the power is processed while the rest flows directly among the three ports,
the proposed converter topology has a higher energy conversion efficiency compared to a
conventional isolated TAB converter. Moreover, since the transmission signals are integrated
into the current waveform by perturbating carrier phase-shift angle, the cost and volume for
system wiring can be reduced. With a simulation model implemented in MATLAB/Simulink,
the feasibility of the IPST method in the proposed converter is verified. Furthermore, the
direction of signal transmission is independent of the direction of power conversion, which

means that any of the three ports can operate as either a transmitter or a receiver.

This chapter exhibits a three-port topology for charging/discharging battery packs, which can
be extended to more than three ports for specific applications. Besides, the proposed PPP-based
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TAB converter can be employed in the energy management system of the microgrid energy

router.
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Chapter5 Integrated Power/Signal Transmission
of Distributed Battery Management Systems for

Electric VVehicles

5.1 Introduction

Although electric vehicles have many advantages as described in Chapter 1, the limitations of
the EV battery are still an important barrier to large-scale adoption of EVs [147]. Specifically,
the battery maximum capacity decreases with its operating time and the battery life span are
influenced by several factors including overcharging, operating temperature, depth of
discharge in each charge/discharge cycles, and rate of charge/discharge [148], [149]. Therefore,
the batteries state of charge (SOC) will unbalance after using an EV for a period. It is essential
to design a battery management system (BMS) to extend the life span of an EV by controlling
its batteries discharging process. Besides, it is essential to develop an effective signals
transmission approach for EV since the various subsystems such as the motor control unit
(MCU) and the BMS in an EV require communication with the transmission control unit (TCU)
[150], [151]. One of the generally accepted methods of signal transmission in EVs is through
the CAN bus thanks to its high baud rate and high reliability [152], [153].

Fig. 5-1 exhibits the powertrain architecture of an EV. Usually, the battery voltage is boosted
by a DC/DC converter and then processed by a 2-level inverter [154], [155]. Nevertheless,
large voltage change rates (dV/dt) can be generated with this method, resulting in high
switching losses [154]. Furthermore, Because the large number of inductors applied in the
DC/DC boost converter, the system is costly and has a low power density [155]. Because
classic EVs employ the CAN bus for internal communication, the communication function and

the power transmission function are still two separate parts that can be combined into one.
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CANBuUs ¢ i

Communication signal Mechanical link Electrical link

Figure. 5-1. The general powertrain structure of an EV

This chapter presents an IPST approach for EVs that uses a three-phase multilevel inverter
topology to transfer both communication data and energy. The proposed topology has lower
switching losses than a 2-level inverter, and a DC/DC converter is not compulsory because the
battery voltage can be boosted by the inverter itself. The power conversion in the proposed
topology is accomplished using the PWM method, and the transmitted signals are modulated
using the FSK method. Rather than using a CAN bus as a communication channel in modern
EVs, the suggested solution can significantly lower communication system costs by

transmitting power and signals simultaneously over the same power line.

This chapter is arranged as below. Firstly, the structure and the IPST mechanisms of the
proposed system is introduced. Secondly, the battery balance strategy is analysed. Thirdly, a
simulation model incorporating a multilevel inverter and a permanent magnet synchronous
motor (PMSM) is designed in MATLAB/Simulink and simulation results are provided as a

proof of feasibility. Finally, a brief conclusion is drawn at the end of this chapter.

5.2 System Structure and Battery Balance Function

5.2.1 System Structure

Fig. 5-2 presents the suggested system structure for an EV utilising the IPST approach. Signals
are sent between the battery and the BMS, as well as between the MCU and the motor, using a
three-phase multilevel inverter circuit. Compared to the conventional powertrain depicted in

Fig. 5-1, DC/DC converters and CAN bus are omitted to save cost and size. Fig. 5-3 depicts
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the suggested structure of a three-phase IPST system. Each phase of the inverter architecture
has four series linked H-bridge cells, where the first cell is used for signal transmission and the
other three cells are applied for energy transfer. As the overall output voltage of a cascaded
multilevel inverter is equal to the sum of the voltages of each cell, this design is suitable for
distributed battery systems where the voltage boost function of a conventional DC/DC
converter can be replaced by applying more cells in series. The phase A branch is designed to
send the SOC signal. Besides, the B-phase and C-phase branches do not transmit signals under
normal operation and future research will employ them to transmit motor speed control signals,
vehicle light control signals and other signals. A PMSM is utilised as the inverter load in this

model.

A

BMS MCU

—_—
Communication signal Mechanical link Electrical link

Figure. 5-2. The designed system structure of an EV with the IPST approach
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Figure. 5-3. Topology of the proposed IPST system for EVs

Because the proposed system employs SPWM approach to modulate output power for the

PMSM, the three-phase reference sinusoidal waves can be expressed as
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(Pa = M sin(2rf)

2
P, = M sin(2nf — §71’) 5 —1)

4
P. = M sin(2nf — §n)

The reference sinusoidal waves are employed for power modulation and Pa, Py, and P from
the equation are the reference wave in phase A, phase B, and phase C respectively. Besides,
constant M and f are the amplitude and power frequency of the reference wave, respectively.
The phase B and phase C reference waves lag the phase A reference wave by 2n/3 and 4n/3
radians respectively. Finally, the PMSM motor are finally powered by the modulated sine

waves.

The block diagram in Fig. 5-4 presents the integrated power/signal transmission path in an
intuitive method. The battery SOC signals are transmitted through the phase A current
waveform. As phase B and phase C is not currently designed for signal transmission, an FSK
modulated H-bridge cell is required to balance the phase voltage with the other two phases.
Therefore, two random data strings are transmitted through phase B and phase C in this model

and these data strings can be replaced with specific data in future studies.

Reset Carrier level

_)h_, Phase-A
Cascaded H-
SOC —>»  FSK bridge \A [Current
sensor
Reference
wave | PWM Cascaded H- Phase-B
FSK bridge
PWM Cascaded H-
ESK bridge
Power Path > _Signal Path. > Integrated Path >

Figure. 5-4. Signal and power transmission path of the proposed EV powertrain
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5.2.2 Battery Balance Discharging

The designed battery balancing algorithm is for the batteries within one phase and this section
focuses on the batteries balancing in phase A. In the traditional SPWM method, the gating
signal of a switch is created by comparing the reference wave with a triangular carrier. Since
various carriers and the reference wave overlap at different points, each switch’s duty cycle
varies. For example, in a single period from 0 to T as exhibited in Fig. 5-5, a switch controlled
by a ‘Level 3’ carrier has a lower duty cycle than a switch modulated by a ‘Level 1’ carrier
(t2<t2). In other words, the duty ratio of s; is less than that of s> in a switching period T. Because
the input power is supplied by batteries, a switch with a low duty cycle consumes less energy
than a switch with a high duty cycle. After a period of system operation, the remaining capacity
of the battery becomes unbalanced. Balanced battery discharge can therefore be achieved by

periodically rescheduling the carrier level during the PWM process.

«———— Region] ——— >« ——— Regionll —»

i
[
1
[
i
—
f

|
|
I
|
I
[
171
I

|
|
|
1
| | |
! |
| | |
| | |
Pl |
« Cla rtier level
rearrange point

|

|

|

|

|

|

|

v

i_

v

Figure. 5-5. Carrier level reset in the SPWM process

To achieve this goal, the battery balancing process can be summarised as demonstrated in Fig.
5-6. The SOC can be defined as the ratio of the remaining capacity of the battery to the current
maximum available capacity. Firstly, the battery SOC values at the periodic sample points are
aggregated into a data stream and then transferred using the FSK technique with a full-bridge
converter through the Phase A current. After demodulating the signal from the phase current,

the SOC values are recovered into different decimal numbers. Finally, the carrier levels are
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reorganised based on the communicated SOC numerical values, as depicted in Fig. 5-5 at point
to, with the carriers for greater battery charges restored to lower levels and those for smaller
battery charges restored to higher levels. The carriers of the SPWM can be periodically reset
according to the SOC numerical values and the batteries balance discharging function can be
achieved using this method. The proposed method has the advantages of internal energy self-
regulation and no additional electronics compared to conventional battery balancing methods
such as the application of shunt inductors or capacitors [156], and vehicle-to-grid methods
[157].

Sampled Convert to _ -
SOC data > data string —> Modulation [
Power

,/ / converters

Reset carrier i .
LT 1 <«— Demodulation <-f--""

level decimal

Figure. 5-6. The block diagram of battery balancing scheme

5.3 Simulation Results and Analysis

5.3.1 Feasibility Analysis of a Single-Phase Topology

The output waveforms of a single-phase cascaded full-bridge converter using the proposed
IPST modulation schemes is exhibited in Fig. 5-7. In this simulation, four full-bridge
converters are series connected with each cell contains a 30 V battery as power supply. The
sinusoidal reference waveform has a frequency of 40 Hz, so the output current and voltage
waveforms have the same power frequency of 40 Hz. The load impedance and inductance are
set to 10Q and 1mH respectively. Therefore, it can be observed from Fig. 5-7 that the maximum
output voltage is approximately 120 V. Three full-bridge units employ a 10 kHz carrier for
power modulation, and another unit uses 15 kHz and 20 kHz carriers to modulate the digits ‘1’
and ‘0’ respectively. The output current and voltage waveforms demonstrate the proposed

method can be applied in a single-phase topology successfully.
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Figure. 5-7. Output current and voltage waveforms of a single-phase topology

The simulation results of signal transmission are presented in Fig. 5-8. The transmitted 6-bit
signal is ‘101101” and the signal is demodulated from the output current waveform. In this
simulation, a Gaussian bandpass filter of order of 80 with passband between 14.9 kHz and 15.1
kHz is applied to extract the 15 kHz carrier to further recover digital ‘1°. As the transmitted
signal is recovered by resampling the threshold waveform at the initial data rate as the sampling
frequency, the received signal is eventually delayed by one bit. The successfully implemented
simulation results indicate that the proposed IPST method can be applied in a DC/AC converter

for both signal and power transmission.
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Figure. 5-8. The signal transmission results of a single-phase topology
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5.3.2 Parameters of the BMS Simulation Model

The single-phase model is then extended to a three-phase structure for the transfer of battery
charging information in the BMS. A simulation model is developed in MATLAB/Simulink
based on the mechanisms presented in the previous section. Table 5-1 summarises the
parameter values of the simulation model. Three 48 V batteries for power transmission and a
30 V DC voltage source for signal modulation are employed in each phase of the topology. As
a result, the amplitude of the transmitted signal is neither too small to be recovered nor too
large to have a significant effect on the output sine wave. Furthermore, as the system uses a
carrier wave with a frequency distribution in the range of 2 to 10 kHz, the silicon IGBT devices

can operate in this frequency range [158].

TABLE 5-1 Simulation Parameters of the Proposed Topology for EV

Parameter Name Value
DC voltage source 30V

Battery voltage 48 V

SPWM carrier frequency 2 kHz

SPWM referenced sine wave frequency | 60Hz

Signal speed 240 bps

Carrier frequency of SOC signal 6 kHz for ‘1’ and 10 kHz for ‘0’

5.3.3 SOC Signals Transmission for Batteries Balancing

In this simulation, the SOC values of the three phase-A batteries are transferred by the phase
current. Firstly, the three batteries’ initial SOC values are set to 100%, 40%, and 35%,
respectively, resulting in the transmitted three frames being ‘01100100°, ‘00101000°, and
‘00100011’ in binary format. As displayed in Fig. 5-9, the three binary strings are then merged
to generate a new code string scp. Because each battery’s SOC value is sampled every 0.1s, the
produced code string’s period is likewise set to 0.1s to maintain these two times consistent. As
a result, the system is managed to send 24 bits of data every 0.1 second at a signal rate of 240

bps. Nevertheless, since in practice the SOC of the battery does not alter much in a short period
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of time, the SOC value is the same as the value of the first cycle in the subsequent sampling

time.
SOC value
SOC value of40% SOC value
0f100% of35%
Code string formed by 1
the three SOC frames S,
0 1 h I
Recovered . _} 1 ' 1 ‘ ]
SOC signal S, ||
0 KDelay | | o ‘
Recovered SOCof 17 1 : I } 1 M
the first battery S, | | :4—‘0110?100’ i |—|— I—I—
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Figure. 5-9. The transmitted SOC signals

The recovered SOC signal sy in Fig. 5-9 is produced by demodulating the SOC signal from the
phase current waveform. The filtering operation causes s to delay the original sent signal scp
by 1-bit time (0.1/24s). The separated three SOC values from the code string sr, are displayed

in Fig. 5-9 as Spa1, Sbaz, and Spas.

After comparing the three SOC values, the carrier levels in the SPWM process are reordered
for the upcoming cycle. The results of the carrier level rearranging procedure are exhibited in
Fig. 5-10, where the carrier levels are reorganised at 0.4/3s. In particular, the initial carrier
levels for H-bridge cells with SOC values of 100%, 40%, and 35% are set to level 3, level 1,
and level 2, respectively, and they are moved to level 1, level 2, and level 3 based on the
numerical sizes of the three SOC values. After the initial rearrangement point, the carrier levels
are rearranged every 0.1s. Nevertheless, the carrier levels are not modified at the subsequent
level reset point in Fig. 5-10, which is due to the batteries’ SOC not varying much over a short

period of time.
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Figure. 5-10. The reset carriers and the reference sinusoidal wave used in the SPWM
process, where (a) is the original curves, and (b) is the zoomed curves at the carrier level

reset point

Fig. 5-11 presents the SOC curves for the three batteries used in phase A. The SOC of the first
battery (Fig. 5-11(a)) decreases significantly at 0.4/3s after the transmitted signals successfully
restored at receiver as it has the highest SOC value. On the contrary, the third battery has the

smallest SOC value, and its rate of decline (Fig. 5-11(c)) becomes slowest at 0.4/3s. The

simulation results demonstrate that this system successfully achieves battery balance

discharging.
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Figure. 5-11. The SOC curves of the three batteries, where (a), (b), and (c) represent the
battery with the initial SOC of 100%, 40%, and 35% respectively
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5.4 Summary

In this chapter, a three-phase multilevel inverter-based IPST system for EVs has been proposed.
With the IPST technology utilised in the field of EVs, the cost and size of the EV control system

can be greatly reduced.

In the proposed system, the SPWM approach is used for power modulation and FSK method
is applied for signal transmission. In the designed system, the three batteries’ SOC values are
transmitted through the phase A current waveform in time order. By using envelope detection
approach for demodulation, the successfully restored two signals are applied realise the battery
balance discharging function. Simulation results indicate that the proposed method can transmit
signals with data rate of 240 bps. The designed model only applies Phase A current waveform
to transmit batteries’ SOC signals and thus can further employs Phase B and phase C current
waveforms for the transmission of other signals, such as automotive lighting signals and air

conditioning control signals for EVs.
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Chapter 6  Integrated Power/Signal Transmission
in a Bidirectional Buck/Boost Converter-Based

Intelligent Street Lighting System

6.1 Introduction

This chapter proposes an ISL topology based on buck-boost converters. The proposed model
employs the IPST technique for two-way communication between the central controller and
each streetlight. The sent data is multiplexed with the current waveform and transferred
simultaneously with the power conversion since the communication signal is modulated by the
buck/boost converter’s switching frequency. The following are some of the advantages of the
proposed model. Firstly, the traditional buck/boost converter topology is slightly modified to
fit the streetlight application, making the model simple to install. Secondly, the proposed
approach inherits the advantages of conventional PLC communication in that no additional
communication cables are required, while eliminating the need for signal coupling devices for
PLC communication. Finally, in contrast to previous research on the same application in [81]
and [82], the suggested model employs an additional ‘request to send (RTS)/confirm to send
(CTS)’ method to decrease frame conflicts, allowing for successful remote streetlight control

in the ISL system.

The rest of this chapter is exhibited as follows. The system structure of the proposed ISL model
is discussed in Section 6.2. The charging and discharging mechanisms of the proposed topology
are presented in Section 6.3. Next, Section 6.4 explains the methodology to avoid frame
collision. The simulation results and the performance of the proposed system are assessed in

Section 6.5. Finally, a brief conclusion is drawn in Section 6.6.

6.2 System Configuration

Fig. 6-1 illustrates the proposed system model. Each streetlight has a large-capacity battery that
stores energy from solar panels during the daytime and then uses that energy to power the LEDs
at night. Solar panels are installed on the bus station platform’s ceiling to collect solar energy
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without taking up too much platform area. Furthermore, each streetlight is equipped with a
sensor for monitoring road conditions. Additionally, each streetlight has an electronic screen
that cycles through commercials, news, and traffic information. Moreover, passengers can
utilise the excess electricity provided by the solar panels to charge their electrical equipment
[159], [160], [161]. In the event of a large-scale blackout in a city, the battery in each streetlight
can also be utilised to charge EVs [162], [163], [164]. If each LED streetlight has a power of
100 W, the distance between two streetlights is 40 m, and the average distance between two
platforms is 800 m, then 20 LED streetlights are required between two platforms and the solar
panel should at least have 2 kW output power. If each streetlight is powered by a 1.5 m?, 300
Wp solar panel, approximately 7 to 8 panels are required, covering an area of 10.5 to 12 m2.

Consequently, solar panels can be installed on top of a bus stop.

\oltage Sensmr‘—
temperature, etc l
1 Microcontroller
¥

Remote DC/DC Batteries
control Centre converter

wass]] ||

Power flow

——— Signal flow

Figure. 6-1. Signal and energy flow structure of the proposed ISL system

Streetlight control signals and LED status data are sent through converters between the control
centre and the streetlights for communication purposes. LED status data such as voltage,
current, and temperature, are monitored first by appropriate sensors. Then, these data are
modulated by the fast-switching switches of a DC/DC converter with the FSK approach by
microcontrollers. Next, the data can be retrieved, demodulated, and recovered from the current
waveform at the control centre after being transmitted through the DC bus. The same
modulation and demodulation approach can be used for the LEDs’ operational commands
transmission from the control centre. The remote-control centre can quickly update the
operating condition of the LED lights and alter the lighting plan based on the battery’s

remaining power using this two-way communication method.
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The proposed buck/boost converter architecture for the ISL application is shown in Fig. 6-2. A
battery serves as the DC power source for signal production at the master node of remote-
control centre. When battery is charging, the topology will act as a buck converter. Besides,
when battery is discharging, the topology will act as a boost converter. Furthermore, each LED

branch has a thermistor Rt for LED overcurrent prevention.
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Figure. 6-2. The proposed buck/boost converter topology for the ISL system

6.3 Operation Principle

6.3.1 Charging Mode

When operates in charging mode, the equivalent circuit of the proposed converter is presented
in Fig. 6-3. This figure shows one module as an example since different slave modules are
charged with the same mechanism. The proposed method employs PWM approach to control
switch Si1. The typical waveforms are demonstrated in Fig. 6-4, where vgs1, iL, is1 and iss
represent the gate signal of switch Sy, the current that flows through inductor L, the current that

flows through switch S, and the current that flows through switch Ss, respectively.
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Figure. 6-3. Equivalent circuit of the proposed converter in battery charging mode
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Figure. 6-4. Typical waveforms of the proposed topology in charging mode

The stages of the proposed circuit in continuous conduction mode (CCM) are outlined below,
assuming that all components are ideal.

1) Stage 1 [to—ti]: Switch Sy is turned on, the MOSFETS of Sz and S4 are off. The power
from the DC bus Vpc is conducted to inductor L, battery Vg, and capacitors C1 and Co.

The current flow direction is displayed in Fig. 6-5(a).

2) Stage 2 [ti—t2]: Switches S1, Sz and S4 are turned off. The energy stored in inductor L is
conducted to battery Vg and capacitor C.. The current flow direction is exhibited in Fig.
6-5(b).
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Figure. 6-5. The current direction (a) [to—t1] and (b) [t1—t2] of the proposed converter in

charging mode
As the initial value of the inductor current is equal to its final value in a switching period of

steady state, the voltage gain G¢ can be obtained from

Vg
G.=-2=D 6—1)
Vbe

where D is the duty ratio of the switch S;. The minimum inductor current Imin can be derived

from

Vg
Lymin =1p =57 (1 —=D) T (6 —2)
2L
where o is the output current, and Ts is the switching period. As the minimum inductor current

is zero at the boundary condition, the value of inductor L can be calculated as

_a-n,
=27 Rp

(6-3)

where Rg is the equivalent resistance on the battery side, and fs is the switching frequency. To
guarantee the topology operates in CCM mode, the designed inductor is larger than this

boundary value.
6.3.2 Discharging Mode

When the proposed topology operates in discharging mode, its equivalent circuit is exhibited
in Fig. 6-6. Switch Ss is turned on, and the PWM method is utilised to control switches Sz and
S4 during the battery discharging process. The typical waveforms are demonstrated in Fig. 6-7,

where vgs3, Vgss, I, 1s3, and iss respectively refer to the gate signal of switch Sz, the gate signal
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of switch S, the current that flows through inductor L, the current that flows through switch Ss,

and the current that flows through switch Sa.
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Figure. 6-6. Equivalent circuit of the designed converter in discharging mode
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Figure. 6-7. Typical waveforms of the designed converter in discharging mode

The stages of the designed converter during the discharging process in CCM mode are analysed

below.

1) Stage 1 [to—t1]: Switch S4 is turned on, and switches S; and Sz are turned off. Inductor
L is charged by battery Vg, and the energy stored in capacitor Cy is used to power the

LED. The current flow direction is shown in Fig. 6-8(a).

2) Stage 2 [t1—t2]: Switch Ss is turned off, and switch Ss is turned on. The energy stored in
inductor L and battery Vg are discharged to the LED and capacitor C1. The current flow

direction is displayed in Fig. 6-8(b).
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Figure. 6-8. The current direction (a) [to—t1] and (b) [ti—t2] of the designed converter in

discharging mode

As the initial value of the inductor current is equal to its final value in a switching period of

steady state, the voltage gain G4 can be obtained from
Go= 2 = 6 —4
a=y= 6-4

where V, is the output voltage. The inductor boundary current I g is calculated by

v v
—B'DTSZ B |
L 2Lf,

ILB = D (6_5)

1
2
Because the output current I, and the inductor current are the same when switch S4 is turned

off, the output boundary current log can be derived from

Vo

IoB:ILB'(l—D):ZLf
S

-D(1 - D)? (6 — 6)

Therefore, the minimum value of inductor L can be obtained from

_ RD(1 - D)?
Lipin = 2 6-7)
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where R is the equivalent resistance on the LED side. An appropriate inductor value for the
proposed model can be decided after comparing the boundary value of the inductor in the
charging and discharging modes. In other words, the determined inductance is larger than the

maximum inductance boundary value calculated in charging and discharging modes.

6.4 Signal Transmission Mechanisms

The developed system can transmit two types of signals. During normal operation, the remote-
control centre will send lighting commands to each slave node and the slave nodes will collect
and transmit each LED’s status data to the control centre in time order. Besides, the emergency
signals will be transmitted to the control centre when bulb failure occurs. Since each time only
one signal is transmitted with power conversion process, there is no congestion in the proposed

system.
6.4.1 Bidirectional Communication

The proposed system uses FSK method for signal modulation and employs envelope detection
approach for signal demodulation. Fig. 6-9 depicts the equivalent circuit of the designed
converter when the master node sends control signals to a slave node. The circuit structure is
like the charging mode topology described in Section 6.3, and both topologies can be
considered buck converters. The distinction is that when the master node transmits signals,
switch Se is used for signal modulation, switch S is used to lead the signal to the slave node,

and capacitor C; is engaged in the discharging route of inductor L.

control signal

Se 81 83
532 SR
VS - :% C; —:CZ = Ve
Master node Slave node

Figure. 6-9. Equivalent topology when the master node transmits signals

When a slave node transmits LED status data to the master node, the equivalent circuit of the

proposed topology is shown in Fig. 6-10. This architecture is similar to the one described in
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Section 6.3 for discharging mode, which uses switches Ss and Ss for signal modulation. In
addition, switch S7 is activated to direct the signal to the master node. The topology used for

transmitting LED status data can be considered as a boost converter.

LED status data
<—

81 ‘§3

[ | 1L Y
.

i
Sy =v
Rz —!7C1 JE;} 84 ==C2 = 8

Master node ' Slave node

Figure. 6-10. Equivalent topology when the slave node transmits signals

Table 6-1 shows the structure of the data frame. To synchronise the transmitter and receiver,
an 8-bit preamble is provided at the start of each frame. Each LED has a unique ID number
that is used to identify the information’s source/destination address. At the end of each data
string, check codes are inserted to examine if the data is damaged or not during transmission.
Finally, to indicate frame termination, an 8-bit end code is attached to the end of each frame.
Each frame in this example involves data/commands for a single LED, and the data/commands

for numerous LEDs are supplied frame by frame according to the node ID sequence.

TABLE 6-1 Structure of a Single Data Frame

Code Type | Preamble | Node ID | Data | Check Code | Ending Character

Length (bits) 8 8 0-64 8 8

6.4.2 Emergency Data Transmission

Despite the system can send LED status data on a regular basis, emergency communication
between the staff at the remote-control centre and each LED light is required to deal with crises
such as bulb failure. Fig. 6-11 depicts the proposed system’s emergency communication
approach.
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Figure. 6-11. Block diagram of the emergency data transmission approach

Firstly, a slave node transmits a frame of the ‘RTS’ signal to the master node, informing the
master node of the following data transmission action. Secondly, the master node assesses if
the communication channel is idle after receiving the ‘RTS’ signal. Because the proposed
converter operates at the carrier frequency of digital ‘0” under normal conditions, the master
node will assume the channel is busy and will not reply if digital ‘1’ is demodulated from the
following data frame. Otherwise, the master node will assume the channel is idle and send a
‘CTS’ signal to the slave node to confirm the request. Finally, the slave node will transmit the
emergency data if it receives the ‘CTS’ signal within two cycles of the data frame. Otherwise,

it will wait for a period T, to resend the ‘RTS’ signal.
T,=Ts-N,(N €[0,1,2,..,n]) (6 —8)

In this equation, Ts is the time spent transmitting a data frame, n is the number of slave nodes,
and N is the random integer used to delay the ‘RTS’ signal’s transmission time. The carrier

frequencies of ‘RTS” and ‘CTS’ signals are different from that of the data frames. The frame
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structure of the ‘RTS” and ‘CTS’ signals is shown in Table 6-2. Because ‘RTS’ and ‘CTS’
have short frame length, the overall transmission overhead will not be much increased.
Furthermore, because the ‘RTS’ signals are modulated by two carriers with the same
frequencies when numerous slave nodes transmit requests at the same time, it is possible that
the node ID demodulated at the master node does not match the real node address. In this
situation, the master node does not respond the request. This approach therefore ensures that

when one node transmits data, other nodes will not occupy the channel.

TABLE 6-2 Structure of an RTS/CTS Frame

Code Type | Preamble | Node ID | Check Code | Ending Character

Length (bits) 2 8 2 2

To guarantee that the sent ‘CTS’ signal is received at the slave node, the voltage source value
Vs at the master node is designed to be larger than the battery voltage Ve. Fig. 6-12 depicts the
equivalent circuit for this circumstance. The master node is delivering a ‘CTS’ signal to slave
node 1 in this diagram. Slave node 1 is charging while slave node 2 is discharging. The energy
supply at the master node is used to power the LED lights. During the interval when switch Sa

is turned off, switches S, and Sz are switched on to release the charge contained in inductor L.

the current path
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Figure. 6-12. The equivalent circuit when the master node transmits a ‘CTS’ signal to

slave node 1
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6.5 Results and Analysis

6.5.1 Simulation Results

To evaluate the viability of the proposed system, a simulation model is developed in
MATLAB/Simulink. The system characteristics employed in the simulation model are listed
in Table 6-3, with switching frequencies of f1 equal to 30 kHz, f» equal to 20 kHz, and f3 equal
to 50 kHz. In the simulation model, the data rate is 2 kbps. Furthermore, the thermistor Rt has
a resistance of 10 Q under normal conditions. Fig. 6-13 and 6-14 show some typical simulation
waveforms of a slave node working in charging and discharging modes, respectively. isi, is3,
and iss reflect the currents flowing through the switches Si1, Ss, and Sas, respectively.
Furthermore, i, Vg, and Vo stand for inductor current, battery voltage, and LED output voltage,
respectively. The simulation results show that the proposed architecture performs in the CCM

mode as anticipated.

TABLE 6-3 Simulation Parameters of the Proposed ISL System

Parameter Name Value
Vbc (DC bus voltage) 20V
Vg (battery voltage) 12V
Vo (output voltage of discharging mode) 15V
Vs (source voltage at the master node) 20V

L (inductor at slave node) 3 mH
C1, C2 (capacitor at slave node) 100 pF
Rt (thermistor) 10Q
Poutr (Output power of a slave node at charging mode) 18 W
Pout2 (output power of a slave node at discharging mode) 15W
f1 (frequency for modulating ‘1’ of a data frame) 30 kHz
f2 (frequency for modulating ‘0’ or normal switching frequency) | 20 kHz
f3 (frequency for modulating ‘1’ of an RTS/CTS frame) 50 kHz
fsampte (Sampling frequency of the band-pass filter) 120 kHz
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Figure. 6-13. The simulation results of the designed converter operate in charging mode
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Figure. 6-14. The simulation results of the designed converter operate in discharging

mode

The key waveforms of the master node delivering signals to slave nodes and slave nodes
sending signals to the master node are shown in Fig. 6-15 and Fig. 6-16, respectively. In the
simulation model, three slave nodes are connected to the master node, and these slave nodes
send data in order depending on their ID numbers. When one slave node sends data, the other
two slave nodes continue to operate normally and power the LED. Fig. 6-15 shows the original
signal, demodulated carrier of digital ‘1°, extraction amplitude of the first-order harmonic, and
restored signal, which are represented by di, dz, ds and d4 respectively. Data frame from slave
node 1, data frame from slave node 2, data frame from slave node 3, demodulated carrier of
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digital 1’ and restored signal at the master node are depicted as ds, dg, d7, ds and dg respectively
in Fig. 6-16.

1
Original signal d
0
0.3 | !
Demodulettefl i (mA) 02 . .
carrier of ‘1 01k "
. N AN
Amplitude of first- 7, (mA ) 0.46 /! /l
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1
Restored signal dy
0
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Figure. 6-15. Typical waveforms when the master node sends a signal
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Figure. 6-16. Typical waveforms when the slave nodes transmit signals

When a slave node receives a ‘CTS’ signal from the master node, the outcome is shown in Fig.
6-17, where dio, d11, d12, and di3 represent the original signal, demodulated carrier of digital
‘1’, extraction amplitude of the first-order harmonic, and restored signal, respectively. There is
a one-bit delay at the receiver, which is mostly caused by the filtering process and resampling

at the original signal rate. The properly recovered signal demonstrates that the IPST approach

116



Chapter 6 IPST of a Buck/Boost Converter for ISL System

can be used in the ISL system. Furthermore, the switching ripple of the converters can be used

to convey ‘RTS/CTS’ signals to reduce data frame collisions.

1 B _

Original signal dho I_I |_|

Demodulated dn

Dm0 - .
0

delay Time: 2 ms/div
Figure. 6-17. Typical waveforms when the master node transmits a ‘CTS’ signal
6.5.2 Noise Immunity Analysis

In engineering applications, noise immunity is generally measured by the signal-to-noise ratio
(SNR). The higher the signal-to-noise ratio of a device, the less noise it generates. In general,
a higher SNR means less noise is mixed into the signal and the BER of the received signal is
lower. The noise immunity of the designed model is tested by adding white Gaussian noise to
the power line as an environmental interference. The BER is computed by bit-by-bit
comparison of sent and received data. By gradually increasing the noise level, the connection
between BER and the SNR is obtained. Fig. 6-18 depicts the simulation outcome. The results
show that when the SNR increases, the BER drops and thus the proposed IPST approach has
acceptable anti-noise capability. When the SNR is more than 10 dB and the data rate is 2 kbit/s,
the BER will be less than 107,
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Figure. 6-18. The relationship between BER and SNR of the proposed ISL system

6.6 Summary

A bidirectional buck/boost converter architecture for achieving two-way communication in an
ISL system is discussed in this Chapter. In this system, the PWM method is used to modulate
the converted energy, and the FSK approach is employed to modulate the transmitted signal.
During the daytime, each streetlight’s battery is charged, while the charged battery is utilised
to power the LEDs at night. The remote-control centre can send LED control signals and
receives LED status data with the IPST approach. The cost of system wiring can be decreased
by integrating the transmission signals into the current waveform by modulating the switching
frequency. Furthermore, the utilised ‘RTS/CTS’ communication strategy can significantly
decrease emergency signal conflict. The practicality of this transmission approach in the ISL
system is demonstrated by the simulation model developed in MATLAB/Simulink. In addition,
the noise immunity is examined at a data rate of 2 kbit/s. A BER of 10 can be attained if the
SNR is larger than 10 dB.
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Chapter 7 Conclusions and Future Works

7.1 Conclusions

Energy transmission and information transmission have in common the transfer of substances
from one place to another, but the difference lies in the type of substance being transferred. If
the communication signal is transmitted in the form of an electrical energy, it is possible to
combine electrical energy and signal together. Based on this hypothesis, this study modulates
the signal through the switches of the power electronics converter, thus achieving a complex
modulation of power and signal in SESs. By utilising the proposed Integrated power/signal
transmission method, the cost on communication cables can be saved and the system wiring

can be simplified. The major work and achievements of this study are concluded as below:

Chapter 2 reviews the standards and applications of various communication technologies.
Wireless networks have the merits of low maintenance cost, mobility, and ease of installation.
However, interference and data security are the main drawbacks of wireless communication.
Moreover, wired networks have the benefits of high bandwidth and good data security, but
have limited mobility. In addition, Chapter 2 in-depth reviews the relevant studies of IPST
transmission strategy. This method can greatly reduce cost and system size by using power
lines for data transmission and has a good level of data security because the transmitted data
can hardly be hijacked directly from the power lines. Nevertheless, the data transmission rate
of this method is low, and the communication signal is subject to interference from other
electronic devices connected to the same power line. A valuable topic that extends the IPST
technology in AC converters is observed after investigating other studies. Moreover,
researchers can acquire a thorough understanding of the merits and drawbacks of various

communication approaches from this review.

In Chapter 3, the IPSK/FSK signal modulation approach is proposed to facilitate data rates by
making full use of the carrier phase and frequency. Furthermore, the coherent demodulation
and envelope detection method are studied. Additionally, the feasibility of these modulation
and demodulation approaches is analysed through a simulation model of the Buck converter.

The simulation results proves that the IPST approach can simultaneously transmit data and

119



Chapter 7 Conclusions and Future Works

energy. Furthermore, the IPST method has acceptable noise immunity compared to the PSK

and QPSK methods applied in conventional communication systems.

In Chapter 4, a PPP-based TAB converter is exhibited for realising battery balancing and signal
transmission functions. The energy flow direction in the three ports is controlled by the
leading/lagging condition of the converter switches. With a simulation model implemented in
MATLAB/Simulink, the feasibility of the IPST method in the proposed converter is verified.
Furthermore, the direction of signal transmission is independent of the direction of power
conversion, which means that any of the three ports can operate as either a transmitter or a
receiver. The designed three-port topology can be extended to more than three ports in practice.
Besides, the proposed PPP-based TAB converter can be employed in the energy management

system of the microgrid energy router.

In Chapter 5, a three-phase multilevel inverter-based IPST system for EVs is proposed to
reduce the cost and size of the EV control system. With a simulation model developed in
MATLAB/Simulink, the results indicate that the proposed method can transmit signals with
data rate of 240 bps. The phase B and phase C current waveforms of the designed model can
be further developed for the transmission of other signals, such as automotive lighting signals

and air conditioning control signals for EVs in future research.

In Chapter 6, a bidirectional buck/boost converter topology for realising two-way
communication in an ISL system is discussed. With the designed simulation model in
MATLAB/Simulink, the feasibility of this transmission approach is proved. Moreover, the
noise immunity is tested at a data rate of 2 kbit/s. Specifically, the developed simulation model
can achieve a BER of 10~ with the SNR larger than 10 dB.

In summary, in terms of the aim about using power electronic converters for signals
transmission in SESs, this research integrates both methodology investigation and simulation
validation to systematic study of integrated power and signal modulation and demodulation
methods. From this perspective, this study has achieved the following milestones:

1) The mechanisms of FSK/PWM, PSK/PWM, and IPSK/FSK approaches are
demonstrated, and the data demodulation methods for coherent demodulation and

envelope detection from current waveforms are illustrated.

2) The IPST technology is successfully extended to DC/AC converters. Besides, the
circuit topologies for EV motor speed control, BMS battery balancing, and remote
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streetlight control system are designed, which are significant for reducing the cost and

size of communication systems.

3) By adjusting the noise intensity of the transmission environment of the simulation

model, the proposed IPSK/FSK method is proven to have decent noise immunity.

7.2 Future Works

According to the above findings and in consideration of the constraints of the existing work,

future study can be conducted in the following areas.

Further research is required into the relevant literature of BMS. Chapter 4 and 5 employ
the IPST-based cascaded full bridge converter and TAB converter for BMS to realise
integrated power/signal transmission. However, further analysis is required to compare
the proposed structure with other related studies using different topologies, such as a
common DC bus for capacitors. Moreover, the cell balancing efficiency of the series
structure will be compared with the parallel structure to investigate a more suitable cell

balancing topology for IPST function.

Further improve communication speed and stability while ensuring signal integrity.
This thesis focuses primarily on the analysis of the feasibility of FSK, PSK and
FSK/PSK methods for data transmission in converter-based applications. However,
their data speeds are relatively lower than those of wireless communication methods
such as 5G and wired communication methods such as fibre optics to ensure data
accuracy during power conversion. Therefore, other signal modulation strategies such
as frequency hopping (FH), chirp modulation, and orthogonal frequency division
multiplexing (OFDM) will be studied to promote the band utilisation rate and achieve
higher data rates. Furthermore, the practical effects of these technologies will be
evaluated in various applications and the respective merits and drawbacks will be

summarised.

Extend the IPST technology to other applications. This thesis employs the IPST method
in areas such as motor speed control for EVs and battery balancing for BMS, where it
still has many potential applications. Especially with the development of the loT and

microgrids, IPST technology can be applied to DC buildings, energy routers and
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underground mines for the instantaneous transmission of power and signals. Moreover,
this thesis has designed DC/DC and DC/AC converters for specific applications, and
AC/AC and AC/DC converters suitable for IPST technology are still worth

investigating.

Experimental validation of the proposed method. Because of the Covid-19 pandemic,
the proposed methods have only been theoretically analysed through simulations and
have not been experimentally validated. The simulated background noise does not
reflect the actual conditions of the application scenario and the choice of power
electronic devices will also have an impact on the signal and power transmission
efficiency. Therefore, further experiments are required to verify the feasibility of the

proposed theory.
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Abbreviations

SCR

DC
AC
loT
SES
PLC
PoE

VolP
IPST
BMS
EV
ISL
FSK
PSK
IPSK/FSK
BER
PMSM
CAN
PPP
TAB
soc
LED
RTS

Abbreviations

Silicon-controlled rectifier
Integrated circuit

Direct current

Alternating current

Internet of Things

Smart energy system

Power line communication
Power over Ethernet
Internet protocol

Voice over Internet protocol
Integrated power/signal transmission
Battery management system
Electric vehicle

Intelligent street lighting
Frequency shift keying
Phase shift keying

Integrated phase shift keying/frequency shift keying

Bit error rate

Permanent magnet synchronous motor
Controller area network

Partial power processing

Triple active bridge

State of charge

Light-emitting diode

Request to send
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CTS

PV

5G
MIMO
OFDM
EMI

RF
WPAN
HAN
FH-SS
6LoWPAN
IETF
PAN
DSSS
LoRa
CSS
LoRaWAN
MAC

SF

NR

4G
WISDOM
LDPC

SS

FH

PSE

PD

MCU
AMP

Confirm to send

Photovoltaic

Fifth generation

Multiple-input multiple-output

Orthogonal frequency division multiplexing
Electromagnetic interference

Radio frequency

Wireless personal area network

Home area network

Hopping-spread spectrum

IPv6 over low-power wireless personal area network
Internet engineering task force

Personal area network

Direct sequence spread spectrum

Long range

Chirp spread spectrum (CSS)

Long range wide area network

Media access controller

Spread factor

New radio

Fourth generation

Wireless system for dynamic operating mega communication
Low-density parity checking

Spread spectrum

Frequency hopping

Power sourcing equipment

Powered device

Microcontroller unit

Arbitration on message priority
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CSMA/CD
PWM
FPGA
DAB
DSP
DFT
ASK
SDFT
DBPSK
QPSK
SNR
TCU
PPM
ESS
GSM
SMS
cCcM

Carrier sense multiple access with collision detection
Pulse width modulation
Field-programmable gate array

Dual active bridge

Digital signal processor

Discrete Fourier transform

Amplitude shift keying

Sliding discrete Fourier transform
Differential binary phase shift keying
Quadrature phase shift keying
Signal-to-noise ratio

Transmission control unit

Phase perturbation modulation

Energy storage system

Global system for mobile communication
Short message service

Continuous conduction mode
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