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Abstract

MOHAMAD HAZWAN BIN MOHD DAUT
PICO-GRID: MULTIPLE MULTITYPE ENERGY HARVESTING SYSTEM

This thesis focuses on the development of a low power energy harvesting system specifically
targeted for wireless sensor nodes (WSN) and wireless body area network (WBAN)
applications. The idea for the system is derived from the operation of a micro-grid and therefore
is termed as a pico-grid and it is capable of simultaneously delivering power from multiple and
multitype energy harvesters to the load at the same time, through the proposed parallel load
sharing mechanism achieved by a voltage droop control method. Solar panels and
thermoelectric generator (TEG) are demonstrated as the main energy harvesters for the system.

Since the magnitude of the output power of the harvesters is time-varying, the droop gain in
the droop feedback circuitry should be designed to be dynamic and self-adjusted according to
this variation. This ensures that the maximum power is capable to be delivered to the load at
all times. To achieve this, the droop gain is integrated with a light dependent resistor (LDR)
and thermistor whose resistance varies with the magnitude of the source of energy for the solar
panel and TEG, respectively. The experimental results demonstrate a successful variation
droop mechanism and all connected sources are able to share equal load demands between
them, with a maximum load sharing error of 5 %. The same mechanism is also demonstrated
to work for maximum power point tracking (MPPT) functionality. This concept can potentially

be extended to any other types of energy harvester.

The integration of energy storage elements becomes a necessity in the pico-grid, in order to
support the intermittent and sporadic nature of the output power for the harvesters. A
rechargeable battery and supercapacitor are integrated in the system, and each is accurately
designed to be charged when the loading in the system is low and discharged when the loading
in the system is high. The dc bus voltage which indicates the magnitude of the loading in the
system is utilised as the signal for the desired mode of operation. The constructed system
demonstrates a successful operation of charging and discharging at specific levels of loading

in the system.

The system is then integrated and the first wearable prototype of the pico-grid is built and
tested. A successful operation of the prototype is demonstrated and the load demand is shared

equally between the source converters and energy storage. Furthermore, the pico-grid is shown
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to possess an inherent plug-and-play capability for the source and load converters. Few
recommendations are presented in order to further improve the feasibility and reliability of the

prototype for real world applications.

Next, due to the opportunity of working with a new semiconductor compound and accessibility
to the fabrication facilities, a ZnON thin film diode is fabricated and intended to be
implemented as a flexible rectifier circuit. The fabrication process can be done at low
temperature, hence opening up the possibility of depositing the device on a flexible substrate.
From the temperature dependent 1-V measurements, a novel method of extracting important
parameters such as ideality factor, barrier height, and series resistance of the diode based on a
curve fitting method is proposed. It is determined that the ideality factor of the fabricated diode
is high (> 2 at RT), due to the existence of other transport mechanism apart from thermionic
emission that dominates the conduction process at lower temperature. It is concluded that the
high series resistance of the fabricated diode (3.8 kQ at RT) would mainly hinder the

performance of the diode in a rectifier circuit.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background and Motivation

Wearable devices are one of the emerging technological applications with a market share that
has steadily increased from an estimated $25 billion (USD) in 2015 to $35 billion (USD) in
2018. It is forecasted to grow further to $150 billion (USD) in 2026 [1]. Immense interest
particularly in health related devices has flourished and attracted multiple investments and
resulted in the birth of many start-up companies focusing on this area. Whilst the first
generation devices mostly serve as a complement to smartphones, the second generation and
latest trend tends to move towards ‘embrace devices’, which are autonomous devices capable
of carrying out specific tasks and functionality without the assistance of smartphones and
capable of communicating with other devices through the emerging concept of ‘Internet-of-
Things’. With the current trend, it is expected that in the future, many wearable devices will be
worn by a single person, each carrying out a different and specific set of functions, and
autonomously functioning with or without communications between them, as illustrated in

Figure 1.1.

The nature of wearable devices which should be small, light, and compact would limit the
battery size, and as a result, many of these devices are designed to have a very low power
consumption to prevent the need of frequent recharging or battery replacement (typically from

nW to mW). Moreover, most wearable devices are related to monitoring (body temperature,
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glucose level, blood pressure etc.) or manually activated functionality (GPS, running timer
etc.), which means that these devices mostly spend their time in ‘sleeping’ or ‘standby’ mode,
which consume a very low quiescent power. In this aspect, there is an opportunity to power
up these devices directly from the energy harvested from the human body. In recent years, the
concept of energy harvesting has sparked an interest throughout the industry, and the number
of publications related to this field has increased dramatically. Ever since its first proposal in a
scientific publication by Starner in 1996 [2], the concept of harvesting energy from the human
body is becoming more realistic now than it was 20 years ago as there has been an increase in
the introduction of the energy harvesters or transducers that are capable of offering good
efficiency, supported by the decreasing power consumption of most electrical and electronic
devices. The interest to integrate energy harvesting mechanism into wearable devices arises
due to few advantages. These include the reduction of system cost, less impact to the

environment, less maintenance, and the possibility to further scale down the devices.
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Figure 1.1: Wearables on a person in the future. Image taken from RoweBots [3].

The human body is an abundant energy generator, however with a low mechanical efficiency
of around 15 -30 % which results in a lot of energy available to be harvested via various
mechanisms. To put this into perspective, the daily amount of energy used by a human body is

approximately 10 MJ (equivalent to 800 typical AA batteries or 0.2 kg of body fat), and based
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on the metabolic efficiency alone, a significant amount of energy is released into the
surroundings, mainly in the form of heat [4]. There are two main types of mechanism to harvest
this energy; thermoelectric and through motion and vibration. Another possibility is to harvest
energy from the surroundings through wearable harvesters or transducers, such as the concept

of wearable solar panel and wearable electromagnetic wave rectenna.

Thermal energy from the human body can be harvested to produce electrical energy by means
of thermoelectric devices. These devices contain thermoelectric material which can generate
electrical voltage from temperature differences (Seebeck effect). Since the human body is
continuously regulated to be at 36 °C, a significant amount of heat (up to 100 W [5]) is released
to the surroundings. By placing thermoelectric generators on the human body, energy can be
harvested from the difference between the body temperature and the surrounding temperature.
The amount of harvested energy mainly depends on the magnitude of temperature difference
and the surface area of the thermoelectric generator. Using this method, typically around few

MW to mW can be harvested from a single thermoelectric generator placed on the human body.

Three main transducers are used to harvest energy from the motion and vibration of the human
body. These are piezoelectric transducer (utilises piezoelectric material which can generate
voltage when it vibrates), electromagnetic induction (utilises magnetic material to generate
voltage from motion based on Faraday’s law), and electrostatic transducer (varying capacitance
under constant charge or constant voltage condition). Unlike thermal energy, motion and
vibration energy is not continuously available to be harvested except when the human body is
in motion. Generally, the amount that can be harvested from this method is in the pW range.

Apart from harvesting energy directly from the human body, it can also be used as a transducer
to harvest energy from the surroundings. This is the case for electromagnetic wave (EM), in
which the human body can act as an antenna to pick up this signal. Human tissues have a very
high dielectric constant and can be easily coupled with a low frequency EM wave. This will
then generate electricity in the human body, due to its conductive property. However, the
amount of energy that can be harvested from this method is very low (approximately 50 pW
from [6]). Finally, by placing a wearable solar panel on human body, a significant amount of
energy can be harvested from the surrounding illumination. For example, an integrated jacket
with 16 solar panels has been demonstrated capable of generating 0.5 W of power during sunny
day [7]. The method of harvesting energy from the human body and surrounding is presented
in Figure 1.2.
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Figure 1.2: Mechanism to harvest energy from the human body and surroundings to generate

power for wearable devices. Images taken from their respective publications in [7]-[14].
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Wearable devices will require a steady dc supply voltage in order to operate reliably. In order
to power up wearable devices from the energy harvested from the human body, a power
converter is needed as the front-end interface (rectifier or DC-DC converter). This power
converter needs to be a low power converter. Furthermore, energy buffer/storage is also needed
in order the support the intermittent nature of the energy harvester. The full system of wearable
devices with energy powered from the human body would comprise all of these elements;

energy harvester, power converter, energy storage, and wearables as shown in Figure 1.3.

* Rechargeable battery
* Supercapacitor

- TEG Energy
* Piezoelectric generator
* Triboelectric generator StOTagC
* Induction generator * AC-DC active/passive
* Solar panel rectifier
+« EM wave antenna « DC-DC converter
Charging Discharging
>
Energy 3 Power N Wearables
Harvester Unregulated Converter Regulated Regulated (Load)
AC orDC DC DC

Figure 1.3: System architecture of a wearables with its own energy harvester and energy

storage.

From this, a major problem could potentially arise and subsequently an opportunity presents
itself. In the future, it is forecasted that a human body would have a lot of wearable devices,
and if each system were to be integrated with an individual dedicated energy harvester, then
there would be multiple harvesters and multiple energy storage on a human body, which is an
inefficient approach. Moreover, some energy harvesters are needed to be placed on a specific
location on the human body for maximum efficiency but wearable devices may be worn on
other parts of the body. There exist an opportunity for the harvesters and storage system for all
of the wearable devices to be tied together to a single unit, reducing the size and weight of the
whole system. If we can imagine that a human body is like a big city with multiple localised
power plants (energy harvester and storage), multiple residential houses and industrial areas
which consume power (wearable devices), and a big overhead cable connecting them together
(conductive fibre through clothing), then we can imagine that the whole system can be
modelled as the electricity grid system. From this, the concept of pico-grid, which is a low
power grid system designed specifically to harvest energy from human body and distribute this

energy to power up wearable devices is proposed, designed, and discussed.
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1.2 Aim and Objectives

The main aim of this PhD project is to demonstrate a working prototype of a multiple energy
harvesters system designed to power up multiple low power loads through a single link system.
The introduction of the system itself which is named as a pico-grid, since it is possibly the
smallest possible scale of the grid system, is the main contribution of this PhD. The main focus
of the PhD is therefore to design an integrated system of these multiple sub-systems, and to

ensure a seamless operation of the integrated system.

In order to achieve the main aim, the objectives that need to be completed include:

e Define the operation modes and parameters of the proposed pico-grid system, such as system
architecture, power flow control, and voltage range.

e Design each sub-system independently within the set operation in order to ensure that each
system can work independently before integrating them together.

e Determine and design an efficient load sharing mechanism among connected energy
harvesters. In the system, the power consumed by all of the wearables will be jointly
provided by multiple harvesters at the same time and therefore, a load sharing mechanism
is needed to achieve this.

e Determine and design energy buffer and storage charging and discharging mechanism in the
pico-grid. Energy storage is a requisite in the system and acts not only as buffer or storage
for the harvested energy, but also as a back-up power supply in the case when energy is
unavailable from the harvesters. In that sense, this sub-system serves either as a load or
power source, depending on the power level in the system bus.

e Design a cut-off mechanism and load shedding operation in order to ensure the safety and
reliability of the pico-grid system.

e Demonstrate the integration of each sub-system and a final working prototype of the pico-
grid system. The performance of the system will be analysed to ensure it meets the

specifications set for the application requirements.

It should be noted that the pico-grid system is a system that comprises many sub-systems, and
whilst each sub-system can potentially be further optimised to suit the overall operation of the
integrated system, the main focus of this PhD project however is not to design and optimise
each system but rather focus on introducing the system itself and to demonstrate an approach

of systematic integration of each sub-system in order to achieve a working pico-grid prototype.



Chapter 1 Introduction

1.3 Pico-grid

One of the most important innovations that has driven industrial and technological revolutions
and enabled the development of a modernised world is the grid system. This system has enabled
power to be delivered to any remote area from far away sources. Grid system is an autonomous
interconnected system comprised of multiple energy sources and multiple loads connected via
overhead cables (national grid).

The concept of a grid can be scaled down and applied exclusively on human body to power up
wearable devices as shown in Figure 1.4, and is called ‘pico-grid’. In this, a system of energy
harvesters and multiple wearable devices are connected through a single bus, where the power

flow takes place.

Since most wearable devices require a dc supply voltage, and since some energy harvesters
generate dc voltage, the link which connects all of the elements together is proposed to be
operated in dc. Plus, energy storage such as rechargeable battery and supercapacitor are also in
dc, therefore by using a dc link bus, the need for any rectifier or inverter is eliminated and thus
increases the efficiency of the system. This is unlike the typical grid system, which is mostly
operated in ac. However, there is an emerging concept of a dc micro-grid, which is a small
scale localised grid system connected to the main grid system and capable of providing and

generating power on their own.

The pico-grid is proposed to be operated at 2.2 V, since this voltage is an intermediate level
between a typical li-ion rechargeable battery (3.7 to 4.2 V) and the expected voltage produced
by the energy harvesters (in the range from few mV to 1.5 V). Furthermore, most wearable
devices require a dc supply voltage in the 5 V vicinity, which makes 2.2 V a good choice for
the bus voltage. The voltage cannot be too low or too high from this range as the DC-DC
converter would be pushed to the limit in order to provide a higher step-up or step-down ratio,

which in turn would generate high losses and reduce the efficiency of the entire system.

The system architecture of the pico-grid is shown in Figure 1.5. There are two main operations,
determined by the control system, and defined by the amount of available power and load
demand:

e Condition 1 — power produced by energy harvesters is the same or higher than the load

demand, in this case, the excess available power is used to charge the storage system.
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e Condition 2 — power produced by energy harvesters is lower than the load demand, in this
case, the storage system will discharge to support the load demand. If the demand is still not

met, then load shedding process will start based on the priority of the loads.

Finally, since pico-grid is used to supply power for wearable devices, the plug-and-play
functionality is one of the required features in the system. The pico-grid will be designed to
enable plug-and-play functionality not just for the wearable devices, but also for the energy

harvesters.

Each of the element is
connected with each
other via the DC link

Load: Smart glasses contains
GPS chip for navigation

Harvester: TEG installed
Load: Wristband with on wrist

heart rate monitor
DC link: Conductive
? fibers integrated in
textile

Harvester: Induction
generator placed next
to a shoe

Harvester: Solar cells
mntegrated in textile

Storage: Rec. battery and
supercapacitor integrated
in textile

Harvester: Piezoelectric
generator placed under a
shoe

Figure 1.4: The final prototype proposed for the pico-grid system on human body.

Energy | | Interface | | Interface || Wearable
harvester 1 converter | | | | | converter device 1
: DC link bus
Energy | | Interface —4? i%; Interface | | Wearable
harvester 2 converter | | | | converter device 2
rrrrrrrrrr E11e1gy sources (expaudable) I Loads — wearables (expandable)
| DC-DC DC-DC

‘ ¢ Plug-n-play port ' | converter converter
I I

Rec. Super-

battery capacitor

Energy storage

Figure 1.5: System architecture for pico-grid system.

8



Chapter 1 Introduction

1.4 Thesis Outline

The contents of this thesis encompass the design, construction, testing, and evaluation of each
sub-system related to the pico-grid system. After each sub-system has been designed and tested
to ensure individual successful operation, all sub-systems are integrated together to form the

full working system prototype, which is then tested and evaluated.

Chapter 2 provides an overview and overall design for the control system for the harvester
converters to ensure successful parallel load sharing operation. The theory for load sharing is
presented and discussed at the beginning of the chapter, and then the control design based on
the proposed droop mechanism is presented, simulated, and discussed. Solar panel and
thermoelectric generator (TEG) are selected to be the main energy harvesters. As the nature of
the output power for these harvesters is time-varying, the droop mechanism needs to be
designed to follow the variation of this power, to ensure maximum power is capable to be
delivered to the load. Finally, the construction of multiple source converters for these harvesters
with the proposed self-adjusted droop control system is presented and the performance is

evaluated.

Chapter 3 presents the power flow operation for the power converters for the storage system
which serves as the backbone for the pico-grid operation. A supercapacitor and rechargeable
battery are selected as the main energy storage element. The mode select circuit to control the
power flow for charging and discharging mechanism is presented and tested. Several important
operations such as start-up operation are presented and evaluated. The proposed mechanism
for load shedding is also presented and discussed. Experiments and tests are carried out to test

the feasibility of the proposed mechanism and the performance is presented and discussed.

Chapter 4 which is the most important chapter presents the integration steps of the whole sub-
systems and discusses and evaluates the performance of the entire system. The first wearable
prototype is built from the integrated system and the performance is evaluated. Few
recommendations for improving the first prototype in order to be implemented in real world

applications are outlined by the end of the chapter.

Chapter 5 presents an additional side project during the PhD involving fabrication and electrical
characterisation of ZnON thin film diode in MIS structure which could potentially be deposited

on a flexible substrate. This diode is initially intended to be implemented as a rectifier circuit
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for energy harvesting applications. The results for the fabrication and subsequent temperature

dependent I-V and C-V characterisations are presented and discussed.

Finally, the conclusions and future work are presented in Chapter 6.
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Chapter 2

Parallel Load Sharing - Theory and
Demonstration

2.1 Foreword

In this chapter, the concept of simultaneously extracting energy from multiple harvesters is
proposed, discussed, simulated, and demonstrated. This operation of load sharing among
harvesters is a very important feature of the pico-grid system (multiple sources multiple loads),
which differentiates it from the typical single source single load or single source multiple loads
systems. The control method to achieve a seamless load sharing operation is presented and
discussed. This method which relies on the concept of voltage droop regulation is further
improved by integrating a self-adjusted feature to ensure that the variation of input power is
considered. Finally, a multiple sources multiple loads system is built from commercial-off-the-

shelf (COTS) components and the functionality of the load sharing concept is demonstrated.

2.2 Background and Theory

2.2.1 The Need for Multiple Multitype Energy Harvesters

Recently, the concept of WBAN has surfaced and attracted significant attention throughout the
wearables industry [15]. In this system, a network of wirelessly interconnected sensors on
human body work together to sense and monitor certain parameters of the body, which are
mostly health-related, and send the signals to the processing centre, normally to a mobile

phone, to alert the user on any fore coming health issues. This concept is very similar to the

11
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WSN, in which a network of multiple sensors works autonomously and send signals to the
central processor. These concepts are all related to the emerging concept of Internet-of-Things
(1oT), in which multiple sensors, devices, appliances, and almost any product, are wirelessly
connected and capable of exchanging data, sending instructions and commands, enabling
wireless integration of almost every aspect of electronics devices. For WBAN and WSN, since
most of the networks comprise sensors, therefore the power consumption of each node is very
low. Traditionally, this is powered by a rechargeable battery. However, major drawbacks
associated with a rechargeable battery such as a frequent charging requirement, performance
degradation over time, operation sensitivity over a specific temperature range, and eventually
the need for a replacement have made the integration of energy harvesting mechanism into
these systems a more logical and realistic approach. Furthermore, multiple researchers have
introduced efficient energy harvesters that can harvest and scavenge enough energy to sustain
the operation of these wireless nodes. Multiple standalone sensor node systems powered by a
single energy harvester have been introduced in the publications [16]-[19]. However, the
intermittent and sporadic nature of the power output of most energy harvesters means that
integration of energy storage is still a requisite requirement in these systems. This means that
the nature of the harvester itself defeats the purpose of having the harvester in the system to
replace the rechargeable battery. To counter this particular issue, the use of multiple and
multitype energy harvesters in the system is introduced. Multiple harvesters with different
energy harvesting or scavenging mechanisms (hence multitype) are needed to ensure a higher
opportunity for a continuous supply of power, hence capable of sustaining the operation of

these systems.

To reduce the overall footprints of the multiple energy harvesters, a single cell comprising
multiple and multitype harvesters has been proposed. For example, recently Guo et al. [20]
have introduced a hybrid triboelectric-electromagnetic generator capable of harvesting
mechanical energy from harsh environments. The weakness with their generator is the
harvesting mechanism solely relies on surrounding mechanical energy, and when this one type
of energy is unavailable, then the amount of harvested power depletes to zero. A better solution
to this type of hybrid energy harvester is a generator that can harvest multiple surrounding
energy at once, such as the one demonstrated by Wu et al. [21], which is capable of harvesting
mechanical, solar, and chemical energy at the same time. Other examples are demonstrated by
Zheng et al. [22] and Lee et al. [23]. However, these papers do not outline another challenging
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aspect associated with multiple and multitype harvesting system, which is how to extract and

deliver the energy from all of these sources simultaneously to the target load.

Unregulated output
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Micro-energy —0— BATT PKCP

Interconnections

REG Regulated output
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MAX17710 TEG
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LCE f#—

Lx SEL1 |—

SEL2

source
(Solar Cell 1) FB
S | EP PGND GND|

(a) )

Figure 2.1: (a) shows a multiple multitype energy harvesting system proposed by Lemey et
al. [24]. The red oval shows the OR-ing diode configuration. (b) shows the actual depictions

of the system on the human body. Images taken from [24].

Multiple methods have been proposed in the literature in relation to the power flow
management and connectivity between multiple and multitype energy harvesters in a single
system. The most common method of connecting two or more energy sources is through the
power OR-ing method, in which every source is connected in parallel to acommon link through
a passive diode or a transistor in diode configuration. This diode serves to prevent each
harvester to be perceived as a load by other harvesters, thereby preventing the power to flow
to the harvester. Although this method ensures that the power is always delivered to the load if
at least one of the sources is generating power, it suffers from energy wastage if two or more
sources are generating power, since only the source with the highest voltage will be connected
to the load. If the sources are energy harvesters, then the energy harvested by only one harvester
with the highest voltage will be delivered to the load, regardless of the availability of another
harvester with a higher power. For example, Lemey et al. [24] have demonstrated a system in
which the large area around the antenna integrated in smart fabric interactive textile (SFIT) for
WBAN is utilised for a multiple energy harvesting system. In their system, they used TEGs
and solar panels with OR-ing diodes connected between them to supply COTS chip MAX
17710 to deliver regulated power to the load and charging battery at the same time. The main
issue with their system is the OR-ing diodes which prevent the power to be extracted from both
harvesters at the same time. However, this work is probably the closest concept to a pico-grid

system, in which multiple harvesters are integrated together on human body in a single system
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as shown in Figure 2.1. The same direct connection with the OR-ing mechanism is also

presented by Tan et al. [25], Romani et al. [26], and Carli et al. [27] as shown in Figure 2.2.
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Figure 2.2: Multiple multitype energy harvesting systems using OR-ing method reported in
publications; (a) from [25], (b) from [26], (c) from [27]. Red ovals show the OR-ing

configuration.

In the previous OR-ing configuration, one of the criteria that must be met by the energy
harvesters in order to ensure successful delivery of power to the load is that the voltage
produced by the harvesters must exceed the diode turn-on voltage, which is around 0.7 V for
COTS silicon p-n diode, 0.3 V for COTS Schottky diode, and the threshold voltage of the
COTS transistor for passive diode configured from a transistor. This means that some high
power low voltage energy harvesters such as TEG would have difficulty to get its power
transferred to the load. Furthermore, even for those harvesters that generate enough voltage to
barely exceed this turn-on voltage, power loss incurred in terms of voltage drop across the
diode would be enormous, further reducing the magnitude of power delivered to the loads. To
counter this problem, the voltage of the harvesters is stepped up by the means of a power
converter before the OR-ing diode as demonstrated by Magno et al. [28]. Another method of
using a low drop-out (LDO) voltage regulator to replace OR-ing diode, hence increasing the
overall power transfer efficiency was also demonstrated by Farrarons et al. [29]. However, the

main issue associated with the power OR-ing method, in which only one harvester will be
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connected to the load regardless of the availability of other harvesters still exists. Moreover,
the power consumption of the power converter itself must be taken into consideration when

evaluating the performance of the whole system.
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Figure 2.3: Difficulty in OR-ing configuration due to the output voltage mismatch.

It can be argued that in the OR-ing configuration, if the output of each parallel-connected
converter is tuned to produce a similar level of voltage, all converters will be able to deliver
current to the load at all times. However, this is very difficult to achieve and may even lead to
the collapse of the system due to two main reasons. The first reason is the difficulty to achieve
a perfectly equal output voltage for all converters with the presence of steady state error in the
output voltage. This can be further explained in Figure 2.3. In Figure 2.3 (a), assuming both
converter 1 and 2 are tuned to produce 2.2 V, and if converter 1 outputs 2.22 V and converter

2 outputs 2.18 V under no load condition due to their steady state error, only converter 1 will

15



Chapter 2 Parallel Load Sharing

be connected to the load. Converter 2 will be connected to the load if the voltage level in
converter 1 drops to its actual output voltage; 2.18 V due to the internal droop in converter 1.
However, if the power rating in converter 1 is low and could collapse before the output voltage
reaches 2.18 V, then it would collapse first even before converter 2 is connected to the load, as
shown in Figure 2.3 (b). The second reason is the different in power rating between parallel
connected converters. This is further illustrated in Figure 2.4. In Figure 2.4 (a), assuming that
two converters are connected in parallel and are able to output a perfectly equal output voltage
and possess a similar amount of internal droop, if converter 1 has a lower power rating than
converter 2, then as the magnitude of drawn current increases, it would collapse and the loading
for converter 2 will tremendously increase due to sudden unavailability of converter 1. If the
amount of drawn current exceed the power rating of converter 2, then converter 2 will also

collapse, and the overall operation of the system will collapse.
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2.20 Converter 1 loadline
Converter 2 loadline —
Current
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converter 2

When converter 1 collapse, similar amount
of current to Imax1 needs to be supplied
by converter 2 causing it to collapse as well
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(b) Maximum loading collapse

Figure 2.4: Difficulty in OR-ing configuration due to the different power ratings.
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To further improve on this energy harvesting issue, a rapid charge/discharge energy storage
such as a supercapacitor that can capture intermittent power is integrated into the system to
ensure that all power from the harvesters can be stored first before being transferred to the load,
still via a direct parallel connection. In this configuration, typically each harvester has its own
dedicated power converter and supercapacitor, and the voltage of the supercapacitor is used as
the indication of its storage status and when the energy should be transferred to the load. By
using this buffer storage system, the energy from all harvesters can be captured at the same
time, thereby eliminating the problem associated with the direct OR-ing configuration.
Furthermore, since the load is effectively disconnected from the harvester and power converter
during the charging process, the power converter can be easily integrated with MPPT function,
further increasing the efficiency of the energy extraction process. This method was utilised by
Ambimax [30], which is probably the most cited published work in multiple multitype energy
harvesting system. Ambimax was built from COTS components and is capable of harvesting
energy from multiple energy harvesters at the same time by integrating a dedicated
supercapacitor for each of the harvesters, and when the voltage of the supercapacitor reaches a
pre-set threshold voltage, then the node from that supercapacitor is short circuited to the load,
thus enabling the power transfer. Another example is Kang et al. [31] who have demonstrated
a system with an almost similar mechanism, however in an integrated package. Their proposed
system is shown in Figure 2.5. The same concept was also demonstrated by Srujana et al. [32]
and Morais et al. [33]. Although the efficiency of energy extraction is increased by effectively
harvesting every available energy, the system is incapable of delivering all of the harvested
energy at the same time to the load, especially when the power demand from the load is higher

than what each single harvester could produce.

Some other methods have also been proposed. Dini et al. [34] have proposed a multiple
multitype energy harvesting system based on a priority based queuing. In this system, a similar
approach of using dedicated supercapacitor and MPPT was used, however instead of using the
voltage of the supercapacitor as the connection switching parameter, a set of priority based
mechanisms are proposed to transfer the power to the load. The pre-set queue places the
harvester with the highest expected power output on the highest priority and when the circuit
detects that the supercapacitor associated with this harvester has low power level, the queue
will move to the second prioritised harvester, and so on. On the other hand, Shi et al. [35] have
proposed a timely slot queue mechanism, in which each harvester is allocated a specific time

slot to transfer power to the load. In determining the slot queue selection process, the harvesters

17



Chapter 2 Parallel Load Sharing

with output voltage lower than a pre-set threshold voltage are disabled. Finally, a well-designed
system with plug-and-play capability was proposed by Weddell et al. [36], utilising a
multiplexing method to select the power to be delivered to the load. Their complex system
consists of a microprocessor used to store electronics datasheet of each of the elements in the
system, and works together with the multiplexer to consistently determine the energy available

in each node and transfer this energy to the load depending on the demand from the load.
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energy combiner system and the flowchart of the combiner operation is shown on the right.
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Figure 2.6: Multiple energy harvesting system utilising priority based queueing method
proposed by Dini et al. [34] The system architecture is shown on the left and the operation

flowchart is shown on the right.

In all of these reported systems, although the issue of harvesting every available energy

simultaneously has been solved, none are capable of delivering power to the load directly and
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simultaneously from all energy harvesters at any given time. This will become a major problem
especially when the system is used to power up heavy load. In that sense, all of the reported
work serve to improve the redundancy of the power by integrating them together to sustain the
operation of the system, instead of integrating multiple harvesters to boost the power output
capability. Apart from a few, most of the systems do not possess plug-and-play functionality
for the harvesters. Furthermore, for systems that rely on a supercapacitor to store energy,
between the period in which the supercapacitor is fully charged and the supercapacitor is
connected to the load, the energy harvested during this period will not be extracted. It will be
shown in the next section by using the method proposed in this work, all of these issues can be

solved altogether concurrently.

2.2.2 Voltage Droop Current Sharing Mechanism

The proposed pico-grid system would comprise multiple energy harvesters, each equipped with
a dedicated power converter to regulate the output voltage of the harvesters to meet the input
requirements of the DC bus. The purpose of integrating multiple sources in this system is to
improve redundancy, reliability, and loading capacity of the output power. Improvement in
redundancy and reliability is achieved when a continuous supply of power to the load can be
sustained via the introduction of multitype harvesters, which has been accomplished via
multiple methods that have been reported in the literature presented in the previous section. On
the other hand, improvements in loading capacity involves combining and transferring
harvested power to the load altogether simultaneously, which has not been reported elsewhere.
To achieve both of these objectives, a method capable of delivering power simultaneously to
the load; voltage droop is explored. VVoltage droop is defined as an intentional voltage drop of
the output of a power converter when its output current is increased. As will be shown later,
the introduction of this ‘virtual impedance’ at the output of a power converter not only would
enable multiple power converters connected in parallel to simultaneously deliver power to the
load, but can also be utilised to set each converter to share the same magnitude of current in

terms of its generation capacity, or per unit (P.U).

When power converters are connected in parallel, there should be a cross regulation between
them to enable current sharing. The concept of paralleling multiple power converters has been
discussed in great details in publications, such as by Huang et al. [37]. In high power systems,
this can be achieved through master-slave configuration, in which one master power converter

is set to be operated in voltage controlled mode and the other power converters are set to be
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operated in current source mode. In this configuration, the voltage is effectively determined by
the master controller. Furthermore, in a few cases, the communication link between the
controllers of these converters is required, further complicates the overall system architecture.
However, in a low power system, this method is not feasible since the configuration consumes

a significant amount of power. In this case, a simpler control mechanism is required.

Generally, a DC-DC power converter is designed to output a constant voltage regardless of the
output current. However, the presence of parasitic resistance between the output node of the
converter and the input node of the load causes the drop of this voltage as seen by the input
node. The higher the current drawn from the converter, the higher this voltage drop would be.
The idea of voltage droop was derived from this phenomenon, in which an intentional voltage
drop can be integrated in the output of the power converter by the introduction of virtual
impedance, to shape the V-1 loadline of the power converter, as shown in Figure 2.7 (a). This
virtual impedance can be integrated in the control loop of the power converter, as will be shown
in the latter section. The original loadline of a typical DC-DC converter is shown as a blue line.
The voltage collapse region marked as a red dot indicates the collapse of the converter
operation when the drawn current exceeds its output power capability. By integrating a virtual
impedance, this loadline can be shaped to the steeper green line, enabling higher current to be
drawn at lower voltages (same amount of output power).
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Figure 2.7: (a) shows the typical loadline of DC-DC converter (in blue) and the modified
loadline with droop (in green). (b) shows the connection of three power converters with

different rated power connected in parallel.

If the maximum expected output powers for multiple converters are known, then each converter

can be designed to have the same nominal output voltage at no load and at maximum load
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conditions, as shown in Figure 2.7 (b). When these converters are connected in parallel, each
converter can supply current simultaneously to the load. Furthermore, current sharing in terms
of their generation capacity is automatically achieved. For example, if the power demand from
the connected load causing the operating voltage to droop as shown in Figure 2.7 (b), then each
converter will supply a different magnitude of current according to their loadline characteristic,

however their percentage of the loading is equal (70 % or 0.7 P.U in this case).

2.2.3 P.U Equal Load Sharing and Simulation

In order to demonstrate an equal load sharing mechanism achieved via the voltage droop
method, a case study and full simulation is presented in this section. In the simulation
presented, three energy sources; source 1 with 1 V 0.1 W output, source 2 with 0.8 V 0.5 W
output, and source 3 with 3 V 0.25 W output are connected to a common bus, each via a
dedicated power converter. For simplicity, it was assumed that the energy sources produce a
consistent voltage and are capable of generating maximum power during the whole period of
simulation. The load comprises a 70 Q resistor, 1 pF capacitor, and a 40 mA constant current
sink, all connected in parallel. The nominal voltage of the bus was set at 2.0 V for 50 % loading
of the system. The droop voltage range of 0.4 V was set from 2.2 V (0 % loading) to 1.8 VV (90
% loading).

To determine the magnitude of the droop for each converter, the maximum output current of

each power converter, Imax loading Was determined according to the following relation:

0.9 x I]converter X Pharvester

I(maX'loading' 0% oading) = V(maxloading 90% loading)
. ’ ()

Here Tconverter 1S the efficiency of the power converter at maximum loading, Pharvester IS the
maximum output power of the energy harvester, and Vmax 1oading IS the set output voltage of the
power converter at 90 % loading (1.8 V for this case). The efficiency of each converter was
assumed to be 90 % for the buck converter and 85 % for the boost converter. The value of 0.9
represents the set maximum loading of the converter in P.U in order to prevent the converter
from approaching its full loading, which could possibly collapse the operation of the power
converter. From this, the magnitude of the required voltage droop, Adroop was determined

from the following relation:

V(no load, 0% loading) V(max.loading, 90% loading)

ADroop =
I(max.loading, 90% loading)
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Here Vno 10ad represents the output voltage of the power converter at no load (open circuit)
condition (2.2 V). From this, the droop regulation and subsequent V-1 output loadline of each
converter was determined and the results are shown in Figure 2.8. As can be observed from the
figure, power converter 1 which outputs regulated voltage from energy source 1 possesses the
highest droop due to its lowest power capability, and vice versa. The loadlines for all converters
in P.U are shown in the inset figure. The loadlines in P.U are regulated to output the same P.U
output current at a specific bus voltage, indicating that all converters share the loading equally
between them.
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Figure 2.8: V-1 loadlines of all power converters and their respective voltage droop. The inset
figure shows the loadlines of all power converters in P.U. The loadlines shown here represent

the steady state value of the power converter.

The simulation layout in Simulink is shown in Figure 2.9. The simulation was run for 5 seconds
and the readings for the output current for all sources, bus voltage, and load current were

recorded and are shown in Figure 2.10.
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Figure 2.10: Results from the simulation.

The chronology of the simulation and results are discussed as follows:

1) Att =0, power converter 1 (for energy source 1) and power converter 2 (for energy source

2) are both connected to the load of 70 Q resistor and 1 uF connected in parallel. Power

converter 3 (for energy source 3) and 40 mA constant current sink are not connected in the

system. It can be observed from the waveforms that both power converter 1 and power

converter 2 deliver an output current simultaneously to the load. It can be determined from

the bus voltage (2.16 V) that the loading of the system is less than 50 %. The output current

from both converters are consistent with the designed loadlines as shown in Figure 2.8

before.

2) Att =1, power converter 3 is connected, increasing the available power of the system. As a

result, the bus voltage rises indicating that the loading of the system is reduced, and both
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output current from power converter 1 and power converter 2 decrease as the load is now
shared with power converter 3.

3) Att =2.5, 40 mA constant current sink is connected, increasing the load in the system. All
power converters respond to this sudden change in load by increasing their output current,
and the bus voltage drops due to the higher loading.

4) At t = 4, power converter 2 is disconnected, decreasing the available power in the system.
As a result, the load is now shared between power converter 1 and power converter 3. The
output current from both of these converters increase to balance out the absence of output
current from power converter 2. The bus voltage decreases due to the higher loading in the
system. In these simulations, it was observed that the steady state values of the converters

agree with the designed loadlines.

This simple simulation shows that the operation of parallel power converters can be easily
regulated via the introduction of this voltage droop mechanism. The observations and
conclusion drawn from this simulation include:

1) Voltage droop enables all connected power converters to simultaneously deliver current,
hence power to the load. This means that the system could be used to power up heavy load
that could not be powered by a single energy harvester, hence increasing the loading
capability of the energy harvesting system.

2) The system is capable in reliably responding to the connection and disconnection of any
power converters and loads, and provided the generation capacity is higher than the power
demand from the load, the system will not collapse. The response time is determined by the
time constant of each converter connected to the system. This means that in the actual
system, the plug-and-play feature is easily achievable.

3) Apart from a pre-set design value, there is no communication between power converters to
regulate the sharing mechanism, hence there is no need to establish a communication link
for the converters. The bus voltage is used by all converters as the main regulation
parameter.

4) Load burden is shared equally by all connected power converter in terms of their generation
capacity.

5) The bus voltage can be used to determine the loading in the system, hence more features
such as load shedding can be integrated based on the magnitude of the bus voltage.

In the next section, the implementation of this voltage droop mechanism in actual control

circuitry of the power converter is investigated. Furthermore, as energy harvesters possess
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time-varying output power, the droop needs to be regularly tuned to match this variation and

the solution for this issue will be presented.

2.3 Droop Demonstration

In this section, the implementation of voltage droop mechanism in presented. Although the
general concept has been outlined in the previous section, the implementation aspect in actual
circuits has neither been presented nor discussed yet. Moreover, the droop magnitude presented
in the previous section is fixed and static, however since the amount of output power from the
energy harvester will vary over time, the magnitude of the droop needs to be able to follow this
variation. The method to achieve this droop variation with rated power for the energy harvester
proposed here has not been reported elsewhere and is the main contribution from this chapter.
This section investigates the implementation and presents the results of this variable droop

mechanism in the feedback circuitry of a power converter.

2.3.1 I-V Characterisation for Harvesters

The first step to demonstrate the droop mechanism is to investigate the characteristics and
performance of energy harvesters/transducers that will be used in the system. In this aspect,
two types of harvester are proposed; solar panel and thermoelectric generator (TEG). Each of
these harvesters was put under controlled environment conditions and the magnitude of

harvested power that will be fed to the system is determined.

a. Solar Panel

The characteristics and equivalent circuit models of solar panel have been proposed, presented,
and discussed in great details in the literature. Under any illumination, a typical solar panel
possesses a standard and recognisable shape of current voltage (I-V) and power voltage (P-V)
characteristics. Additionally, since solar panel possesses parasitic series and shunt resistance,
there is a point in the P-V curve where the solar panel outputs the maximum available power
to the load. This point is commonly known as maximum power point (MPP). This point
typically occurs when the output voltage of the solar panel is at 80 % of its open circuit voltage
(Voc). Most power converters are equipped with MPP tracking (MPPT) functionality designed
to adjust the input impedance to ensure that the solar panel is always operating in the region
around this MPP voltage (Vwmep).

The solar panel used in this thesis is an amorphous silicon (a-Si) AM-7E04CAR manufactured

by Sanyo as shown in Figure 2.11 (a). In order to obtain the I-V characteristic of this panel, it
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was put under four different illuminations as described in Table 2.1 and the I-V curve was
extracted for each illumination by drawing a set current from the panel by using Keithley
Sourcemeter 2604B as shown in Figure 2.11 (b). Figure 2.11 (c) shows the extracted I-V and
calculated P-V curves of the solar panel under these different illuminations. Figure 2.11 (d)
presents the plot of output voltage of the panel when the MPP occurs (Vmpp) against open

circuit voltage (Voc). All the relevant results are tabulated in Table 2.2.

Table 2.1: lllumination level

IHlumination LED Lux (Ix)
Illumination 1 White (cool white) 500
Illumination 2 Yellow (warm white) 600
Illumination 3 Both white and yellow 1100
[llumination 4 Typical fluorescent indoor light 120
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Figure 2.11: Experimental setup and characterisation results from the solar panel.
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From the I-V curve, it can be observed that the short circuit current (Isc), Voc, and extracted
MPP vary strongly with illumination. The highest MPP of 100 mW was extracted when the
solar panel was illuminated through a combination of warm and cool LEDs. Under a typical
indoor fluorescent light illumination, 2 mW of MPP was able to be extracted. Finally, from the
Vwmee/Voc ratio, it can be observed that the MPP occurs at approximately 80 % of Voc, which

agrees with the expected behaviour of any typical solar panel.

Table 2.2: Parameters for the solar panel for all illuminations

IHlumination Voc (V) Isc (MA) Vwee (V) MPP (mW)
4 8.62 0.35 6.8 2.04
3 11.30 12.62 9.2 99.09
2 10.72 6.55 8.8 49.72
1 10.63 5.93 8.4 46.62

b. Thermoelectric Generator (TEG)

The TEG is able to convert the difference in temperature, AT between its two exposed surfaces
to a useful electrical voltage (Seebeck effect), which can be used to power up an external low
power load. Generally, its equivalent circuit is simply a voltage source in series with an internal
resistance. The magnitude of the output voltage varies linearly with the temperature difference.
When the current flows through the TEG (when connected to the load), a reversible effect
known as the Peltier effect can be observed; the applied voltage across the TEG created the
temperature difference between its two surfaces. This causes the temperature of the hot side
surface of the TEG to drop and vice versa, reducing the output voltage from the Seebeck effect
and hence the output power of the TEG. Due to this unavoidable phenomenon, it is extremely
important to maintain AT between the two exposed surfaces in TEG to ensure a stable output

power.

The TEG used in this thesis is Seebeck Effect Module GM250-241-10-12 manufactured by
European Thermodynamics. Since the TEG possesses a very low output voltage, two similar
TEGs exposed to the same temperature on each side are connected in series to boost the total
output voltage. Insulating foam was placed in between the hot side and cold side. The surface
of the hot side is directly exposed but heatsinks (PGA, 9.8 K/W, 36 x 36 x 12.3 mm) were
attached to the surface of the cold side using a thermal interface (polyamide, 0.37 W/mK 0.127
mm) to provide a better heat dissipation. The constructed TEGs system is shown in Figure 2.12

(a). The small inset picture in the same figure shows the TEG module used in the system.
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Figure 2.12: Pictures showing the TEG harvester and experiment setup together with the

characterisation results.

To extract the 1-V characteristics under a different AT, a setup with a hotplate (Stuart UC152)
and a digital thermometer (Omega HH501BJK) with a K type thermocouple were used. The
hot side was placed directly on a hotplate and the heatsinks on the cold side were exposed to
air with a fan facing towards it to assist the heat dissipation process. The hotplate temperature
was controlled to heat up the hot side of the TEGs. In order to accurately monitor the surface
temperature, K type thermocouples were placed on both sides. The temperature of the hotplate
was varied and the AT and respective |-V characteristic were extracted by sinking the current
to Keithley Sourcemeter 2604B. The setup was left for 30 minutes between each measurement
to ensure that the temperature was stabilised for both sides. The experimental setup is shown
in Figure 2.12 (a). Figure 2.12 (b) shows the extracted I-V characteristics for multiple AT. At
AT =50.5 °C, a maximum power of 24.5 mW was extracted from the TEGs. At AT = 14 °C
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which is the typical AT expected when the hot side is equal to the body temperature (= 36 °C)
and the cold side is equal to the room temperature (= 22 °C), maximum power of approximately
2 mW was extracted. It can be observed that the I-V curves have a strong dependency on AT.
Figure 2.12 (c) shows this dependency by plotting Voc against AT. This plot reveals a strong
agreement with the expected linear characteristics between these two parameters. Since TEG
has a parasitic series resistance, similar to a solar panel, there will be a point where MPP will
occur. Figure 2.12 (d) shows the plot of Vmee vs. Voc for the TEGs used in this thesis. From
this, it can be concluded that the Vmpp occurs at approximately 50 % of Voc. These findings
agree with the typical characteristic of TEG as reported in the literature. All results are tabulated
in Table 2.3.

Table 2.3: Extracted parameters for the TEGs under different temperature differences, AT.

Hot side Cold side MPP
AT (°C) Voc (V) Isc (MA) Vwmer (V)
temp. (°C) | temp. (°C) (mW)
14.0 39.6 25.6 0.36 22 0.19 2.05
26.0 56.3 30.3 0.69 37 0.37 7.01
40.0 74.0 34.0 1.00 56 0.49 13.92
50.5 87.5 37.0 1.25 78 0.69 24.33

2.3.2 Calculating Required Droop from Converter V-1 Loadline

After the expected range for input voltage and power from the harvesters have been obtained,
the interface circuitry can be designed to output the regulated voltage with a droop mechanism.
In this thesis, COTS DC-DC converter integrated circuits (IC) suitable for the input and output
specifications for both harvesters are used. As will be shown later, a simple addition to these
ICs enable simple yet accurate droop mechanism to be seamlessly integrated. Unless otherwise
stated, only steady state conditions/values are used in all analyses in the following sections. In
order to determine the output voltage of the required power converters and subsequently to
calculate the magnitude of the required droop, the droop parameters are presented in Table 2.4.

Table 2.4: Parameters for droop voltage and full load.

Parameter Magnitude
No load output voltage (0 mA) 2.2V
Full load output voltage 18V
Percentage of full load from rated power 90 %
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a. LTC-3129 for Solar Panel

The output voltage for the solar panel used is relatively high (> 8 V). Due to this, a buck
converter is necessary to step down the DC voltage to the required 2.2 V. For this purpose, a
synchronous buck-boost DC-DC converter IC LTC-3129 manufactured by Linear Technology
was selected. This input voltage range for this IC is within the expected output voltage range
of the solar panel (1.92 to 15 V) and the quiescent current of the IC is typically around 1.3 pA.
Since the magnitude of the down conversion of the voltage is low, the duty cycle of the
converter would be placed to the extreme low edge, which could degrade the power conversion
efficiency (PCE) and introduce significant noise in the system. To counter this issue, this IC
comes with a burst mode, in which the PWM will automatically skip its switching cycle if the
output voltage is still within a tolerable pre-set value. Furthermore, this IC has a feedback loop
in the input side to programme the Vmpp to ensure MPP can be extracted from the solar panel.
This MPP programmed function ensures that the voltage of the solar panel is always kept above
a pre-set Vmep, regardless of the loading condition. Since the programmed voltage is fixed
depending on the resistor network divider ratio in the input feedback loop, a resistor with its
resistance varies with the illumination in the same magnitude as the variation of the solar panel
Voc with illumination is needed. This will ensure that the programmed Vwpep follows the
variation of Voc of the solar panel for any illumination level. To achieve this, a LDR whose

resistance decreases with illumination is used.

20k . y . r . - -
—a— Resistance of NSL 19M51 LDR
—e— Required resistance for R4
v 4kQ when R3 = 50 kO
i 15k -
@
MPPC  (7ca129 g
k2
w
4
GND Sk 6k |
v, 1175 x (1 + 5
mpp = 1.175 X ( +ﬂ)
0 1 T v T
8 9 10 11 12
VOc (V)
(a) Feedback loop for MPP (b) Required resistance for R4
in LTC3129 and resistance of LDR

Figure 2.13: The programmed MPP function and the resistance of the LDR compared with

the required resistance to ensure a reliable MPP functionality.
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Figure 2.13 shows the variation of resistance value needed on the bottom side of the resistor
network and subsequently the variation of resistance of NSL 19M51 LDR manufactured by
Advanced Photonix, both against the Voc of the solar cell which corresponds to the different
level of illumination. It is shown that by connecting this LDR in series with a 6 kQ resistor, an
almost similar illumination response with the solar cell was obtained and hence this can be
used in the MPP feedback loop. However, as will be discussed next, the significantly low total
resistance in this loop (< 70 kQ) would cause a significant amount of current to flow in this
loop especially when the voltage of the solar panel is high, and this can degrade the efficiency

of the system. Figure 2.14 shows the circuit layout for the converter.

BST1
O Vin 1 47 nF
Vint
RUN SW1
6.8 uH
§ 50 kQ SW2
47 nF
BST2 j_
LTC-3129 y e
MPPC out
Sa~ LDR 4.7\nF | Vgourt
VCC -1
47 uF
— FB 8.7 M2 22 uF
T Seka PWM é
PGND GND

L

Figure 2.14: LTC-3129 circuit configuration for solar panel used in this thesis.

The constructed circuit was then tested under three different illuminations as presented in the
previous section. The output of the converter was connected to Keithley Sourcemeter 2604B
to sink set current and subsequently the output voltage was recorded. The sink current was

slowly increased until the converter could no longer regulate the output voltage, signifying an
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overloaded condition and the collapse of the operation. The V-1 loadline was plotted to
determine the internal droop of the converter due to the parasitic resistance. At the same time,
the input voltage and current were also recorded. This enables an accurate determination of the
overall efficiency of the converter. The results are shown in Figure 2.15.
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Figure 2.15: Results from the constructed circuit.

As shown in Figure 2.15 (a), the loadline for the converter possesses a linear characteristic,
signifying the effect of internal series resistance in the output side of the converter. This
resistance of 2.9 Q can be determined from the slope of the loadline. It should be noted that

this high value of resistance also includes the resistance of the cable connecting the setup to
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the sourcemeter, which is around 1.5 Q. From the input and output power determined from the
recorded current and voltage on both the input and output sides, the efficiency for each of the
illuminations was calculated and shown as the lines with symbols in Figure 2.15 (b). The peak
efficiency was around 50 % for all illuminations and is significantly lower than the expected
efficiency as stated in the datasheet (= 65 %). The main reason is the significant amount of
current flowing into the MPP feedback loop due to the low total resistance in this leg. The ratio
of power flowing into this loop per input power was calculated and it is shown in the same
figure as the solid lines. It can be observed that minimum reduction of 10 % in the overall
efficiency was contributed from the feedback loop. Aside from that, the dynamic power
consumption and parasitic resistance losses also cause further reduction on the overall

efficiency.

Another observation is the dependency of the maximum current hence power with the
illumination level. The relationship between maximum power and illumination agrees with the
previous |-V characterisations of the solar panel. Figure 2.15 (c) shows a comparison between
extracted MPP from the solar panel in this section and previous section. The almost similar
magnitude of MPP in all illuminations validates the functionality of the LDR based MPPT.
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illuminations meet design requirements

Figure 2.16: Droop calculations.

Since the maximum available power from the converter varies with illumination, the droop
required for each illumination is also different in magnitude to ensure reliable equal load
sharing in the final system. Similarly, as before, the total droop required for each illumination

is calculated as follows:
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V(no load, 0% loading) — V(max.loading, 90% loading) 22-138 _ 0.8

ADroopiota) = .. eq.(2.1)

09 % 7 P (max) 0.9 x Tzx  Prnax
(max.loading, 90% loading) '

Figure 2.16 (a) illustrates the desired new loadlines based on the calculated droops. It can be
observed from the equation that since Pmax is a function of illumination, therefore the droop
value is also a function of illumination. From the calculated total droops, the required additional
droops needed to be introduced in the system can be determined:

ADr‘ooprequired = ADrooptotal - A]:)roopinternal - €q. (2-2)

Here, the internal droop is the droop as a result from the internal resistance of the converter.
From this, the additional required droops were calculated and shown in Figure 2.16 (b). The
design of the circuit to introduce these droops which vary with illumination level will be

presented in the next section.

b. LTC-3105 for TEG

The output voltage for the TEGs harvesting system is low (1 V) and the voltage is expected to
always be lower than the required output voltage of the converter (2.2 V). For this reason, a
low voltage step-up converter is required and for this purpose, an IC manufactured by Linear
Technology LTC-3105 specifically designed to harvest energy from a low input voltage high
impedance source is selected. This IC has a minimum start-up voltage of 250 mV and is capable
of stepping up the voltage to 5.25 V, configurable by the feedback loop configuration. This IC
typically consumes as low as 24 pA of quiescent current during full operation to provide better
efficiency. Furthermore, as before, this IC also has a programmable Vwmpp function to
programme the output voltage of the TEGs in the region of around 50 % of its Voc to ensure
maximum power extraction. However, this maximum power point controller (MPPC) function
depends solely on the value of resistance in its loop without any direct feedback from the input
side. In case of static resistance value, the Vivpp is set at a fixed value regardless of the
temperature difference, hence TEGs Voc variation. To counter this issue, a resistor whose
resistance varies with temperature, thermistor is used. Figure 2.17 (a) shows the MPPC
configuration of this IC. Since the magnitude of the temperature difference depends on the
temperature of two different surfaces, a minimum of two thermistors are needed, one for each
surface. The thermistor on the hot side should have a positive temperature coefficient (PTC)
and the thermistor on the cold side should have a negative temperature coefficient (NTC) to
ensure the weightage for both sides is considered in determining the temperature difference.
Figure 2.17 (b) shows the resistance of a PTC thermistor LT300014T2610KJ and an NTC
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thermistor B57871S0123H000 against the operating temperature. The expected ranges of
temperature for the hot side and both sides in the final system are 40 — 70 °C and 10 — 30 °C,
respectively. Assuming the temperature of the PTC thermistor is equal to the temperature of
the hot side and vice versa, and by fixing the hot side temperature within the expected range in
10 °C intervals, the total resistance of both NTC and two PTC thermistors connected in series
was determined and is shown in Figure 2.17 (c). The required programmed resistance value
based on the formula given in Figure 2.17 (a) is also shown as the thick black line in the same
figure. As can be seen, the blue line corresponds to the hot side temperature of 50 °C yields the
closest value to the required resistance value. Deviations from the required resistance value can
be observed for other temperatures, however based on the availability of an NTC and PTC
thermistor available in the market, this combination of thermistors produces the closest value
to the required resistance. Similarly, by fixing the temperature of the cold side, the comparison
was drawn between the resistance of the thermistors and the required resistance value and is
shown in Figure 2.17 (d). Similar to before, small deviations from the required value can be
observed at around AT = 30 °C, however, significant deviations can be observed whilst moving
away from this value. The final circuit is shown in Figure 2.18.

The circuit was then tested under four different AT and the output of the converter was
connected to Keithley Sourcemeter 2604B to sink set current and subsequently the output
voltage was recorded. Similar to before, the sink current was slowly increased until the
converter could no longer regulate the output voltage, signifying the collapse of the operation.
The V-1 loadline was plotted to determine the internal droop of the converter due to the parasitic
resistance. At the same time, the input voltage and current were also recorded. This enables an
accurate determination of the efficiency of the converter. The results are shown in Figure 2.19.

As shown in Figure 2.19 (a), initially, the loadline for the converter possesses a linear
characteristic, signifying the effect of internal series resistance in the output side of the
converter. A steep drop from the linear characteristic can be observed after certain current
magnitudes indicating the converter has lost its voltage regulation capability due to the limited
input power. From the slope in the linear region, the internal series resistance was determined
to be 4 Q (including 1.5 Q from cable resistance of the Keithley Sourcemeter). From the input
and output power determined from the recorded current and voltage on both the input and
output sides, the efficiency was calculated and it is shown in Figure 2.19 (b). The peak
efficiency was around 65 % when AT = 39 °C, and overall efficiency of > 50 % was obtained,

which agrees with the expected efficiency obtained from the datasheet. The efficiency curve
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shows a typical increase trend when the current is initially increased. This is due to the ratio of
the dynamic power consumed by the IC to operate to the output power of the converter is
slowly reduced. After reaching the peak value, the efficiency starts to drop due to the
increasingly parasitic resistance loss due to the increase in current. When the converter has lost
its voltage regulation capability, the input power starts to drop however the efficiency shows a

slight increase, due to the decreasing voltage on the output side of the converter.
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Figure 2.17: The MPPC function, the resistance of the PTC and NTC thermistors, and the
usage of these thermistors in simulated situations when compared to the required resistance to

ensure a reliable MPPC functionality.
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Figure 2.18: LTC-3105 circuit configuration for TEGs used in this thesis.

The trend from Figure 2.19 (a) also indicates a strong dependency of the maximum output
current (when the converter still retains its voltage regulation) with AT. In order to verify the
functionality of the thermistor based MPPT integrated in the 1C, a comparison was drawn from
the MPP extracted from the TEGs when connected to the IC with the expected MPP obtained
from the characterisation in the previous section. Before that, due to the limited controllability
over AT in the setup, the expected MPP from the TEGs needs to be determined since AT data
in this section are different from the previous section. From the previous characterisation, both
Voc and short circuit current (Isc) are determined to possess a linear dependency with AT, as
shown in the insets in Figure 2.19 (c). By assuming that the Vmpep and the current at which MPP
occurs (Imep) vary linearly with Voc and Isc, respectively, then the MPP can be assumed to
vary quadratically with AT. Based on the MPP data obtained from the previous section, a best
fit polynomial curve (to the power of 2) of MPP against AT was obtained and is shown in
Figure 2.19 (c). From this, the expected MPP for all AT can be approximated and a comparison
was drawn between the expected MPP with the extracted MPP by the IC for all AT in this
section and is shown in Figure 2.19 (d). The extracted MPPs are slightly lower than the

expected MPP, mainly due to inaccuracy of the thermistor resistance value compared to the

38



Chapter 2 Parallel Load Sharing

required resistance value in the loop. However, an overall satisfying performance of MPPT

was demonstrated.
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Figure 2.19: Results from the constructed circuit.

Since the maximum available current hence power available from the converter varies with AT,
the droop required for each AT is also different in magnitude to ensure reliable equal load
sharing in the final system. The droop was calculated in the similar manner as the previous
section and the new desired loadlines for different AT are shown in Figure 2.20 (a). From this,

the magnitude of total droop and the required additional droop against maximum drawn current
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is plotted and is shown in Figure 2.20 (b). The design of the circuit to introduce these droops

which vary with AT will be presented in the following section.

. . : ‘ 0.8 ‘ ; ,
2.2 i . 1 = Total Droop
s—-2riginal loadliney e Required Additional Droop
21 ——AT=19.0°C i \
' ——AT=390°C o - 2
< AT =465 C = £
e : 5 & \ S
& 204 1a = 0.4+ g 5
@ e Q. \ 8 of"
= o o
S o o 0 1 2 3 4 5
1.9 1 aQ 0.2 Maximum Drawn Current (mA)
1.8 -
‘ ; . . 0.0 . : r .
0 1 2 3 4 5 0 1 2 3 4 5
Output Current (mA) Maximum Drawn Current (mA)
(a) Original loadline and new (b) Calculated droop and required
calculated loadlines for different AT additional droop against maximum

current to meet design requirements

Figure 2.20: Droop calculations.

2.3.3 Variable Droop Demonstration

In the literature, static droop (voltage droop which does not vary with time) regulation for load
sharing has been widely demonstrated. Whilst this idea has been implemented in high power
applications, two major challenges exist for low power energy harvesting applications. The
first challenge is associated with the power consumption of the control feedback circuitry,
which could become significant if the power level in the system is too low, hence degrading
the overall efficiency or even worse, is higher than the power generated by the source. The
second challenge is related to the frequent variation of input power which would cause the
variation of the rated output power of the converter. This in turn would require that the amount
of voltage droop to follow this variation. In most systems however, the amount of voltage droop
is designed to be fixed or stiff, and even if it is not fixed, an additional circuitry (example:
perturb and observe method) is needed hence further increasing the power consumption. This
can be further explained by referring to Figure 2.21. When the harvester output power is
increased, the rated output power of the converter will increase. For the same converter voltage
(minimum after full droop) as shown in the Figure 2.21 (a), the maximum output current will
increase. Hence the magnitude of the droop which is equal to the gradient of the loadline needs

to change to cater for this variation to ensure that maximum amount of power is available from
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each converter to the load. For example, by defining that Vmax = 2.2 V and Vmin = 1.8 V, the

variation of the required droop against maximum output current is shown in Figure 2.21 (b).
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Figure 2.21: The need for variable droop gain.

The typical configuration for a static voltage droop regulation is shown in Figure 2.22. In this,
the voltage droop is integrated in the voltage feedback loop of the power converter to modify
the reference required output voltage to achieve regulation. The Rp shown in the figure which
is the gain for the output current corresponds to the magnitude of the voltage droop. The most
outer droop loop has a slower response than the output voltage loop and the inner current loop
(if the converter is in current mode controlled), thus the dynamic behaviour of the converter

can be effectively decoupled from the droop loop. Therefore, the behaviour of the system can
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be accurately modelled by assuming that the new reference voltage introduced to the system

after deduction by the required droop as a constant while analysing the response of the

converter.
Out
to load
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T @ Verror[— = RD
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Figure 2.22: Droop integrated in the voltage feedback loop of a DC-DC converter.

Since the magnitudes of current for both solar panel and TEGs are very low, therefore the
typical Hall Effect current sensor is not suitable to be used in this system. A more sensitive
current sensor is needed and the most suitable solution for this is to use a current shunt monitor.
A current shunt monitor works by sensing a differential voltage across a very small sense
resistor placed in series with the conduction path from the output of the converter to the load,
which will be multiplied with the set gain to output a voltage which is linearly related to the
magnitude of the current that flows in this path. The proposed circuitry for the droop
configuration used in this thesis is presented in Figure 2.23 (a). Figure 2.23 (b) shows the non-
inverting summing amplifier used in the loops. In this configuration, the scaled voltage in the
droop loop is summed with the scaled voltage in the feedback loop and then fed to the feedback
input of the previous ICs. By selecting an appropriate gain for both loops, they can be
seamlessly integrated with the ICs whilst maintaining the same level of reliable operation
throughout the range of expected output voltage and voltage droop.

From Figure 2.23 (a), the value of differential voltage Vsense is:

Vsense = louTRsensE

The output voltage for the current shunt monitor is magnified by a constant, B, and is connected

in series with variable resistance Rs and Re. The voltage across Rs and Re is equal to:

Vrs+re = BVsense = BloutRsensE
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The resistance Rs and Re are variable resistors whose values can be programmed to vary with
the input power to ensure proper droop at all input power level. The voltage across Re is fed to

the input of the non-inverting summing amplifier:

Vre = aBVsense = aBlouTRseNsE
where o is:

a ... eq (2.3)

- °
Rs + Rg

Another input of the non-inverting summing amplifier is the voltage across R2 which is a scaled
voltage of the converter output voltage responsible for the voltage regulation loop of the

converter:
VRZ = YVOUT -..€q (24)

where v is:
" Ry +R;

Y

From Figure 2.23 (b), the transfer function of the non-inverting summing amplifier is:

R; R;
VFB = (1 + _) <— akVSENSE +

R;
BVOUT> = afVsense + YVouT
R, R;

R, + R, R, +

In this configuration, R7 needs to be significantly larger than Rz and Re in order to ensure that
there is no significant proportional amount of current to flow through R in both loops, hence
ensuring the accuracy of the programmed voltage ratio. The current shunt monitor used in this
thesis is a Texas Instruments INA283AID, with a fixed gain of 200 VV/V. The minimum supply
voltage for this IC is 2.7 V. This level of voltage is not available in the circuit therefore an
external source is required. In this thesis, this IC is directly powered by a Panasonic CR2032
3V Lithium Manganese Dioxide Coin Button Battery. However, by ensuring that the power
consumption of this IC is much lower than the power transferred to the load when the power
converter is online, positive power gain can still be maintained in the system. In order to ensure
accurate determination of output current, Rsense cannot be too small otherwise noise will
dominate the voltage across it. However, large Rsense contributes to more losses. Moreover,
with the 3 V supply to the current shunt monitor, the maximum Vsense to ensure that the voltage
is still within the gain range without saturating is 15 mV. The expected maximum current for

each harvester needs to be considered whilst deciding the magnitude for Rsense.
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Figure 2.23: Droop loop implementation and non-inverting summing amplifier configuration.
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Rs and Re are resistors whose values vary with the input power to ensure proper droop variation.
In case of solar panel, an LDR will be used and in case of TEGs, both PTC and NTC thermistors
will be used. This will be discussed in the following sections. The ratio of Ry and R2 should
follow the datasheet of the power converter IC. The op-amp used in this thesis is a
STMicroelectronics TSV632IDT. This low power op-amp requires a minimum supply voltage
of 1.5 V. Similar as before, this op-amp will be directly powered by a Panasonic CR2032 3V
Lithium Manganese Dioxide Coin Button Battery. It should be noted that throughout the entire
experiments, the power consumption of these two ICs are monitored and considered in

evaluating the efficiency of the whole system.

a. Variable Droop for Solar Cell

For the LTC-3129 power converter used for the solar cell, the internally generated reference
voltage for the feedback loop is 1.175 V. When no current is flowing to the load, only the
scaled voltage from the output voltage feedback loop will be compared with this reference
voltage, therefore the selection of the resistance values for Ry and R2 will follow the datasheet.
However, when the current starts to flow to the load, the summation of the voltage from the
output voltage feedback loop with the droop feedback loop will be compared together with the
reference voltage. In order to design an accurate droop regulation, in steady state, the
summation of these two voltages should be equal to 1.175 V at the full range of the expected

output voltage.

The first step of the design process is to define the value of Rsense. Based on the output
characteristics of the converter obtained from Section 2.3.2, the maximum current expected
from this converter when powered by the solar panel is around 30 mA. From this maximum
current, the value for Rsense was selected to be 0.5 Q. By using this resistance value, and by
considering the maximum input voltage from the coin battery (3 V) and also the fixed gain of
the current shunt monitor (200), a full range of output current of 30 mA can be accurately
sensed by the current shunt monitor before it saturates.

The plot of the output voltage of the shunt current monitor against the output current for the
theoretical and experimental values are shown in Figure 2.24 (a). It can be observed that a good
agreement was obtained from these two values. Next, the droops need to be recalculated since
the insertion of the Rsense in the path of the output current will add an internal droop of 0.5

mV/mA to the converter:
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mV
Internal drOOp (m) = ROUT + RSENSE = ROUT + 0.5

Here Rour is the existing internal droop before the addition of the droop feedback circuitry.
The calculations follow the steps presented in eq. (2.1) and eq. (2.2) before. The plot for the
calculated required droop is shown in Figure 2.24 (b) together with the total and internal droops
against the full range of output current. By using the value of internal droop in the figure, the
converter output voltage (without external droop mechanism) can be determined. Due to the
presence of this internal droop, the new minimum voltage at full load that should be directly
outputted from the converter is no longer 1.8 V, however it is higher and depending on the
Imax as shown in Figure 2.24 (c), since the internal drop varies with Imax. By placing the
voltage feedback loop (resistor divided network Ry and R2) as close as possible to the Vout pin
of the converter, the voltage across resistor Rz (Vrz) can be determined based on eq. (2.4)
presented before for each Imax and is shown in Figure 2.24 (d). At the steady state operation
of the converter, the summation of Vr. with the feedback from the droop loop (voltage across
Rs, Vre) Needs to be equal to the internally generated reference voltage of the converter (1.175
V for LTC3129). Thus, the required magnitude of Vres was calculated and shown in the same
figure:

Ve (at Iyax) = 1.175 — Vgy(at Iyax)

The droop feedback loop needs to be accurately tuned to produce this level of Vre for different
Imax. From the required Vre, the resistor divider network ratio for Rs and Re can be calculated
from eq. (2.3) and is shown in Figure 2.24 (e). At a low current edge, the required ratio is
negative due to the level of current shunt output voltage which is less than what is required
from Vre. In other words, Vre Will not be able to reach the required value. In turn, the
magnitude of the droop in this region will be below the required value, hence the operation of
the converter could potentially collapse before Vmax is reached, due to the insufficient amount

of input power available. Thus it is important that this operating region is avoided.

From the required ratio, the calculated resistance value needed for Re with the variation of Imax
for a fixed value of Rs of 44 kQ is shown in Figure 2.24 (f). The three Imax shown in the figure
correspond to the calculated Imax from Pmax of the converter for three different illuminations
as obtained in the previous section. In the same figure, the resistance of NSAC501085 LDR
subjected to the same illuminations is shown. An almost perfect match for this LDR resistance
with the required resistance value for Re was obtained for illumination 1 and 2, whereas a

deviation can be observed for illumination 3. However, since the resistance of the LDR for this
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illumination is higher than the required value, it would not jeopardize the operation of the
converter, since a similar or higher resistance value is needed to prevent the operation from
collapsing due to overloading condition. This LDR was then used as Re and the circuit was
tested. Both solar panel and LDRs for MPPT functionality and droop voltage regulation were
subjected to the same level of illumination throughout the test. Figure 2.25 shows examples of
a scope view of the output voltage of the converter subjected to illumination 2 and 3 after the
droop feedback mechanism has been integrated. The output voltage shows a dependent on the
output current (output voltage decreases with the increase in output current) hence validates
the function of the droop feedback loop. However, a steady state error for a no load condition
(0 mA) can be observed. This is suspected mainly due to the small error of the resistance of the

resistors used and also the non-unity gain of the summing amplifier due to this error.

In order to provide an accurate assessment on the variable droop of the converter, the results
were further analysed and are shown in Figure 2.26. Figure 2.26 (a) provides a comparison
between actual (solid lines) and required (dashed lines) V-1 loadlines of the converter for these
3 different illuminations. An almost perfect match was obtained for illumination 1 and 2,
however the Imax in the actual loadline for illumination 3 was less than the required Imax. This
agrees with the deviation of LDR resistance from the required resistance for Re when subjected
to illumination 3. Figure 2.26 (b) shows the output power of the converter against output
current. The blue region corresponds to the power consumption of the droop feedback loop
which was powered by an external battery. A power gain in the system is obtained when the
output power of the converter is higher than 2 mW. Figure 2.26 (c) shows the efficiency of the
converter against output current for each illumination. Compared to the converter with no
presence of droop feedback loop, a reduction of around 10 %, 8 %, and 6 % was observed for
illumination 1, 2, and 3 during Imax, respectively. This reduction is fully attributed to the power
consumption of the droop feedback loop. This shows that it is possible to design a reliable
droop mechanism for any low power converter. Figure 2.26 (d) shows a comparison for
maximum power at Vmin (1.8 V) between actual and desired condition. Similar as before, an
almost perfect match was obtained for illumination 1 and 2, however the actual power for
illumination 3 was less than the desired power, which means that there will be a presence of
unutilised power from the converter when the system is under illumination 3. This error is
suspected to become even larger when the illumination level is further increased. Hence, it is

important for the LDR resistance to be chosen to match the expected illumination level in the
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system. Overall, it was shown that the droop feedback loop is capable of reliably self-adjusting

the droop gain to account for the variation of input power.
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Figure 2.24: Voltage droop feedback calculations for the LTC-3129 (solar panel).
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Figure 2.25: Scope waveform results for the droop test for the LTC-3129 (solar panel).
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Figure 2.26: Analyses for voltage droop performance for the LTC-3129 (solar panel).

b. Variable Droop for TEGs

For TEG, the maximum expected range of the converter output current is 10 mA. Considering

this, a 1.5 Q precision resistor was used as Rsense. The output voltage for the current shunt

monitor against the current through Rsense is shown in Figure 2.27 (a). The same method was

applied for the droop feedback loop for the TEG. However, instead of comparing all parameters

with the converter output current, they were compared with AT in order to provide a more

accurate representation of the variation of input power. For a solar panel, this cannot be done

since the illumination level cannot be quantified and only the output current of the converter



Chapter 2 Parallel Load Sharing

information is available based on the original V-I loadlines. In order to estimate the output

power hence current of the converter for different AT, the following expression was used:

PMAX converter(AT) = I]MPPT X Illconverter X 1DMPP TEG (AT)

Where Imper is the efficiency of MPPT based on the thermistors configuration presented in the
previous section (= 80 %) and I]converter 1s the efficiency of the converter (= 60 %). The MPP of
the TEG was obtained from Figure 2.19 (c). From this, the estimated maximum output power
for the converter against AT is shown in Figure 2.27 (b). Following the same steps as before,
the calculated droops, the new minimum voltage of the converter taking into account the
additional and internal droops, feedback voltage (Vr2 and Vrs), and Rs/Rs ratio, all against AT,
are shown in Figure 2.27 (c), (d), (e), and (f), respectively. The only different for this IC is the

internally generated reference voltage which is at 1.004 V.

Unlike solar panels whose output power depends only on one factor (illumination), TEG output
power depends on AT which in turn depends on two factors; the temperature for hot and cold
sides. For this, the thermistors configuration is more complicated than the LDR configuration.
From the required Rs/Rs ratio, the magnitude of each Rs and Re when the other is being set to
1 Q was determined and is shown in Figure 2.28 (a). By setting the coupling of Rs with cold
side and Re with the hot side, the trend of the required resistance against temperature can be
determined. From this, it was deduced that both thermistors need to possess NTC

characteristics.

Figure 2.28 (b) shows the resistance value for three NTC thermistors against temperature.
Based on these values, it was determined that there are two possible combinations to
satisfactorily meet the design requirements for the thermistors configuration. The first
configuration is 1 unit of NDO3U00105J thermistor coupled to the hot side and 2 units of
B57861S0503H040 thermistor coupled to the cold side and the second configuration is 1 unit
of B57861S0503H040 thermistor coupled to the hot side and 2 units of B57871S0123H000
thermistor coupled to the cold side. For the first configuration, the value of the actual and
required resistance for Re is shown in Figure 2.28 (c) for each of the value of Rs/temperature
of the cold side. Although not a perfect match was obtained, it was preferable to maintain the
actual value of Re to be higher than the required value to prevent the converter operation from
collapsing due to excessive loading at Imax/VVmin. In this configuration, this criteria is met when
AT is greater than 20 °C. Similarly, for the second configuration, the comparison between

actual and required resistance value is shown in Figure 2.28 (d). For this configuration, actual
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Rs is higher than the required Re when AT is greater than 30 °C. However, it can be observed
that the value of actual Re for this configuration has a better matching with the required Re

compared to the first configuration. By considering the presence of a guard factor in

determining Imax, the second configuration was selected.
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Figure 2.27: Voltage droop feedback calculations for the LTC-3105 (TEG).
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The circuit was then tested and the actual view of the scope for the converter output voltage

for AT = 39 °C is shown in Figure 2.29. The voltage shows a dependent on the output current

hence validates the function of the droop feedback loop. However, a steady state error for no

load condition (0 mA) can be observed. Similar as before, this is suspected mainly due to the

small error of the resistance of the resistors used and also the non-unity gain of the summing

amplifier due to this error.
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Figure 2.28: Thermistors configurations for the LTC-3105 to self-track input power variation
for TEG.

The results were further analysed and the actual V-I loadlines for multiple AT were compared

with the required/desired loadlines. This is shown in Figure 2.30 (a). The actual loadlines for
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all AT have the magnitude of Imax less than the required value, however the matching between
the actual and required loadlines is better at lower AT. This agrees with the expected trend due
to the actual value of Re which has a better matching with the required value at lower AT.
Figure 2.30 (b) shows the output power of the converter against output current. Similar as
before, the blue region corresponds to the power consumption of the droop feedback loop
which was powered by an external battery. A power gain in the system is obtained when the
output power of the converter is higher than 1.3 mW. Figure 2.30 (c) shows the efficiency of
the converter against the output current for each AT. When compared to the converter with no
presence of droop feedback loop, a reduction of generally around 20 % of the efficiency was
observed for all AT during Imax. This is higher than the value reported previously for the solar
panel due to the higher proportion of droop feedback power consumption from the lower power
capability of the TEG. Figure 2.30 (d) shows a comparison for maximum power at Vmin (1.8
V) between the actual and desired condition. Generally, the actual power was lower than the
desired power, which means that there will be a presence of unutilised power when the droop
feedback loop is operated. Overall, similar to before, it was shown that the droop feedback loop
is capable of reliably self-adjusting the droop gain to account for the variation of input power.

P v

0 mA 0.6 mA 12mA 2mA 0.8 mA 0mA

Figure 2.29: Scope waveform results for the droop test for the LTC-3105 (TEG).

This section has demonstrated that by using the right combination resistance value for LDR

and thermistor, a reliable MPPT and variation in droop gain functionality can be achieved. The
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same concept can be extended to any other converter or even other types of harvesters, provided
that some resistance or reference voltage in the system can vary with the magnitude of
harvested power. In the next section, the load sharing results for the solar panel and TEG when
connected in a single system will be presented.
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Figure 2.30: Analyses for voltage droop performance for the LTC-3105 (TEG).

2.4 Load Sharing Demonstration

After the self-adjusted droop mechanism has been successfully demonstrated for both solar
panel and TEG applications, the circuits need to be connected together to validate the reliable
parallel and load sharing operation of these multiple converters. In this section, this parallel
system of multiple and multitype converters was constructed and subsequently the results
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obtained from the constructed system are presented and the general performance of the system

Chapter 2
is discussed.
2.4.1 System Layout
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Figure 2.31: System layout and test rig used to validate the load sharing experiments.

In order to demonstrate the proposed system, a test rig was constructed and the layout is shown
in Figure 2.31 (a). Two similar circuits for the solar panel were constructed and connected with
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a single TEG. There were switches between the converter output and DC bus to demonstrate
the plug-and-play action. The actual test rig is shown in Figure 2.31 (b). Two cases are

presented.

2.4.2 Case 1: Parallel Load Sharing Demonstration

In case 1, all converters were connected to the DC bus at all times. The current demand from
the constant current load mimicked by the Keithley Sourcemeter was varied (also indicating
plug-and-play action for load) and for each of this variation, the bus voltage and the current
from each converter (obtained indirectly from the output of the shunt current monitor) were
recorded. This situation is to assess the ability of the system to share the load equally between
each of the harvesters, in terms of their generation capacity. The TEG was put under AT = 60
°C and both solar panels were subjected to illumination 3. The load current was varied as

follows:

From T =0, the load current is set to 0 mA (no load condition).
At T =20 s, the load current is increased to 5 mA.

At T =60 s, the load current is increased to 10 mA.

At T =100 s, the load current is increased to 15 mA.

At T = 140 s, the load current is increased to 20 mA.

o a0k~ w b E

At T =180 s, the load current is reduced to 0 mA (no load condition).

The results for the bus voltage, current from TEG, current from solar panel 1 (SP1), and current
from solar panel 2 (SP2) are shown in Figure 2.32 (a). As can be seen, at all times when there
was a current flowing to the load, all converters simultaneously worked together to supply this
current. This is the main feature that differentiates this system with the typical OR-ing
configuration implemented in most of the parallel converters system discussed at the beginning
of this chapter. Although the total current from all converters was a bit higher, it was almost
equal to the magnitude of the current flowing to the load. Similar to the previous tests, a steady
state error can be observed in a no load condition. In order to accurately determine the loading
of the converter for each of these conditions, the loading factor in terms of percentage of current
from the maximum current for each converter is shown in Figure 2.32 (b). The loading almost
matches perfectly for all converters, with a maximum sharing error of 5 %. The small
deviations, even for the same two solar panel systems, can be attributed to the presence of
parasitic resistance, capacitance, and inductance in the constructed circuits. In this experiment,

the circuit was constructed on a stripboard and each connection was soldered manually. The
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inconsistency arises from the layout of the circuits and soldered connections give rise to the
variation of different parasitic factors which contributed to these variations. Furthermore, the
error could be contributed from the error in the output of the current shunt monitor. Overall,
this test validates the ability of load sharing in terms of generation capacity of the harvesters.

The DC bus voltage was also determined to match the loading of the system, ~2 V at 50 %

loading.
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Figure 2.32: Results from the test in case 1.
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2.4.3 Case 2: Plug-and-play (PnP) Demonstration

In case 2, SP1 was always connected to the load however SP2 and TEG were switched on and
off to mimic the action of plug-and-play-ing whilst the current demand was maintained at 7
mA. This situation is to assess the plug-and-play capability for the source converters in the

system. The TEG was put under AT = 60 °C and both solar panels were subjected to

illumination 3.
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Figure 2.33: Results from the test in case 2.
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The connection was varied as follows:

From T =0, only SP1 was switched on.
At T =20s, SP2 was switched on.

At T =60 s, TEG was switched on.

At T =100 s, SP2 was switched off.

At T =140 s, TEG was switched off.

o~ w D P

The results for the bus voltage, current from TEG, current from solar panel 1 (SP1), and current
from solar panel 2 (SP2) are shown in Figure 2.33 (a). As can be seen, whenever a converter
was switched on, the load current was automatically shared between the switched converter
and also the existing converter. When a converter was switched off, the current from all the
online converters in the system increased to cover the sudden dip in the current level. Similar
as before, the loading factor in terms of percentage of current from the maximum current for
each converter was determined and is shown in Figure 2.33 (b). The loading almost matches
perfectly (with a maximum error of approximately 5 %) for all converters hence validating the
ability of load sharing in terms of generation capacity of the harvesters and also the plug-and-

play capability.

A few important observations from these two cases include:

e The system can ensure that the load is shared equally between the source converters. With
the variable droop, this means that the load is shared equally in terms of the generation
capacity/rated power of the harvesters. The sharing accuracy relies on the accuracy of the
voltage droop to follow the variation of the input power, i.e the accuracy of the resistance
of the LDR and thermistor.

e Plug-and-play capability for the source (increase/decrease in power sourcing capacity) and
load (increase/decrease in power sinking demand) is achieved. At any time, the system
possesses an automatic response to the increase/decrease in the system input/output power.

e Bus voltage can be used to determine the loading magnitude in the system. This means that
energy storage can be integrated in the system and it can be set to charge and recharge at
certain set bus voltage to prevent the system from losing its regulation hence collapsing.
For example, when the loading is less than 20 % (bus voltage > 2.12 V), the energy storage
can be set to charging mode and when the loading is greater than 80 % (bus voltage < 1.88
V), the energy storage can be set to discharging mode. This means that the bus voltage can

be used as an indirect communication channel between all converters in the system, hence
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eliminating the need for a complicated communication link for determining the power level
in the system.

e However, the bus voltage is not constant due to the droop mechanism, hence there is
probably a need for another interface converter for the load side. This will reduce the PCE
of the overall system.

e The droop feedback loop is still operated even when there is only a single converter in the
system and there is no need for a load sharing mechanism. In this sense, a cut-off function
is needed for the droop feedback loop. However, as will be shown in the next chapter, this
feature is required to regulate the charging/discharging mechanism for the energy storage.

e The droop feedback loop is still operated when the power produced by the harvester is less
than the power consumed by the droop feedback loop. Similarly, a cut-off function is

needed for this.

2.5 Summary

In this chapter, the concept of load sharing among power converters for multiple and multitype
energy harvesters was discussed and the voltage droop method was proposed to be utilised as
the load sharing mechanism for the parallel operation for these DC-DC converters. This method
does not rely on the typical master-slave configuration and does not require any communication
links between the control circuitry for each converter, hence the system configuration is

simplified and therefore is suitable for low power applications.

From the characterisations of the solar panel and TEG used in this thesis, the expected output
power, voltage, and current were determined and power converter COTS ICs were selected to
provide the required regulation. Since these ICs possess an input feedback loop based on a pre-
set resistance value for the MPP regulation, a resistor value whose resistance vary with the
input power needs to be used. For this, LDRs were used for solar panel and thermistors were
used for TEG. It was demonstrated that by using the correct variable resistors, a satisfactorily

MPP extraction performance was obtained from the feedback regulation loop.

The same concept was further utilised to provide a variable droop regulation for each converter.
Since the magnitude of the droop needs to be varied with the variation of input power to ensure
that a maximum possible power is capable to be delivered to the load, this variable droop was
accomplished through the usage of variable resistors in the droop feedback loop. It was
demonstrated that the voltage droop mechanism has been successfully integrated and a

satisfactory performance of the variable voltage droop was achieved.
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Finally, the circuits were arranged to form a parallel system and the load sharing performance
was tested, presented, and discussed. It was shown that the proposed method enables the
connected converters to share the load equally between them (in terms of each converter rated
power), within 5 % sharing error. Furthermore, the proposed method was also shown to possess
plug-and-play capability for both source converter and load. Overall, it was demonstrated in
this chapter that this variable voltage droop regulation based on variable resistors does not have
high power consumption hence is suitable for low power applications and with the right
selection of these variable resistors, a reliable parallel load sharing operation is possible to be
achieved. The method presented in this chapter was used as the load sharing mechanism in the

proposed pico-grid system.
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Chapter 3

Energy Storage and System Operation

3.1 Foreword

In this chapter, the integration of energy storage elements in the pico-grid is investigated,
presented, and discussed. Since the nature of the output power of the energy harvesters is
sporadic and intermittent, the integration of energy storage elements is a requisite in the system
to ensure that a continuous supply of power is available at all times to the load. However, these
energy storage elements need to be regulated to allow charging when the power level in the
system is high and to allow discharging when the power level in the system is low or depleted
to zero. The method to set the charging and discharging mode of these storage elements is
presented, tested, and discussed in this chapter. Finally, the overall operation of the pico-grid

including start-up, no source and no load condition, and load shedding are discussed.

3.2 Energy Storage Integration

In this section, some background and theoretical aspects of different types of rechargeable
battery and supercapacitor are presented. Then, the charging and discharging circuits are
constructed based on COTS ICs specifically designed for energy harvesting applications. The
performance of these circuits is then presented and discussed. Finally, the method to control
and activate the power flow from the DC bus into the storage charging circuit and from the
storage discharging circuit to the DC bus based on the power level of the system is proposed
and demonstrated.
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3.2.1 Rechargeable Battery and Supercapacitor

28v100) - LSUC

Figure 3.1: (a) Family of Ni-MH battery family. (b) Li-ion battery. (c) 1000F rectangular
supercapacitor. (d) 3000F cylindrical supercapacitor. All images were taken from [38]-[41]

respectively.

Energy storage is a mandatory element or an ‘enabler’ in the pico-grid system to serve as an
energy buffer to continuously meet the power demand of the system load and also to store
excess power produced by the energy harvester. A portable and wearable energy storage system
is needed, and in most energy harvesting system, a rechargeable battery (RB) is used as an
energy buffer. Recently, the use of a supercapacitor (SC) has also been proposed, since a
supercapacitor has a faster response to the load variation and will be able to meet the occasional
peak power demand of the load, especially the transient power demand when a new load is

connected to the system.

RB which can be found in almost all of electronics equipment can be considered as a relatively
matured technology, although ongoing researches are still being conducted to further improve
the reaction mechanism, structure, and also to explore the possibility of using new chemical
substances. Among the most common RBs are Ni-Cd (nickel cadmium), Ni-MH (nickel metal
hydride), and li-ion (lithium ion). There are several other types of RB, such as lead acid
however they are not suitable to be used in the pico-grid system due to the issues such as

excessive weight and low energy density.

e Ni-Cd — One of the earliest RBs, therefore is a matured technology and inexpensive. They
also possess a very low equivalent series resistance (ESR) that normally limits the current.

Considered a ‘tough battery’, they perform well under heavy working condition, and among
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other advantages, have a longer lifetime (high charge/discharge cycle) and can be ‘slow’
(trickle) charged without the presence of a charge termination circuit, provided the charging
current falls within the acceptable value. One of the most claimed advantages of Ni-Cd is
their flat discharge curve, therefore they act like an ideal voltage source [42]. They offer the
best cost vs. performance among all of the available RBs. However, they have the lowest
energy density and also contain cadmium, which is a toxic substance. Furthermore, they
have a high self-discharge rate and high memory effect, thus maintenance/cleaning of the
electrode is required after several operations.

e Ni-MH - An improvement from the Ni-Cd version, particularly to eliminate the use of toxic
substance. Similar to Ni-Cd, they are relatively inexpensive and possess a low ESR. They
are also capable of being trickle charged, however their current tolerance is much lower.
They have a slightly higher energy density, however it is much lower when compared to the
li-ion battery. Their discharge curve is also almost flat. The major disadvantages include
high self-discharge and a required maintenance. Overall, they offer almost the same features
as Ni-Cd battery, however in an environmentally friendly package.

e Li-ion — Often claimed as the most superior RB, they offer improvements on almost all
features of Ni-Cd and Ni-MH battery, in particular a much higher energy density,
lightweight, no memory effects, and a higher voltage. However, they also have some
inherent major disadvantages, such as short lifetime, high ESR, and have a steep discharge
curve. The most cited problem with li-ion batteries is that they are very fragile, therefore
they require a safety cut off function during charging, to prevent overheating or even
exploding [43]. A variation of the li-ion battery, li-ion polymer RB has also been proposed,
which offer improvements from the current li-ion battery, particularly being much safer and

less fragile.

Overall, in most portable electronics applications, li-ion battery is the preferred option since
the most important factors are being lightweight and having a high energy density. Although
the safety aspect is the main concern, this can be eliminated by integrating a safety cut-off
function in the charging circuit. This cut-off function can be triggered by the voltage or

temperature of the battery.

In a system where variation of power demand is expected to happen regularly, the usage of a
battery will be a major disadvantage since battery ‘likes’ to work in a constant power
environment, and putting battery in a very rigorous fluctuating environment will shorten its

lifetime [44]. In order to counter this problem, an SC is proposed to enter the system and supply

65



Chapter 3 Energy Storage & System Operation

the load first, and the RB is only used to supply the load when the power from the SC is not
capable to supply the full load demand. Since SC stores its energy in the form of electrical
charge, its stored power can be released in a short time. Furthermore, as with discharging, SC
is also able to charge from any impulse power, thus making them suitable to capture even a
short impulse of current for storage, although this feature will be hindered by the charging
circuit. Moreover, SC also possesses an almost infinite charging-discharging cycle, and unlike
battery, theoretically they can perform for eternity. These features make them a perfect
complement for RB to be implemented in the pico-grid system. Among other advantages are
very low ESR, small in size, have a high charging efficiency, and are environmentally friendly.
However, they suffer from high self-discharge rate and have a linear discharge voltage profile
[45]. Due to this linear discharge profile, the integration of a power converter to regulate the
output voltage from the SC is needed. Different types of SC exist such as electrochemical
double layer capacitor (EDLC) and pseudo capacitor [46]. Appendix 2 summarises the
characteristics of different types of RB and SC.

A system that incorporates both RB and SC is not new, in fact most hybrid electrical vehicles
(HEV) utilise this storage system, in order to provide a storage mechanism that is capable to
capture impulse power from the regenerative braking and to provide intermittent power
support. These are presented in numerous publications, for example Lerman et. al.[47] and
Sefik et. al. [48] have proposed and presented a battery-supercapacitor energy source system
for HEV. In energy harvesting applications, Jia et. al. [49] for example have proposed the same
system to be implemented in a renewable energy application to prolong the battery life and to

also capture as much power as possible.

(b) ENIX Energies 3.7V 1840mAh Rechargeable (b) Vishay 15F Supercapacitor EDLC 196 HVC
Lithium Battery Pack Series 4.2V dc Through Hole

Figure 3.2: Rechargeable battery and supercapacitor used in this thesis.

In this thesis, the RB used is a 3.7 V rechargeable li-ion battery pack manufactured by Enix
Energies with a capacity of 1840 mAh. This battery pack can be charged at a maximum current

of 2 A and has its own built-in circuit protection. The SC pack used comprises three units of

66



Chapter 3 Energy Storage & System Operation

15 F 4.2 V EDLC supercapacitor manufactured by Vishay Electronics connected in parallel to

boost the storage capacity.

3.2.2 Charging and Discharging Mechanism

The RB and SC each require a dedicated charging circuitry to ensure that they are being charged
with the correct magnitude of current and voltage, below the maximum values as specified by
the manufacturer in order to ensure that the quality of the storage elements is not compromised
or deteriorated. On top of that, this charging circuitry should also be able to stop the charging
process when the storage elements have been fully charged to prevent overcharging. Since the
output voltage of these storage elements are varying and not necessarily equal to the required
input voltage for the load, the addition of a voltage regulation circuit on the output side of these
storage elements becomes necessary for the discharging condition. In this section, the interface

circuitries for these purposes are presented, tested, and the performance is discussed.

a. BO25504 for Battery Charging

The main challenge with a li-ion battery is it cannot tolerate overcharging, otherwise the safety
aspect will be compromised. State-of-charge (SOC) of a li-ion battery is defined as the
available amount of energy in a battery expressed in a percentage (0 % is fully
discharged/empty and 100 % is fully charged/full). Several methods are used to estimate the
SOC of a li-ion battery, with the open circuit voltage (OCV) being the most common indicator
of SOC used in portable electronics applications. This method is very simple yet reliable.
However, this method also possesses some drawbacks, such as a strong dependent factor of the
OCV on the temperature, discharge rate, and the age of the battery [50]. Several other methods
have also been proposed to determine SOC, such as specific gravity (SG) measurement and
internal impedance measurement [50], however the complexity of the measurement circuits
outweighs the benefit of the improved estimation accuracy. With an accurate SOC estimation
based on OCV sampling, the charging mechanism can be safely designed to prevent the battery
of being overcharged. This method is particularly preferred in low power applications since
only a single voltage feedback loop is required for the charging cut-off function, hence reducing

the complexity and power consumption of the control circuitry.

The most common way to charge a li-ion battery is the constant current constant voltage (CC-
CV) method. In this method, there are two main stages of the charging process, the first stage
is to charge the battery at a constant high current and wait until the voltage of the battery reaches

a pre-determined voltage, and the second stage is to charge at a constant voltage and wait until
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the current decreases to a certain pre-determined level, where the charging process will be
terminated [51]. To prevent the battery being discharged over time when not in use, the battery
will be trickle charged with a very low current. In low power applications with irregular
charging rate and unavailability of high current source such as in energy harvesting
applications, Buchmann [52] suggested that the battery can be charged at a varying current
until the voltage of the battery reaches a pre-determined value (essentially similar to first stage
of the CC-CV charging) and the charging process can be cut off (normally SOC is at 85 %).
He suggested that this method, which is known as charge and run, will prolong the lifetime of
the battery. It is also important to prevent a li-ion battery from reaching 0 % SOC, since this
will significantly degrade its performance. To prevent this, in most applications there is a cut

off mechanism when the voltage of the battery reduces to a pre-determined low threshold limit.

Considering all these factors, a low power battery charger and battery management IC
specifically targeted for energy harvesting applications manufactured by Texas Instruments;
BQ25504 was selected. This IC is capable of starting-up from an input voltage as low as 330
mV and has a very low consumption quiescent current (< 330 nA). The constructed circuit is
shown in Figure 3.3 (a). By referring to this figure, the operation of the IC is explained; initially
when the IC is connected to a source with an input voltage greater than 330 mV, an internal
low efficiency hysteretic boost converter is cold started to charge the Csto to 1.8 V. When the
voltage of Csto reaches 1.8 V, the main boost charger circuit is on and when the voltage of
Csto reaches the minimum set voltage (the minimum voltage of the battery to prevent
overdischarge) of the RB, the Csto is shorted to Vg to start the charging process. When Vg
reaches the pre-set voltage value higher than the minimum RB voltage, the VBAT-OK signal
is turned high, shorting the RB to the load. If Vg keeps increasing and reaching the maximum
set voltage (the maximum voltage of the battery to prevent overcharge), Csro is disconnected
from Vg to stop the charging process. If Vg decreases to the pre-set voltage value, then the
VBAT-OK signal is turned low, disconnecting the RB from the load. The operation of the IC
is further summarised in Figure 3.3 (b) with the selected voltage level.

The circuit was then tested to evaluate its performance. The input side is connected to a constant
2 V voltage source mimicked by a Keithley Sourcemeter. The charging process ran for 4000
seconds and the charging current and RB voltage were recorded. These are shown in Figure
3.4. From this figure, it can be observed that there is a small increase in the RB voltage from

3.81V to 3.82 V from the start to the end of the charging process. A constant charging current
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of approximately 18.7 mA was continuously supplied to the RB, and is suspected to be limited

by the IC itself, the internal resistance of the RB, and the connection from the IC to the RB.
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Figure 3.3: Circuit configuration and voltage programmed level for BQ25504.
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Figure 3.4: Charging profile of the constructed circuit.

The charging process and the RB voltage was rising extremely slowly due to the low level of
the charging current and the high capacity of the RB (1840 mAh). The charging current was
extracted from a current sensor constructed from a current shunt monitor with a very small
precision resistor (0.2 Q) and it can be observed that the data obtained from this sensor is quite
noisy due to this low resistance value. From the voltage and current data from the input and
output sides, the efficiency of the converter during the charging process was determined to be

84 %, which is the expected value from the datasheet.

b. LTC3105 for Supercapacitor Charging

Unlike RB, the SC charging process is simpler and as long as the SC is not being charged at a
voltage greater than its rated voltage, then the charging process is safe. This means that if the
SC is being charged by a voltage source, the voltage source needs to have an output voltage
that is lower than the SC rated voltage. If the SC is being charged by a current source, then the

SC voltage needs to be monitored for the charging process to be terminated.

The same DC-DC converter IC used for TEG in the previous chapter was used as the charging
circuit for the SC. The output voltage was set (4 V) to be slightly below the rated voltage of
the SC (4.2 V) as a safety margin. The circuit constructed is shown in Figure 3.5. The limiting
resistor (Rumit) was put in series with the SC to limit the charging current of the SC, which
could go be incredibly high during the charging process. The Rumit value was chosen to be 22
Q. Similar as before, the IC was then supplied from a constant 2 V voltage source mimicked
by a Keithley Sourcemeter and the charging process was run for 2000 seconds.
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Figure 3.6: Charging profile for SC.

The charging profile for the SC is shown in Figure 3.6. It can be observed that the voltage of
the SC is increasing during the charging process from 3.48 V to 3.75 V, signifying a successful
charging operation. During the charging process, the current was decreasing progressively
before becoming almost constant (10.8 mA). This is mainly due to the presence of the Rumit
which limits the magnitude of the charging current. From the voltage and current data from the
input and output sides, the efficiency of the converter during the charging process was
determined to be at 76 %.
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c. LTC3105 for Storage Discharging

The discharging circuits for providing output voltage regulation for both RB and SC were
constructed using LTC-3105 IC. The output voltage for SC discharging circuit was set to output
a voltage that is slightly higher (1.82 V) than RB discharging circuit (1.79 V). The main reason

behind this will be discussed in the next section.
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Figure 3.7: Converter loadline and efficiency for both discharging circuits.

72



Chapter 3 Energy Storage & System Operation

Figure 3.7 shows the converter V-1 loadline and efficiency for the discharging circuits for both
of the storage elements. For the RB discharging circuit, it can be observed that the no load
output voltage is equal to the required value (1.79 V) but the voltage begins to droop as the
load current increases due to the presence of parasitic output resistance. The efficiency
increases in line with increased load current until it reaches a peak before it decreases again
due to the significant effect of parasitic resistance loss which would dominate at a high current.

The same trends can be observed for the discharging circuit for SC.

3.2.3 Demonstration of Bus Voltage Dependent Mechanism (Mode Select)

As demonstrated in the previous chapter, the bus voltage can be utilised as an indirect indication
of the loading magnitude in the pico-grid system. The lower the bus voltage, the higher the
load current in the system, hence the higher the loading of the system. Since the charging of
the storage elements should only be activated when the load demand is low, and vice versa, the
bus voltage can be utilised as the signal to trigger the activation of the charging/discharging

mechanism. The proposed voltage level for each mode is shown in Figure 3.8 below.

RB stops charging when VBUS <2.14 V

SC charging when VBUS > 2.10V

SC stops charging when VBUS <2.09V
VBUS increasing VBUS decreasing
SC stops discharging when VBUS > 183V

SC discharging when VBUS <182V

RB stops discharging when VBUS > 180V

RB discharging when VBUS <1.79V

VBUS < 1.79V

Figure 3.8: Operating mode at each bus voltage level.

For discharging, the SC was set to start discharging when the bus voltage drops below 1.82 V
(approximately 95 % loading). Due to this, the output voltage of the discharging circuit of the
SC was previously designed to output a voltage of 1.82 V. Since the RB acts as the final power
back-up, it should only be discharged when the system reaches a full loading capacity and was
therefore set to start discharging when the bus voltage drops below 1.79 V (> 100 % loading,
to prevent the bus voltage from collapsing). Similarly, due to this, the output voltage of the
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discharging circuit of the RB was previously designed to output 1.79 V. For charging, since
the SC was placed at a higher priority for discharging, and to ensure that the power in SC is
readily available for discharging, the threshold voltage for the SC charging to stop was put at

a higher level than the RB.
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Figure 3.9: Configuration for the bus voltage dependent mechanism and the comparator.

In order to integrate this voltage dependent mode mechanism in the pico-grid, the power flow
from the bus voltage to the charging circuit and from the storage element to the discharging
circuit needs to be regulated. To achieve this, an extremely low resistance n-channel

enhancement mode MOSFET was put in this path to act as a switch. The gate of this MOSFET
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is driven by an ultra-low power comparator whose one of the inputs is a fixed voltage reference.
The other input should be a scale version of the bus voltage (achieved through a proper
selection of resistors in the voltage divider circuit). Table 3.1 provides the values for these
resistors. A small ceramic capacitor was placed in the input side of the comparator with the
voltage divider network to filter any noise and prevent any unnecessary output trigger.
Furthermore, the comparators used in this thesis have a built-in hysteresis of 10 mV to prevent
any low level noise around the threshold voltage to trigger the output continuously, hence
contributing to energy loss. This configuration is shown in Figure 3.9 (a) and the connections
for the comparator are shown in Figure 3.9 (b). An additional undervoltage-lockout (UVLO)
circuit for the RB was integrated in the output path of the RB. Referring to the charger IC
BQ25504 for the RB presented previously, due to the dependence of the VBAT-OK on the
Vsto and not on Vg, an external UVLO is required to replace the VBAT-OK signal to ensure
that the RB is cut-off from the discharging path when its voltage drops below the under voltage
threshold limit (3 V), regardless of the value for Vsto. This UVLO is not needed for the SC

since SC energy can be fully depleted to zero without compromising its storage integrity.

Table 3.1: Value of resistors in the voltage divider network.

Mode Connection for voltage divider Roivi () Roiv2 (2)
UVLO for RB Non inverting 1.4 M 1M
RB Charging Non inverting 720 k 1M
RB Discharging Inverting 680 k 1M
SC Charging Non inverting 464 k 1M
SC Discharging Inverting 440 k 1M

The power for the mode select circuitry which comprises the comparators and voltage reference
was provided directly from the RB (after the UVLO connection). Only one voltage reference
IC was used for all comparators. Similar to the discharging path, the power for this circuitry
will be cut-off once the voltage of the RB falls below 3 V. It was determined from a quick test
that the peak power consumption of the mode select circuitry is at 0.1 mW. The power for the
UVLO circuit which is comprised of a comparator and a voltage reference 1C was provided by
an external coin battery. The system will cease to function if the power of this battery depletes
to zero, therefore this can be used as an indirect indication on when to replace this coin battery.
The peak power consumption of this UVLO circuit was determined during testing to be at 0.07
mW.
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Each of the mode select configuration was individually tested first to ensure that they are
switching at the right voltage level. Then, the mode select system for the energy storage system
was tested by connecting the common DC bus to a voltage source mimicked by a Keithley
Sourcemeter. The voltage source level was varied and the current level for each of the charging

and discharging paths was recorded. Figure 3.10 below shows the results from this testing.
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Figure 3.10: Results from the bus voltage dependent mechanism configuration.

As shown in the figure above, when the voltage source level was initially set at 2.20 V, both of
the charging circuits automatically switched on to enable charging for the storage elements.
When the voltage source level was dropped to 2.13 V, the charging circuit for the RB switched
off since the bus voltage level was lower than the threshold voltage set for the charging circuit.
When the bus voltage was further reduced to 2.08 V, the charging circuit for the SC switched
off. At 1.81 V, it was observed that the discharging circuit for the SC was activated and the
current started to flow from the discharging circuit into the DC bus. Finally, at 1.79 V, the
discharging circuit for the RB was activated and both the SC and RB were discharging to the
DC bus. In addition, it was also observed that the levels of the discharging current for both SC
and RB are in good agreement with the converter loadline obtained in Figure 3.7. This also
indicates that in real applications, the maximum current for the SC discharging converter is
approximately 12 mA (approximated from Figure 3.7) before the converter voltage drops to
1.79 V, hence activating the RB discharging circuit. Overall, from this test, it can be concluded
that the voltage dependent mode for the charging and discharging mechanism was successfully

demonstrated and a satisfactory performance was achieved.
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3.3 System Operation

In this final section, various operating modes of the pico-grid corresponding to various
situations are presented and discussed. When the first prototype is constructed, it is important
to ensure that the operation of the pico-grid runs smoothly and in order to achieve this, some
of the important operations such as start-up, no source (energy harvester) condition, and no
load (0 A load current) condition are first explored and discussed. Additionally, the load
shedding mechanism which is important to prevent the operation of the pico-grid from

collapsing due to excessive loading is also investigated.

3.3.1 Start-Up

Although the sources and load in the pico-grid are expected to possess a plug-and-play
capability, the energy storage circuitry comprises the RB and SC as presented previously is
always expected to be connected to the system. However, extra energy storage elements with
a similar mode select operation can be further integrated in the system through the same plug-
and-play port. Due to this, the start-up procedure for the pico-grid involves the switching of

the storage circuitry, before any load or sources are connected to the system. Figure 3.11 below
shows the start-up profile for the pico-grid.
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Figure 3.11: Start-up profile for the pico-grid.
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As observed from the figure, at t = 5s, the energy storage circuitry was switched on. The
circuitry was switched on by switching on the power supply from the coin battery to the UVLO
circuit for the RB. If the voltage of the RB is above the minimum threshold limit, then the
power supply for the mode select circuit will be automatically switched on. If the voltage is
below the minimum threshold limit, then the RB is needed to be externally recharged before
the system can resume its operation. If the system still fails to start and the RB voltage is above
the threshold minimum, then this means that the power from the coin battery is fully depleted
and a replacement is needed. After the UVLO has been switched on and the power was supplied
to the mode select circuit, since at this moment, the bus voltage was at 0 V' (no sources or load
connected to the system), both of the discharging circuits were activated. Due to the output
voltage of the SC discharging circuit which was set at a higher voltage than the RB, the bus
voltage settled down at this voltage level (1.82 V). The SC would then have a very small
discharging current, mainly due to the bus voltage sampling circuit (for the voltage divider
network) and also parasitic resistance along the DC bus. The RB discharging circuit was then

deactivated since the bus voltage was greater than its designed threshold limit.

3.3.2 No Source Condition

After a successful start-up operation, the system was further tested in a no source condition. In
this situation, no source was connected to the system and the load current from the DC bus was
increased. The storage elements then acted as the power source to meet the demand of the load

current, as shown in Figure 3.12.

Referring to the same figure, it can be observed that the bus voltage was initially at 1.82 V,
indicating a successful start-up operation. Then the load current was increased (sinking by the
Keithley Sourcemeter) slowly at t = 10s and at 15 mA, the output voltage of the SC discharging
circuit dropped to 1.79 V due to the internal droop, hence activating the RB discharging circuit.
When the load current was further increased, both SC and RB discharged their current
simultaneously to meet the load demand. After careful inspection, it was observed that the
output V-I loadline for both discharging circuits is almost consistent with the one obtained in
Figure 3.7. The total current from both circuits were greater than the load current, due to the
current flow to the voltage sampling circuit. One possible explanation for this is the steady state
error introduced by the current sensor used to measure the discharge current in the output path

of both converters.
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Figure 3.12: No source condition whilst load is connected to the system.

3.3.3 No Load Condition

If an energy source is connected to the DC bus after a successful start-up operation (no load),
then the mode select circuit will enter a charging mode. To mimic this condition, both SP1 and
SP2 were connected to the DC bus. Both panels were subjected to illumination 1. Since the
output voltage of the solar panel circuits was both set at 2.20 V (no load), then the bus voltage
will be at this level (plus a steady state error). For the sake of data collection, the energy storage
circuitry was initially disconnected from the DC bus. Since the charging current previously
obtained for both RB and SC were too high, the value of Ruimit for SC was further increased
to 44 Q and a new Rymit of 33 Q was installed in series with the RB, both to limit the charging

current to ensure that the current is within the rated power capability of the energy sources.

Figure 3.13 shows the results from this test. In Figure 3.13 (a), at t = 10s, the energy storage
circuitry was connected to the system. It can observed that initially, the charging currents for
both SC and RB increased, however after the bus voltage dropped below the threshold voltage
for RB charging, the charging current for RB dropped to 0 mA. In order to demonstrate the RB
charging mechanism in no load condition, in Figure 3.13 (b), the same test was repeated but at
t = 30s, the SC charging circuit was disconnected from the system. During this period, the RB
charging mechanism was activated and a small charging current of approximately 3 mA flows

to the RB. From this, it can be deduced that it is important for the right value of RumiT to be
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selected to match the expected rated power from the energy harvesters. In order to further
improve the system, it is possible to integrate a mechanism that switches off/alter the voltage
droop mechanism in the source converters during a no load condition, in order to maximise the
amount of power to charge the storage elements. However, this option is not explored in this

thesis.
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t=30's.

Figure 3.13: No load condition whilst SP1 and SP2 are connected to the DC bus.
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3.3.4 Maximum Load Condition and Load Disconnect (Shedding)

If the loading of the pico-grid is excessively increased beyond the power capability of the
energy sources and energy storage, then the bus voltage will drop and then collapse, and the
pico-grid will no longer be able to maintain its regulating operation. In order to avoid this, it is
important that a load shedding mechanism is integrated in the system, which functions to
progressively cut-off the load according to the load priority precedence before the voltage falls
below a threshold value. From a test, it was discovered that the energy storage converters will
fail to maintain the bus voltage regulation when the bus voltage falls below 1.62 V. This is the
absolute maximum loading, therefore the load shedding process needs to start above this

voltage level.

The proposed voltage level for the load shedding process to be first triggered is 1.80 V (100 %
loading for harvesters). When the bus voltage reaches this level, the least priority load needs to
be cut-off from the system. If the bus voltage keeps dropping after the first load has been cut-
off, then the second least priority load will be cut-off and so on. The bus voltage should not be
allowed to fall below 1.72 V, therefore a main cut-off function is needed to switch off all loads

at this voltage level (maximum loading).

The implementation of this load shedding mechanism can be conducted in the same way as the
mode select mechanism. A MOSFET can be used to switch the load on/off. Since for this
purpose, a normally-on MOSFET is preferred to provide a cut-off mechanism, a depletion

mode MOSFET can be used. The implementation aspect is not explored in this thesis.
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Figure 3.14: Proposed load shedding mechanism.
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3.4 Summary

In this chapter, the integration of energy storage elements (rechargeable battery and
supercapacitor) in the pico-grid was presented and demonstrated. Since the power from the
energy harvesters is not necessarily available at all times, the need for energy storage becomes

eminent to support the continuous load demand.

The charging and discharging circuits for these storage elements were presented, tested, and
discussed. These circuits which were built from COTS ICs are demonstrated to perform
reliably. The mechanism to switch on/off these circuits was also proposed based on a
comparator configuration. The comparator was used to compare the bus voltage (loading
indication in the system) with a fixed reference voltage and to provide a switching signal to a
MOSFET. It was demonstrated that the power consumption of this mode select circuit is very
low, hence suitable to be implemented in the pico-grid system. The proposed system was built
and the performance was tested. It was demonstrated that a successful mode select operation

was achieved.

Finally, to ensure a successful operation of the pico-grid prototype, several operating
conditions corresponding to several different scenarios were demonstrated and discussed. It
was demonstrated that a successful start-up procedure, no source, and no load conditions were
able to be accomplished. A load shedding mechanism to prevent the pico-grid from overloading
was also proposed and discussed.
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Chapter 4

System Integration

4.1 Foreword

In this chapter, a full system integration is presented and its performance is presented and
discussed. The first wearable prototype of the pico-grid is built and the features of the prototype
are outlined in this chapter. This prototype is not fully optimised for real world applications
hence some recommendations for improvement are presented at the end of this chapter.

4.2 System Integration

The full system layout for the pico-grid is shown in Figure 4.1 (a). The UVLO circuitry for the
RB is not shown in the figure. Similar to the previous tests, the load for the pico-grid is a
constant current sink mimicked by the Keithley Sourcemeter. The configuration for each of the
connected subsystems is similar to the previous chapters, with the exception of the voltage
droop circuitry for all of the source converters, in which the power is now directly supplied
from the RB, through the same path as the supply power for the mode select circuit. This
eliminates the need for a coin battery to power up each of these circuits as presented in Chapter
2. A three pin JST connector was used for all of the plug-and-play ports to the common DC
bus; each one is for the DC bus, ground, and power supply for the voltage droop circuity for
the source converter (this connection is present however not needed for the load). The test rig

for the built pico-grid is shown in Figure 4.1 (b).
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Figure 4.1: System layout and test rig for the final system.
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4.2.1 Plug-and-play Demonstration

The first test for the integrated pico-grid system is to demonstrate its full plug-and-play
capability. In this test, the converters for the SP1 and TEG were disconnected and reconnected
to the DC bus and the performance of the system was evaluated. Both SP1 and SP2 were
subjected to illumination 2 and AT = 50 °C for the TEG. Similarly, the load current absorbed
by the Keithley Sourcemeter was varied to simulate the action of plugging and unplugging of
load to the system. The sequence of the test carried out is described as follows:

Att=0s, the start-up procedure commences.

Att=150s, all energy sources (SP1, SP2, and TEG) are connected to the system.
Att =100 s, the loading for the system (Keithley Sourcemeter) is set to 1 mA.
Att =150 s, the loading is further increased to 5 mA.

Att=200s, TEG is disconnected from the system.

Att=250s, SP1 is disconnected from the system.

At t =300 s, the loading is further increased to 10 mA.

Att=2350s, SP1 is reconnected back to the system.

At t =400 s, the loading is further increased to 30 mA.

10. At t = 450 s, the loading is further increased to 50 mA.

© 0o N o g B~ w DN PE

The results from the test are shown in Figure 4.2. Each ‘Q’ in the diagram corresponds to the

different sequence of the test. The data from the test is also tabulated in Table 4.1.
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Figure 4.2: Results from the plug-and-play test.

85



Chapter 4 System Integration

Table 4.1: Data from the plug-and-play test.

Bus RB SC
Sequence | Status | Voltage | Out ?rﬁ AI\;] Out ?rg AIS (Trrllzp(\;) (?nFjol\) (ifz)
V) | (mA) (mA)
01 St%rr?ge 182 | 0 0 | 01| o 0 0 0
SPL+
Q2 SP2+ | 214 | 0 0 0 | 61 | 10 | 27 | 25
TEG on
3 |, gamg 213 | 0 0 0 | 61 | 13 | 32 | 28
U | gargiﬁg 210 | 0 0 0 | 61 | 20 | 51 | 42
Q5 | TEGoff | 209 | O 0 0 | 61| 0o | 59 | 52
Q6 | SPloff | 207 | O 0 0 0 0 0 | 54
Q7 Ilo(;é?@ 194 | 0 0 0 0 0 0 | 104
Q8 | SPlon | 209 | O 0 0 0 0 | 54 | 50
Q9 Ii%é?nAg 186 | 0 0 0 0 0 | 157 | 149
Q10 Ii%é?nAg 177 | 62 | o | 102 | o 0 | 171 | 167

A few important observations from this test include:

e Generally, the pico-grid performed as expected. The bus voltage decreased when the loading
was increased or the rated input power was reduced, and vice versa. The mode select
operation was successfully demonstrated. The system can also perform under several
variations of input and output power in the test, indicating a successful plug-and-play
demonstration.

e Atany point, the total current flowing into the DC bus (from source converters + discharging
circuits) was slightly higher than the total current flowing out from the DC bus (to charging

circuits + current sink). This slight difference can be attributed to the current flowing into
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the voltage divider network for bus voltage sampling. Since the magnitudes of the current
were obtained from the output voltage of the current shunt monitor, the slight difference can
also be attributed to the steady state error of the current sensor, the inaccuracy of the
resistance value used to sample the small voltage drop across the current path, or some noise
in the output side of the current sensor. This is further supported by the significant presence
of noise in the current waveforms in Figure 4.2.

e From the test, the maximum loading for the source converters (subjected to the test
condition) without activating the discharging circuits for energy storage was approximated
by the data to be around 40 mA.

e A small discrepancy can be observed between the output current of SP1 and SP2, although
the circuit configuration for both of the converters were similar. This could be due to the
small discrepancy of the value of resistance for the LDR used in the droop voltage
mechanism or the different in the value of resistance in the voltage feedback loop. Also, the
illumination incident angle for the solar panel and LDR for each of the converter might not
be accurately similar.

e The charging circuit for RB was never activated due to the high threshold voltage set for
this mode. Improvements that can be done to ensure the RB is charged include lowering
down the threshold voltage or by increasing the Rumit for the SC.

e Generally, the measurements data was quite noisy. This could be due to the environmental
noise factors or the noise that was present in the oscilloscope or the probe. In all of the tests
carried out in this thesis, due to the portability issue, a portable oscilloscope which has a
lower quality compared to the typical bench oscilloscope was used. Nevertheless, it was
shown that the mode select operation was successfully activated without any issue (in
particular with the 10 mV hysteresis, no flickering or oscillation in the output signal of the
comparator was observed) hence this confirms that the noisy measurement was mainly due
to the equipment issues and not the system itself. The magnitude for each of the data
presented in Table 4.1 for each of the sectors was obtained by taking the average of the low

pass filtered value (with a cut-off frequency of 1 Hz) of the measured signals.

Overall, a successful plug-and-play operation was accomplished with the pico-grid system. An
equal load sharing (with 5 % error) was achieved between each of the source converters in
terms of their rated power and it was demonstrated that at full loading, the energy storage was

successfully discharged to support the load demand of the system.
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4.2.2 Full System Evaluation

After a successful plug-and-play operation has been demonstrated, the next step is to conduct
a final test on the performance of the full system when every subsystem is connected to the DC
bus. In this test, both SP1 and SP2 were subjected to illumination 3 and AT = 38 °C for TEG.
The Rumit for both RB and SC charging circuits were increased to 47 Q and 68 Q, respectively.
This was done to reduce the magnitude of the charging currents to better match the rated power
rating in the system. The sequence of the final test carried out is as follows:

11. Att =0s, all subsystems are connected to the DC bus. The load is set to 0 mA.
12. Att =50 s, the loading for the system (Keithley Sourcemeter) is set at 5 mA.
13. Att =100 s, the loading is increased to 10 mA.

14. Att =150 s, the loading is increased to 15 mA.

15. Att =200 s, the loading is increased to 20 mA.

16. Att = 250 s, the loading is increased to 25 mA.

17. Att =300 s, the loading is increased to 30 mA.

18. Att = 350 s, the loading is increased to 35 mA.

19. Att =400 s, the loading is increased to 40 mA.

20. At t =450 s, the loading is increased to 45 mA.

The results from the test is shown in Figure 4.3. Each ‘Q’ in the diagram corresponds to the

different sequence of the test. The data from the test is also tabulated in Table 4.2.
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Figure 4.3: Results from load variation test.
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Table 4.2: Data from load variation test.

Grid | RB sC
Sector Status | Voltage | Out ?rEAIS Out ?r(ri AIS (Trrllzp(\;) (ﬁibl\) (?nFZ)
(V) | (mA) (mA)

QL | Allon | 217 | o | 11 | o | 33 | 09 | 18 | 17

Q2 |5m.A 214 | 0 0 0 | 33 | 10 | 42 | 39
oading

Q3 IlomA 211 | 0 0 0 | 33 | 12 | 68 | 61
oading

Q4 | BMA T H09 | 0 0 0 0 | 12 | 7.3 | 66
loading

o5 | 2OMA T 507 | o 0 0 0 | 14 | 99 | 87
loading

o6 | MA T o0a | o 0 0 0 | 16 | 120 | 114
loading

Q7 |3O”T‘A 202 | 0 0 0 0 | 19 | 148 | 135
oading

Q8 |35”T‘A 199 | o0 0 0 0 | 21 | 171 | 159
oading

Q9 I‘“”T‘A 19 | 0 0 0 0 | 22 | 195 | 183
oading

Q10 |45”T‘A 192 | o0 0 0 0 | 24 | 218 | 209
oading

A few important observations from this test include:

e Generally, the pico-grid performed as expected. At each sink current increment, the bus
voltage decreased, and the current from each of the source converters increased.

e Atany point, the total current flowing into the DC bus (from source converters + discharging
circuits) was slightly higher than the total current flowing out from the DC bus (to charging
circuits + current sink). This slight difference can be attributed to the same reasons as stated
in the previous section.

e With the increase of the Ruimir for SC and RB, both storages were charged at the start of the
test, when the loading of the system was still below the threshold limit set for both charging
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circuits. From this, it was demonstrated that the value of Rumit needs to be accurately tuned
to match the expected rated power of the system. Similarly, the magnitude of threshold
voltage for the charging could also be tuned to match the rated power. If this was not done
correctly, then there would be a high possibility that the storage would not be charged at all.
If the charging current is too high, even in a no load condition, the mode select circuit for
the charging converters would be oscillated between on and off.

e From the test, it was observed that at 45 mA, the system still has not reached the full loading
capacity. At 1.92 V, the discharging circuits were still not activated. The higher rated power
from this test compared to the previous test was due to the higher available power from the
solar panels due to the higher illumination level. This confirms the successful operation for
the variable droop mechanism as presented in Chapter 2.

e Similar to before, a small discrepancy can be observed between the output current of SP1
and SP2, although the circuit configuration for both of the converters were similar.

e Similar to before, the measurements data was noisy, although in this instance the magnitude
of the noise was less severe.

e For this test, the input and output voltage and current for each converter were recorded and
from these values, the efficiency of each of the subsystems was calculated. The results are
shown in Figure 4.4. The power consumption for the droop feedback/mode select circuitry
was considered in the calculations. The efficiency for the charging and discharging circuits
are all above 75 %. The efficiency for the source converters are lower, due to the higher
power consumption of the droop feedback circuitry. It was determined from this that the
power consumption for the current shunt monitor dominates the total power consumption of
this circuitry. Generally, the average power consumption for the droop feedback circuitry is
20 times greater than the power consumption of the mode select circuitry (average 2 mW
vs. 0.1 mW). Furthermore, the presence of a precision resistor across the output current path
in each of the source converters for output current sampling also contributed to a higher loss
in these converters. Other reasons for the lower efficiency of these source converters have

been presented in Chapter 2.

Overall, a successful operation of the pico-grid was demonstrated. From the two tests that were
carried out, it was determined that the pico-grid system was ready to be built into the first
wearable prototype. The construction and the performance of this first prototype will be

presented and discussed in the following section.
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Figure 4.4: Efficiency of each of the subsystems. The efficiency presented here has taken into

account the power consumption of the droop/mode select circuitry.
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4.3 Wearable Prototype

In this section, the construction of the first wearable prototype is presented and the performance
is discussed. Since the first prototype was not optimised for real life applications due to a
number of limitations related to the research funding and time constraints, some
recommendations for improvement are presented by the end of this section. Although the
prototype is still not suitable for real world applications, the aim of this section is mainly to
demonstrate the proof-of-concept and the possibility and feasibility for the pico-grid to function
in a wearable or portable mode, since the target applications for this system are mainly for
WSN and WBAN.

4.3.1 Prototype Construction

Each subsystem circuitry was placed in an enclosure made from acrylonitrile butadiene styrene
(ABS) as shown in Figure 4.5. The main purpose for this is to provide an electrical insulation
for the circuitry. This is to prevent an excessive electrostatic discharge from destroying the ICs,
which are prone to occur when the circuit is attached to a jacket and subjected to the continuous
friction between the jacket and the human body. Furthermore, these enclosures also serve as a

platform for the circuitry to be attached to a jacket.

Figure 4.5: The prototype. Each enclosure contains a full circuitry for each subsystem.

92



Chapter 4 System Integration

Figure 4.6: The prototype when attached to a jacket.

93



Chapter 4 System Integration

Each of the enclosures was attached to the inner part of the jacket through a Velcro™ tape.
This tape provides a detachable platform for the enclosure, hence supporting the expandability
feature of the system. The pictures of the jacket is shown in Figure 4.6. The solar panels and
LDRs were placed on the shoulder area, where these elements have a higher chances of
receiving maximum amount of light from the surroundings. A hole is made in the jacket to
accommodate the TEG and to provide a good coupling between the hot side and the wearer’s
body. The first prototype needs some aesthetic development, which should be further improved
for real life applications. The weight of the prototype was measured and the data is tabulated
in Table 4.3 below. The system total weight is 2.08 kg, which is approximately equal to
carrying 12 iPhone Xs (each iPhone X weights 174 g). Most of the total weight was contributed
from the weight of the enclosures (=~ 54 %). Based on multiple tests, it was determined that the
size of the enclosure that contributes the most to the degradation of the overall comfortability
of the prototype. The weight although can be further reduced, was determined to be at an

acceptable level without sacrificing much comfort to the wearer.

Table 4.3: Weight of each subsystem in the prototype.

System Subsystem Subsystem weight (g) | System weight (g)
Solar panel 65
LDR + circuit board 40
SP1 | Converter circuitry + circuit 355
90
board
Enclosure box 160
Solar panel 65
LDR + circuit board 40
SP2 | Converter circuitry + circuit 355
90
board
Enclosure box 160
Thermoelectric generator +
TEG thermistors setup 9 390
Converter circuitry + board 65
Enclosure box 160
Mode select circuitry + 90
Mode Select | circuit board 250
Enclosure box 160
Battery + circuitry + circuit 166
RB | board 326
Enclosure box 160
Supercap. + circuitry + 80
SC | circuit board 240
Enclosure box 160
Circuitry + circuit board 75
Voltage Bus Enclosure box 160 235
Total weight (kg) 2.08
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4.3.2 Prototype Performance

The prototype was tested in a typical summer outdoor environment and the performance data
was collected. Due to the difficulty in measuring the current in the prototype, only the data for
the bus voltage was able to be collected and analysed. Figure 4.7 below shows the scope view
taken directly from the portable oscilloscope for the bus voltage when the sources converters

were connected to the system and the load current was varied.
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Figure 4.7: Scope view for the bus voltage of the wearable prototype.

Initially when the start-up procedure was performed, the bus voltage was recorded to be at the
expected level of 1.83 V. At Q3, the source converters were connected to the system. The DC
bus was recorded to be at 2.13 V, and it was expected that the SC was being charged during
this period. The loading was then progressively increased and the DC bus voltage was recorded
to be progressively reduced during this time, which is the expected behaviour. At Q6 and Q7,
the discharging circuits for both storages were activated to support the high load current
demand. At Q7, there was a sudden voltage peak due to the unexpected movement of the wearer
during the test, which may have temporarily disconnected/disturbed the DC bus connection to
the Keithley Sourcemeter. After the movement, the DC bus had levelled off at a slightly lower
magnitude, possibly due to the difference in illumination level received by the solar panels and
LDRs compared to the conditions before the movement, hence demonstrating the variable
droop operation. It was postulated that during the full period of the test, the TEG did not
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contribute any (or very low) power to the system, since the surroundings temperature was quite
high (= 26 °C). At Q8, the load current demand was reduced to 7 mA, and the DC bus voltage
level rose again. Whilst maintaining the same level of load current, at Q9, all of the source
converters were disconnected from the system. The bus voltage was recorded to be at 1.80 V,
which is at the expected level by considering the loadline of the SC discharging circuit as

obtained in Figure 3.7. At this level, the RB discharging circuit was not activated.

Overall, from this test, a successful operation for the prototype was demonstrated. This
prototype proves the feasibility and reliability of the system to be implemented in real world

applications.

4.3.3 Recommendations for Improvement

Some recommendations for the improvement of the first prototype are:

e The circuitry should be built and soldered on a flexible printed circuit board (PCB). This
was initially in the scope of this PhD, however due to some unforeseen issues, this work was
not completed. By using flexible PCBs, the size and weight of the overall circuit can be
greatly reduced (approximately 60 % reduction). Currently, each circuit was built on a strip
board. Furthermore, by using flexible PCBs, the circuit can be safely placed on the area
where the circuit is expected to experience bending, and this will provide a better comfort
to the wearer. The flexible PCB can be laminated to provide electrical insulation for the
circuit.

e The solar panel and TEG are preferred to be flexible. With the availability of semiconductor
materials and devices that can be deposited at low temperatures (< 200 °C), the fabrication
of thin film devices on a flexible substrate that can match the performance of silicon based
devices have been reported in recent years [53]-[57]. Among these, some flexible solar
panels and TEGs have also been reported [58]-[62]. The integration of flexible solar panels
and TEGs is not only able to improve the comfort of the system, but also opening up the
possibility of direct integration with the clothing itself. Furthermore, to improve the variable
droop accuracy for the solar panel and TEG, the same materials used to fabricate these
devices can be further used to fabricate the LDR and thermistor. This ensures that both the
energy harvester and the variable resistor have the same response towards the variation of
the energy source.

e The connection wires are a hindrance to the overall comfortability of the system, and also

make the system look less appealing. The wires can be hidden in the linings of the jacket,
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however a better solution is to integrate silver fibres in the clothing to serve as a conductive
thread to deliver power across any area on the jacket. Few preliminary works have been
conducted (to support the work carried out by other students/postdoctoral associates under
1D-Neon project) on this, particularly extracting the electrical parameters such as resistance
of the silver fibres. It was determined that the resistance of the thread is as low as the
resistance of the typical copper wire with the same thickness, however the resistance will
deteriorate (increase) after the thread was subjected to multiple stretching. This was due to
the multiple cracks formed on the fibre after it was stretched, as shown in the scanning
electron microscope (SEM) images in Figure 4.8. More work is required on this and if this
issue can be solved, then the fibres have a huge potential to be implemented in the pico-grid

system.

EHT = 5.00 kV Signal A = InLens Date :4 Oct 2017

L i3 3 z
EHT = 5.00kv Signal A= InLens Date :4 Oct 2017
WD = 5.0 mm Photo No. = 4736 Time :11:49:35 WD = 25mm Photo No. = 4717 Time :11:37:20
. E - . o

(a) Before stretching (b) After stretching

Figure 4.8: SEM images show each yarn in the silver fibre in a good and new condition

(left) and after multiple stretching (right). The samples used for both images are different.

e Since the circuitry is preferred to be built on a flexible PCB, the passive components could
be potentially fabricated/printed in thin film package to similarly possess the same flexibility
feature. This ensures that the PCB is fully flexible and can bend in the same degree as the
components placed on it. Since it is difficult to build a fully flexible thin film power circuit
that can match the performance of a CMOS based power circuit, the usage of CMOS IC
cannot be avoided. However, generally the size of these ICs is small and the size of the
passive components will dominate the area on the board. Therefore, to ensure that the PCB
is fully flexible, it is important to ensure that these passive components are flexible as well.

e Similarly, a flexible and thin film supercapacitor and rechargeable battery could be used as

the energy storage and integrated in the system.

97



Chapter 4 System Integration

e The built prototype only utilises solar panel and TEG as the main source of energy. Several
other energy sources such as piezoelectric generator, electromagnetic induction generator,
triboelectric generator, and even wireless power (near field charger) all have potential to be
integrated in the system. The method to track the variation of input power for each of these
harvesters need to be explored and investigated in order to design the variable droop
mechanism for the system. Furthermore, since the nature of these harvesters are in ac, the
integration of a rectifier circuit, preferably flexible, is needed. Some preliminary work to
fabricate and characterise a thin film diode that can be deposited at low temperature hence
can be fabricated on a flexible substrate has been completed and will be presented in the

following chapters.

4.4 Summary

In this chapter, the system integration for the pico-grid was presented and discussed. The
integrated system was tested in two different ways; the first was aimed to demonstrate the plug-
and-play capability of the source converters and load, and the other was aimed to demonstrate
the general performance and to extract the efficiency of the system. Both tests were
successfully carried out, and the performance expected from the pico-grid was successfully
accomplished. It was determined that the efficiency of the source converters is significantly
lower than the efficiency of the charging and discharging circuits (< 50 % vs. > 75 %), mainly
due to the high power consumption of the droop feedback circuitry, which was dominated by
the power consumption of the current shunt monitor. The first wearable prototype for the pico-
grid was then constructed and the performance of the prototype was presented and discussed.
Overall, a successful operation was achieved. Since the first prototype was not optimised for
real world applications, some suggestions and recommendations for improvement were

presented.

In conclusion, the proof-of-concept operation of the pico-grid has been successfully
demonstrated and achieved, through both on-bench and wearable prototypes. Several important
operations to improve the reliability, efficiency, and feasibility of the pico-grid such as variable
mode select mechanism and plug-and-play operation were successfully demonstrated. In the
following chapters, due to the opportunity of working with new semiconductor compound and
accessibility to the fabrication facilities, some preliminary work on thin film diode fabrication

for the purpose of fabricating a fully flexible rectifier circuit are presented.
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Chapter 5

ZNON Thin Film Diode — Fabrication and
Characterisation

5.1 Foreword

This chapter presents the fabrication and characterisation results for the zinc oxynitride (ZnON)
thin film diode. After the operation of the pico-grid has been successfully demonstrated, there
is a huge opportunity to further improve the overall system performance and to increase the
feasibility of the operation by improving each sub-system. One of the possible areas is the

power circuit.

In order to integrate any ac energy harvesting mechanism such as piezoelectric and electrostatic
transducer in the pico-grid system, an AC-DC rectification stage is required to convert the ac
voltage from these sources to a useful dc voltage. This is shown in Figure 5.1. In order to
achieve this, a device with a blocking capability is needed and in most cases, Schottky diode
is preferred due to its low forward voltage drop. Furthermore, since the targeted applications
for the pico-grid are mainly on WBAN systems, flexible circuit is a favourable feature since
this feature will enable a seamless integration of the circuit with the conductive textiles. In
order to achieve this, the low temperature fabrication of a Schottky diode is investigated and
presented in this chapter. The Schottky barrier diode performance fabricated from the selected

semiconductor material is then evaluated and discussed.
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Rectifier circuit built from flexible
ZnON Schottky diodes

Piezoelectric transducer

Induction generator N

To power converter
(interface to common bus
in picogrid)

Electrostatic transducer

\ -

@

Wireless power

Figure 5.1: The need for a flexible diode for AC-DC rectification for AC energy harvesting
mechanisms in WSN or WBAN applications.

5.2 Background

This section provides an overview on the selection of the semiconductor material and also the

structure of the fabricated diode.

5.2.1 ZnON Semiconductor

Metal oxides semiconductors have garnered huge interest in recent years due to its superior
performance. Among other advantages, low cost, possibility of low temperature deposition,
and flexibility of integration with other organic and inorganic compounds are key attributes. In
the application of thin film transistor (TFT), this type of semiconductor is preferred when
compared to the conventional amorphous silicon due to its higher mobility. One of the most
extensively studied semiconductor in this group is perhaps zinc oxide (ZnQO). ZnO is an
intrinsically n-type transparent conductive oxide (TCO) and was once used by multiple
research groups as a TFT channel material [63]-[66]. However, the polycrystalline structure of
ZnO means it suffers from a few instability issues. In particular, the traps in the dense grain
boundaries of the crystalline structure and the grain nucleation issue has made it hard to control
the fabrication process and produce a TFT with consistent performance. In order to improve
this, a cation and anion control strategy has been implemented and investigated. Metal cation
control is able to reduce the grain boundaries hence reducing the potential barrier and
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increasing the mobility. However, this method is not as effective in amorphous metal oxides
since the interaction of different metal cations can result in additional potential barriers. In this
sense, the anion control strategy which can suppress potential barrier resulted from grain
boundaries and at the same time eliminate the interaction of different metal cations is preferred.
Examples of semiconductor materials utilising these methods include InGaZnO and InZnO for
metal cation control and ZnON for anion control. Among these, ZnON has a huge potential
since it can be fabricated at low temperature, and possesses high mobility and high illumination
stability. However, ZnON is not to be confused and mixed with ZnO:N, which suffers from

instability issue, which will be discussed next.

Perhaps the first paper related to nitrogen doped ZnO can be traced back to 1998 when
Futsuhara et al. [67] doped ZnO with nitrogen through sputtering method by using ZnO target
with argon and nitrogen gas flowed into the chamber. The purpose of most of the initial work
was mainly to reduce the bandgap of the ZnO by introducing impurity dopants. Later in 2006,
Yao et al. [68] published a paper outlining the change in conductive behaviour of ZnO film
doped with nitrogen through reactive sputtering process, in which the film could change from
p-type to n-type under different circumstances, and vice versa. In this sense, the instability
issue is apparent in nitrogen doped zinc oxide, or ZnO:N. Due to this conductive behaviour
instability, this material is not suitable to be used as the semiconductor material in thin film
diode.

However, three years later in 2009, Ye et al. [69] was the first to publish a paper outlining the
method of reactive sputtering process which promotes competitive reaction between nitrogen
and oxygen with zinc (using Zn target), resulting in a rather amorphous ZnON structure, which
upon annealing at 400 °C, was able to produce a high mobility n-type semiconductor exceeding
100 cm? V' stand most importantly is stable. The main difference from previous publications
is that they used a Zn target with oxygen, nitrogen, and argon gases (ZnON) instead of ZnO
target with nitrogen and argon gases (ZnO:N). The competitive reactions between zinc and
oxygen (which produces hexagonal ZnQO) and zinc and nitrogen (which produces cubic ZnzN>)
are the main reasons that promote the amorphous structure of this film. Lee et al. [70] reported
that the properties of ZnON can be adjusted based on the nitrogen flow rate in the reactive
sputtering process. In their publication, it was found that the carrier mobility and bandgap are
both highly dependent on the nitrogen content as shown in Figure 5.2. This feature is sometimes

desired due to the different requirements of semiconductor material in different applications.
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Since 2009, many different groups have managed to fabricate a good TFT from ZnON film
[71][72].

However, degradation in the performance of ZnON has been observed in the deposited film
since oxygen which possesses higher reactivity with zinc compared to nitrogen, can react with
ZnON and change the chemical composition of the film. Two main treatments have been used
to counter this issue; thermal annealing and argon plasma treatment. Thermal annealing has
been shown to enhance the electron concentration from the increase in nitrogen vacancies of
ZnxNy bonds in the ZnON film [73]. Argon plasma treatment assists the film to redistribute its
atomic structure, hence leading to a more energetically stable configuration [74]. In both cases,
degradation in performance has been significantly reduced, resulting in a longer shelf life of
the ZnON film.

As a result of its superior performance in TFT especially stability and simple low temperature
fabrication technique, ZnON was chosen as the semiconductor material to fabricate the diode.
Furthermore, it would be much easier to integrate the same semiconductor material for both

diode and TFT on the same substrate to make a working power circuit.
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Figure 5.2: The variation of mobility and bandgap of ZnON film with nitrogen content taken
from [70].

5.2.2 Schottky MIS Diode

The selection of the diode structure needs to consider the available fabrication method and also
the requirements of the application. Since only the deposition of ZnON film which is an
intrinsically n-type semiconductor is possible for the semiconductor material, therefore the p-
n or p-i-n junction diode structures are not possible to be fabricated. The Schottky diode
structure has been selected since it only requires metal contact depositions apart from the

semiconductor deposition, which makes the entire process relatively simple.
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The Schottky diode is a metal-semiconductor (MS) diode whose transport is solely based on a
majority carrier, resulting in a fast switching action. MS contact can result in two different
operations; ohmic or rectifying. Theoretically, the operation of the contact is dictated by the
difference of the metal work function and electron affinity of the semiconductor. For an n-type
semiconductor, if the metal work function is higher than the electron affinity of the
semiconductor, then the MS contact is expected to behave as a rectifying contact, and vice

versa. This property is outlined in the Schottky-Mott rule and is shown in Figure 5.3.
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Figure 5.3: Energy band diagram of MS contact at thermal equilibrium. The metal work
function and semiconductor electron affinity both would define the operation of the contact.

However, in reality, the behaviour of the contact is not solely governed by the metal work
function, but also the interface quality between the metal and semiconductor. In an ideal case,
both the metal and semiconductor are considered pure and there is no interfacial layer or
reaction between them. Interface states and defects, intrinsic surface states, dangling bonds,
and chemical reaction and diffusion could also occur from the metal to the semiconductor side,
thus altering the interface properties and preventing the MS contact from behaving according
to the expected Schottky-Mott rule. Generally, it is difficult to define the expected behaviour

of an MS contact without testing the conductive behaviour of the actual fabricated contact.

The Schottky diode has been well known to have a fast switching property, small forward
voltage drop, but with a high leakage current. These properties are mainly due to the single

carrier transport mechanism for this diode. The conduction property of the diode is shown in
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Figure 5.4. The built-in potential is defined as the amount of potential energy that must be
acquired by a single electron to move from the semiconductor conduction band to the metal
side. The external bias can be applied to either reduce or increase this potential, resulting in a
higher or lower probability of electrons to have enough energy to overcome the barrier. When
the external bias is positively applied to the metal side with respect to the n-type semiconductor
side, then this potential will be reduced, thereby the current can easily flow. This is called
forward bias. In reverse bias, the external bias is negatively applied to the metal with respect
to the n-type semiconductor side, effectively increasing this potential causing only a very small

current to flow.
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Figure 5.4: Energy band diagram for a Schottky diode under forward and reverse bias

condition.

A very thin insulating layer (in the range of few nm) is normally intentionally deposited in
between the metal and semiconductor surfaces. Aside from preventing the reaction and
diffusion between the metal and semiconductor, this layer serves to enhance the performance
of the diode, in particular it is capable of reducing interface states and preventing Fermi level
pinning [75][76]. Fermi level pinning is a common phenomenon which occurs in the MS
interface, where the degree of band bending in the semiconductor near the interface is
independent of the metal work function variation, causing the alteration of the actual barrier

height. Fermi level pinning is a very undesirable feature in MS contact since it can degrade the
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performance of the diode by introducing higher parasitic resistance to the flow of electrons.
Furthermore, the presence of a thin insulating layer could also potentially reduce the leakage
current of the diode [77]. It has been shown that the insertion of the thin insulating layer would
not significantly affect the transport mechanism of the diode, since this layer is so thin that
electrons can easily tunnel through it [76]. However, the insulator must be of high quality since
a low quality insulator can introduce interface states, thus further deteriorating the performance
of the diode.

Due to the availability of the fabrication process to deposit high quality insulator with great

controllability over the thickness, the MIS structure was selected as the diode structure.

5.3 Fabrication and Characterisation Results

This section presents the fabrication method and subsequently characterisation results of the
ZnON MIS diode.

5.3.1 Fabrication and Characterisation Method

a. Fabrication Method

The structure of the fabricated diode is shown in Figure 5.5. The diode was fabricated on top
of a 1 mm thick Corning 70059 glass substrate measuring 20 mm by 10 mm (cut from 20 mm
by 20 mm). The substrate was cleaned properly by first rinsing it with deionised (DI) water and
then ultrasonicating it in acetone and then isopropyl alcohol solution, each for 10 minutes. It
was then dry blown with nitrogen gas and baked at 120 °C for 30 minutes to remove any
possible moisture. Molybdenum is used as the bottom contact since it provides good ohmic
contact with the ZnON film with a very low contact resistance. Nickel was used as the top
contact since this metal is the only available metal that produces rectifying contact with ZnON
film. Some other metals and TCO tested apart from nickel were chrome, aluminium, and
indium tin oxide (ITO), however no definite and consistent rectifying property could be
obtained. The depositions for both bottom and top metal contact were done at room temperature
in the custom built-in metal sputter coater machine. The thickness for both layer was 100 nm.
The depositions for the ZnON semiconductor and Al,Oz insulating layer were done by using a
cluster tool multi deposition system manufactured by MVSystems, as shown in Figure 5.6.
This deposition tool is an integrated deposition system capable of carrying out a few different

deposition processes in multiple chambers; plasma enhanced chemical vapour deposition
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(PECVD), atomic layer deposition (ALD), and reactive magnetron sputtering, with a vacuum

isolation and transfer zone between each chamber to ensure no contamination to the samples.

Al,O5 (2.5 nm) — atomic layer deposition
Shadow mask used in the fabrication process

ZnON (50 nm) — reactive magnetron sputter

Molybdenum (100 nm) - sputter

Corning glass substrate (1 mm)

3-D view of nine diodes fabricated on a single substrate

Figure 5.5: Structure and 3-D view of the fabricated diode. The shadow mask used in the

fabrication is also shown here.

Figure 5.6: MV Systems cluster tool deposition system used in the fabrication process.
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Reactive magnetron sputtering for ZnON layer

The ZnON film was deposited through a reactive magnetron process to produce a 50 nm layer.
Zn target was used with argon, oxygen, and nitrogen gases flowed into the chamber at specific
flow rate. Both the target and gases have 99.99 % purity. The optimisation process for the
fabrication conditions was done by varying the flow rate of the gases into the sputtering
chamber. Whilst keeping a constant flow rate of argon (4 sccm), the flow rates of nitrogen and
oxygen were varied and after each fabrication, the characterisations were carried out on the
fabricated film to get the optical bandgap (from UV-VIS measurement) and hall mobility and
carrier concentration (from hall effect measurements). At each condition, the chamber pressure
was set to be almost vacuum (<15 mTorr). The RF power was maintained at 250 W throughout

all fabrication conditions.
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Figure 5.7: Characterisations for different fabrication conditions for ZnON film.
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The results from the characterisations are shown in Figure 5.7. From Figure 5.7 (a), it can be
seen that the optical bandgap decreases as the ratio of N2/O> increases. This can be elucidated
by considering the bandgap of ZnO (3.2 eV) and Zn2Nz (1.1 eV). As the ratio of N2/O>
increases, the optical bandgap will reduce due to the lower concentration of ZnO and higher
concentration of ZnaNzand nitrogen rich ZnON in the film. Figures 5.7 (b) and 5.7 (c) present
the extracted hall mobility and carrier concentration for the film under different N2/O; ratio.
As the ratio of N2/O2 increases, the mobility increases but the carrier concentration decreases.
This finding is consistent with some of the reported works in the literature [69][78]. Further
characterisations involving XPS measurement are needed in order to provide a possible
explanation for this phenomenon, and this was not carried out in this thesis. Nevertheless, in
order to provide a figure of merit for the best fabrication condition, the product of mobility
with carrier concentration was computed and is shown in Figure 5.7 (d). From this, it was
determined the highest magnitude of this figure of merit was obtained from the following flow
rate; N2> = 180 sccm and O2 = 1.5 sccm. This condition was then used throughout the fabrication
of the diode in this thesis.

Atomic layer deposition (ALD) for Al,O3 layer

The AlbOz layer was deposited through an ALD process to produce a 2.5 nm layer. The
fabrication condition used in this thesis was optimised and provided by MVSystems. Hence,
no optimisation process was done to further improve the fabrication condition.
Trimethylaluminum (TMA) and water were used as the main precursors and each cycle of the
ALD process was determined to produce almost a consistent thickness of 0.1 nm. The thickness
of the film as obtained from the profilometer against the number of cycles used is shown in
Figure 5.8.

The deposition conditions for both processes are tabulated in Table 5.1. A single shadow mask
with an area of 0.66 mm? was used to pattern the semiconductor, insulator, and top metal
contact layer. It is worth mentioning that another insulator, silicon nitride (SiNx) was attempted
to be used as the insulator, however, the degree for thickness controllability is poor, thus
consistent film thickness was very hard to be reproduced. Plus, the deposition also requires a
high substrate temperature (around 370 °C). Apart from the Al>Os insulating layer, all other
layers are deposited at room temperature. The overall thickness of the diode excluding the

substrate is 252.5 nm.
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Figure 5.8: Thickness of Al,Oz film deposited from the ALD process obtained from the

profilometer as a function of number of cycles.

Table 5.1: Deposition process parameters for ZnON and Al20:s.

Reactive magnetron Atomic layer deposition
Parameter ]
sputtering (ZnON) (Al203)
Pressure 12.5 mTorr 80 mTorr
Temperature Room temperature 250 °C
RF power 250 W N/A
Target / Precursor ) TMA (99.99 %)
Zinc (99.99 %)
Water (H20)
Ar —4 sccm
Gas flow rate 02— 1.5sccm N/A
N2 — 180 sccm
Cycle N/A 25

b. Characterisation Method

The 1-V and C-V measurements were carried out by using a Keithley 4200 Semiconductor
Characterisation System (4200-SCS). The sample was put inside the LakeShore probe station
and the temperature was controlled by a Lakeshore 336 Temperature Controller. Temperature
dependent measurements were conducted inside a vacuum chamber. All measurements were
carried out in a dark condition and temperature was varied from 50 °C to 200 °C at 50 °C
intervals. The room temperature measurements were carried out in normal atmospheric

conditions.
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Figure 5.9: Characterisation setup of the fabricated diode.

c. Reproducibility

The main challenge with the semiconductor fabrication process is to produce devices with a
consistent performance regardless of different fabrication batches. This is mainly due to the
limited controllability over the competitive reaction between zinc with oxygen and nitrogen,
and limited control can only be achieved via regulating the gas flow rate into the reaction
chamber. Reproducibility is one of the most important features that must be present in the
fabrication process of any critical devices. To test the reproducibility of the ZnON film used in
this experiment (the fabrication processes for other layers are considered consistent and
reproducible), a set of 4 different samples (from 4 fabrication processes) was fabricated. Each
sample contains 9 diodes (from the shadow mask). The fabrication processes for each sample

were exactly the same.

The performance of the as deposited samples was then tested. In particular, the I-V was swept
from -1.5V to 1.5V at 0.05 V intervals. The results for all 4 samples (average of 9 diodes in
each sample) are shown in Figure 5.10 (a). Generally, deviations between samples are only
apparent after the diodes have been turned on in a forward direction. No significant deviations
between samples can be observed in reverse bias and in low voltage region in forward bias.
This is suspected to arise mainly due to the different magnitude of series resistance of the

fabricated diodes.
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Figure 5.10: Reproducibility of the performance of the diode for an as deposited film

demonstrated by the fabrication of 4 samples from different batches.
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The deviations in each sample were further investigated. The performance of 9 diodes from
each sample was averaged, and the maximum deviations from the average at every voltage
interval were shown in Figure 5.10 (b). From this, it can be observed that although deviations
can be observed even between diodes from the same sample, these deviations are very small
and are mostly constrained within 10 % of the average. For each sample, although all diodes
were fabricated on the same substrate and went into the same fabrication process, there would
be a slight difference in chemical composition and thickness. Although the difference is very
small, the diode in the centre of the substrate would be slightly thicker than the diodes at the
edges of the substrate. Furthermore, the diode at the centre also was positioned directly beneath

the sputtering target, which might produce a different chemical composition.

The deviations between samples were further investigated as shown in Figure 5.10 (c). The
average of I-V curves of all samples is shown as 100 % (grey line) and the deviations for each
sample at each interval are shown around the grey line. From this, it can be observed that the
deviations between samples are mostly constrained within 20 % of the average. From the data
obtained in this section, it can be concluded that reproducible results within 20 % of the average

can be easily obtainable from the fabrication of the diode.

d. Evidence of Schottky Contact Behaviour
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Figure 5.11: Evidence of the formation of Schottky contact and thermionic emission transport

mechanism in the fabricated diode.

Evidence that the Schottky contact behaviour is formed between the nickel electrode and ZnON

semiconductor can be obtained by observing the Schottky plot (natural logarithmic value of
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forward current against square root of electric field). Additionally, the linear relationship
between these two parameters at low bias indicate the dominant of thermionic emission current
transport mechanism across the diode. This plot is shown in Figure 5.11. In this figure, the
forward current data is obtained from the previous reproducibility section. From the linear
relationship observed in this plot, it is apparent that the thermionic emission current transport
mechanism dominates the current transport across the diode and therefore, this model is

implemented to elucidate the characteristic of the diode in the following sections.

e. Effects of Post Deposition Annealing

The performance of the ZnON semiconductor has been reported to be enhanced when post
deposition thermal annealing treatment is carried out. Annealing treatment has been carried out
in a normal atmospheric pressure post fabrication process and the effect of the annealing to the
performance of the diode is investigated. Three films from the same fabrication batch have
been annealed at 3 different temperatures (150 °C, 250 °C, and 350 °C) for three hours
(measurements were taken at one-hour interval) and the performance of the diode was then
investigated. The I-V was swept from -1.5 V to 1.5 V at 0.05 V intervals.

Figure 5.12 shows the effect of annealing at different temperatures to the 1-V behaviour of the
diode. For all temperatures, annealing increases the leakage current in reverse bias and also the
saturation current of the diode. However, this trend is not consistent in forward bias. For 150
°C and 250 °C, annealing significantly increases the forward current up until the duration of 2
hours, and after that the performance starts to degrade. The extent of this degradation is more
apparent when the diode is annealed at 350 °C. The findings from this experiment corroborate
with the results reported in [73]. It was postulated that the enhancement in the performance of
the ZnON film when annealed at 150 °C and 250 °C is due to the increase in electrons
concentration caused by the increase in the nitrogen vacancies in the defective ZnxNy bonds in
the ZnON. However, annealing ZnON film at significantly higher temperature such as 350 °C

would increase the oxygen concentration in the film thus reducing the electrons concentration.

This reduction of electrons concentrations could also possibly occur when the film is annealed
at longer durations in lower temperatures, thus explaining the degradation of performance when
the diode is annealed for more than 3 hours at 150 °C and 250 °C. Another possible explanation
for the degradation of the performance is not due to the ZnON film, rather degradation in the
metal contacts and thin insulator quality. This is another possible factor since Ok et al. [71]

reported that the ZnON enhancement can still be observed even after the film was annealed at
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250 °C for 5 hours. This observation is contradicting the results obtained from this experiment,
however it should be noted that their film was annealed in low pressure ambient. In
publications, the same annealing condition has been used in [79]. Ye et al. [72] reported that
apart from enhancing the electrical performance of the film, annealing can also increase the
shelf life of ZnON film.
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Figure 5.12: Effects of post deposition annealing with different temperatures and duration to

the performance of the diode.

Another way to elucidate the implications of annealing on the magnitude of current in the
forward bias characteristics is through Arrhenius plot. The reduction in the forward
characteristics could be associated to the increase of trap concentration in the insulator

interface. The activation energy (Er) of the trap can be determined from the thermal emission
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rate (en) from the deep level into the conduction band of ZnON through the Arrhenius
relationship:
ET> 1

en = 0 nVinNep €Xp ( KT -

Te
Here on is the capture cross section, vt is the thermal velocity, Neo is the density of states in
the conduction band of ZnON, k is Boltzmann constant, T is temperature (K), and te is the

emission rate constant. vi, and N¢p can be calculated from:

3kT

Vih = -
27tm kT 3
cb—z( )

Here m* is the effective mass of electron in ZnON and h is Planck’s constant [79][80]. From
this relationship, the thermal activation energy can be obtained from the slope of In(en/T?)
against 1000/T plot (Arrhenius plot) and is shown in Figure 5.13. Additionally, the magnitude
of capture cross section can be extracted from the y-intercept in the plot. The trap activation
energies for the different annealing duration were calculated from the slope of the linear
regression fits and are shown in the same figure. From this, it can be observed that the traps
have the highest estimated activation energy when the film has been annealed for two hours,
hence this could explain the improvement for the forward behaviour of the diode in this

annealing condition for all annealing temperatures.
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Figure 5.13: Arrhenius plot to obtain the thermal activation energy of the traps in the diode.
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The three best forward characteristics obtained from three different annealing temperatures are
shown in Figure 5.12 (d). From this, it can be observed that the best performance diode in terms
of forward bias is obtained from annealing the sample at 250 °C for 2 hours. This post

deposition annealing condition was then used throughout the experiments in this chapter.

5.3.2 Temperature Dependent 1-V Measurements

In this section, the results of temperature dependent 1-V measurements of the diode are
presented and a curve fitting method based on the thermionic emission model is proposed to
extract the parameters from the 1-V curves. The trends of each of these parameters are then

discussed.

For the MIS Schottky barrier diode, the forward bias characteristic can be modelled by the
thermionic emission-diffusion theory with series resistance expression, neglecting the effect of

shunt resistance:

V—1IR
I =1 exp <%— 1> .. eq.(5.1)

Here lo, Rs, N, and T are the saturation current, series resistance of the diode, ideality factor,
and temperature (K), respectively. All of the values in the equation are constant except these
three parameters; saturation current, ideality factor, and series resistance which are of interest
in evaluating the diode.

Multiple extraction methods for these three main parameters have been proposed in the
literature. Whilst some extraction methods are straightforward and easily implemented, few
methods are only applicable to certain types of dominant transport mechanism, interface
quality, and diode structure. The saturation current is normally extracted from the 0 V intercept
of the In(1)-V curve and from the value, the barrier height can be obtained by the following

relation:

®
Iop = AA”TZ exp (— qk—TB> .. eq.(5.2)

Here A, A** and ®g are the diode active area, effective Richardson constant, and barrier height
(eV), respectively. The effective Richardson constant here is the value of universal Richardson
constant multiplied with the correction factor associated with the semiconductor material used
in the device. It should be noted that the above expression considers the thermionic emission

as the main transport mechanism (n — 1). One of the disadvantages of using the intercept to
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extract the value is the noise from the measurement. Ata very low current level, the noise could

dominate the measured current, hence could provide deviation from the true value.

The ideality factor is commonly extracted according to the following relation:
q dv
n=—
KT dIn(1)

This expression omits the effect of series resistance of the diode, therefore the dV/dIn(l)
expression needs to be evaluated in the linear low current region, where the effect of any series
resistance is minimal. If the series resistance is large, the region where the plot is linear is very
small, thus making it harder to determine the ideality factor. Moreover, the shunt resistance of
the diode which can dominate the current at low bias is assumed to be infinity.
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Figure 5.14: Effects of varying specific parameters whilst maintaining other parameters as

constant on the overall shape of the graph.

Whilst the literature appears to agree with the method of extracting the saturation current and

ideality factor, for series resistance, multiple methods have been proposed and used in the
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literature. Norde [81] has proposed to extract the series resistance from the minimum of the
auxiliary function F(V), however there can exist several minimums and it was assumed that the
ideality factor is unity, which is not the case for most diodes. Few improvement methods
[82][83] were suggested but each of them failed to take into account the variation of the ideality
factor and barrier height with temperature. Cheung and Cheung [84] have proposed a method
in which the resistance is extracted from the curvature region of the I-V curve, however few
published work [85][86] argue that this method could produce inaccurate results and is very
sensitive to noise. Werner [86] has proposed a method by including the shunt conductance of
the diode, however this method suffers from inaccuracy due to the fact that the reverse bias
current is not linear for shunt conductance determination and few issues with evaluating the
forward conductance as highlighted by E.K Evangelou et. al. [85]. Jung and Guziewicz [87]
have proposed a method in which both shunt and series resistance can be determined
simultaneously by using the Lambert W function, however the method is complicated and the
effect of shunt resistance can actually be omitted in the conduction process if it is in the GOhm
range. Herein, a simple curve fitting method based on eq. (5.1) is proposed and utilised to
extract all 3 parameters, which is suitable for all types of diode.

In order to implement the curve fitting method in the equation, the effects of each parameter to
the overall shape of the curve was first investigated. The effects of varying the value for these
3 parameters whilst maintaining the magnitude of other parameters as a constant are shown in
Figure 5.14. From the figure, it can be observed that each of these 3 parameters significantly
affect different regions of the curve, which makes the fitting method in the diode equation
easier and simpler. This also means that there is only one combination of all parameters that
can produce a good fit. The saturation current only significantly affects the low voltage region,
in particular the magnitude of the starting point of the curve from 0 V. The ideality factor
mainly affects the area around the curvature, in particular the extent of the bending up until the
curvature, and the series resistance have a significant effect on the area after the curvature,
where the resistance starts to dominate the current. From this, the fitting method is proposed as
follows; first the saturation current was estimated from the starting point of the curve, next by
using the estimated saturation current, the ideality factor is varied whilst maintaining the series
resistance as 0 Q until a good fit from the low voltage region up until the curvature can be
obtained (this region should be almost linear in a semilog plot), and finally the series resistance
is slowly increased until a good fit for the overall curve is obtained. After this, if needed, all 3

parameters can be varied to produce a better fit. As can be seen from eq. (5.1), the current term
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appears twice in the equation, which makes the plotting difficult since the current needs to be
solved iteratively. To counter this issue, a short programme was written in Wolfram
Mathematica to plot the curve when each value is being varied. The programme was provided
by Prof. John Wager of Oregon State University and is shown in Appendix 4.

m 323 K (exp) 473 K
0.1 @ 373K (exp) 423K
) A 423K (exp)
v 473 K (exp) 373K
— 323 K (fit) 323K
— Ll — 373 K (fit) 1
NE —— 423 K (fit)
— 473 K (fit
< 0.001 ) _ d
o, Nickel (100 nm) E
.‘é\ Al,O; (2 nm)
(2} _ I -
5 L ZnON (50 nm)
e Moly (100 nm)
EJ 1E-5 Corning glass substrate 3
—_
= v
© 16 ]
A
1E-7 m 3
| |
1E-8 - , : , : , . :
0.0 0.5 1.0 1.5

Voltage (V)

Figure 5.15: Experimental and fitted curve for J-V temperature dependent measurements.

Figure 5.15 shows the J-V results in forward bias for the diode at all four temperatures. It can
be observed that the J-V characteristic depends strongly on temperature, depicting the usual
trend of the saturation current increasing with temperature. The curvature starts to form at
around 0.5 V, indicating the effect of series resistance starting to dominate the current at this
voltage. Using the proposed 3-parameter fitting method for VV > 0 V yield the solid coloured
lines, which can be observed to produce good fits for the measured J-V curves. The extracted
parameters from all curves are tabulated in Table 5.2. From the table, it can be observed that
these parameters vary strongly with temperature. The barrier height was extracted by using eq.
(5.2). The Richardson constant for the ZnON semiconductor was calculated based on the
following relation:

_ 4mqm’k?
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Here h is a Planck constant and m* is the effective mass of the electron. We use the value for
effective mass of the electron for ZnON film as reported by Ryu et al. [79] and Ok et al. [80],
i.e. m* = 0.19 me, where me is the rest mass of an electron, yielding the constant to be 22.8
A/cm?K?. It should be noted that the value of effective mass of the electron in the fabricated
semiconductor film may differ from the reported values due to the different fabrication

conditions used in this thesis and in the reported work.
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Figure 5.16: Temperature dependent reverse bias experimental and fitted I-V data.

Next, the reverse trend against temperature was investigated and is shown in Figure 5.16.
Similar to the forward bias characteristic, the reverse trend shows a great dependence on
temperature and the current increases with temperature. No sign of saturation is observed which
is due to the effect of image force lowering of the barrier height of the diode [88]. Another
interesting observation from the measurement is that the trend at each temperature shows an
almost linear behaviour, which suggests that the reverse current is dominated by the shunt
resistance of the diode, in particular this trend suggests the existence of a parallel resistive
leakage path in this diode [89]. Werner [86][90] has suggested that the effect of parallel
conductance is exceptionally more dominant in reverse bias and high barrier diode (> 0.83 eV),
which agrees with this experiment. From this, the linear fit of each line was extrapolated and
the fit was used to estimate the shunt resistance. These values are tabulated in Table 5.2.
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Table 5.2: Extracted parameters from the curve fitting method.

Temp. (K) lo (A) n Rs (Q) ®s (V)  Rsum (GQ)
323 6.15x 1010 2.43 7700 0.86 0.50
373 1.68x107° 1.90 3550 0.97 0.33
423 1.12x10°® 1.72 1050 1.04 0.05
473 6.56 x 108 1.65 420 1.10 0.01
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Figure 5.17: Trends of each extracted parameter against temperature.

All of the five extracted parameters; saturation current, barrier height, ideality factor, series
and shunt resistance are temperature dependent parameters and the trends of each of these
parameters are plotted against the temperature in Figure 5.17. The saturation current increases
with temperature, which shows the expected behaviour as more carriers are generated at a
higher temperature. The barrier height shows an interesting trend; it increases with temperature.

This is against the typically negative temperature coefficient of II-1V compound
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semiconductor. This disagreement has been observed in numerous literature [91]-[93] and the
main reason is due to the barrier height inhomogeneities around the insulator-semiconductor
interface. In a model developed by Tung [94], a scattered region of ‘patches’ with a distribution
of lower barrier heights than the main barrier height are assumed to exist at the junction. These
patches may result from atomic defects such as grain boundaries and facets or from high
electric field at the edge of the diode. In the barrier height inhomogeneity model, the current
mechanism is assumed to be thermionic emission over an inhomogeneous barrier. The area of
these patches might be much smaller than the total area of the diode. At high temperatures, the
current is dominated by the thermionic emission over the main barrier because of high current
density and the transport through these patches becomes gradually important with decreasing
temperature, hence explaining the variation of the effective barrier height with temperature.
The ideality factor decreases with increase in temperature, suggesting that other transport
mechanisms apart from thermionic emission are more dominant at lower temperatures. These
include generation-recombination near the space charge region and electron tunnelling through
the barrier and across the thin insulating layer. As the temperature increases, more electrons
are being emitted over the barrier hence the ideality factor approaches unity. It can also be
observed that the values for the ideality factor are significantly high, suggesting the presence
of bias dependent Schottky barrier height and image force lowering. The shape of the ideality
factor curve against the temperature is almost reciprocal, which agrees with the To anomaly
effect. Both series and shunt resistance decrease with an increase in temperature, which is
expected as at higher temperatures, the conductivity of the semiconductor is being enhanced as
more free carriers are available. The series resistance of the diode is significantly high, even in
high temperature, and this would limit the electrical performance of the diode. The series
resistance from this diode arises from the contact resistance, semiconductor bulk resistance,
and interfacial layer resistance. It is suspected that the semiconductor bulk resistance and the
interfacial layer resistance significantly contribute to the overall series resistance. Furthermore,
the high temperature annealing process is also suspected to cause the nickel from the top metal
contact to diffuse to the semiconductor and contribute to the increase in this series resistance.
In this experiment, the device was annealed for 2 hours at a moderately high temperature (250
°C), therefore the high resistance could be attributed to this. The voltage drop across the
interfacial layer is also reflected in the magnitude of the series resistance and ideality factor
[89]. The voltage drop across this layer will increase both the ideality factor and series
resistance, which agrees with the trend of these two parameters in this experiment. Although

the reverse bias trend is dominated by shunt resistance, the calculated magnitude of the
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resistance is very high, therefore unlike the series resistance, the shunt resistance would not
hinder the performance of the diode. It is suspected to arise from the existence of a leakage
path around the edges of the device. In this experiment, the same shadow mask was used to
pattern the layers, therefore there is a high possibility of leakage path around the edges to occur.
It was also suggested by some published work that the shunt resistance could also be due to the
crystal defects [95].

5.3.3 Room Temperature 1-V and C-V Measurements

In the final results section in this chapter, the I-V and C-V measurement results for the diode
are presented and discussed. The method proposed to extract the parameters of the diode from
the I-V curve in the previous section is implemented. From the C-V measurement results, the

carrier concentration is determined and discussed.

a. I-V_Measurements

The performance of the diode was then measured in an uncontrolled room temperature
environment under a dark condition and the voltage was swept from -3 V to 3 V at 0.2 V
intervals. The J-V plot is shown in Figure 5.18 (a). The diode shows typical rectifying
behaviour (exponential increase of current in forward bias and weak dependence in reverse
bias) with a threshold voltage of around 0.75 V and leakage current density of 0.4 pA/cm? at -
3 V. It has been suggested that the introduction of a thin interfacial layer between the metal
and semiconductor is not only able to reduce the leakage current, but could also possibly shift
and increase the threshold voltage [75]. This could explain why the threshold voltage of the
fabricated diode is quite high.

The 3-parameter curve fitting method was implemented to extract all 3 main parameters for the
room temperature measurement. From this, a good fit was obtained and the extracted
parameters are as follows; ideality factor of 2.55, saturation current of 1.59 x 101% A (yielding
a barrier height of 0.83 eV), and series resistance of 3800 Q. Similar to before, the reverse bias
current is almost linear as shown in Figure 5.18 (a), and the magnitude of the shunt resistance
determined from this is 1.3 GQ. All values agree with the trends obtained from the previous
temperature dependent section, except for the series resistance. This is mainly due to the effects
of temperature dependent measurements that were carried out on the sample after room
temperature measurement. Unlike room temperature measurement, the temperature dependent

measurement was carried out at high temperature in low pressure chamber and the period in
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which the sample was subject to high temperature was significantly longer to ensure that the

sample reached the desired temperature, thus it might change the behaviour of the device.
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Figure 5.18: J-V and C-V data and analysis at room temperature.

Table 5.3: Extracted parameters from the curve fitting method.

Parameter Magnitude
Ideality factor (n) 2.55
Rseries 3800 Q
Rshunt 1.3 GQ
@5 (1-V) 0.83 eV
®s (C-V) 0.86 eV
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b. C-V Measurements and Carrier Concentration

The C-V characterisation was done to determine the carrier concentration and zero bias barrier
height. The C-V sweep was carried out in a dark environment at 1 MHz with an ac modulation
voltage of 30 mV. At this frequency, the effect of interface state is omitted since the carrier
lifetime (z) is larger than the measured period (1/2xf). To determine the carrier concentration
and barrier height, the 1/C2-V plot in the reverse biased condition was constructed according
to the following relation and is shown in Figure 5.15 (b):

12V +Vo)

o qesNA?

Here, VR is the reverse biased voltage, Vo is the built-in potential and is determined from the
x-intercept of the 1/C2-V plot, & is the dielectric constant of the semiconductor, and Nc¢ is the
carrier concentration. As can be observed from Figure 5.18 (b), the 1/C? against V plot in the
reverse biased condition yields a straight line. This linearity shows that at the measured
frequency, the interface states and the inversion layer charge do not significantly contribute to
the diode capacitance. By rearranging the expression, the following relation can be obtained
and the slope from the plot was used to determine the carrier concentration:

d(c™?) _ 2

dv qesNA?

The barrier height was determined based on the following relation:
KT
cDb = VO + ? + cDTl

where @, is the Fermi energy measured from the conduction band edge. From this, the
calculated carrier concentration and barrier height are 2.15 x 10'® cm® and 0.86 eV,
respectively. The small discrepancy of the barrier height obtained from C-V and I-V methods
is due to the nature of the measurement. The C-V method is less sensitive to potential
fluctuations at length scale less than the space-charge width and it averages over the whole
area. However, the direct current in the 1-V method increases exponentially with barrier height,
and thus is more sensitive to the detailed barrier distribution at the interface. Several other
reasons include the possibility of the existence of an interfacial native oxide layer near the

insulator-semiconductor interface and barrier height inhomogeneities.

5.3.4 Comments on the Overall Performance of the Diode

The fabricated diode is intended for power circuits in energy harvesting applications. In this

final section, the performance of the diode is discussed and compared with other published
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work. In order to be utilised in power circuits such as rectifier and power converter, few
characteristics of the diode are important. These include turn on voltage, series resistance,
forward current, forward and reverse breakdown voltage, leakage current, rectification ratio,
and maximum operating frequency. A summary of this work and a few related published works

is presented in Table 5.4.

For the diode structure, most of the work focused on a p-n diode, which requires intricate and
expensive fabrication technique and lengthy processes due to multiple different layers, unlike
the Schottky diode which only requires one deposition of the semiconductor active layer and
metal contact (and an insulator for MIS Schottky diode). The thickness plays an important role
as it is one of the factors that enable flexibility. It can be seen from Table 5.4 that the diode
produced in this work has one of the best thicknesses. In terms of performance, the diode has
a moderate turn on voltage and forward current density, low leakage current density, and good
rectification ratio. However, a comparison for breakdown voltage cannot be drawn as this was
not reported or stated in most of the published work. Nevertheless, our test has shown that the
fabricated diode has a good operating voltage range (-25 to 25 V). Although the turn on voltage
is slightly higher and the forward current density is slightly smaller than some reported work,
no important issues nor significant effects can be foreseen as the intended application for this
diode is for energy harvesting, where the voltage and current are expected to be high and low
respectively, such as the output produced by a piezoelectric transducer and electromagnetic
micro-generator. The only limiting factor of the performance of the diode is the series
resistance. Similar to the breakdown voltage, a comparison cannot be drawn as this value is not
reported in the literature. However, our diode shows a very high resistive behaviour, which
makes it unsuitable to be used in power circuits, especially for high current application. Overall,
we believe that the only issue with the diode is the series resistance, and provided the series
resistance can be further reduced, we believe that this diode is suitable to be used in power
circuits in energy harvesting applications. The future work will focus on reducing the series
resistance of the diode, and at the same time exploring the possibility of other semiconductor

material in the same group to be used in the same intended applications.
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Table 5.4: Comparison between diode in this chapter and other published work.

Turn- Break- Leak. For.
Publication Diode Layer Thickness on down Current  Current  Rectification
Structure  Material (nm) Voltage Voltage Density Density Ratio
V) V) (Alem?)  (Alem?)
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5.4 Summary

In this chapter, the low temperature fabrication of a ZnON thin film diode in an MIS structure
is presented. The reasons behind selecting the ZnON semiconductor and MIS diode structure
is discussed. From multiple fabrications, it was demonstrated that good reproducibility can be
attained despite the amorphous structure and limited controllability over the reaction processes.
Post deposition annealing treatment has been carried out and the effects of different
temperature and duration were investigated. From this, it was determined that annealing the

device at 250 °C for 2 hours leads to the enhancement of the device performance.

From the temperature dependent I-V measurements, the parameters for the diode were
extracted based on the proposed 3 parameter curve fitting method. From this, the ideality factor,
saturation current, barrier height, and series resistance were extracted. The trends of these
parameters with temperature were investigated and discussed. The high ideality factor indicates

that thermionic emission is not the main current transport mechanism in the diode.

From room temperature 1-V measurements, the proposed 3 parameter curve fitting method was
used to extract the main parameters, and the trends of these parameters with the previous
parameters obtained from the temperature dependent I-V measurements were discussed. The
room temperature C-V measurements at high frequency enable determination of barrier height

and carrier concentration of the semiconductor.

Finally, the overall performance of the diode is presented and discussed. The performance was
then compared with other relevant published work in this field. It was concluded that although
the overall performance and some of the parameters of the diode are better than other reported
work, the series resistance would hinder the performance of the diode if this diode were to be
used in power circuit applications. Overall, this work has paved a possibility of integrating this

semiconductor material and device into the pico-grid system.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this thesis, an integrated low power energy harvesting system specifically designed for WSN
and WBAN applications is proposed and the proof-of-concept pico-grid system is presented.
This system is designed to be capable of delivering power simultaneously from multiple
sources at the same time to the target load. Furthermore, due to the requirements of the
applications, few other necessary features such as plug-and-play functionality, equal load
sharing, energy storage integration for charging and discharging mechanism, and portability
are presented and discussed. A side project aiming to fabricate a thin film diode at low
temperatures in order to achieve the flexibility feature in a rectifier circuit with the final

objective to be integrated in the final pico-grid system is also presented.

The contents of this thesis can be segregated into two main parts; the first part focuses on the
development of the system itself, from the discussion of the load sharing mechanism to the
presentation of the first wearable prototype. The first part comprises Chapter 2 to Chapter 4.
The second part focuses on the side project and presents the work related to the fabrication and
characterisations of the device. These work are presented in Chapter 5. Separate key findings,

contributions, and concluding sections are presented for both parts.
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6.1.1 Key Findings, Contributions, and Conclusion for Part 1

The key findings, contributions, and conclusion for part 1 are summarised as follow:

e For a parallel connected power converter system, a load sharing mechanism is needed to
regulate the power flow between converters in the system. In this thesis, a voltage droop
method is proposed. This method introduces a virtual impedance in the output side of a
converter connected in parallel with another converters to provide a load sharing regulation.

e With the time-varying nature of the output power for energy harvesters, the voltage droop
mechanism integrated in the power converters responsible to regulate the output voltage of
these harvesters also need to be time-varying and capable of adjusting automatically to the
variation of the power of the harvesters. A method for a self-adjusted voltage droop
mechanism is proposed for solar panel and TEG energy harvesting scheme by introducing
a variable resistor whose resistance varies in the same way as the energy source for the
harvesters in the voltage droop feedback loop. LDR and thermistor are selected for the solar
panel and TEG scheme, respectively. Through a series of presented calculations, specific
LDRs and thermistors are chosen to meet the requirements of the energy harvesting scheme
and the power converter circuit. A series of experiments is carried out and a self-adjusted
voltage droop mechanism for these two harvesting schemes are successfully demonstrated.
The magnitude of the droop is shown to almost accurately follow the variation in the output
power of the harvesters, with a small error attributed to the deviations of the actual resistance
value for the LDRs and thermistors from the required resistance value in the full range of
the expected output power of the energy harvesters. The proposed self-adjusted voltage
droop mechanism is relatively simple and only relies on the operation of passive components
to accurately follow the variation in input power.

e The same concept is also further demonstrated to work for MPPT functionality.

o Afull test for the parallel connected converters is carried out to test the load sharing accuracy
of the proposed concept. Power from all converters is simultaneously delivered to the load.
A maximum load sharing error of 5 % (in terms of input rated power) is demonstrated,
indicating a successful load sharing operation. The system is also shown to possess an
inherent plug-and-play capability for both the harvesters and load. Furthermore, due to the
nature of the voltage droop mechanism, the bus voltage can be used as an indicator for the
loading magnitude in the system.

e Since the proposed energy harvesting scheme has an intermittent output power, a storage

system comprised of a rechargeable battery pack and a supercapacitor pack is integrated in
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the system to ensure a continuous power is available for the load. This storage system needs
to be charged when excess power is available in the system, and needs to be discharged to
support the load demand when the loading level is high/available power in the system is
low. In order to achieve this, a method for discharging and charging based on the level of
the bus voltage is proposed and presented. A test is carried out to test the operation of the
proposed method and successful charging and discharging operations are accomplished.

e Several important operations such as start-up, no source condition, no load condition, and
load shedding mechanism are presented and successfully demonstrated.

e The first on-bench prototype is built from the integrated system. The performance of the
prototype is successfully demonstrated and an almost perfect load sharing is achieved. The
energy storage system is shown to absorb the power from the system when the power level
is high and deliver power to the system when the power level is low. The efficiency for the
energy storage system is relatively high for low power applications (> 75 %), however the
efficiency of the power converter for the harvesters is relatively low (< 50 %) due to the
high power consumption of the droop feedback circuitry.

e The first wearable prototype is built from the on-bench prototype. The system is shown to
perform according to expectations. However, since the prototype is not optimised for real

world applications, few recommendations are suggested.

Overall, the main objectives for part 1 have been successfully achieved. An equal load sharing
mechanism is successfully shown and a self-adjusted voltage droop mechanism based on a
novel concept is introduced and successfully demonstrated. Two main contributions from this
part are; (1) the introduction and demonstration of the self-adjusted voltage droop mechanism
based on variable resistor (passive component) and suitable for low power applications and (2)
the introduction of the pico-grid system for WSN and WBAN applications.

6.1.2 Key Findings, Contributions, and Conclusion for Part 2

The key findings, contributions, and conclusion for part 2 are summarised as follow:

e The low temperature fabrication of ZnON MIS diode is presented. The whole structure can
be fabricated at room temperature, except for the thin insulator which is deposited at a higher
temperature (250 °C). This insulator is intentionally sandwiched in between the metal and
semiconductor to further improve the electrical performance of the diode. However, in
actual applications, this insulator can be replaced with any other high quality insulator that
can be deposited at lower temperatures (this cannot be done in this thesis due to the
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unavailability of material and facility for this purpose). The low temperature fabrication and
the thin film structure means the actual device can be fabricated on a flexible substrate,
opening up the possibility of fabricating a fully flexible thin film rectifier circuit.

e The I-V characterisation results obtained from 4 different fabrication batches undergo
similar fabrication processes suggesting that the I-V performance of the diode is
reproducible and within 20 % maximum deviations from each other. The deviations can be
attributed to the limited controllability over the reaction processes during the deposition of
the ZnON film.

e The effects of annealing to the performance of the diode, in particular in the forward bias
condition are investigated. It is determined that annealing the sample at 250 °C for 2 hours
in atmospheric pressure produces the best performance sample in terms of the magnitude of
forward bias current.

e From the temperature I-V measurement results, a novel 3-parameter curve fitting method to
extract important parameters of the diode is proposed. From this method, the ideality factor,
series and shunt resistance, and barrier height are successfully extracted and the trends of
these parameters with temperature are discussed. One important observation from the data
obtained from the measurements is the magnitude of the series resistance of the diode. The
extracted series resistance value for the diode is significantly high, and is suspected due to
the contribution from the resistance of the interfacial layer, semiconductor film, and also
due to the possible oxidation and diffusion of nickel into the semiconductor layer. In actual
rectifier circuit application, this high series resistance would limit the magnitude of the
forward current hence will degrade the efficiency of the conversion operation.

e The parameters extracted from the 1-V characterisation results obtained from room
temperature measurement agree with the expected trends, except for the series resistance.
This is suspected possibly due to the nature of the measurement and the post heating effects
from the temperature dependent I-V measurements carried out before. From the C-V
measurements, the barrier height and carrier concentration are determined. The magnitude
of barrier height obtained from the C-V measurements is in a good agreement with the
magnitude of the same parameter obtained from the I-V measurements.

e The general performance of the diode in terms of the turn-on voltage, rectification ratio,
thicknesses, leakage current density, and reverse breakdown voltage is compared with some
other relevant and similar published work. It is determined that although other parameters
of the diode possess a comparable or better performance than some of the published work,
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the significantly high series resistance of the diode is deemed to be the main factor that
would downgrade the overall performance of the diode, should the diode be implemented

as a rectifier circuit.

Overall, the main objectives for part 2 have not been fully achieved. Although the performance
of the device has been successfully demonstrated, the high series resistance presents in the
device make it unsuitable to be implemented in the rectifier circuit since the overall efficiency
will be significantly reduced. Three main contributions from this part are; (1) the first
demonstration of a successful thin film diode fabricated from a ZnON semiconductor with the
possibility to be fully deposited at room temperature and (2) the proposal of a 3-parameter
curve fitting method.

6.2 Future Work

Similar to the conclusion section, this section is also separated into two different parts.

6.2.1 Future Work for Work Package Part 1

Most of the future work for the pico-grid system is focused on the improvements of the
prototype in order to be implemented for a real world applications. These have been presented
in Section 4.3.3. These include the reconstruction of the whole circuitry on a flexible PCB, the
integration of flexible passive components that can be achieved via printing/low temperature
thin film/organic deposition technique, the use of conductive fibres to replace the connection
wires, the integration of flexible solar panels and TEGs to replace the existing harvesters, and
the use of flexible thin film battery and supercapacitor to replace the existing storage system.
One of the most important future works is to integrate other possible energy harvesting schemes
such as a piezoelectric generator, electromagnetic induction generator, and wireless power
(flexible wireless coil receiver). Since these harvesting schemes would also require a variable
and self-adjusted voltage droop mechanism, some other possible method to achieve this such

as open circuit voltage sampling of the energy harvester need to be explored and investigated.

6.2.2 Future Work for Work Package Part 2

Due to the high resistance of the fabricated ZnON thin film diode, the diode is deemed
unsuitable for a rectifier circuit. In order to possibly reduce this resistance, the metal used for
the top metal contact should be changed to another metal (with work function > 4.2 eV) and
the performance of the diode needs to be re-evaluated. Nickel is a very reactive metal and hence

at high annealing temperature, there is a high possibility for this metal to diffuse through the
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insulator and react with the semiconductor material. Furthermore, nickel is also easily oxidised
and forms a p-type semiconductor. Any of these effects could occur during the fabrication
process presented in this thesis, hence contributing to the increase in the magnitude of the series
resistance. Moreover, since the work function of nickel is relatively high (5.1 eV), this causes
the turn-on voltage of the diode to be high. By changing the top metal contact with another
type of metal, two possible advantages can be achieved; the reduction in turn-on voltage and
series resistance of the diode. Another possible improvement is to perform argon plasma
treatment on the semiconductor film after the deposition process has finished.

10/30/2017 09:17:45
, ~ Two Terminal Resistor |- _ KEITH L\'

0.0E+00 F

Resistor Current (&)

-4|3E-|32 ....................... 4o ........................

1 0E+00
0.0E+00
1.0E+00
2.0E+00

Resistor Voltage (V)

Resistance [Ohm):
Data:RES = 6.09563e+003

Figure 6.1: I-V characterisation result for the ISO MIS diode.

By the end of the PhD, it was discovered that a diode fabricated from another new oxide
semiconductor material, indium silicon oxide (ISO) possesses better performance than the
ZnON diode. The I-V characteristic of this diode in a similar structure and thicknesses to the
ZnON diode except this time the ZnON layer was replaced with an ISO layer is presented in
Figure 6.1. It can be observed that this diode possesses a lower turn-on voltage and lower series
resistance when compared to the ZnON diode. This material can be deposited at similar room
temperature and therefore, has a huge potential to be implemented in a flexible rectifier circuit.

It should be noted that the presented I-V characterisation was done without any post fabrication
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treatment performed to the film. Typically, an oxide semiconductor will demonstrate a superior

property after annealing, and therefore this material can be further optimised.
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Appendix

Appendix 1 — Datasheets for DC-DC converter ICs

LTIC3129

TECHNOLOGY 15V, 200mA Synchronous
Buck-Boost DC/DC Converter
with 1.3uA Quiescent Current

FEATURES DESCRIPTION
= Regulates Vgyr Above, Below or Equal to Vy The LTC®3129 is a high efficiency, 200mA buck-boost
= Wide V)y Range: 2.42V to 15V, 1.92V to 15V After DC/DC converter withawide Viyand Vgytrange. Itincludes
Start-Up (Bootstrapped) anaccurate RUN pin threshold to allow predictable regula-
= Wide Vgyr Range: 1.4V to 15.75V tor turn-on and a maximum power point control (MPPC)
® 200mA Output Current in Buck Mode capability that ensures maximum power extraction from
= Single Inductor non-ideal power sources such as photovoltaic panels.
" ;,rg"‘r‘aﬁ‘:;“;sb‘ig'&;“m; o Point Cortral The LTC3129 employs an ultralow noise, 1.2MHz PWM
. 1 2|\%|HZ Ultralow Noise PWM switching architecture that minimizes solution footprint by
. Cﬁrrent Mode Control allowing the use of tiny, low profile inductors and ceramic
= Pin Selectable Burst Moda® teration capacitors. Built-in loop compensation and soft-start
= Up to 95% Efficienc p simplify the design. For high efficiency operation at light
= A([:qurate IORUN Pin T%I]reshold loads, automatic Burst Mode operation can be selected,
= Power Good Indicator reducing the quiescent current to just 1.3pA.
= 10nA Shutdown Current Additional features include a power good output, less than
= Thermally Enhanced 3mm x 3mm QFN and 10nA of shutdown current and thermal shutdown.
16-Lead MSOP Packages The LTC3129 is available in thermally enhanced 3mm x
APPLICATIONS 3mm QFN and 16-lead MSOP packages. For fixed output

voltage options, see the functionally equivalent LTC3129-1,

Industrial Wireless Sensor Nodes which eliminates the need for an external feedback divider.

Post-Regulator for Harvested Energy - -

L7, LT, LTC, LTM, Linear Technology, the Linear logo and Burst Mode are registered trademarks
Solar Panel POSt-RegulatO r/Charger and PowerPath is a trademark of Linear Technology Corporation. All other trademarks are the
Intrinsically Safe Power Supplies iRk clis o
Wireless Microphones
Avionics-Grade Wireless Headsets

2F oy 220 Efficiency and Power Loss vs Load
100 1000
5V AT 200mA, Vi > 5V III“ ||||||
90 [ EFFICIENCY
2,42V 70 15V BST1 SW1 SW2 BST2 5V AT 100mA, Viy < 5V i !gm__!"l
iy *— Vin Vour —¢ Vour 80 g ( 19
1 T i ,e,, h- .
LTC3129 100F L 10pF = 3
RUN L 3 33om < 60 [+ 05
= : ;
——10pF 2 50 [ 4 5
8 .77 PoweR LOss | 2
e . & o LI T 2
PGOOD |— S % A1 =
PWM > b —
} Stoom 20 [ L8 Vin=25V o |
© i
g 10 o7 -== V=5V
Vour =5V [[[IIl 1 I = i
GND  PGND 2.20F 001 01 1 10 100 1000
. + | OUTPUT CURRENT (mA)
snsTioty
- 3129 TAD1a
3129fc
L) TJCHNiOLOJGz\’ For more information www.linearcom/LTC3129 1
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LTC3129

ABSOLUTE MAXIMUM RATINGS

(Notes 1, 8)

Vins VouT VOIAgES .o, -0.3Vto 18V Vg, FB, PWM, MPPC Voltages.........ccc..... -0.3V to 6V
SW1 DC Voltage..........ccooeervveneee. -0.3Vito (Viy+0.3V)  PGOOD Sink CUITeNt ......covveeeeeieireeiseescireieis 15mA
SW2 DC Voltage -0.3Vto (Vout +0.3V)  Operating Junction Temperature Range

SW1, SW2 Pulsed (<100ns) Voltage .............. “IV10 19V (NOteS 2, 5) ..o -40°C to 125°C
BST1 Voltage ...cccovcccccomn (SW1-0.3V) to (SW1+6V)  Storage Temperature Range ................. —-65°C to 150°C

BST2 Voltage .................... (SW2-0.3V) to (SW2 + 6V)  MSE Lead Temperature (Soldering, 10 sec) .......... 300°C
RUN, PGOOD VOIages.........ccovuvrerrrvrrernnns -0.3V to 18V
TOP VIEW
-2 o o
NI
A . 0, 0 TOP VIEW
116]115]14]113; Voo 100 16 vy
R P B e 39T B S
F— =3 O [ =
w2l | i 1) PeooD GND 40 E 17 1 D13 PGND
el id | ron | P s
RUN[41 I—————1 Tg] ne NC 7] r'r————x‘] 510 Vour
T51061771781 PWM 8| = 79 PGOOD
Lo@e MSE PACKAGE
g %= 16-LEAD PLASTIC MSOP
S ERCTE wax = 125°C, 0y = 10°GAW, 6, = 40°C/W (NOTE 6)

16-LEAD (3mm x 3mm) PLASTIC QFN

Tymax = 125°C, 0y = 7.5°CAW, 0,4 = 68°C/W (NOTE 6)
EXPOSED PAD (PIN 17) IS PGND, MUST BE SOLDERED TO PCB

EXPOSED PAD (PIN 17) IS PGND, MUST BE SOLDERED TO PCB

ORDER INFORMATION

LEAD FREE FINISH TAPE AND REEL PART MARKING* PACKAGE DESCRIPTION TEMPERATURE RANGE
LTC3129EUD#PBF LTC3129EUD#TRPBF LGDR 16-Lead (3mm x 3mm) Plastic QFN -40°C to 125°C
LTC31291UD#PBF LTC31291UD#TRPBF LGDR 16-Lead (3mm x 3mm) Plastic QFN -40°C to 125°C
LTC3129EMSE#PBF LTC3129EMSE#TRPBF | 3129 16-Lead Plastic MSOP -40°C to 125°C
LTC3129IMSE#PBF LTC3129IMSE#TRPBF 3129 16-Lead Plastic MSOP -40°C to 125°C

Consult LTC Marketing for parts specified with wider operating temperature ranges.

For more information on lead free part marking, go to: http://www.linear.com/leadfree/
For more information on tape and reel specifications, go to: http:/www.linear.com/tapeandreel/. Some packages are available in 500 unit reels through
designated sales channels with #TRMPBF suffix.

For more information www.linearcom/LTC3129
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LTC3129

ELGCTR'CHL CHI‘-IBHCTGBISTICS The @ denotes the specifications which apply over the specified operating

junction temperature range, otherwise specifications are at Ty = 25°C (Note 2). Unless otherwise noted, Viy = 12V, Vgyr = 5V.

PARAMETER CONDITIONS MIN TYP MAX UNITS
Vy Start-Up Voltage [ ] 2.25 2.42 v
Input Voltage Range Vg > 2.42V (Back-Driven) [ 1.92 15 \
Viy UVLO Threshold (Rising) Ve > 2.42V (Back-Driven) [ ] 1.8 19 2.0 s
Vin UVLO Hysteresis [ 80 100 130 mV
Output Voltage Adjust Range [ ] 14 15.75 v
Feedback Voltage ® | 1.151 1.175 1.199 v
Feedback Input Current FB =1.25V 0.1 10 nA
Quiescent Current (Vyy) — Shutdown RUN =0V, Including Switch Leakage 10 100 nA
Quiescent Current (V}y) UVLO Either Vyy or Vg Below Their UVLO Threshold, or 19 3 pA
RUN Below the Threshold to Enable Switching
Quiescent Current — Burst Mode Operation Measured on V)y, FB > 1.25V 13 2.0 pA
PWM =0V, RUN = Viy
N-Channel Switch Leakage on V) and Voyr SW1 =0V, V)y=15V 10 50 nA
SW2 =0V, Voyr =15V
RUN =0V
N-Channel Switch On-Resistance Voo =4V 0.75 Q
Inductor Average Current Limit Vout > UV Threshold (Note 4) [ ] 220 275 350 mA
Vour < UV Threshold (Note 4) [ ] 80 130 200 mA
Inductor Peak Current Limit (Note 4) [ ] 400 500 680 mA
Maximum Boost Duty Cycle FB = 1.10V. Percentage of Period SW2 is Low in [ ] 85 89 95 %
Boost Mode (Note 7)
Minimum Duty Cycle FB = 1.25V. Percentage of Period SW1 is High in [ ] 0 %
Buck Mode (Note 7)
Switching Frequency PWM = Vg [ ] 1.0 1.2 14 MHz
SW1 and SW2 Minimum Low Time (Note 3) 90 ns
MPPC Voltage [J 1.12 1.175 1.22 v
MPPC Input Current MPPC =5V 1 10 nA
RUN Threshold to Enable Vgg ® 0.5 0.9 1.15 v
RUN Threshold to Enable Switching (Rising) Ve > 2.4V [ ] 1.16 1.22 1.28 v
RUN (Switching) Threshold Hysteresis 50 80 120 mV
RUN Input Current RUN =15V 1 10 nA
PWM Input High [ ] 1.6 v
PWM Input Low [ ] 0.5 v
PWM Input Current PWM =5V 0.1 1 pA
Soft-Start Time 3 ms
Ve Voltage Vi > 4.85V [ ] 34 41 47 1
Ve Dropout Voltage (Viy = Veg) Vin = 3.0V, Switching 35 60 mv
Viy = 2.0V (Vg in UVLO) 0 2 mV
Ve UVLO Threshold (Rising) ° 21 2.25 2.42 v
Ve UVLO Hysteresis 60 mV
Vg Current Limit Voo =0V [ ] 4 20 60 mA
V¢ Back-Drive Voltage (Maximum) [ ] 5.5 v
Vg Input Current (Back-Driven) Ve = 5.5V (Switching) 2 4 mA
V¢ Leakage to Vyy if Voo > Vin Ve = 5.5V, Viy = 1.8V, Measured on Vi -2 pA
Vour UV Threshold (Rising) [ 0.95 1.15 1.35 v

3129fc

LY LNeAR

For more information www.linear.com/LTC3129
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Appendix

LTC3129

ELEC"“CHL CHI‘-IRHCTGBISTICS The @ denotes the specifications which apply over the specified operating

junction temperature range, otherwise specifications are at Ty = 25°C (Note 2). Unless otherwise noted, Viy = 12V, Vgyr = 5V.

PARAMETER CONDITIONS MIN TYP MAX UNITS
Vout UV Hysteresis 150 mV
Vout Current — Shutdown RUN = 0V, Vour = 15V Including Switch Leakage 10 100 nA
Vour Current - Sleep PWM =0V, FB = 1.25V 10 nA
Vour Current — Active PWM = Vg, Vout = 15V (Note 4), FB = 1.25V 5 9 pA
PGOOD Threshold, Falling Referenced to Programmed Voyr Voltage -5.5 -75 -10 %
PGOOD Hysteresis Referenced to Programmed Vqyr Voltage 25 %
PGOOD Voltage Low Isink = TmA 250 300 mV
PGOOD Leakage PGOOD = 15V 1 50 nA

Note 1: Stresses beyond those listed under Absolute Maximum Ratings
may cause permanent damage to the device. Exposure to any Absolute
Maximum Rating condition for extended periods may affect device
reliability and lifetime.

Note 2: The LTC3129 is tested under pulsed load conditions such that
Ty =Ta. The LTC3129E is guaranteed to meet specifications from

0°C to 85°C junction temperature. Specifications over the —40°C to
125°C operating junction temperature range are assured by design,
characterization and correlation with statistical process controls. The
LTC31291 is guaranteed over the full -40°C to 125°C operating junction
temperature range. The junction temperature (T;) is calculated from the
ambient temperature (Ta) and power dissipation (Pp) according to the
formula: Ty=Ta + (Pp * 65a°C/W), where 6, is the package thermal
impedance. Note that the maximum ambient temperature consistent
with these specifications, is determined by specific operating conditions
in conjunction with board layout, the rated thermal package thermal
resistance and other environmental factors.

Note 3: Specification is guaranteed by design and not 100% tested in
production.

Note 4: Current measurements are made when the output is not switching.
Note 5: This IC includes overtemperature protection that is intended

to protect the device during momentary overload conditions. Junction
temperature will exceed 125°C when overtemperature protection is active.
Continuous operation above the specified maximum operating junction
temperature may result in device degradation or failure.

Note 6: Failure to solder the exposed backside of the package to the PC
board ground plane will result in a much higher thermal resistance.

Note 7: Switch timing measurements are made in an open-loop test
configuration. Timing in the application may vary somewhat from these
values due to differences in the switch pin voltage during non-overlap
durations when switch pin voltage is influenced by the magnitude and
duration of the inductor current.

Note 8: Voltage transients on the switch pin(s) beyond the DC limits
specified in the Absolute Maximum Ratings are non-disruptive to normal
operation when using good layout practices as described elsewhere in the
data sheet and application notes and as seen on the product demo board.
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PIN FUNCTIONS (arnmisor)

BST1 (Pin 1/Pin 15): Bootstrapped Floating Supply for
High Side NMOS Gate Drive. Connect to SW1 through a
22nF capacitor, as close to the part as possible. The value
is not critical. Any value from 4.7nF to 47nF may be used.

Vn (Pin2/Pin16): Input Voltage for the Converter. Connect
a minimum of 4.7yF ceramic decoupling capacitor from
this pin to the ground plane, as close to the pin as possible.

Ve (Pin 3/Pin 1): Output voltage of the internal voltage
regulator. This is the supply pin for the internal circuitry.
Bypass this output with a minimum of 2.2uF ceramic
capacitor close to the pin. This pin may be back-driven by
an external supply, up to a maximum of 5.5V.

RUN (Pin 4/Pin 2): Input to the Run Comparator. Pull
this pin above 1.1V to enable the Vg regulator and above
1.28V to enable the converter. Connecting this pin to a
resistor divider from Vy to ground allows programming a
V| startthreshold higher than the 1.8V (typical) Viy UVLO
threshold. In this case, the typical V}y turn-on threshold is
determined by V)y = 1.22V « [1+(R3/R4)] (see Figure 2).

MPPC (Pin 5/Pin 3): Maximum Power Point Control Pro-
gramming Pin. Connect this pin to a resistor divider from
Vn to ground to enable the MPPC functionality. If the Vout
load is greater than what the power source can provide,
the MPPC will reduce the inductor current to regulate Vi
to a voltage determined by: V|y = 1.175V  [1+(R5/R6)]
(see Figure 3). By setting the Vyy regulation voltage appro-
priately, maximum power transfer from the limited source
is assured. Note this pin is very noise sensitive, therefore
minimize trace length and stray capacitance. Please refer
to the Applications Information section for more detail
on programming the MPPC for different sources. If this
function is not needed, tie the pin to Vgg.

GND (Pin 6/Pin 4): Signal Ground. Provide a short direct
PCB path between GND and the ground plane where the
exposed pad is soldered.

FB (Pin 7/Pin 5): Feedback Input to the Error Amplifier.
Connect to a resistor divider from Voyr to ground. The
output voltage can be adjusted from 1.4V to 15.75V by:

Vout = 1.175V « [1+(R1/R2)]. Note this pin is very noise
sensitive, therefore minimize trace length and stray ca-
pacitance.

NC (Pins 8, 9/Pins 6, 7): Unused. These pins should be
grounded.

PWM (Pin 10/Pin 8): Mode Select Pin.

PWM = Low (ground): Enables automatic Burst Mode
operation.

PWM = High (tie to V¢g): Fixed frequency PMW opera-
tion.

This pin should not be allowed to float. It has an internal
5M pull-down resistor.

PGOOD (Pin 11/Pin 9): Open drain output that pulls to
ground when FB drops too far below its regulated voltage.
Connect a pull-up resistor from this pin to a positive sup-
ply. This pin can sink up to the absolute maximum rating
of 15mA when low. Refer to the Operation section of the
data sheet for more detail.

Vour (Pin 12/Pin 10): Output voltage of the converter.
Connectaminimumvalue of 4.7pF ceramic capacitor from
this pin to the ground plane, as close to the pin as possible.

BST2 (Pin 13/Pin 11): Bootstrapped floating supply for
high side NMOS gate drive. Connect to SW2 through a
22nF capacitor, as close to the part as possible. The value
is not critical. Any value from 4.7nF to 47nF may be used.

SW2 (Pin 14/Pin 12): Switch Pin. Connect to one side of
the inductor. Keep PCB trace lengths as short and wide
as possible to reduce EMI.

PGND (Pin 15, Exposed Pad Pin 17/Pin 13, Exposed
Pad Pin 17): Power Ground. Provide a short direct PCB
path between PGND and the ground plane. The exposed
pad must also be soldered to the PCB ground plane. It
serves as a power ground connection, and as a means of
conducting heat away from the die.

SW1 (Pin 16/Pin 14): Switch Pin. Connect to one side of
the inductor. Keep PCB trace lengths as short and wide
as possible to reduce EMI.
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OPERATION
INTRODUCTION

TheLTC3129isa1.3pAquiescent current, monolithic, cur-
rent mode, buck-boost DC/DC converter that can operate
overawideinputvoltage range of 1.92Vto 15V and provide
up to 200mA to the load. Internal, low Rps(on) N-channel
power switches reduce solution complexity and maximize
efficiency. Aproprietary switch controlalgorithmallows the
buck-boost converterto maintain outputvoltage regulation
with input voltages that are above, below or equal to the
output voltage. Transitions between the step-up or step-
down operating modes are seamless and free of transients
and sub-harmonic switching, making this product ideal
for noise sensitive applications. The LTC3129 operates
at a fixed nominal switching frequency of 1.2MHz, which
providesanideal trade-off between small solution size and
high efficiency. Current mode control provides inherent
input line voltage rejection, simplified compensation and
rapid response to load transients.

Burst Mode capability is also included in the LTC3129 and
is user-selected via the PWM input pin. In Burst Mode
operation, the LTC3129 provides exceptional efficiency at
light output loading conditions by operating the converter
only when necessary to maintain voltage regulation. The
BurstMode quiescent currentis amiserly 1.3pA. At higher
loads, the LTC3129 automatically switches to fixed fre-
quency PWM mode when Burst Mode operationis selected.
(Please refer to the Typical Performance Characteristics
curves for the mode transition point at different input and
output voltages.) If the application requires extremely low
noise, continuous PWM operation can also be selected
via the PWM pin.

A MPPC (maximum power point control) function is also
provided that allows the input voltage to the converter to
be servo'd to a programmable point for maximum power
when operating from various non-ideal power sources
such as photovoltaic cells. The LTC3129 also features
an accurate RUN comparator threshold with hysteresis,
allowing the buck-boost DC/DC converter to turn on and
off at user-selected Vjy voltage thresholds. With a wide
voltage range, 1.3pA Burst Mode current and program-
mable RUN and MPPC pins, the LTC3129 is well suited
for many diverse applications.

PWM MODE OPERATION

Ifthe PWM pinis high orifthe load currentonthe converter
is high enough to command PWM mode operation with
PWM low, the LTC3129 operates in a fixed 1.2MHz PWM
mode using an internally compensated average current
mode control loop. PWM mode minimizes output voltage
ripple and yields a low noise switching frequency spec-
trum. A proprietary switching algorithm provides seamless
transitions between operating modes and eliminates dis-
continuitiesinthe averageinductor current, inductorripple
currentand loop transfer functionthroughout all modes of
operation. These advantages resultinincreased efficiency,
improved loop stability and lower output voltage ripple in
comparison to the traditional buck-boost converter.

Figure 1 shows the topology of the LTC3129 power stage
whichis comprised of four N-channel DMOS switches and
their associated gate drivers. In PWM mode operation
both switch pins transition on every cycle independent of
the input and output voltages. In response to the internal
control loop command, an internal pulse width modulator
generates the appropriate switch duty cycle to maintain
regulation of the output voltage.

CsTi1 Cast2
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ﬁ%}" °
Vee J
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Figure 1. Power Stage Schematic
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When stepping down from a high input voltage to a lower
output voltage, the converter operates in buck mode and
switch D remains on for the entire switching cycle except
forthe minimum switch low duration (typically 90ns). Dur-
ing the switch low duration, switch C is turned on which
forces SW2 low and charges the flying capacitor, Cggro.
This ensures that the switch D gate driver power supply
rail on BST2 is maintained. The duty cycle of switches A
and B are adjusted to maintain output voltage regulation
in buck mode.

If the input voltage is lower than the output voltage, the
converter operates in boost mode. Switch A remains on
for the entire switching cycle except for the minimum
switch low duration (typically 90ns). During the switch
low duration, switch B is turned on which forces SW1
low and charges the flying capacitor, Cggty. This ensures
that the switch A gate driver power supply rail on BST1 is
maintained. The duty cycle of switches Cand D are adjusted
to maintain output voltage regulation in boost mode.

Oscillator

The LTC3129 operates from an internal oscillator with a
nominalfixed frequency of 1.2MHz. This allows the DC/DC
converter efficiency to be maximized while still using small
external components.

Current Mode Control

The LTC3129 utilizes average current mode control for the
pulse width modulator. Currentmode control, both average
and the better known peak method, enjoy some benefits
compared to other control methods including: simplified
loop compensation, rapid response to load transients and
inherent line voltage rejection.

Referring to the Block Diagram, a high gain, internally
compensated transconductance amplifier monitors Vout
through a voltage divider connected to the FB pin. The
error amplifier output is used by the current mode control
loop to command the appropriate inductor current level.
The inverting input of the internally compensated average
current amplifier is connected to the inductor current
sense circuit. The average current amplifier's output is
compared to the oscillator ramps, and the comparator

outputs are used to control the duty cycle of the switch
pins on a cycle-by-cycle basis.

The voltage error amplifier monitors the output voltage,
Vout through a voltage divider and makes adjustments to
the currentcommand as necessary to maintain regulation.
The voltage error amplifier therefore controls the outer
voltage regulation loop. The average current amplifier
makes adjustments to the inductor current as directed by
the voltage error amplifier output via Vg and is commonly
referred to as the inner current loop amplifier.

The average current mode control technique is similar to
peak current mode control except that the average current
amplifier, by virtue of its configuration as an integrator,
controls average current instead of the peak current. This
difference eliminates the peak to average current error
inherent to peak current mode control, while maintaining
most of the advantages inherent to peak current mode
control.

Average current mode control requires appropriate com-
pensation for the inner current loop, unlike peak current
mode control. The compensation network must have high
DC gain to minimize errors between the actual and com-
manded average current level, high bandwidth to quickly
change the commanded current level following transient
load steps and a controlled mid-band gain to provide a
form of slope compensation unique to average current
mode control. The compensation components required
to ensure proper operation have been carefully selected
and are integrated within the LTC3129.

Inductor Current Sense and Maximum Qutput Current

As part of the current control loop required for current
mode control, the LTC3129 includes a pair of current
sensing circuits that measure the buck-boost converter
inductor current.

Thevoltage erroramplifier output, Vg, isinternally clamped
to a nominal level of 0.6V. Since the average inductor
current is proportional to Vg, the 0.6V clamp level sets
the maximum average inductor current that can be pro-
grammed by the inner current loop. Taking into account
the current sense amplifier's gain, the maximum average

3129fc
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inductor current is approximately 275mA (typical). In
Buck mode, the output current is approximately equal to
the inductor current I.

lout(Buck) = IL * 0.89

The 90ns SW1/SW2 forced low time on each switching
cycle briefly disconnects the inductor from Vgyt and Viy
resulting in about 11% less output current in either buck
orboostmode foragiveninductor current. Inboost mode,
the output current is related to average inductor current
and duty cycle by:

loutBoosT) = IL * (1 - D) « Efficiency,
where D is the converter duty cycle.

Since the output current in boost mode is reduced by the
duty cycle (D), the output current rating in buck mode is
always greater than in boost mode. Also, because boost
mode operation requires a higher inductor current for a
given output currentcompared to buck mode, the efficiency
in boost mode will be lower due to higher 1,2 * Rpg(on)
losses in the power switches. This will further reduce the
output currentcapability in boost mode. In either operating
mode, however, the inductor peak-to-peak ripple current
does not play a major role in determining the output cur-
rent capability, unlike peak current mode control.

With peak current mode control, the maximum output
current capability is reduced by the magnitude of inductor
ripple currentbecause the peakinductor current levelisthe
control variable, but the average inductor current is what
determines the output current. The LTC3129 measures
and controls average inductor current, and therefore, the
inductor ripple current magnitude has little effect on the
maximum current capability in contrast to an equivalent
peak current mode converter. Under most conditions in
buck mode, the LTC3129 is capable of providing a mini-
mum of 200mA to the load. In boost mode, as described
previously, the output current capability is related to the
boost ratio or duty cycle (D). For example, for a 3.6V V)y
to 5V output application, the LTC3129 can provide up
to 150mA to the load. Refer to the Typical Performance
characteristics section for more detail on output current
capability.

Overload Current Limit and Izegg Comparator

The internal current sense waveform is also used by the
peak overload current (Ipgak) and zero current (Izepg) com-
parators. The Ipgak current comparator monitors Isense
and turns off switch A if the inductor current level exceeds
its maximum internal threshold, which is approximately
500mA. An inductor current level of this magnitude will
occur during a fault, such as an output short-circuit, or
during large load or input voltage transients.

The LTC3129features near discontinuous inductor current
operation at light output loads by virtue of the Izegg com-
parator circuit. By limiting the reverse current magnitude
in PWM mode, a balance between low noise operationand
improved efficiency at light loads is achieved. The Izgrg
comparator threshold is set near the zero current level in
PWMmode, andas aresult, the reverse current magnitude
will be a function of inductance value and output voltage
due to the comparator's propagation delay. In general,
higher output voltages and lower inductor values will
result in increased reverse current magnitude.

In automatic Burst Mode operation (PWM pin low), the
Izero comparator threshold is increased so that reverse
inductor current does not normally occur. This maximizes
efficiency at very light loads.

Burst Mode OPERATION

When the PWM pin is held low, the LTC3129 is config-
ured for automatic Burst Mode operation. As a result,
the buck-boost DC/DC converter will operate with normal
continuous PWM switching above a predetermined mini-
mum outputload and will automatically transition to power
saving Burst Mode operation below this output load level.
Note that if the PIWM pin is low, reverse inductor current is
not allowed at any load. Refer to the Typical Performance
Characteristics section to determine the Burst Mode
transition threshold for various combinations of Vy and
Vour. If PWM is low, at light output loads, the LTC3129
will go into a standby or sleep state when the output volt-
age achieves its nominal regulation level. The sleep state
halts PWM switching and powers down all non-essential
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functions of the IC, significantly reducing the quiescent
current of the LTC3129 to just 1.3pA typical. This greatly
improves overall power conversion efficiency when the
output load is light. Since the converter is not operating
in sleep, the output voltage will slowly decay at a rate
determined by the output load resistance and the output
capacitor value. When the output voltage has decayed by
a small amount, typically 1%, the LTC3129 will wake and
resume normal PWM switching operation until the volt-
age on Vg is restored to the previous level. If the load
is very light, the LTC3129 may only need to switch for a
few cycles to restore Voyt and may sleep for extended
periods of time, significantly improving efficiency. If the
load is suddenly increased above the burst transition
threshold, the part will automatically resume continuous
PWM operation until the load is once again reduced.

A feedforward capacitor on the feedback divider can be
used to reduce Burst Mode Vgyt ripple. This is discussed
in more detail in the Applications Information section of
this data sheet.

Note that Burst Mode operation is inhibited until soft-start
is done, the MPPC pin is greater than 1.175V and Vqyr
has reached regulation.

Soft-Start

The LTC3129 soft-start circuit minimizes input current
transientsand outputvoltage overshoot on initial power up.
The required timing components for soft-start are internal
to the LTC3129 and produce a nominal soft-start dura-
tion of approximately 3ms. The internal soft-start circuit
slowly ramps the error amplifier output, V¢. In doing so,
the current command of the IC is also slowly increased,
starting from zero. It is unaffected by output loading or
output capacitor value. Soft-start is reset by the UVLO on
both Viy and Vg, the RUN pin and thermal shutdown.

Ve Regulator

Aninternallow dropout regulator (LDO) generates a nomi-
nal 4.1V Vg rail from Vyy. The Vg rail powers the internal
control circuitry and the gate drivers of the LTC3129. The
Ve regulator is disabled in shutdown to reduce quiescent
current and is enabled by raising the RUN pin above its

logic threshold. The Vg regulator includes current-limit
protectionto safeguard againstaccidental short-circuiting
of the V¢ rail.

Undervoltage Lockout (UVLO)

Thereare two undervoltage lockout (UVLO) circuits within
the LTC3129 that inhibit switching; one that monitors Vy
and another that monitors V. Either UVLO will disable
operation of the internal power switches and keep other
IC functions in a reset state if either Vjy or Vg are below
their respective UVLO thresholds.

The Vi UVLO comparator has a falling voltage threshold
of 1.8V (typical). If V}y falls below this level, IC operation
is disabled until Vjy rises above 1.9V (typical), as long as
the Vg voltage is above its UVLO threshold.

The Vgg UVLO has a falling voltage threshold of 2.19V
(typical). If the Vg voltage falls below this threshold, IC
operation is disabled until Vg rises above 2.25V (typical)
as long as Vyy is above its nominal UVLO threshold level.

Depending on the particular application, either of these
UVLO thresholds could be the limiting factor affecting the
minimuminputvoltage required for operation. Because the
V¢ regulator uses Vi for its power input, the minimum
input voltage required for operation is determined by the
Vce minimum voltage, as input voltage (V) will always
be higher than Vgg in the normal (non-bootstrapped)
configuration. Therefore, the minimum V,y for the part
to startup is 2.25V (typical).

In applications where Vgg is bootstrapped (powered
through a Schottky diode by either Voyt or an auxiliary
power rail), the minimum input voltage for operation will
be limited only by the Vi UVLO threshold (1.8V typical).
Please note that if the bootstrap voltage is derived from
the LTC3129 Vpyrand not an independent power rail, then
the minimum input voltage required for initial startup is
still 2.25V (typical).

Note that if either VVjy or Vg are below their UVLO thresh-
olds, or if RUN is below its accurate threshold of 1.22V
(typical), then the LTC3129 will remain in a soft shutdown
state, where the V,y quiescent current will be only 1.9pA
typical.
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Vout Undervoltage

There is also an undervoltage comparator that monitors
the output voltage. Until Vgt reaches 1.15V (typical), the
average current limit is reduced by a factor of two. This
reduces power dissipation in the device in the event of a
shorted output. In addition, N-channel switch D, which
feeds Voyr, will be disabled until Vgyt exceeds 1.15V.

RUN Pin Comparator

In addition to serving as a logic level input to enable cer-
tain functions of the IC, the RUN pin includes an accurate
internal comparator that allows it to be used to set custom
rising and falling ON/OFF thresholds with the addition of
an optional external resistor divider. When RUN is driven
above its logic threshold (0.9V typical), the Vg regulator
is enabled, which provides power to the internal control
circuitry ofthe IC. Ifthe voltage on RUN isincreased further
so that it exceeds the RUN comparator's accurate analog
threshold (1.22V typical), all functions of the buck-boost
converterwill be enabled and a start-up sequence will ensue,
assuming the Vy and Vg UVLO thresholds are satisfied.

[fRUN s broughtbelowthe accurate comparator threshold,
the buck-boost converter willinhibit switching, butthe Vg
regulator and control circuitry will remain powered unless
RUN is brought below its logic threshold. Therefore, in
order to completely shut down the IC and reduce the Vin
current to 10nA (typical), it is necessary to ensure that
RUN is brought below its worst case low logic threshold of
0.5V. RUN is a high voltage input and can be tied directly
to V) to continuously enable the IC when the input supply
is present. Also note that RUN can be driven above Viy
or Vour as long as it stays within the operating range of
the IC (up to 15V).

With the addition of an optional resistor divider as shown
in Figure 2, the RUN pin can be used to establish a user-
programmable turn-onand turn-offthreshold. This feature
can be utilized to minimize battery drain below a certain
input voltage, or to operate the converterin a hiccup mode
from very low current sources.

LTC3129
Vin ACCURATE THRESHOLD

1220
R3
RUN
%m
= 0.V

LOGIC THRESHOLD

ENABLE SWITCHING

ENABLE LDO AND
CONTROL CIRCUITS

3129 Fo2

Figure 2. Accurate RUN Pin Comparator

Note that once RUN is above 0.9V typical, the quiescent
input current on Vyy (or Vg if back-driven) will increase to
about 1.9pA typical until the Vjy and Vg UVLO thresholds
are satisfied.

The converteris enabled when the voltage on RUN exceeds
1.22V (nominal). Therefore, the turn-on voltage threshold
on Vy is given by:

Vin(rurn-on) = 1.22V * (1 + R3/R4)

The RUN comparator includes a built-in hysteresis of
approximately 80mV, so that the turn off threshold will
be 1.14V.

There may be cases due to PCB layout, very large value
resistors for R3 and R4, or proximity to noisy components
where noise pickup may cause theturn-on or turn-off of the
ICto be intermittent. In these cases, a smallfilter capacitor
can be added across R4 to ensure proper operation.
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PGOOD Comparator

The LTC3129 provides an open-drain PGOOD output that
pulls low if Vqyr falls more than 7.5% (typical) below its
programmed value. When Vg rises to within 5% (typical)
of its programmed value, the internal PGOOD pull-down
will turn off and PGOOD will go high if an external pull-up
resistor has been provided. An internal filter prevents
nuisance trips of PGOOD due to short transients on Vqyr.
Note that PGOOD can be pulled up to any voltage, as long
as the absolute maximum rating of 18V is not exceeded,
and as long as the maximum sink current rating is not
exceeded when PGOOD is low. Note that PGOOD will
also be driven low if Vg is below its UVLO threshold or
if the part is in shutdown (RUN below its logic threshold)
while Vg is being held up (or back-driven). PGOOD is
not affected by Viy UVLO or the accurate RUN threshold.

In cases where Vg is not being back-driven in shutdown,
PGOOD willnot be held low indefinitely. The internal PGOOD
pull-down will be disabled as the V¢ voltage decays below
approximately 1V.

Maximum Power-Point Control (MPPC)

The MPPC input of the LTC3129 can be used with an
optional external voltage divider to dynamically adjust

the commanded inductor current in order to maintain
a minimum input voltage when using high resistance
sources, such as photovoltaic panels, so as to maximize
input power transfer and prevent V,y from dropping too
low under load. Referring to Figure 3, the MPPC pin is
internally connected to the non-inverting input of a gm
amplifier, whoseinvertinginputis connectedtothe 1.175V
reference. If the voltage at MPPC, using the external volt-
age divider, falls below the reference voltage, the output of
the amplifier pulls the internal Vg node low. This reduces
the commanded average inductor current so as to reduce
the input current and regulate Vjy to the programmed
minimum voltage, as given by:

V[N(MPPC) =1.175V (1 b e RS/RG)

The MPPC feature provides capabilities tothe LTC3129 that
can ease the design of intrinsically safe power supplies.

Note that external compensation should not be required
for MPPC loop stability if input filter capacitor, Gy, is at
least 22F.

The divider resistor values can be in the MQ range to
minimize the input currentin very low power applications.
However, stray capacitance and noise pickup onthe MPPC
pin must also be minimized.

= oy
Rs I IN

LTC3129

+
VsouRce

* Cjy SHOULD BEAT ==
LEAST 224F FOR
MPPC APPLICATIONS

—V(
CURRENT
COMMAND

VOLTAGE
ERROR AMP

3129 F03

Figure 3. MPPC Amplifier with External Resistor Divider
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The MPPC pin controls the converter in a linear fashion
when using sources that can provide a minimum of 5mA
to 10mA of continuous input current. For operation from
weaker input sources, refer to the Applications Informa-
tion section to see how the programmable RUN pin can
be used to control the converter in a hysteretic manner to
provide an effective MPPC function for sources that can
provide as little as 5pA or less. If the MPPC function is not
required, the MPPC pin should be tied to V.

Thermal Considerations

The power switches of the LTC3129 are designed to oper-
ate continuously with currents up to the internal current
limit thresholds. However, when operating at high current
levels, there may be significant heat generated within the
IC. Inaddition, the V¢ regulator can also generate wasted
heat when Vy is very high, adding to the total power
dissipation of the IC. As described elsewhere in this data
sheet, bootstrapping of the Vg for 5V output applications
can essentially eliminate the Vg power dissipation term

GND Vi
o
Vee oAk
4R
oq._‘nfo;
L
jBe
Cour
GND Vour

and significantly improve efficiency. As a result, careful
consideration must be given to the thermal environment
of the IC in order to provide a means to remove heat from
the IC and ensure that the LTC3129 is able to provide its
full rated output current. Specifically, the exposed die
attach pad of both the QFN and MSE packages must be
soldered to a copper layer on the PCB to maximize the
conduction of heat out of the IC package. This can be ac-
complished by utilizing multiple vias from the die attach
pad connection underneath the IC package to other PCB
layer(s) containing a large copper plane. A typical board
layout incorporating these concepts is shown in Figure 4.

Ifthe IC die temperature exceeds approximately 180°C, over
temperature shutdown will be invoked and all switching
will be inhibited. The part will remain disabled until the die
temperature cools by approximately 10°C. The soft-start
circuit is re-initialized in overtemperature shutdown to
provide a smooth recovery when the IC die temperature
cools enough to resume operation.

329704

Figure 4. Typical 2-Layer PC Board Layout (MSE Package)
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Astandard application circuitforthe LTC3129 is shown on
the front page of this data sheet. The appropriate selection
of external components is dependent upon the required
performance of the IC in each particular application given
considerations and trade-offs such as PCB area, input
and output voltage range, output voltage ripple, transient
response, required efficiency, thermal considerations and
cost. This section of the data sheet provides some basic
guidelines and considerations to aid in the selection of
external components and the design of the applications
circuit, as well as more application circuit examples.

Programming Vgyr

The output voltage of the LTC3129 is set by connecting
the FB pin to an external resistor divider from Vgyr to
ground, as shown in Figure 5, according to the equation:

Vour = 1175V « (14 R1/R2)

Vour
LTC3129

_L Vour
L

FB

3120 F05

Figure 5. Vgyr Feedback Divider

Asmallfeedforward capacitor can be added in parallel with
R1 (in Figure 5) to reduce Burst Mode ripple and improve
transient response. Details on selecting a feedforward
capacitor are provided later in this data sheet.

Vg Capacitor Selection

The Vg output of the LTC3129 is generated from Viy by a
low dropout linear regulator. The Vg regulator has been
designed for stable operation with a wide range of output
capacitors. For most applications, a low ESR capacitor of
at least 2.2yF should be used. The capacitor should be
located as close to the Vg pin as possible and connected
tothe Vg pin and ground through the shortest traces pos-

sible. Vg is the regulator output and is also the internal
supply pinforthe LTC3129 control circuitry as well as the
gate drivers and boost rail charging diodes. The Vg pinis
not intended to supply current to other external circuitry.

Inductor Selection

Thechoice ofinductorusedin LTC3129application circuits
influences the maximum deliverable output current, the
converter bandwidth, the magnitude ofthe inductor current
ripple and the overall converter efficiency. The inductor
must have a low DC series resistance, when compared to
the internal switch resistance, or output current capabil-
ity and efficiency will be compromised. Larger inductor
values reduce inductor current ripple but may notincrease
output current capability as is the case with peak current
mode control as described in the Maximum Output Cur-
rent section. Larger value inductors also tend to have a
higher DC series resistance for a given case size, which
will have a negative impact on efficiency. Larger values
of inductance will also lower the right half plane (RHP)
zero frequency when operating in boost mode, which can
compromise loop stability. Nearly all LTC3129 application
circuits deliverthe best performance withaninductorvalue
between 3.3uH and 10pH. Buck mode-only applications
can use the larger inductor values as they are unaffected
by the RHP zero, while mostly boostapplications generally
require inductance on the low end of this range depending
on how large the step-up ratio is.

Regardless of inductor value, the saturation current rating
should be selected suchthatitis greaterthan the worst-case
averageinductorcurrentplus half ofthe ripple current. The
peak-to-peak inductor current ripple for each operational
mode can be calculated from the following formula, where
fis the switching frequency (1.2MHz), L is the inductance
in pH and t g is the switch pin minimum low time in
ps. The switch pin minimum low time is typically 0.09ps.

Vourr (Vi =Vour V(1
Alyp-pyauck) = M(M)(?—tl_ow) A

L Vi
Vin [ Vour = Vin |/ 1
Al p_pyB00ST) = %(W)(? - tLOW) A
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It should be noted that the worst-case peak-to-peak in-
ductor ripple current occurs when the duty cycle in buck
mode is minimum (highest V}y) and in boost mode when
the duty cycle is 50% (Vout =2 * Vjy). As an example, if
Vin (minimum) = 2.5V and Vy (maximum) = 15V, Voyr
=5V and L = 10pH, the peak-to-peak inductor ripples at
the voltage extremes (15V Vy for buck and 2.5V V) for
boost) are:

Buck = 248mA peak-to-peak
Boost = 93mA peak-to-peak

One half of this inductor ripple current must be added to
the highest expected average inductor current in order to
selectthe proper saturation current rating for the inductor.

To avoid the possibility of inductor saturation during load
transients, an inductor with a saturation current rating of
at least 600mA is recommended for all applications.

Inadditionto itsinfluence on power conversion efficiency,
the inductor DC resistance can also impact the maximum
output current capability of the buck-boost converter
particularly at low input voltages. In buck mode, the
output current of the buck-boost converter is primarily
limited by the inductor current reaching the average cur-
rent limit threshold. However, in boost mode, especially
at large step-up ratios, the output current capability can
also be limited by the total resistive losses in the power
stage. These losses include, switch resistances, inductor
DC resistance and PCB trace resistance. Avoid inductors
with a high DC resistance (DCR) as they can degrade the
maximum output current capability from what is shown
in the Typical Performance Characteristics section and
from the Typical Application circuits.

As a guideline, the inductor DCR should be significantly
less than the typical power switch resistance of 750mQ
each. The only exceptions are applications that have a
maximum outputcurrent requirementmuchless than what
the LTC3129 is capable of delivering. Generally speaking,
inductors with a DCR in the range of 0.15Q to 0.3Q are
recommended. Lower values of DCR will improve the ef-
ficiency at the expense of size, while higher DCR values
will reduce efficiency (typically by a few percent) while
allowing the use of a physically smaller inductor.

Differentinductor core materials and styles have animpact
on the size and price of an inductor at any given current
rating. Shielded construction is generally preferred as it
minimizes the chances of interference with other circuitry.
Thechoice ofinductor style depends upon the price, sizing,
and EMI requirements of a particular application. Table 1
provides a wide sampling of inductors that are well suited
to many LTC3129 applications.

Table 1. Recommended Inductors

VENDOR PART

Coilcraft EPL2014, EPL3012, EPL3015, LPS3015,

www.coilcraft.com LPS3314, XFL3012

Coiltronics SDH3812, SD3814, SD3114, SD3118

www.cooperindustries.com

Murata LQH3NP, LQH32P, LQH44P

www.murata.com

Sumida CDRH2D16, CDRH2D18, CDRH3D14,

www.sumida.com CDRH3D16

Taiyo-Yuden NR3012T, NR3015T, NRS4012T,

www.t-yuden.com BRC2518

TDK VLS3012, VLS3015, VLF302510MT,

www.tdk.com VLF302512MT

Toko DB3015C, DB3018C, DB3020C, DP418C,

www.tokoam.com DP420C, DEM2815C, DFE322512C,
DFE252012C

Wiirth WE-TPC 2813, WE-TPC 3816,

www.we-online.com WE-TPC 2828

Recommended inductor values for different operating
voltage ranges are given in Table 2. These values were
chosen to minimize inductor size while maintaining an
acceptable amount of inductor ripple current for a given
Vi and Voyr range.

Table 2. Recommended Inductor Values

Vi AND Vgyr RANGE RECOMMENDED INDUCTOR VALUES
Vin and Voyt Both < 4.5V 3.3uH to 4.7pH
Viy and Voyr Both < 8V 4.7yH to 6.8pH
Viy and Voyr Both < 11V 6.8yH to 8.2pH
Vin and Voyt Up to 15.75V 8.2uH to 10pH

Feedforward Capacitor

The use of a voltage feedforward capacitor, as shown in
Figure 5, offers a number of performance advantages. A
feedforward capacitor will reduce output voltage ripple in
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Burst Mode operation and improve transient response. In
addition, due to the wide Vjy and Vgyr operating range
of the LTC3129 and its fixed internal loop compensation,
some applications may require the use of a feedforward
capacitor to assure light-load stability (less than ~15mA)
when operating in PWM mode (PWM pin pulled high).

Therefore, to reduce Burst Mode ripple and improve
phase margin at light load when PWM mode operation is
selected, a feedforward capacitor is recommended for all
applications. The recommended feedforward capacitor
value can be calculated by:

Crr = 66/R1

Where R1 is the top feedback divider resistor value in MQ
and Crr is the recommended feedforward capacitor value
in picofarads (use the nearest standard value). Refer to
the application circuits for examples.

Output Capacitor Selection

A low effective series resistance (ESR) output capacitor
of 4.7uF minimum should be connected at the output of
the buck-boost converter in order to minimize output volt-
age ripple. Multilayer ceramic capacitors are an excellent
option as they have low ESR and are available in small
footprints. The capacitor value should be chosen large
enough to reduce the output voltage ripple to acceptable
levels. Neglecting the capacitor's ESR and ESL (effec-
tive series inductance), the peak-to-peak output voltage
ripple in PWM mode can be calculated by the following
formula, where f is the frequency in MHz (1.2MHz), Coyt
is the capacitance in pF, t g is the switch pin minimum
low time in ps (0.09ps typical) and I gap is the output
current in amperes.

ILoantLow v
Cout

lLoap (Vout = Vin+towfVin
AVe_p(goosT) = Cour v

AVe_p(auck) =

VOUT

Examining the previous equations reveals that the output
voltage ripple increases with load current and is gener-
ally higher in boost mode than in buck mode. Note that
these equations only take into account the voltage ripple
that occurs from the inductor current to the output being
discontinuous. They provide a good approximation to the
ripple atany significantload current but underestimate the
output voltage ripple at very light loads where the output
voltage ripple is dominated by the inductor current ripple.

In addition to the output voltage ripple generated across
the output capacitance, there is also output voltage ripple
produced across the internal resistance of the output
capacitor. The ESR-generated output voltage ripple is
proportional to the series resistance of the output capacitor
and is given by the following expressions where Rgspg is
the series resistance of the output capacitor and all other
terms as previously defined.

lLoaoResr
AVe_p(guck) = - tion! =l 0apResg V

LoanResrVout
Vin (1-tLowf)

Vi
=l onoResr (%) v
IN

AVe_poosT) =

InmostLTC3129 applications, an output capacitor between
10pF and 22pF will work well. To minimize output ripple
in Burst Mode operation, or transients incurred by large
step loads, values of 22pF or larger are recommended.

Input Capacitor Selection

The Vy pin carries the full inductor current and provides
power to internal control circuits in the 1C. To minimize
input voltage ripple and ensure proper operation of the IC,
a low ESR bypass capacitor with a value of at least 4.7pF
should be located as close to the Vjy pin as possible. The
traces connecting this capacitor to Vjy and the ground
plane should be made as short as possible.

3129fc
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When powered through long leads or from a power
source with significant resistance, a larger value bulk input
capacitor may be required and is generally recommended.
Insuchapplications, a47uFto 100pF low-ESR electrolytic
capacitorin parallel with a 1uF ceramic capacitor generally
yields a high performance, low cost solution.

Note that applications using the MPPC feature should
use a minimum Gy of 22yF. Larger values can be used
without limitation.

Recommended Input and Output Capacitor Types

The capacitors used to filter the input and output of the
LTC3129 must have low ESR and must be rated to handle
the AC currents generated by the switching converter.
This is important to maintain proper functioning of the
IC and to reduce output voltage ripple. There are many
capacitor types that are well suited to these applications
including multilayer ceramic, low ESR tantalum, 0S-CON
and POSCAP technologies. In addition, there are certain
types of electrolytic capacitors such as solid aluminum
organic polymer capacitors that are designed for low
ESR and high AC currents and these are also well suited
to some LTC3129 applications. The choice of capacitor
technology is primarily dictated by a trade-off between
size, leakage current and cost. In backup power applica-
tions, the input or output capacitor might be a super or
ultra capacitor with a capacitance value measuring in the
Farad range. The selection criteria in these applications
are generally similar except that voltage ripple is generally
not a concern. Some capacitors exhibit a high DC leak-
age current which may preclude their consideration for
applications that require a very low quiescent current in
Burst Mode operation. Note that ultra capacitors may have
a rather high ESR, therefore a 4.7pF (minimum) ceramic
capacitor is recommended in parallel, close to the IC pins.

Ceramic capacitors are often utilized in switching con-
verter applications due to their small size, low ESR and
low leakage currents. However, many ceramic capacitors
intended for power applications experience a significant
loss in capacitance from their rated value as the DC bias
voltage onthe capacitor increases. Itis not uncommon for
a small surface mount capacitor to lose more than 50%

of its rated capacitance when operated at even half of its
maximum rated voltage. This effect is generally reduced
as the case size is increased for the same nominal value
capacitor. As a result, it is often necessary to use a larger
value capacitance or a higher voltage rated capacitor than
would ordinarily be required to actually realize the intended
capacitance atthe operating voltage of the application. X5R
and X7R dielectric types are recommended as they exhibit
the best performance over the wide operating range and
temperature of the LTC3129. To verify that the intended
capacitance is achieved in the application circuit, be sure
to consult the capacitor vendor's curve of capacitance
versus DC bias voltage.

Using the Programmable RUN Function to Operate
from Extremely Weak Input Sources

Another application of the programmable RUN pin is that
it can be used to operate the converter in a hiccup mode
fromextremely low current sources. This allows operation
from sources that can only generate microamps of output
current,and would be fartoo weak to sustain normal steady-
state operation, even with the use of the MPPC pin. Because
the LTC3129 draws only 1.9pA typical from Vyy until it is
enabled, the RUN pin can be programmed to keep the IC
disabled until Vjy reaches the programmed voltage level.
Inthis manner, the inputsource cantrickle-charge aninput
storage capacitor, even if it can only supply microamps of
current, until Vjy reaches the turn-on threshold set by the
RUN pin divider. The converter will then be enabled using
the stored charge in the input capacitor, until Vin drops
below the turn-off threshold, at which point the converter
will turn off and the process will repeat.

This approach allows the converter to run from weak
sources such as thin-film solar cells using indoor lighting.
Although the converter will be operating in bursts, it is
enough to charge an output capacitor to power low duty
cycle loads, such as wireless sensor applications, or to
trickle charge a battery. In addition, note that the input
voltage will be cycling (with a small ripple as set by the
RUN hysteresis) about a fixed voltage, as determined by
the divider. This allows the high impedance source to
operate at the programmed optimal voltage for maximum
power transfer.
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When using high value divider resistors (in the MQ
range) to minimize current draw on Vy, a small noise
filter capacitor may be necessary across the lower divider
resistor to prevent noise from erroneously tripping the
RUN comparator. The capacitor value should be minimized
S0 as not to introduce a time delay long enough for the
input voltage to drop significantly below the desired Vy
threshold before the converter is turned off. Note that
larger Vy decoupling capacitor values will minimize this
effect by providing more holdup time on V.

Programming the MPPC Voltage

As discussed in the previous section, the LTC3129 in-
cludes an MPPC function to optimize performance when
operating from voltage sources with relatively high source
resistance. Using an external voltage divider from Vyy, the
MPPC function takes control of the average inductor current
when necessary to maintain a minimum input voltage, as
programmed by the user. Referring to Figure 3:

Vinuppe) = 1.175V « (1 + R5/R6)

This is useful for such applications as photovoltaic pow-
ered converters, since the maximum power transfer point
occurs when the photovoltaic panel is operated at about
75% of its open-circuitvoltage. For example, when operat-
ing from a photovoltaic panel with an open-circuit voltage
of 5V, the maximum power transfer point will be when
the panel is loaded such that its output voltage is about
3.75V. Choosing values of 2MQ for R5 and 909k<2 for R6
will program the MPPC function to regulate the maximum
input current so as to maintain Vyy at a minimum of 3.74V
(typical). Note that if the panel can provide more power
than the LTC3129 can draw, the input voltage will rise
above the programmed MPPC point. This is fine as long
as the input voltage doesn't exceed 15V.

For weak input sources with very high resistance (hun-
dreds of Ohms or more), the LTC3129 may still draw
more current than the source can provide, causing Vi to
drop below the UVLO threshold. For these applications, it
is recommended that the programmable RUN feature be
used, as described in the previous section.

MPPC Compensation and Gain

When using MPPC, there are a number of variables that
affect the gain and phase of the input voltage control
loop. Primarily these are the input capacitance, the MPPC
divider ratio and the V) source resistance (or current). To
simplify the design of the application circuit, the MPPC
control loop in the LTC3129 is designed with a relatively
low gain, such that external MPPC loop compensation is
generally not required when using a Vy capacitor value
of at least 22pF. The gain from the MPPC pin to the in-
ternal VC control voltage is about 12, so a drop of 50mV
on the MPPC pin (below the 1.175V MPPC threshold),
corresponds to a 600mV drop on the internal VC voltage,
which reduces the average inductor current all the way
to zero. Therefore, the programmed input MPPC voltage
will be maintained within about 4% over the load range.

Note that if large value V,y capacitors are used (which may
have a relatively high ESR) a small ceramic capacitor of
at least 4.7)F should be placed in parallel across the V)
input, near the V,y pin of the IC.

Bootstrapping the V¢ Regulator

The high and low side gate drivers are powered through
the Vg rail, which is generated from the input voltage, Vi,
through an internal linear regulator. In some applications,
especially at high input voltages, the power dissipation
in the linear regulator can become a major contributor to
thermal heating of the IC and overall efficiency. The Typical
Performance Characteristics section provides data on the
Vg currentand resulting power loss versus Vyy and Vour-

Asignificant performance advantage can be attained in high
V|n applications where converter output voltage (Vour) is
programmed to 5V, if Vgyr is used to power the Vg rail.
Powering Vgginthis manneris referred toas bootstrapping.
This can be done by connecting a Schottky diode (such
as a BAT54) from Voyt to Vgg as shown in Figure 6.
With the bootstrap diode installed, the gate driver currents
are supplied by the buck-boost converter at high efficiency
rather than through the internal linear regulator. The in-
ternal linear regulator contains reverse blocking circuitry
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that allows Vg to be driven above its nominal regulation
level with only a very slight amount of reverse current.
Please note that the bootstrapping supply (either Voyr or
a separate regulator) must be limited to less than 5.7V so
as not to exceed the maximum Vg voltage of 5.5V after
the diode drop.

By maintaining Vg above its UVLO threshold,
bootstrapping, even to a 3.3V output, also allows opera-
tion down to the Vjyy UVLO threshold of 1.8V (typical).

Vour Vour

LTC3129

Cout

(a

¥ BATS4
S

Vee

2.20F

HH HH

312906

Figure 6. Example of V¢ Bootstrap

Sources of Small Photovoltaic Panels

A list of companies that manufacture small solar panels
(sometimes referred to as modules or solar cell arrays)
suitable for use with the LTC3129 is provided in Table 3.

Table 3. Small Photovoltaic Panel Manufacturers

Sanyo http://panasonic.net/energy/amorton/en/

PowerFilm http://www.powerfilmsolar.com/

Ixys http://www.ixys.com/ProductPortfolio/GreenEnergy.aspx
Corporation

G24 http://www.g24i.com/

Innovations

3129fc
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LTC3129

TYPICAL APPLICATIONS

Hiccup Converter Powers Wireless Sensor from Indoor Lighting

(Fluorescent)

Transmit Rate vs Light Level
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Low Noise 3.6V Converter Using Bootstrap Diode to Extend Lower Vjy Range

20F oo 2
|_I | | | l I—] Vi < 3.6V lour = 100mA
" BSTI SW1 sw2 Bst2|  Vin> 36V lour=200mA "
IN ouT
18VT0 15V Viv Vour ¢ o 36V
1163129 -
I = S _|_33pF a[> BATS4
8
v MPPC
o o7k
PGOOD [— o il
L pwm
—10pF NG Veo
NG _L
GND  PGND TZ'Z“F
l l
e

pe

3129fc

L] TECHNOLOGY

For more information www.linear.com/LTC3129

169

23



Appendix

LTC3129

TYPICAL APPLICATIONS

Solar Powered Converter with MPPC Charges Storage Capacitor
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LTC3129

TYPICAL APPLICATIONS

Li-lon Powered 3V Converter with 3.1V Input UVLO Reduces Low Battery Ig to 3pA
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3129 A0S

15V Converter Operates from Three to Eight AA or AAA Cells
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LTC3129

TYPICAL APPLICATIONS

Energy Harvesting Converter Operates from a Variety of Weak Sources
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Solar Powered Converter Extends Battery Life in Low Power 3V Primary Battery Applications
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LTIC3129

PACKAGE DESCRIPTION

Please refer to hitp://www.linear.com/product/LTC3129#packaging for the most recent package drawings.

UD Package
16-Lead Plastic QFN (3mm x 3mm)
(Reference LTC DWG # 05-08-1700 Rev A)

Exposed Pad Variation AA

Y
L i 1 T
e ;
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NOTE:
1. DRAWING CONFORMS TO JEDEC PACKAGE OUTLINE MO-220 VARIATION (WEED-4)
2. DRAWING NOT TO SCALE
3. ALL DIMENSIONS ARE IN MILLIMETERS
4. DIMENSIONS OF EXPOSED PAD ON BOTTOM OF PACKAGE DO NOT INCLUDE
MOLD FLASH. MOLD FLASH, IF PRESENT, SHALL NOT EXCEED 0.15mm ON ANY SIDE
5. EXPOSED PAD SHALL BE SOLDER PLATED
6. SHADED AREA IS ONLY A REFERENCE FOR PIN 1 LOCATION
ON THE TOP AND BOTTOM OF PACKAGE
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LTC3129
PACKAGE DESCRIPTION

Please refer to http://www.linear.com/product/LTC31294#packaging for the most recent package drawings.

MSE Package
16-Lead Plastic MSOP, Exposed Die Pad
(Reference LTC DWG # 05-08-1667 Rev F)
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MOLD FLASH, PROTRUSIONS OR GATE BURRS SHALL NOT EXCEED 0.152mm (.006") PER SIDE
DIMENSION DOES NOT INCLUDE INTERLEAD FLASH OR PROTRUSIONS.
INTERLEAD FLASH OR PROTRUSIONS SHALL NOT EXCEED 0.152mm (.006") PER SIDE
. LEAD COPLANARITY (BOTTOM OF LEADS AFTER FORMING) SHALL BE 0.102mm (.004") MAX
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LTC3129

REVISION HISTORY

REV | DATE |DESCRIPTION PAGE NUMBER
A 5/14 | Clarified Voo Leakage to Vyy if Vg > Vyy: from =7pA to —27pA 4
B 10/14 | Clarified typ Voyr Current in Sleep Mode 4
Clarified PGOOD Pin Description 8
Clarified Operation Paragraph 15
C 10/15 | Changed MAX V¢c Current Limit 3
Modified MPPC section 15
Modified Table 3 22
3129fc
Information furnished by Linear Technology Corporation is believed to be accurate and reliable.
‘ ' I EAD However, no responsibility is assumed for its use. Linear Technology Corporation makes no representa-
TECHNOLOGY tion that the interconnection of its circuits as described herein will not infringe on existing patent rights.
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LTIC3129
TYPICAL APPLICATION

Dual Viy Application, Using the LTC4412 PowerPath™ Controller

MBR0520 22nF 22nF
12V WALL ADAPTER INPUT —}% I—I |—TNW\T-| |-| Vi = 124 Iogr = 200mA
Eggg?i BST1 SW1 sw2 Bstz| Vin=36%lour=50mA g
i v Vi out
111 " o R 2
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= <
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o " Ve —— MPPC i L
= Li-lon SENSE — pwm PGOOD f— 324k
CTL STATp— —] NC Vee
—{ NC
GND
1 GND  PGND T A2Ur
) 1
T 128 e
PART NUMBER | DESCRIPTION COMMENTS
LTC3103 15V, 300mA Synchronous Step-Down DC/DC Converter with VIN(MIN =2.2V; VIN(MAX 15V, Vourviny = 0.8V, Ig = 1.8yA,
Ultralow Quiescent Current Isp <1uA 3mm x 3mm EJFN 10, MSO&’-I()) Packages
LTC3104 15V, 300mA Synchronous Step-Down DC/DC Converter with | Vingainy = 2.2V, Vinuax) = 15V, Vourminy = 0.8V, Ig = 2.84A,
Ultralow Quiescent Current and 10mA LDO Isp <1pA, 4mm x 3mm DFN-14, MSO&’ é Packages
LTC3105 400mA Step-up Converter with MPPC and 250mV Start-Up Vingwiny = 0.2V, Vinmax) = 5V, Voutminy = 0 5.25Vnax, lo = 224A,
Isp <1pA, 3mm x 3mm DFN-10/MSOP-12 Packages
LTC3112 15V, 2.5A, 750kHz Monolithic Synch Buck/Boost Vinginy = 2.7V, Vinuax) = 15V, Vourgaiy = 2.7V to 14V, Ig = 50pA,
Isp <1|JA 4mm x 5mm EJFN 16 TSSOP-20E Packages
LTC3115-1 40V, 2A, 2MHz Monolithic Synch Buck/Boost VIN(MIN) =27V, VIN(MAX =40V, VOUT MIN) = 2.7V to 40V, |Q =50pA,
Isp <1pA, 4mm x 5mm DFN-16 and TSSOP-20E Packages
LTC3531 5.5V, 200mA, 600kHz Monolithic Synch Buck/Boost V|N(M|N) 1.8V, VIN(MAX =5.5V, VOUT(MIN =2V 1o 5V, lg=16pA,
Isp <1pA, 3mm x 3mm DFN-8 and ThinSOT Packages
LTC3388-1/ 20V, 50mA High Efficiency Nano Power Step-Down Regulator | Vingwin) = 2.7V, Vingwax) =20V, Voutwin) = Fixed 1.1V to 5.5V,
LTC3388-3 lo= 726nA Isp = 400nA, 3mm x 3mm DFN 10, MSOP-10 Packages
LTC3108/ Ultralow Voltage Step-Up Converter and Power Manager VIN(MIN =0.02v, VIN(MAX) =1V, VOUT(MIN) =Fixed 2.35V to 5V,
LTC3108-1 lg = 6pA, Igp <1pA, 3mm x 4mm DFN-12, SSOP-16 Packages
LTC3109 Auto-Polarity, Ultralow Voltage Step-Up Converter and Power | Viyvin) = 0.03V, Vinwax) = 1V, Vourmin = Fixed 2.35V to 5V,
Manager lg=T7pA, Igp <1pA, 4mm x 4mm QFN-20, SSOP-20 Packages
LTC3588-1 Piezo Electric Energy Harvesting Power Supply VIN(MIN = 2.7V, Vinmax) = 20V, Vouri) = Fixed 1.8V to 3.6V,
=950nA, Igp 450nA, émm x 3mm bFN 10, MSOP-10E Packages
LTC4070 Li-lon/Polymer Low Current Shunt Battery Charger System VIN(MIN) 450nA to 50mA, Ve oar + 4.0V, 4.1V, 4.2V, Ig = 300nA,
2mm x 3mm DFN-8, MSOP-8 Packages

3129fc

LT 1015 REV C - PRINTED IN USA

Linear Technology Corporation
1630 McCarthy Blvd., Milpitas, CA 95035-7417
(408)432-1900 ® FAX: (408) 434-0507 ® www.linearcom/LTC3129
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Appendix

LTIC3105

TECHNOLOGY 400mA Step-Up DC/DC
Converter with Maximum Power
Point Control and 250mV Start-Up

FEATURES DESCRIPTION
= |ow Start-Up Voltage: 250mV The LTC®3105is ahigh efficiency step-up DG/DC converter
= Maximum Power Point Control that can operate from input voltages as low as 225mV. A
= Wide V)y Range: 225mV to 5V 250mV start-up capability and integrated maximum power
= Auxiliary 6mA LDO Regulator pointcontroller (MPPC) enable operation directly from low
= Burst Mode® Operation: lg = 24pA voltage, highimpedance alternative power sources suchas
® Qutput Disconnect and Inrush Current Limiting photovoltaic cells, TEGs (thermoelectric generators) and
® V> Voyr Operation fuelcells. Auser programmable MPPC set point maximizes
® Antiringing Control the energy that can be extracted from any power source.
= Soft Start Burst Mode operation, with a proprietary self adjusting
= Automatic Power Adjust peak current, optimizes converter efficiency and output
= Power Good Indicator voltage ripple over all operating conditions.
" ;AOS-I(_)%agSITk]m x 3mm x 0.75mm DFN and 12-Lead The AUX powered 6mA LDO provides a regulated rail for
acKages external microcontrollers and sensors while the main
output is charging. In shutdown, lg is reduced to 10pA
APPLICATIONS and integrated thermal shutdown offers protection from
® Solar Powered Battery/Supercapacitor Chargers overtemperature faults. The LTC3105 is offered in 10-lead
= Energy Harvesting 3mmx3mm x 0.75mm DFN and 12-lead MSOP packages.
® Remote Industrial Sensors L7, LT, LTC, LTM, Linear Technology, the Linear logo and Burst Mode are registered trademarks
= Low Power Wireless Transmitters D oy ook, Al s
® Cell Phone, MP3, PMP and GPS Accessory Chargers
TYPICAL APPLICATION
Single Photovoltaic Cell Li-lon Trickle Charger Output Current vs Input Voltage
1001 80 PG DisABLED
70 i
PHOTOVOLTAIZ\;imVTiSV " - Vour E i ‘ VTUT:&W é
) 1o Vour 44V = 50 o
eEt 11 763105 S 1020 g - ‘ Vour =42V 77//
- - FA == Li-lon S // Vour =5
T > 30
MPPC  PGOOD [— 3382 S Z
OFF [ON' — SHON LDO 22V ——10pF 3 2 /
ft“fl?k_L— AUX FBLDO | 10
GND
TwF )\ _| T‘”IJF 00.2 03 04 05 06 07 08 09 1.0
-l- v 3105TAO1a INPUT VOLTAGE (V)
3105fb
L7TE|CHr§ég For more information www.linear.com/LTC3105 1
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Appendix

ABSOLUTE MAXIMUM RATINGS (note 1)
SW Voltage Maximum Junction Temperature (Note 4) ............ 125°C
...—0.3Vto 6V  Storage Temperature ...—65°C to 150°C
Pulsed (<100ns) Lead Temperature (Soldering, 10 sec.)
Voltage, All Other Pins ........cccooeeevviciiinns -0.3V to 6V T S T 1 ———— 300°C
Operating Junction Temperature
RANGEH(NOTE 2)s.cxmussvscsmsmmmusssssssnmisonsonss -40°C to 85°C
TOP VIEW
TOP VIEW
- /_____|
e ~1_~" | ! = 112 AUX
wofai } LD0 2} 11 Vour
Lo [31 | onp | FBLDO 3] 110 PGOOD
SHoN [4) : : SHDN 4} 9 sw
wec [} || &0 o0 57 eio
DD PACKAGE MS PACKAGE
10-LEAD (3mm x 3mm) PLASTIC DFN 12-LEAD PLASTIC MSOP
Tomax = 125°C, 8,4 = 43°C/W, 6, = 3°C/W Tumax = 125°C, 6,4 = 130°C/W, 0,6 = 21°C/W
EXPOSED PAD (PIN 11) IS GND, MUST BE SOLDERED TO PCB
LEAD FREE FINISH TAPE AND REEL PART MARKING PACKAGE DESCRIPTION TEMPERATURE RANGE
LTC3105EDD#PBF LTC3105EDD#TRPBF LFQC 10-Lead (3mm x 3mm) Plastic DFN -40°C to 85°C
LTC3105EMS#PBF LTC3105EMS#TRPBF 3105 12-Lead Plastic MSOP -40°C to 85°C
Consult LTC Marketing for parts specified with wider operating temperature ranges.
Consult LTC Marketing for information on non-standard lead based finish parts.
For more information on lead free part marking, go to: http://www.linear.com/leadfree/
For more information on tape and reel specifications, go to: http://www.linearcom/tapeandreel/
3105fb
2 For more information www.linear.com/LTC3105 L’ TELHE:Q(%
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LTIC3105

ELGCT“ICHL CHHBHCTGBISTICS The @ denotes the specifications which apply over the full operating

junction temperature range, otherwise specifications are at Ty = 25°C (Note 2). Vayx = Vour = 3.3V, Vi po = 2.2V, Vjy = 0.6V, unless

otherwise noted.

PARAMETER | CONDITIONS MIN TYP MAX UNITS
Step-Up Converter
Input Operating Voltage 0.225 5 v
Input Start-Up Voltage (Note 5) 0.25 04 v
Ty=10°C to 85°C (Note 5) 0.36 \
Output Voltage Adjust Range 16 5.25 v
Feedback Voltage (FB Pin) 0.984 1.004 1.024 v
Vour lg in Operation Vg =1.10V 24 pA
Vour g in Shutdown SHDN = 0V 10 A
MPPC Pin Output Current Vwppe = 0.6V 9.72 10 10.28 pA
SHDN Input Logic High Voltage 1.1 v
SHDN Input Logic Low Voltage 0.3 v
N-Channel SW Pin Leakage Current Vin = Vsw = 5V, Vsron = 0V 1 10 PA
P-Channel SW Pin Leakage Current Vin = Vsw = 0V, Voyt = Vayx = 5.25V 1 10 pA
N-Channel On-Resistance: SW to GND 0.5 Q
P-Channel On-Resistance: SW to Voyr 0.5 Q
Peak Current Limit Veg = 0.90V, Vippg = 0.4V (Note 3) 04 0.5 A
Valley Current Limit Vig =0.90V, Viyepg = 0.4V (Note 3) 0.275 0.35 A
PGOOD Threshold (% of Feedback Voltage) Vour Falling 85 90 95 %
LDO Regulator
LDO Output Adjust Range External Feedback Network, Vayx > Vipo 1.4 5 \
LDO Output Voltage VegLpo = 0V 2.148 22 2.236 v
Feedback Voltage (FBLDO Pin) External Feedback Network 0.984 1.004  1.024 \
Load Regulation ILpo = 1mA to 6mA 0.40 %
Line Regulation Vaux = 2.5V to 5V 0.15 %
Dropout Voltage IL.po = 6mA, Vour = Vaux = 2.2V 105 mv
LDO Current Limit Vo 0.5V Below Regulation Voltage 6 12 mA
LDO Reverse-Blocking Leakage Current Vin = Vaux = Vout = 0V, Vsmon = 0V 1 pA

Note 1: Stresses beyond those listed under Absolute Maximum Ratings
may cause permanent damage to the device. Exposure to any Absolute
Maximum Rating condition for extended periods may affect device

reliability and lifetime.

Note 2: The LTC3105 is tested under pulsed load conditions such that
T, = Ta. The LTC3105E is guaranteed to meet specifications from

0°C to 85°C junction temperature. Specifications over the —40°C to 85°C
operating junction temperature range are assured by design, character-
ization and correlation with statistical process controls. Note that the
maximum ambient temperature consistent with these specifications is
determined by specific operating conditions in conjunction with board
layout, the rated package thermal impedance and other environmental

factors.

Note 3: Current measurements are performed when the LTC3105 is not
switching. The current limit values measured in operation will be somewhat
higher due to the propagation delay of the comparators.

Note 4: This IC includes over temperature protection that is intended

to protect the device during momentary overload conditions. Junction
temperature will exceed 125°C when overtemperature protection is active.
Continuous operation above the specified maximum operating junction
temperature may impair device reliability.
Note 5: The LTC3105 has been optimized for use with high impedance
power sources such as photovoltaic cells and thermoelectric generators.
The input start-up voltage is measured using an input voltage source with
a series resistance of approximately 200m< and MPPC enabled. Use of the

LTC3105 with lower resistance voltage sources or with MPPC disabled may
result in a higher input start-up voltage.

3105fb
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LTC3105

Tvplcnl PE“Fonmﬂnce CHHBHCTEBISTICS Ta=25°C, Vpyx = Vour = 3.3V, Vypg =2.2V,

Vin = 0.6V, unless otherwise noted.
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LTC3105
TYPICAL PERFORMANCE CHARACTERISTICS 1, =25°C, Vauy = Vour =33V, Vipg = 2.2V,

Vin = 0.6V, unless otherwise noted.

Exiting MPPC Control on Ipeak and lyay gy Current Limit
Input Voltage Step Change vs Temperature Efficiency vs Vjy
- 1.0
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LTC3105

PIN FUNCTIONS (orvmisor)

FB (Pin 1/Pin 1): Step-Up Converter Feedback Input.
Connect the Vgyr resistor divider tap to this input. The
output voltage can be adjusted between 1.6V and 5.25V.

LDO (Pin2/Pin2): LDO Regulator Output. Connecta4.7uF
or larger capacitor between LDO and GND.

FBLDO (Pin 3/Pin 3): LDO Feedback Input. Connect the
LDO resistive divider tab to this input. Alternatively, con-
necting FBLDO directly to GND will configure the LDO
output voltage to be internally set at 2.2V (nominal).

SHDN (Pin 4/Pin 4): Logic Controlled Shutdown Input.
With SHDN open, the converter is enabled by an internal
2MQ pull-up resistor. The SHDN pin should be driven with
anopen-drain or open-collector pull-down and floated until
the converter has entered normal operation. Excessive
loading onthis pin may cause a failure to complete start-up.

SHDN = Low: IC Disabled
SHDN = High: IC Enabled

MPPC (Pin 5/Pin 5): Set Point Input for Maximum
Power Point Control. Connect a resistor from MPPC to
GND to program the activation point for the MPPC loop.
To disable the MPPGC circuit, connect MPPC directly
to GND.

Vin (Pin 6/Pin 8): Input Supply. Connect a decoupling
capacitor between this pinand GND. The PCB trace length
from the V) pin to the decoupling capacitor should be as
short and wide as possible. When used with high imped-
ance sources such as photovoltaic cells, this pin should
have a 10pF or larger decoupling capacitor.

GND (Exposed Pad Pin 11/Pins 6, 7) : Small Signal and
Power Ground for the IC. The GND connections should be
soldered to the PCB ground using the lowest impedance
path possible.

SW (Pin7/Pin9): Switch Pin. Connectaninductor between
SW and V. PCB trace lengths should be as short as pos-
sible to reduce EMI. While the converter is sleeping or is
in shutdown, the internal antiringing switch connects the
SW pin to the Vyy pin in order to minimize EMI.

PGOOD (Pin 8/Pin 10): Power Good Indicator. This is an
open-drain output. The pull-down is disabled when Vgyr
has achieved the voltage defined by the feedback divider
on the FB pin. The pull-down is also disabled while the IC
is in shutdown or start-up mode.

Vour (Pin 9/Pin11): Step-Up Converter Output. Thisis the
drain connection of the main output internal synchronous
rectifier. A 10uF or larger capacitor must be connected
between this pin and GND. The PCB trace length from the
Vout pin to the output filter capacitor should be as short
and wide as possible.

AUX (Pin 10/Pin 12): Auxiliary Voltage. Connect a 1pF
capacitor between this pin and GND. This pin is used by
the start-up circuitry to generate a voltage rail to power
internal circuitry until the main output reaches regulation.
AUXand Vgyrareinternally connected together once Voyr
exceeds Vayx.

3105fb
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BLOCK DlﬂGﬂﬂm (Pin Numbers for DFN Package Only)
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LTC3105

OPERATION

Introduction

The LTC3105 isa unique, high performance, synchronous
boost converter that incorporates maximum power point
control, 250mV start-up capability and an integrated LDO
regulator. This part operates overavery wide range ofinput
voltages from 225mV to 5V. Its Burst Mode architecture
and low 24pA quiescent current optimize efficiency in low
power applications.

An integrated maximum power point controller allows for
operation directly from high impedance sources such as
photovoltaic cells by preventing the input power source
voltage from collapsing below the user programmable
MPPC threshold. Peak current limits are automatically
adjusted with proprietary techniques to maintain operation
at levels that maximize power extraction from the source.

The 250mV start-up voltage and 225mV minimum
operating voltage enable direct operation from a single
photovoltaic cell and other very low voltage, high series
impedance power sources such as TEGs and fuel cells.

Synchronous rectification provides high efficiency opera-
tion while eliminating the need for external Schottky diodes.
The LTC3105 provides output disconnect which prevents
large inrush currents during start-up. This is particularly
important for high internal resistance power sources like
photovoltaic cells and thermoelectric generators which
can become overloaded if inrush current is not limited
during start-up of the power converter. In addition, output
disconnect isolates Voyr from Viy while in shutdown.

Vin > Vgyr Operation

The LTC3105 includes the ability to seamlessly maintain
regulation if V;y becomes equal to or greater than Voyr.
With Viy greater than or equal to Vqyr, the synchro-
nous rectifiers are disabled which may result in reduced
efficiency.

Shutdown Control

The SHDN pin is an active low input that places the IC
into low current shutdown mode. This pinincorporates an
internal 2MQ pull-up resistor which enables the converter
if the SHDN pin is not controlled by an external circuit. The
SHDN pin should be allowed to float while the part is in

start-up mode. Once in normal operation, the SHDN pin
may be controlled using an open-drain or open-collector
pull-down. Other external loads on this pin should be
avoided, as they may result in the part failing to reach
regulation. In shutdown, the internal switch connecting
AUX and Vgyt is enabled.

When the SHDN pin is released, the LTC3105 is enabled
and begins switching after a short delay. When either Vi
or Vayx is above 1.4V, this delay will typically range be-
tween 20ps and 100ps. Refer to the Typical Performance
Characteristics section for more details.

Start-Up Mode Operation

The LTC3105 provides the capability to start with voltages
as low as 250mV. During start-up the AUX output initially
is charged with the synchronous rectifiers disabled. Once
Vaux has reached approximately 1.4V, the converter leaves
start-up mode and enters normal operation. Maximum
power pointcontrolis notenabled during start-up, however,
the currents are internally limited to sufficiently low levels
to allow start-up from weak input sources.

While the converteris in start-up mode, the internal switch
between AUX and Voyt remains disabled and the LDO
is disabled. Refer to Figure 1 for an example of a typical
start-up sequence.

The LTC3105 is optimized for use with high impedance
power sources such as photovoltaic cells. For operation
fromvery lowimpedance, low inputvoltage sources, it may
be necessary to add several hundred milliohms of series
input resistance to allow for proper low voltage start-up.

Normal Operation

When either Vy or Vayy is greater than 1.4V typical, the
converter will enter normal operation.

The converter continues charging the AUX output until
the LDO output enters regulation. Once the LDO output
is in regulation, the converter begins charging the Vour
pin. Vayx is maintained at a level sufficient to ensure the
LDO remains in regulation. If Vayx becomes higher than
required to maintain LDO regulation, charge is transferred
from the AUX output to the Vgyr output. If Vayy falls too
low, current is redirected to the AUX output instead of
being used to charge the Vgyr output. Once Voyr rises

3105fb
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OPERATION

INDUCTOR CURRENT

TIME

OUTPUT VOLTAGE

Vaux

=
<
|

Vioo Vour

/ TIME

Vour |
REGULATION
Vour = Vaux

LDO IN
REGULATION

Vour SYNCHRONOUS

START-UP MODE | NORMAL OPERATION

RECTIFIER ENABLED 3105 F01

Figure 1. Typical Converter Start-Up Sequence

above Vayy, an internal switch is enabled to connect the
two outputs together.

IfVyis greater than the voltage on the driven output (Vourt
or Vayy), or the driven output is less than 1.2V (typical),
the synchronous rectifiers are disabled. With the synchro-
nous rectifiers disabled, the converter operates in critical
conduction mode. In this mode, the N-channel MOSFET
between SW and GND is enabled and remains on until the
inductor current reaches the peak current limit. It is then
disabled and the inductor current discharges completely
before the cycle is repeated.

When the output voltage is greater than the input voltage
and greaterthan 1.2V, the synchronous rectifier is enabled.
In this mode, the N-channel MOSFET between SW and
GND is enabled until the inductor current reaches the peak
current limit. Once current limit is reached, the N-channel
MOSFET turns off and the P-channel MOSFET between SW
and the driven output is enabled. This switch remains on
until the inductor current drops below the valley current
limit and the cycle is repeated.

When Vgyr reaches the regulation point, the N- and P-
channel MOSFETs connected to the SW pin are disabled
and the converter enters sleep.

Auxiliary LDO

The integrated LDO provides a regulated 6mA rail to
power microcontrollers and external sensors. When the
input voltage is above the minimum of 225mV, the LDO is
powered from the AUX output allowing the LDO to attain
regulation while the main output is still charging. The LDO
has a 12mA current limit and an internal 1ms soft-start
to eliminate inrush currents. The LDO output voltage is
set by the FBLDO pin. If a resistor divider is connected
to this pin, the ratio of the resistors determines the LDO
output voltage. If the FBLDO pin is connected directly to
GND, the LDO will use a 2MQ internal divider network to
program a 2.2V nominal output voltage. The LDO should
be programmed for an output voltage less than the pro-
grammed Vour.

3105fb
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When the converter is placed in shutdown mode, the LDO
is forced into reverse-blocking mode with reverse current
limited to under 1pA. After the shutdown event has ended,
the LDO remains in reverse-blocking mode until Vayy has
risen above the LDO voltage.

MPPC Operation

The maximum power point control circuit allows the user
to set the optimal input voltage operating point for a given
power source. The MPPC circuit dynamically regulates
the average inductor current to prevent the input voltage
from dropping below the MPPC threshold. When Vyy is
greater than the MPPC voltage, the inductor current is
increased until Vyy is pulled down to the MPPC set point.
If V}y is less than the MPPC voltage, the inductor current
is reduced until V) rises to the MPPC set point.

Automatic Power Adjust

The LTC3105 incorporates a feature that maximizes ef-
ficiency at light load while providing increased power

capability at heavy load by adjusting the peak and valley
of the inductor current as a function of load. Lowering the
peak inductor current to 100mA at light load optimizes
efficiency by reducing conduction losses. As the load
increases, the peak inductor current is automatically in-
creased to a maximum of 500mA. At intermediate loads,
the peak inductor current can vary between 100mA to
500mA. This function is overridden by the MPPC function
and will only be observed when the power source can
deliver more power than the load requires.

PGOOD Operation

The power good output is used to indicate that Voyr is
in regulation. PGOQD is an open-drain output, and is
disabled in shutdown. PGOOD will indicate that power
is good at the beginning of the first sleep event after
the output voltage has risen above 90% of its regulation
value. PGOOD remains asserted until Vgyt drops below
90% of its regulation value at which point PGOOD will
pull low.

APPLICATIONS INFORMATION
Component Selection

Low DCR power inductors with values between 4.7uH
and 30pH are suitable for use with the LTC3105. For
most applications, a 10pH inductor is recommended. In
applications where the input voltage is very low, a larger
value inductor can provide higher efficiency and a lower
start-up voltage. In applications where the input voltage
is relatively high (Vjy > 0.8V), smaller inductors may be
used to provide a smaller overall footprint. In all cases,
the inductor must have low DCR and sufficient saturation
current rating. If the DC resistance of the inductor is too
high, efficiency will be reduced and the minimum operating
voltage will increase.

Inputcapacitor selectionis highlyimportantinlow voltage,
high source resistance systems. For general applications,
a 10pF ceramic capacitor is recommended between Vi
and GND. For highimpedance sources, the input capacitor

should be large enough to allow the converter to complete
start-up mode using the energy stored in the input ca-
pacitor. When using bulk input capacitors that have high
ESR, a small valued parallel ceramic capacitor should be
placed between Vyy and GND as close to the converter
pins as possible.

A 1pF ceramic capacitor should be connected between
AUX and GND. Larger capacitors should be avoided to
minimize start-up time. Alow ESR output capacitor should
be connected between Voyt and GND. The main output
capacitor should be 10pF or larger. The main output can
also be used to charge energy storage devices including
tantalum capacitors, supercapacitors and batteries. When
using output bulk storage devices with high ESR, a small
valued ceramic capacitor should be placed in parallel and
located as close to the converter pins as possible.

3105fb
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APPLICATIONS INFORMATION
Step-Up Converter Feedback Configuration

Aresistor divider connected between the Vgyrand FB pins
programs the step-up converter output voltage, as shown
in Figure 2. An optional 22pF feedforward capacitor, Crg1,
can be used to reduce output ripple and improve load
transient response. The equation for Voyr is:

R1

VOUT =1.004V ‘(E +1)

LDO Regulator Feedback Configuration

Two methods can be used to program the LDO output
voltage, as shown in Figure 3. A resistor divider connected
between the LDO and FBLDO pins can be used to program
the LDO output voltage. The equation for the LDO output
voltage is:

R3
Vipg=1.004Ve| — +1
LDO (R 4 + )
Alternatively, the FBLDO pin can be connected directly to

GND. In this configuration, the LDO is internally set to a
nominal 2.2V output.

''''' Vour

LTC3105
----- B

3108 F02

Figure 2. FB Configuration

LDO 2.2V —LDO

Sl T (T 1763105
FBLDO r FBLDO

3105 703

Figure 3. FBLDO Configuration

MPPC Threshold Configuration

The MPPC circuit controls the inductor current to main-
tain Vjy at the voltage on the MPPC pin. The MPPC pin
voltage is set by connecting a resistor between the MPPC
pin and GND, as shown in Figure 4. The MPPC voltage is
determined by the equation:

Vippc = 108A * Ryppg

In photovoltaic cell applications, a diode can be used to
set the MPPC threshold so that it tracks the cell voltage
over temperature, as shown in Figure 5. The diode should
be thermally coupled to the photovoltaic cell to ensure
proper tracking. A resistor placed in series with the diode
can be used to adjust the DC set point to better match
the maximum power point of a particular source if the
selected diode forward voltage is too low. If the diode is
located far from the converter inputs, a capacitor may be
required to filter noise that may couple onto the MPPC
pin, as shown in Figure 5. This method can be extended
to stacked cell sources through use of multiple series
connected diodes.

MPPC
10pA

Rmppc l

LTC3105

3105 F04

Figure 4. MPPC Configuration

MPPC

LTC3105

I
<

|<
2
E]

3105705

Figure 5. MPPC Configuration with Temperature Adjustment
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APPLICATIONS INFORMATION

Industrial Current Loops

The low 250mV start-up and low voltage operation of the GURRENT LOOP x 1 Vin
LTC3105 allow it to be supplied by power from a diode A AL Cw | (7c3i0s
placed in an industrial sensor current loop, as shown - T

in Figure 6. In this application, a large input capacitor | i |

is required due to the very low available supply current ! MPPC
(less than 4mA). The loop diode should be selected for a

3105706

minimum forward drop of 300mV. The MPPC pin voltage
should be set for a value approximately 50mV below the Figure 6. Current Loop Power Tap
minimum diode forward voltage.

TYPICAL APPLICATIONS
3.3V from a Single-Cell Photovoltaic Source with Temperature Tracking
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TYPICAL APPLICATIONS

3.3V from Multiple Stacked-Cell Photovoltaic with Source Temperature Tracking
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Thermoelectric Generator to 2.4V Super Capacitor Charger
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TYPICAL APPLICATIONS

Industrial Sensor 4mA to 20mA Current Loop Power Tap
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PACKAGE DESCRIPTION

Please refer to hitp://www.linear.com/product/LTC3105#packaging for the most recent package drawings.
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10-Lead Plastic DFN (3mm x 3mm)
(Reference LTC DWG # 05-08-1699 Rev C)
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PACKAGE DESCRIPTION

Please refer to http://www.linear.com/product/LTC3105#packaging for the most recent package drawings.

MS Package
12-Lead Plastic MSOP
(Reference LTC DWG # 05-08-1668 Rev A)
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REVISION HISTORY

REV | DATE |DESCRIPTION PAGE NUMBER
A 01/11 | Added (Note 5) notation to Input Start-Up Voltage conditions.

Added Note 5.

Updated Start-Up Mode Operation section.

B 11/15 | Vgyr range changed.

Changed GO9 curve.

Changed feedback description.

Changed Voyr range.

N oo B~ Wl w w
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TYPICAL APPLICATION

Single-Cell Powered Remote Wireless Sensor
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RELATED PARTS

PART NUMBER | DESCRIPTION COMMENTS

LTC3106 300mA Low Voltage Buck-Boost Gonverter with 300mV < Vjy < 5.1V; Selectable Output Voltages Primary or Rechargeable Backup
PowerPath™ and 1.6pA Quiescent Current Batteries, MPPC, 3mm x 4mm QFN-20, TSSOP-20E Packages, Solar and TEG

LTC3330 Dual Input Nanopower Buck-Boost DC/DC with 3V < Vi <19V for EH; 1.8V < V) < 5V for Battery Full-Wave Bridge Rectifier,

Energy Harvesting Battery Life Extender, Input
Prioritizer and Up to 50mA of Iyt

Super Cap Balancer 5mm x 5mm QFN-32, Solar and Vibration

LTC3331 Dual Input Nanopower Buck-Boost DC/DC with
Energy Harvesting 10mA Shunt Battery Charger
Input Prioritizer and Up to 50mA of lgyr

3V <V <19V for EH; 1.8V < V) < 4.2V for Battery Full-Wave Bridge Rectifier,
Super Cap Balancer Programmable Float Voltages, 5Smm x 5mm QFN-32, Solar
and Vibration

LTC3109 Auto-Polarity, Ultralow Voltage Step-Up Converter
and Power Manager

+0.03V < V) < £0.50V, Selectable Vot of 2.35V, 3.3V, 4.1V or 5V Uses Compact
Step-Up Transformers, Ig = 7pA; 4mm x 4mm QFN-20 SSOP-20 Packages, TEG
and Thermopiles

LTC3108/ Ultralow Voltage Step-Up Converter and Power
LTC3108-1 Manager

0.03V < V) < 0.50V, Selectable Voyr of 2.5V, 3V, 3.7V or 4.5V Uses Compact
Step-Up Transformers, lg = 7uA; 3mm x 4mm DFN-12 SSOP-16 Packages, TEG
and Thermopiles

LTC4070 Li-lon/Polymer Shunt Battery Charger System 450nA Ig; 1% Float Voltage Accuracy; 50mA Shunt Current 4.0V/4.1V/4.2V,
DFN-8 and MSOP-8E Packages
LTC4071 Li-lon/Polymer Shunt Battery Charger System with | 550nA Ig; 1% Float Voltage Accuracy; <10nA Low Battery Disconnect;

Low Battery Disconnect

4.0V/4.1V/4.2V; 8-Lead 2mm x 3mm DFN and MSOP Packages

LTC3588-1/ Piezoelectric Energy Harvesting Power Supply
LTC3588-2

< 1pA Ig in Regulation; 2.7V to 20V Input Range; Integrated Bridge Rectifier.
MSOP-10E and 3mm x 3mm DFN-10 Packages

3105fb

Linear Technology Corporation
1630 McCarthy Blvd., Milpitas, CA 95035-7417

LT 1115 REV B - PRINTED IN USA

TECHNOLOGY

(408)432-1900 © FAX: (408) 434-0507 ® www.linear.com/LTC3105 © LINEAR TECHNOLOGY CORPORATION 2010
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bq25504 Ultra Low-Power Boost Converter With Battery Management for Energy
Harvester Applications

1

Features
Ultra Low-Power With High-Efficiency DC-DC
Boost Converter/Charger

— Continuous Energy Harvesting From Low-Input
Sources: Viy 2 80 mV (Typical)

— Ultra-Low Quiescent Current: Iq < 330 nA
(Typical)

— Cold-Start Voltage: Viy = 330 mV (Typical)

Programmable Dynamic Maximum Power Point

Tracking (MPPT)

— Integrated Dynamic Maximum Power Point
Tracking for Optimal Energy Extraction From a
Variety of Energy Generation Sources

— Input Voltage Regulation Prevents Collapsing
Input Source

Energy Storage

— Energy Can be Stored to Rechargeable Li-ion

Batteries, Thin-film Batteries, Super-
Capacitors, or Conventional Capacitors

Battery Charging and Protection

— User Programmable Undervoltage and
Overvoltage Levels

— On-Chip Temperature Sensor With
Programmable Overtemperature Shutoff

Battery Status Output
— Battery Good Output Pin
— Programmable Threshold and Hysteresis

— Warn Attached Microcontrollers of Pending
Loss of Power

— Can be Used to Enable or Disable System
Loads

Applications

Energy Harvesting

Solar Chargers

Thermal Electric Generator (TEG) Harvesting
Wireless Sensor Networks (WSNs)

Industrial Monitoring

Environmental Monitoring

Bridge and Structural Health Monitoring (SHM)
Smart Building Controls

Portable and Wearable Health Devices
Entertainment System Remote Controls

3 Description

The bg25504 device is the first of a new family of
intelligent integrated energy harvesting nano-power
management solutions that are well suited for
meeting the special needs of ultra low power
applications. The device is specifically designed to
efficiently acquire and manage the microwatts (uW)
to miliwatts (mW) of power generated from a variety
of DC sources like photovoltaic (solar) or thermal
electric generators. The bg25504 is the first device of
its kind to implement a highly efficient boost
converter/charger targeted toward products and
systems, such as wireless sensor networks (WSNs)
which have stringent power and operational
demands. The design of the bg25504 starts with a
DC-DC boost converter/charger that requires only
microwatts of power to begin operating.

Once started, the boost converter/charger can
effectively extract power from low-voltage output
harvesters such as thermoelectric generators (TEGs)
or single- or dual-cell solar panels. The boost
converter can be started with V| as low as 330 mV,
and once started, can continue to harvest energy
down to V)y = 80 mV.

Device Information("
PACKAGE BODY SIZE (NOM)
VQFN (16) 3.00 mm x 3.00 mm

(1) For all available packages, see the orderable addendum at
the end of the datasheet.

PART NUMBER
bq25504

Solar Application Circuit

N oy DR T |

Com | Peflery SYSTEM
n VSTOR LOAD
Sclar o hﬂ v\ﬂ VM [.‘E]
- 'ZL

cell | rI‘ o Rt v
—{2Jwmnc wear o1 —— >
Roci |

Rokz

Roa

VBAT_OK

Chrer

Rocy F

An IMPORTANT NOTICE at the end of this data sheet addresses availability, warranty, changes, use in safety-critical applications,
intellectual property matters and other important disclaimers. PRODUCTION DATA.
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+ Added Cg 1g and Notes 1 and 2 to Figure 21 .
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5 Description (Continued)

The bg25504 also implements a programmable maximum power point tracking sampling network to optimize the
transfer of power into the device. Sampling the VIN_DC open-circuit voltage is programmed using external
resistors, and held with an external capacitor (Crgf)-

For example solar cells that operate at maximum power point (MPP) of 80% of their open-circuit voltage, the
resistor divider can be set to 80% of the VIN_DC voltage and the network will control the VIN_DC to operate
near that sampled reference voltage. Alternatively, an external reference voltage can be provide by a MCU to
produce a more complex MPPT algorithm.

The bg25504 was designed with the flexibility to support a variety of energy storage elements. The availability of
the sources from which harvesters extract their energy can often be sporadic or time-varying. Systems will
typically need some type of energy storage element, such as a rechargeable battery, super capacitor, or
conventional capacitor. The storage element ensures that constant power is available when needed for the
systems. The storage element also allows the system to handle any peak currents that cannot directly come from
the input source.

To prevent damage to a customer’s storage element, both maximum and minimum voltages are monitored
against the user programmed undervoltage (UV) and overvoltage (OV) levels.

To further assist users in the strict management of their energy budgets, the bg25504 toggles the battery good
flag to signal an attached microprocessor when the voltage on an energy storage battery or capacitor has
dropped below a preset critical level. This warning should trigger the shedding of load currents to prevent the
system from entering an undervoltage condition. The OV, UV, and battery good thresholds are programmed
independently.

All the capabilities of bq25504 are packed into a small-footprint, 16-lead, 3-mm x 3-mm VQFN package.

Copyright © 2011-2015, Texas Instruments Incorporated Submit Documentation Feedback 3
Product Folder Links: bq25504
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6 Pin Configuration and Functions

RGT Package
16 Pins
Top View

S CRERCNE
[BST VSTOR VBAT  VSS
1 |vss Avss |1

[=] [3]

2 |vin_pc VBAT_0K|1
bq25504

3 |voc_savp 0K7PR06|10

4 |VReF_samp 0K7HYST|E

T_PROG VI oV V VBAT UV
[s] {1 [7] o]

Pin Functions

PIN
{/[o] DESCRIPTION

NAME NO.

AVSS 12 Supply | Signal ground connection for the device
Inductor connection for the boost charger switching node. Connect a 22 uH inductor between this

LBST 18 Input | oin and pin 2 (VIN_DC).

OK HYST 9 Input Connect to the mid-point of external resistor divider between VRDIV and GND for setting the

= P VBAT_OK hysteresis threshold. If not used, connect this pin to GND.

Connect to the mid-point of external resistor divider between VRDIV and GND for setting the

OK_FROG 10 Input | VBAT OK threshold. If not used, connect this pin to GND.
Digital Programming input for IC overtemperature threshold. Connect to GND for 60 C threshold or

OT_PROG 2 Pt | YSTOR for 120 C threshold.

VBAT 14 /0 Connect a rechargeable storage element with at least 100 uF of equivalent capacitance to this pin.

VBAT OK 1 Output :Zf)lrg];gta:j:gctjput for battery good indicator. Internally referenced to the VSTOR voltage. Leave floating
Connect to the mid-point of external resistor divider between VRDIV and GND for setting the

VBAT_OV 5 Input VSTOR = VBAT overvoltage threshold.
Connect to the mid-point of external resistor divider between VRDIV and GND for setting the VBAT

VBAT_UV 8 Input undervoltage threshold. The PFET between VBAT and VSTOR opens if the voltage on VSTOR is
below this threshold.

VIN DC 2 Input DC voltage input from energy harvesters. Connect at least a 4.7 uF capacitor as close as possible

= P between this pin and pin 1.

Sampling pin for MPPT network. Connect to the mid-point of external resistor divider between

VOC_SAMP 3 Input VIN_DC and GND for setting the MPP threshold voltage which will be stored on the VREF_SAMP
pin. To disable the MPPT sampling circuit, connect to VSTOR.

VRDIV 7 Output | Resistor divider biasing voltage.
Connect a 0.01 pF low leakage capacitor from this pin to GND to store the voltage to which VIN_DC

VREF SAMP 4 Inout will be regulated. This voltage is provided by the MPPT sample circuit. When MPPT is disabled,

= P either use an external voltage source to provide this voltage or tie this pin to GND to disable input

voltage regulation (i.e. operate from a low impedance power supply).

VSS 1 Input General ground connection for the device

VSS 13 Supply | General ground connection for the device
Connection for the output of the boost charger, which is typically connected to the system load.

VSTOR 15 Output | Connect at least a 4.7 pF capacitor in parallel with a 0.1 pF capacitor as close as possible to
between this pin and pin 1 (VSS).

4 Submit Documentation Feedback Copyright © 2011-2015, Texas Instruments Incorporated
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7 Specifications
7.1 Absolute Maximum Ratings‘"
over operating free-air temperature range (unless otherwise noted)

MIN MAX UNIT
Input voltage VIN_DC, VOC_SAMP, VREF_SAMP, VBAT_OV, VBAT_UV, VRDIV, 0.3 5.5 4
Peak Input Power, Py px | OK_HYST, OK_PROG, VBAT_OK, VBAT, VSTOR, LBST® 200 mw
Operating junction temperature range, T, —40 125 °C

(1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings
only and functional operation of the device at these or any other conditions beyond those indicated under Recommended Operating
Conditions is not implied. Exposure to absolute—-maximum-rated conditions for extended periods may affect device reliability.

(2) All voltage values are with respect to Vgg/ground terminal.

7.2 Handling Ratings

MIN MAX UNIT
Tsig Storage temperature range —65 150 °C
Human body model (HBM), per ANSI/ESDA/JEDEC JS-001, all 2 KV
o pins
Vesp) | Electrostatic discharge - —
Charged device model gCDM), per JEDEC specification 500 v
JESD22-C101, all pins®

(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.

7.3 Recommended Operating Conditions

MIN NOM MAX| UNIT

Vin oc) DC input voltage into VIN_DC" 0.13 3 %

VBAT Battery voltage range ® 25 5.25 \

Chvr Input capacitance 4.23 47 517 uF
Cstor Storage capacitance 4.23 47 517 uF
Cgat Battery pin capacitance or equivalent battery capacity 100 uF
CRrer Sampled reference storage capacitance 9 10 11 nF
Roci + Rocz Total resistance for setting for MPPT reference. 18 20 22 MQ
Rok1 + Rok2 + Roks Total resistance for setting reference voltage. 9 10 11 MQ
Ruyv1 + Ruva Total resistance for setting reference voltage. 9 10 1 MQ
Rov1 + Rovz Total resistance for setting reference voltage. 9 10 1 MQ
Lgst Input inductance 19.8 22 242 HH
Ta Operating free air ambient temperature —40 85 °C
Ty Operating junction temperature —40 105 °C

(1) Maximum input power < 300 mW. Cold start has been completed
(2) VBAT_OV setting must be higher than VIN_DC

7.4 Thermal Information

bg25504
THERMAL METRIC(") QFN UNIT

16 PINS

ReJa Junction-to-ambient thermal resistance 48.5

ReJc(top) Junction-to-case (top) thermal resistance 63.9

ReJs Junction-to-board thermal resistance 22 W

Wt Junction-to-top characterization parameter 1.8

Wie Junction-to-board characterization parameter 22

ReJcibot) Junction-to-case (bottom) thermal resistance 6.5

(1) For more information about traditional and new thermal metrics, see the /IC Package Thermal Metrics application report, SPRA953.

Copyright © 2011-2015, Texas Instruments Incorporated Submit Documentation Feedback 5
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7.5 Electrical Characteristics

Over recommended temperature range, typical values are at T, = 25°C. Unless otherwise noted, specifications apply for
conditions of VIN_DC = 1.2V, VBAT = VSTOR = 3V. External components Lggt = 22 pH, Cyyg = 4.7 UF Cgror= 4.7 YF.

PARAMETER [ TEST CONDITIONS [ MIN TYP max [ uNIT
BOOST CONVERTER \ CHARGER STAGE
Vinoc) DC input voltage into VIN_DC Cold-start completed 130 3000 mvV
Inioc) Peak Current flowing from V,y into VIN_DC input 0.5V<Vy<3V,;VSTOR=42V 200 300 mA
P Input power range for normal charging VBAT > VIN_DC; VIN.DC = 0.5V 0.01 300 mw
Cold-start Voltage. Input voltage that will start charging of | VBAT < VBAT_UV; VSTOR =0 V;
Vines) VSTOR 0°C < Ty < 85°C 30 4501 my
VBAT < VSTOR chaen)
Pines) Minimum cold-start input power to start normal charging | VIN_DC clamped to VIN_CS by cold start circuit 15 w
VBAT = 100 pF ceramic
Voltage on VSTOR when cold start operation ends and
Vsron_cHeen normal charger operation begins 1.8 17 185 v
Rt :Resmance of switch between VBAT and VSTOR when VBAT = 4.2 V; VSTOR load = 50 mA 2 Q
urned on.
VBAT =2.1V 2
Charger Low Side switch ON resistance o]
i VBAT =42V 2
o VBAT =21V 5
Charger rectifier High Side switch ON Q
VBAT =42V 5
fsw ast Boost converter mode switching frequency 1 MHz
BATTERY MANAGEMENT
VBAT =2.1 V; VBAT_UV =23V, T;=25°C 1 5 nA
VSTOR=0V
! Leakage on VBAT pin
i g B VBAT = 2.1 V; VBAT_UV = 23V, sl R
—-40°C < T, < 65°C, VSTOR =0 V
3 7 VIN_DC = 0V;
g:ﬁ:’smeswm current Charger Shutdown in UV VBAT < VBAT UV = 2.4V; 330 750 A
| VSTOR = 2.2V, No load on VBAT
vstor
. . VIN_DC =0V,
Xg:é)igtmoulescem current Charger Shutdown in OV VBAT > VBAT OV, VSTOR = 4.25, 570 1400 A
No load on VBAT
Programmable voltage range for overvoltage threshold . .
Veat ov (Battery voltage is rising) VSTOR increasing 25 5.25 A
Battery voltage overvoltage hysteresis threshold (Battery i
Vear_ov st voltage is falling), internal threshold VSIOR decreasing 8 2 89 my
Programmable voltage range for under voltage threshold o
Veat wv (Battery voltage is falling) VSTOR decreasing; VBAT_UV > Vgjas 22 VBAT_OV \2
Vet uy st Battery under voltage threshold hysteresis, internal VSTOR increasing 40 80 125 mv
] thershold
Programmable voltage range for threshold voltage for
Vear_ok high to low transition of digital signal indicating battery is | VSTOR decreasing VBAT_UV VBAT_OV A
Programmable voltage range for threshold voltage for low . " VBAT_OV-
Vear_ok st to high transition of digital signal indicating battery is OK, VSTOR Inereasing 50 VBAT_UV my
Veat Accuracy Overall Accuracy for threshold values, UV, OV, VBAT_OK | Selected resistors are 0.1% tolerance 5% 5%
" VSTOR-
VBat okH VBAT OK (High) threshold voltage Load = 10 pA 200mV \
Vear ok VBAT OK (Low) threshold voltage Load = 10 pA 100 mv
TSD_PROTL The temperature at which the boost converter is disabled | OT_Prog = LO 65
and the switch between VBAT and VSTOR is °C
TSD_PROTH disconnected to protect the battery OT_Prog = HI 120
Voltage for OT_PROG High setting 2 \
OT_Prog
Voltage for OT_PROG Low setting 0.3 A
BIAS and MPPT CONTROL STAGE
VOC_sample Sampling period of VIN_DC open circuit voltage 16 s
VOC_Settling Sampling period of VIN_DC open circuit voltage 256 ms
VIN_Reg Regulation of VIN_DC during charging 0.5V <Vy<3V;ly(DC)=10mA -10% 10%
VIN_shutoff DC input voltage into VIN_DC when charger is turned off 40 80 130 mV
MPPT Disable  Threshold on VOG_SAMP to disable MPPT functionality VSTOR v
Voltage node which is used as reference for the s
VBIAS programmable voltage thresholds VIN_DC 2 0.5V; VSTOR 2 1.8 V 1.21 1.25 1.27 v
6 Submit Documentation Feedback Copyright © 20112015, Texas Instruments Incorporated
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7.6 Typical Characteristics

VSTOR = Keithley Sourcemeter configured to measure current & voltage source set to hold the VSTOR voltage = 1.8V, 3.0V
or 5.5V; VBAT_OV = 5.5V and measurement taken between MPPT measurements

100
90
80
70
60
50
40
30
20
10
0
-10

Iy = 10pA

Efficiency (%)

— VSTOR=1.8V
—— VSTOR =3V
—— VSTOR =5.5V

0 02040608 1 12141618 2 22242628 3
Input Voltage (V) Gt

VIN_DC = Keithley Source Meter configured with Igoyp = 10 A
and outputting 0 to 3.0 V

Figure 1. Efficiency vs Input Voltage
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Iy = 100pA
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— VSTOR=33V
—— VSTOR=18V
—— VSTOR=5.5V

0
0 02040608 1 12141618 2 22242628 3
Input Voltage (V) o

VIN_DC = Keithley Source Meter configured with Icomp = 100 HA
and voltage source varied from 0.1 V to 3.0 V

Figure 2. Efficiency vs Input Voltage
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—— VSTOR=1.8V
—— VSTOR =5.5V

30

20
0 02040608 1 12141618 2 22242628 3
Input Voltage (V) a0

VIN_DC = Keithley Source Meter configured with Igomp = 10 mA
and voltage source varied from 0.1 V to 3.0 V

Figure 3. Efficiency vs Input Voltage
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VIN_DC = Keithley Source Meter configured with voltage source =
2.0 V and Igomp varied from 0.01 mA to 100 mA

Figure 4. Efficiency vs Input Current
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VIN_DC = Keithley Source Meter configured with voltage source =
1.0 V and Igomp varied from 0.01 mA to 100 mA
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Figure 5. Efficiency vs Input Current
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VIN_DC = Keithley Source Meter configured with voltage source =
0.5V and Igomp varied from 0.01 mA to 100 mA

Figure 6. Efficiency vs Input Current
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Typical Characteristics (continued)

VSTOR = Keithley Sourcemeter configured to measure current & voltage source set to hold the VSTOR voltage = 1.8V, 3.0V
or 5.5V; VBAT_OV = 5.5V and measurement taken between MPPT measurements

80 1000
Viy=0.2V 000
70 & /
<
700
< 60 £
< S 600
3 £
g 5o 3 500 —
5 =t
o
5 § 400 /
4
0 @ 300
— VSTOR =3V 200 —— VSTOR=1.8V
30 — VSTOR=3V
—— VSTOR=1.8V 100 = N eTOR gl
—— VSTOR=5.5V a =
20 60 -40 -
0.01 01 ] T 100 60 -40 -20 0 20 40 60 80 100 120

Input Current (mA) . Temperature (°C) o

VIN_DC = Keithley Source Meter configured with voltage source = VIN_DC= floatlng X

0.2 V and lgomp varied from 0.01 mA to 100 mA VBAT = Keithley Sourcemeter configured to measure current and
VSTOR = Keithley Source Meter configured to measure current voltage source varied from 1.8 V, 3 Vor 4 V

and voltage source set to hold the VSTOR voltage = 2.0 V, 3.0 V

or55V
Figure 7. Efficiency vs Input Current Figure 8. VSTOR Quiescent Current vs Temperature
24 400
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20
@ 18 Z 300
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Temperature (°C) e Temperature (°C) —_—
Figure 9. Sample Period vs Temperature Figure 10. Settling Period vs Temperature
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8 Detailed Description

8.1 Overview

The bg25504 is the first of a new family of intelligent integrated energy harvesting Nano-Power management
solutions that are well suited for meeting the special needs of ultra low power applications. The product is
specifically designed to efficiently acquire and manage the microwatts (uW) to miliwatts (mW) of power
generated from a variety of DC sources like photovoltaic (solar) or thermal electric generators (TEGs). The
bg25504 is a highly efficient boost charger targeted toward products and systems, such as wireless sensor
networks (WSN) which have stringent power and operational demands. The design of the bq25504 starts with a
DCDC boost charger that requires only microwatts of power to begin operating.

Once the VSTOR voltage is above VSTOR_CHGEN (1.8V typical), for example, after a partially discharged
battery is attached to VBAT, the boost charger can effectively extract power from low voltage output harvesters
such as TEGs or single or dual cell solar panels outputing voltages down to VIN(DC) (130mV minimum). When
starting from VSTOR=VBAT < 100mV, the cold start circuit needs at least VIN(CS), 330 mV typical, to charge
VSTOR up to 1.8V.

The bg25504 implements a programmable maximum power point tracking (MPPT) sampling network to optimize
the transfer of power into the device. Sampling of the VIN_DC open circuit voltage is programmed using external
resistors, and that sample voltage is held with an external capacitor connected to the VREF_SAMP pin.

For example solar cells that operate at maximum power point (MPP) of 80% of their open circuit voltage, the
resistor divider can be set to 80% of the VIN_DC voltage and the network will control the VIN_DC to operate
near that sampled reference voltage. Alternatively, an external reference voltage can be applied directly to the
VREF_SAMP pin by a MCU to implement a more complex MPPT algorithm.

The bg25504 was designed with the flexibility to support a variety of energy storage elements. The availability of
the sources from which harvesters extract their energy can often be sporadic or time-varying. Systems will
typically need some type of energy storage element, such as a re-chargeable battery, super capacitor, or
conventional capacitor. The storage element will make certain constant power is available when needed for the
systems. The storage element also allows the system to handle any peak currents that can not directly come
from the input source. To prevent damage to the storage element, both maximum and minimum voltages are
monitored against the user programmable undervoltage (VBAT_UV) and overvoltage (VBAT_QOV) levels.

To further assist users in the strict management of their energy budgets, the bg25504 toggles the battery good
flag to signal an attached microprocessor when the voltage on an energy storage battery or capacitor has
dropped below a pre-set critical level. This should trigger the shedding of load currents to prevent the system
from entering an undervoltage condition. The OV and battery good (VBAT_OK) thresholds are programmed
independently.
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8.2 Functional Block Diagram
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8.3 Feature Description

8.3.1 Maximum Power Point Tracking

Maximum power point tracking (MPPT) is implemented in order to maximize the power extracted from an energy
harvester source. The boost converter indirectly modulates the input impedance of the main boost charger by
regulating the charger's input voltage, as sensed by the VIN_DC pin, to the sampled reference voltage stored on
the VREF_SAMP pin. The MPPT circuit obtains a new reference voltage every 16 s (typical) by periodically
disabling the charger for 256 ms (typical) and sampling a fraction of the harvester's open-circuit voltage (VOC).
For solar harvesters, the maximum power point is typically 70%-80% of VOC and for thermoelectric harvesters,
the MPPT is typically 50%. The exact ratio for MPPT can be optimized to meet the needs of the input source
being used by connecting external resistors Rogy and Roge between VIN_DC and GND with mid-point at
VOC_SAMP.

VREF_SAMP = V|N_DC(0penCircuit)[%]
oc1 * Roce

Spreadsheet SLUC484 provides help on sizing and selecting the resistors.
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Feature Description (continued)

The internal MPPT circuitry and the periodic sampling of VIN_DC can be disabled by tying the VOC_SAMP pin
to VSTOR. An external reference voltage can be fed to the VREF_SAMP pin. The boost converter will then
regulate VIN_DC to the externally provided reference. If input regulation is not desired (i.e. the input source is a
low-impedance output battery or power supply instead of a high impedance output energy harvester),
VREF_SAMP can be tied to GND.

8.3.2 Battery Undervoltage Protection

To prevent rechargeable batteries from being deeply discharged and damaged, and to prevent completely
depleting charge from a capacitive storage element, the undervoltage (VBAT_UV) threshold must be set using
external resistors. The VBAT_UV threshold voltage when the battery voltage is decreasing is given by
Equation 2:

VBAT_UV = VBIAS[I + MJ
uv1

()

The sum of the resistors is recommended to be no higher than 10 MQ that is, Ryys + Ryye = 10 MQ.
Spreadsheet SLURAQ1 provides help on sizing and selecting the resistors.

The undervoltage threshold when the battery voltage is increasing is VBAT_UV plus an internal hysteresis
voltage denoted by VBAT_UV_HYST. For the VBAT_UV feature to function properly, the load must be
connected to the VSTOR pin while the storage element should be connected to the VBAT pin. Once the VSTOR
pin voltage goes above VBAT_UV plus VBAT_UV_HYST threshold, the VSTOR pin and the VBAT pins are
effectively shorted through an internal PMOS FET. The switch remains closed until the VSTOR pin voltage falls
below the VBAT_UV threshold. The VBAT_UV threshold should be considered a fail safe to the system. The
system load should be removed or reduced based on the VBAT_OK threshold which should be set above the
VBAT_UV threshold.

8.3.3 Battery Overvoltage Protection

To prevent rechargeable batteries from being exposed to excessive charging voltages and to prevent over

charging a capacitive storage element, the over-voltage (VBAT_QOV) threshold level must be set using external

resistors. This is also the voltage value to which the charger will regulate the VSTOR/VBAT pin when the input
has sufficient power. The VBAT_OV threshold when the battery voltage is rising is given by Equation 3:

VBAT OV = ivslAs[1 + M]

2 ov1 (3)

The sum of the resistors is recommended to be no higher 10 MQ that is, Roys + Rov2 = 10 MQ. Spreadsheet
SLURAQ?1 provides help with sizing and selecting the resistors.

The overvoltage threshold when the battery voltage is decreasing is given by VBAT_OV - VBAT_OV_HYST.
Once the voltage at the battery reaches the VBAT_OV threshold, the boost converter is disabled. The charger
will start again once the battery voltage drop by VBAT_OV_HYST. When there is excessive input energy, the
VBAT pin voltage will ripple between the VBAT_OV and the VBAT_QOV - VBAT_OV_HYST levels.

CAUTION

If VIN_DC is higher than VSTOR and VSTOR is higher than VBAT_OV, the input
VIN_DC is pulled to ground through a small resistance to stop further charging of the
attached battery or capacitor. It is critical that if this case is expected, the impedance of
the source attached to VIN_DC be higher than 20 Q and not a low impedance source.

8.3.4 Battery Voltage in Operating Range (VBAT_OK Output)

The IC allows the user to set a programmable voltage independent of the overvoltage and undervoltage settings
to indicate whether the VSTOR voltage (and therefore the VBAT voltage when the PFET between the two pins is
turned on) is at an acceptable level. When the battery voltage is decreasing the threshold is set by Equation 4:

Copyright © 20112015, Texas Instruments Incorporated Submit Documentation Feedback 11
Product Folder Links: bq25504

205



Appendix

13 TEXAS
INSTRUMENTS
bq25504
SLUSAHOC —OCTOBER 2011—REVISED JUNE 2015 www.ti.com

Feature Description (continued)

VBAT_OK_PROG = VBlAS[l + R’O_w]
OK1

When the battery voltage is increasing, the threshold is set by Equation 5:

VBAT_OK_HYST = VBIAS(I + M]
Rok1

(©)]

The sum of the resistors are recommended to be approximately 10 MQ i.e., Roki + Rok2 + Roks= 10 MQ.
Spreadsheet SLURAQ1 provides help on sizing and selecting the resistors.

The logic high level of this signal is equal to the VSTOR voltage and the logic low level is ground. The logic high
level has ~20 KQ internally in series to limit the available current to prevent MCU damage until it is fully powered.
The VBAT_OK_PROG threshold must be greater than or equal to the UV threshold. Figure 11 shows the relative
position of the various threshold voltages.

Increasing
VSTOR voltage VSTOR(ABS MAX) = 5.5V
A
Charging stops to

= prevent —1— VBAT_OV = resistor programmable —g
S overcharge 3
\\O_ . | Charger resumes 3
a VBAT_OV + internal VBAT_OV_HYST charging g
A Signal to turn on ®
system load on VBAT_OK_HYST = resistor programmable ;‘

S VSTOR Signal to turn off =

< VBAT_OK = resistor programmable —}— system load on )

= VBAT connected VSTOR ¥

]
g |t|° V5Th°R to VBAT_UV + internal VBAT_UV_HYST VBAT disconnected 2
> EERMICRIE R ) from VSTOR to >
g VBAT_UV = resistor programmable prevent overdischarge a
< o 2
Main Boost Charger on - . F Cold Start Circuit on
(if VIN_DC > 130mV) VSTOR_CHGEN = 1.8V typical —|— (if VIN_DC > 330 mV)
A 4
Decreasing

GND
VSTOR voltage

Figure 11. Summary of VSTOR Threshold Voltages

8.3.5 Nano-Power Management and Efficiency

The high efficiency of the bg25504 charger is achieved via the proprietary Nano-Power management circuitry
and algorithm. This feature essentially samples and holds the VSTOR voltage in order to reduce the average
quiescent current. That is, the internal circuitry is only active for a short period of time and then off for the
remaining period of time at the lowest feasible duty cycle. A portion of this feature can be observed in Figure 19
where the VRDIV node is monitored. Here the VRDIV node provides a connection to the VSTOR voltage (first
pulse) and then generates the reference levels for the VBAT_OV and VBAT_OK resistor dividers for a short
period of time. The divided down values at each pin arecompared against VBIAS as part of the hysteretic control.
Since this biases a resistor string, the current through these resistors is only active when the Nano-Power
management circuitry makes the connection—hence reducing the overall quiescent current due to the resistors.
This process repeats every 64 ms.

The bg25504's boost charger efficiency is shown for various input power levels in Figure 1 through Figure 7. All
data points were captured by averaging the overall input current. This must be done due to the periodic biasing
scheme implemented via the Nano-Power management circuitry. In order to properly measure the resulting input
current when calculating the output to input efficiency, the input current efficiency data was gathered using a
source meter set to average over at least 50 samples. Quiescent current curves into VSTOR over temperature
and voltage is shown at Figure 8.
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8.4 Device Functional Modes

The bg25504 has three functional modes: cold-start operation, main boost charger enabled and thermal
shutdown. The cold start circuitry is powered from VIN_DC. The main boost charger circuitry is powered from
VSTOR while the boost power stage is powered from VIN_DC. Details of entering and exiting each mode are
explained below.

8.4.1 Cold-Start Operation (VSTOR < VSTOR_CHGEN, VIN_DC > VIN(CS) and PIN > PIN(CS))

Whenever VSTOR < VSTOR_CHGEN, VIN_DC 2 VIN(CS) and PIN > PIN(CS), the cold-start circuit is on. This
could happen when there is not input power at VIN_DC to prevent the load from discharging the battery or during
a large load transient on VSTOR. During cold start, the voltage at VIN_DC is clamped to VIN(CS) so the energy
harvester's output current is critical to providing sufficient cold start input power, PIN(CS) = VIN(CS) X IIN(CS).
The cold-start circuit is essentially an unregulated, hysteretic boost converter with lower efficiency compared to
the main boost charger. None of the other features function during cold start operation. The cold start circuit's
goal is to charge VSTOR higher than VSTOR_CHGEN so that the main boost charger can operate. When a
depleted storage element is initially attached to VBAT, as shown in Figure 12 and the harvester can provide a
voltage > VIN(CS) and total power at least > PIN(CS), assuming minimal system load or leakage at VSTOR and
VBAT, the cold start circuit can charge VSTOR above VSTOR_CHGEN. Once the VSTOR voltage reaches the
VSTOR_CHGEN threshold, the IC

1. first performs an initialization pulse on VRDIV to reset the feedback voltages,

2. then disables the charger for 32 ms (typical) to allow the VIN_DC voltage to rise to the harvester's open-
circuit voltage which will be used as the input voltage regulation reference voltage until the next MPPT
sampling cycle and

3. lastly performs its first feedback sampling using VRDIV, approximately 64 ms after the initialization pulse.

5.5V
VBAT OV BOOST CHARGER OFF
; VSTOR
S VBAT_OK_HYST MAIN BOOST
o CHARGER
S VBAT_OK ON
= VBAT_UV VBAT
VSTOR
VSTOR_CHGEN N
COLD START ON
oV s

>
»

VIN_DC > 330mV time

Figure 12. Charger Operation After a Depleted Storage Element is Attached and Harvester is Available

The energy harvester must supply sufficient power for the IC to exit cold start. Due to the body diode of the
PFET connecting VSTOR and VBAT, the cold start circuit must charge both the capacitor on CSTOR up to the
VSTOR_CHGEN and the storage element connected to VBAT up to VSTOR_CHGEN less a diode drop. When a
rechargeable battery with an open protector is attached, the intial charge time is typically short due to the
minimum charge needed to close the battery's protector FETs. When large, discharged super capacitors with
high DC leakage currents are attached, the intial charge time can be signficant.
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Device Functional Modes (continued)

When the VSTOR voltage reaches VSTOR_CHGEN, the main boost charger starts up. When the VSTOR
voltage rises to the VBAT_UV threshold, the PMOS switch between VSTOR and VBAT turns on, which provides
additional loading on VSTOR and could result in the VSTOR voltage dropping below both the VBAT_UV
threshold and the VSTOR_CHGEN voltage, especially if system loads on VSTOR or VBAT are active during this
time. Therefore, it is not uncommon for the VSTOR voltage waveform to have incremental pulses (i.e. stair steps)
as the IC cycles between cold-start and main boost charger operation before eventually maintaing VSTOR above
VSTOR_CHGEN.

The cold start circuit initially clamps VIN_DC to VIN(CS) = 330 mV typical. If sufficient input power (i.e.,output
current from the harvester clamped to VIN(CS)) is not available, it is possible that the cold start circuit cannot
raise the VSTOR voltage above VSTOR_CHGEN in order for the main boost conveter to start up. It is highly
recommended to add an external PFET between the system load and VSTOR. An inverted VBAT_OK signal can
be used to drive the gate of this system-isolating, external PFET. See the Power Supply Recommendations
section for guidance on minimum input power requirements.

8.4.2 Main Boost Charger Enabled (VSTOR > VSTOR_CHGEN, VIN_DC > VIN(DC) and EN = LOW )
One way to avoid cold start is to attach a partially charged storage element as shown in Figure 13.

5.5V =
VBAT OV BOOST CHARGER OFF KR
VSTOR=VBAT_SEC

2 VBAT_OK_HYST
P =R MAIN BOOST
8o BAT OK CHARGER
35 - ON
>

VBAT_UV /BAT_OK

ov >
time

Attach Storage Element

Figure 13. Charger Operation after a Partially Charged Storage Element
is Attached and Harvester Power is Available

When no input source is attached, the VSTOR node should be discharged to ground before attaching a storage
element. Hot-plugging a storage element that is charged (e.g., the battery protector PFET is closed) and with the
VSTOR node more than 100 mV above ground results in the PFET between VSTOR and VBAT remaining off
until an input source is attached.

Assuming the voltages on VSTOR and VBAT are both below 100mV, when a charged storage element is
attached (i.e. hot-plugged) to VBAT, the IC.

1. first turns on the internal PFET between the VSTOR and VBAT pins for tgar not pLuc (45ms) in order to
charge VSTOR to VSTOR_CHGEN then turns off the PFET to prevent the battery from overdischarge,

2. then performs an initialization pulse on VRDIV to reset the feedback voltages,

3. then disables the charger for 32 ms (typical) to allow the VIN_DC voltage to rise to the harvester's open-
circuit voltage which will be used as the input voltage regulation reference voltage until the next MPPT
sampling cycle and

4. lastly performs its first feedback sampling using VRDIV, approximately 64 ms after the initialization pulse.
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Device Functional Modes (continued)

If the VSTOR pin voltage remains above the internal under voltage threshold (VBAT_UV) for the additional 64 ms
after the VRDIV initialization pulse (following the 45-ms PFET on time), the internal PFET turns back on and the
main boost charger begins to charge the storage element assuming there is sufficient power available from the
harvester at the VIN_DC pin. If VSTOR does not reach the VBAT_UV threshold, then the PFET remains off until
the main boost charger can raise the VSTOR voltage to VBAT_UV. If a system load tied to VSTOR discharges
VSTOR below VSTOR_GEN or below VBAT_UV during the 32 ms initial MPPT reference voltage measurement
or within 110 ms after hot plug, it is recommended to add an external PFET between the system load and
VSTOR. An inverted VBAT_OK signal can be used to drive the gate of this system-isolating, external PFET.
Otherwise, the VSTOR voltage waveform will have incremental pulses as the IC turns on and off the internal
PFET controlled by VBAT_UV or cycles between cold-start and main boost charger operation.

Once VSTOR is above VSTOR_CHGEN, the main boost charger employs pulse frequency modulation (PFM)
mode of control to regulate the voltage at VIN_DC close to the desired reference voltage. The reference voltage
is set by the MPPT control scheme as described in the features section. Input voltage regulation is obtained by
transferring charge from the input to VSTOR only when the input voltage is higher than the voltage on pin
VREF_SAMP. The current through the inductor is controlled through internal current sense circuitry. The peak
current in the inductor is dithered internally to up to three pre-determined levels in order to maintain high
efficiency of the charger across a wide input current range. The charger transfers up to a maximum of 100 mA
average input current (230mA typical peak inductor current). The boost charger is disabled when the voltage on
VSTOR reaches the user set VBAT_OV threshold to protect the battery connected at VBAT from overcharging.
In order for the battery to charge to VBAT_OV, the input power must exceed the power needed for the load on
VSTOR. See the Power Supply Recommendations section for guidance on minimum input power requirements.

Steady state operation for the boost charger is shown in Figure 16. These plots highlight the inductor current, the
VSTOR voltage ripple, input voltage regulation and the LBOOST switching node. The cycle-by-cycle minor
switching frequency is a function of the boost converter's inductor value, peak current limit and voltage levels on
each side of each inductor. Once the VSTOR capacitor, CSTOR, droops below a minimum value, the hysteretic
switching repeats.

CAUTION

If VIN_DC is higher than VSTOR and VSTOR is higher than VBAT_OV, the input
VIN_DC is pulled to ground through a small resistance to stop further charging of the
attached battery or capacitor. It is critical that if this case is expected, the impedance of
the source attached to VIN_DC be higher than 20 Q and not a low impedance source.

8.4.3 Thermal Shutdown

Rechargeable Li-ion batteries need protection from damage due to operation at elevated temperatures. The
application should provide this battery protection and ensure that the ambient temperature is never elevated
greater than the expected operational range of 85°C.

The bg25504 uses an integrated temperature sensor to monitor the junction temperature of the device. If the
OT_PROG pin is tied low, then the temperature threshold for thermal protection is set to TSD_ProtL which is
65°C typically. If the OT_PROG is tied high, then the temperature is set to TSD_ProtH which is 120°C typically.
Once the temperature threshold is exceeded, the boost converter/charger is disabled and charging ceases. Once
the temperature of the device drops below this threshold, the boost converter and or charger can resume
operation. To avoid unstable operation near the overtemp threshold, a built-in hysteresis of approximately 5°C
has been implemented. Care should be taken to not over discharge the battery in this condition since the boost
converter/charger is disabled. However, if the supply voltage drops to the VBAT_UV setting, then the switch
between VBAT and VSTOR will open and protect the battery even if the device is in thermal shutdown.

Copyright © 20112015, Texas Instruments Incorporated Submit Documentation Feedback 15
Product Folder Links: bq25504

209



Appendix

13 TEXAS
INSTRUMENTS
bq25504
SLUSAHOC —OCTOBER 2011—REVISED JUNE 2015 www.ti.com

9 Application and Implementation

NOTE
Information in the following applications sections is not part of the Tl component
specification, and Tl does not warrant its accuracy or completeness. TI’s customers are
responsible for determining suitability of components for their purposes. Customers should
validate and test their design implementation to confirm system functionality.

9.1 Application Information

9.1.1 Storage Element Selection

In order for the charge management circuitry to protect the storage element from over-charging or discharging,
the storage element must be connected to VBAT pin and the system load tied to the VSTOR pin. Many types of
elements can be used, such as capacitors, super capacitors or various battery chemistries. A storage element
with 100 uF equivalent capacitance is required to filter the pulse currents of the PFM switching charger. The
equivalent capacitance of a battery can be computed as computed as:

Ceq = 2 X MAHrgaT(cHRaD) X 3600 S/Hr / Vearchran) (6)

In order for the storage element to be able to charge VSTOR capacitor (CSTOR) within the tyg Hor pLug (50 ms
typical) window at hot-plug; therefore preventing the IC from entering cold start, the time constant created by the
storage element's series resistance (plus the resistance of the internal PFET switch) and equivalent capacitance
must be less than tyg Hor pLug - For example, a battery's resistance can be computed as:

FKBAT = VEAT/ IB;ﬂ’(CONTINUOUS) from the battery specifications. (7)

The storage element must be sized large enough to provide all of the system load during periods when the
harvester is no longer providing power. The harvester is expected to provide at least enough power to fully
charge the storage element while the system is in low power or sleep mode. Assuming no load on VSTOR (i.e.,
the system is in low power or sleep mode), the following equation estimates charge time from voltage VBAT1 to
VBAT2 for given input power is:

Refer to SLUC462 for a design example that sizes the storage element.
PIN x Nest x toupa = 1/2 x CEQ X (VBAT2?2 - VBAT1?) (8)

Note that if there are large load transients or the storage element has significant impedance then it may be
necessary to increase the CSTOR capacitor from the 4.7uF minimum or add additional capacitance to VBAT in
order to prevent a droop in the VSTOR voltage. See below for guidance on sizing capacitors.

9.1.2 Inductor Selection

The boost charger needs an appropriately sized inductor for proper operation. The inductor's saturation current
should be at least 25% higher than the expected peak inductor currents recommended below if system load
transients on VSTOR are expected. Since this device uses hysteretic control, the boost charger is considered
naturally stable systems (single order transfer function).

For the boost charger to operate properly, an inductor of appropriate value must be connected between
LBOOST, pin 20, and VIN_DC, pin 2. The boost charger internal control circuitry is designed to control the
switching behavior with a nominal inductance of 22 pH + 20%. The inductor must have a peak current capability
of > 300 mA with a low series resistance (DCR) to maintain high efficiency.

A list of inductors recommended for this device is shown in Table 1.

Table 1. Recommended Inductors

Ind 1ce (pH) Dimensions (mm) Part Number Manufacturer(
22 4.0x4.0x1.7 LPS4018-223M Coilcraft
22 3.8x3.8x1.65 744031220 Wurth
22 2.8x2.8x2.8 744025220 Wurth
(1) See WHAT? concerning recommended third-party products.
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9.1.3 Capacitor Selection

In general, all the capacitors need to be low leakage. Any leakage the capacitors have will reduce efficiency,
increase the quiescent current and diminish the effectiveness of the IC for energy harvesting.

9.1.3.1 VREF_SAMP Capacitance

The MPPT operation depends on the sampled value of the open circuit voltage and the input regulation follows
the voltage stored on the CREF capacitor. This capacitor is sensitive to leakage since the holding period is
around 16 seconds. As the capacitor voltage drops due to any leakage, the input regulation voltage also drops
preventing proper operation from extraction the maximum power from the input source. Therefore, it is
recommended that the capacitor be an X7R or COG low leakage capacitor.

9.1.3.2 VIN_DC Capacitance

Energy from the energy harvester input source is initially stored on a capacitor, CIN, connected to VIN_DC, pin
2, and VSS, pin 1. For energy harvesters which have a source impedance which is dominated by a capacitive
behavior, the value of the harvester capacitor should scaled according to the value of the output capacitance of
the energy source, but a minimum value of 4.7 pF is recommended.

9.1.3.3 VSTOR Capacitance

Operation of the bg25504 requires two capacitors to be connected between VSTOR, pin 15, and VSS, pin 1. A
high frequency bypass capacitor of at 0.1 pF should be placed as close as possible between VSTOR and VSS.
In addition, a low ESR capacitor of at least 4.7 puF should be connected in parallel.

9.1.3.4 Additional Capacitance on VSTOR or VBAT

If there are large, fast system load transients and/or the storage element has high resistance, then the CSTOR
capacitors may momentarily discharge below the VBAT_UV threshold in response to the transient. This causes
the bg25504 to turn off the PFET switch between VSTOR and VBAT and turn on the boost charger. The CSTOR
capacitors may further discharge below the VSTOR_CHGEN threshold and cause the bg25504 to enter Cold
Start. For instance, some Li-ion batteries or thin-film batteries may not have the current capacity to meet the
surge current requirements of an attached low power radio. To prevent VSTOR from drooping, either increasing
the CSTOR capacitance or adding additional capacitance in parallel with the storage element is recommended.
For example, if boost charger is configured to charge the storage element to 4.2 V and a 500 mA load transient
of 50 ps duration infrequently occurs, then, solving | = C x dv/dt for CSTOR gives:

500 mA x50 ps =405 F
(4.2V-18V) ©)
Note that increasing CSTOR is the recommended solution but will cause the boost charger to operate in the less

efficient cold start mode for a longer period at startup compared to using CSTOR = 4.7 pF. If longer cold start run
times are not acceptable, then place the additional capacitance in parallel with the storage element.

CSTOR 2

For a recommended list of standard components, see the EVM User’s Guide (SLUUAAS).
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9.2 Typical Applications
9.2.1 Solar Application Circuit
]
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6

(1) Place close as possible to IC pin 15 (VSTOR) and pin 13 (VSS)
(2) See the Capacitor Selection section for guidance on sizing Cstor

Figure 14. Typical Solar Application Circuit

9.2.1.1 Design Requirements

The desired voltage levels are VBAT_OV = 3.15 V, VBAT_UV =2.20 V, VBAT_OK = 2.44 V, VBAT_OK_HYST =
2.80 V and MPP (Vo) = 78% which is typical for solar panels. There are no large load transients expected. The
IC must stop charging if its junction temperature is above 65°C. The simulated solar panel open circuit voltage is
1.0 V.

9.2.1.2 Detailed Design Procedure

The recommended L1 = 22 pH, Cgyp = 0.01 pF and low leakage CREF = 10 nF are selected. In order to ensure
the fastest recovery of the harvester output voltage to the MPPT level following power extraction, the minimum
recommended CIN = 4.7 uF is selected. Because no large system load transients are expected and to ensure
fast charge time during cold start, the minimum recommended CSTOR = 4.7 pF. To stop charging when the IC
junction temperature is above 65°C, the OT_PROG pin is tied to ground.
«  With VBAT_UV < VBAT_OV < 5.5V, to size the VBAT_OV resistors, first choose RSUMgy = Roys + Rove =
10 MQ then solve Equation 3 for
3 RSUMgy xVBIAS 310 MQx1.25V

Rov1 == x x =5.95 MQ — 5.90 MQ closest 1% value then
2 VBAT _QV 2 3.15V (10)

* Rovz = RSUMgy - Rovs = 10 MQ - 5.95 MQ = 4.05 MQ — 4.02 MQ resulting in VBAT_OV = 3.15 V
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Typical Applications (continued)
« To size the VBAT_UV resistors, first choose RSUMyy = Ryyy + Ruy2 = 10 MQ then solve Equation 2 for

RoUMyy *VEIAS = 10 M1, 25 ¥ =5.68 MQ — 5.60 MQ closest 1% value then
VBATyy 22V 1)

*  Ryvz2 = RSUMyy - Ryyy = 10 MQ - 5.60 MQ = 4.4 MQ — 4.42 MQ closest 1% resistor resulting in
VBAT_UV =22V.
«  With VBAT_OV 2 VBAT_OK_HYST > VBAT_OK = VBAT_UV, to size the VBAT_OK and VBAT_OK_HYST
resistors,
first choose RSUMok = Roky + Rokz + Roks = 10 MQ then solve Equation 4 and Equation 5 for
_ VBIASxRSUMg  (1.25V
Ok~ VBAT_OK_HYST _( 28V
Rsieg = [ VBAT _OK _PROG g1] R (2.45 \
VBIAS 125V
. ROKB = RSUMOK -, ROK1 = ROK2 =10 MQ - 4.42 MQ - 4.22 MQ = 1.36 MQ — 1.43 MQ to giVe
VBAT_OK = 2.44 V and VBAT_OK_HYST =2.85 V.
« Keeping in mind that VREF_SAMP stores the MPP voltage for the harvester, first choose RSUMgc = Rogy +
Roc2 = 20 MQ then solve Equation 1 for
_( VREF _SAMP
oC _( VIN_DC(OC)

Ryv1 =

Jx10 MQ =4.46 MQ — 4.42 MQ closest 1% resistor then

71j><4.24 MQ =4.07 MQ, then

]x RSUMoc =0.78x20 MQ =15.6 MQ, then

VREF _SAMP
VIN_DC(OC)
+ SLURAQ1 provides help on sizing and selecting the resistors.

Rocz = RSUMg¢ x [1 - ] =20 MQ(1-0.78) = 4.4 MQ closest 1% resistors

9.2.1.3 Application Curves

HLF—— U»—MM—M

“‘“M‘” M
VINDC = sourcemeter with Vsource = 1.0 V and comphance of VIN_DC = sourcemeter with Vsoyrce =1V and compllance of
2.75 mA 10.5 mA
VBAT connected to 0.1 F depleted supercap VBAT = 0.1 F supercap
No resistance load on VSTOR VSTOR = 2 kQ resistive load
Figure 15. Startup into Depleted Storage Element Figure 16. Boost Charger Operational Waveforms
Copyright © 2011-2015, Texas Instruments Incorporated Submit Documentation Feedback 19
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Typical Applications (continued)
T T LeCroy X I LeCroy)
‘ ! i |
e ————— R  —
= : : o i
i i ’ T
i L ‘ ! -
I TR IRGTRRTRRARIAY P

VIN_DC = sourcemeter with Vgource = 1 V and compliance of VIN_DC = sourcemeter with Vsource = 1 V and compliance of

10.5 mA 10.5 mA
VBAT = 0.1 F supercap VBAT = sourcemeter with Vsource = 2.8V and compliance
VSTOR = open to 500 Q to open resistive load (IL = load current of 1A
on VSTOR) IL = inductor current
Figure 17. 5 mA Load Transient on VSTOR Figure 18. MPPT Operation
4

L i 8 3 B £ :
VIN_DC = sourcemeter with Vgoyrce = 1 V and compliance of VIN_DC = sourcemeter with Vsoyrce = 1 V and compliance of

10.5 mA 275 mA
VBAT = sourcemeter with Vgoyrce = 2.8 V and compliance No storage element on VBAT
of 1A VSTOR artificially ramped from 0V to 3.15 V to 0 V using a
power amp driven by a function generator
Figure 19. VRDIV Operation Figure 20. VBAT_OK Operation
20 Submit Documentation Feedback Copyright © 2011-2015, Texas Instruments Incorporated
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Typical Applications (continued)
9.2.2 TEG Application Circuit

— =
Battery100up)

14 13
| : ek :I LBST VSTOR I\FATI I\R] E
1 |vss Avss (12
__L _____ J I i I VBAT_OK
2]

- ————————

= . = R * 2 |vin_oc VBAT_OKE—D
Thermo electric 062 bg25504
generator [ 3 ]voc saue oK proa[10]
ROC 1
10MQ REF 6.12M0

C
|—Z| VREF SAMP OK_HVSTE

0.01uF| OT_PROG VBAT OV VRDIV VBAT UV

l GRONEND

VS}'OR

(1) Place close as possible to IC pin 15 (VSTOR) and pin 13 (VSS)
(2) See the Capacitor Selection section for guidance on sizing Cstor

Figure 21. Typical TEG Application Circuit

9.2.2.1 Design Requirements

The desired voltage levels are VBAT_OV = 4.25 V, VBAT_UV = 3.20 V, VBAT_OK = 3.55 V, VBAT_OK_HYST =
3.76 V and MPP (Voc) = 50% which is typical for TEG harvesters. The IC must stop charging if its junction
temperature is above 120°C. The simulated TEG open circuit voltage is 1.0 V.

9.2.2.2 Detailed Design Procedure

The recommended L1 = 22 pyH, Cgyp = 0.01 pF and low leakage CREF = 10 nF are selected. In order to ensure
the fastest recovery of the harvester output voltage to the MPPT level following power extraction, the minimum
recommended CIN = 4.7 uF is selected. Because no large system load transients are expected and to ensure
fast charge time during cold start, the minimum recommended CSTOR = 4.7 pF. To stop charging when the IC
junction temperature is above 120°C, the OT_PROG pin is tied to VSTOR.

Referring back to the procedure in Detailed Design Procedure or using the spreadsheet calculator at SLURAQ1
gives the following values:
¢ Royi = 4.42 MQ, Roys = 5.49 MQ resulting in VBAT_OV = 4.26 V due to rounding to the nearest 1% resistor.
*  Ryyi = 3.83 MQ, Ryyz = 6.04 MQ resulting in VBAT_UV = 3.22 V due to rounding to the nearest 1% resistor
* Roki = 3.32 MQ, Rokz = 6.04 MQ, Roks = 0.536 MQ resulting in VBAT_OK = 3.52 V and

VBAT_OK_HYST = 3.73 V after rounding.
* Rocy =10 MQ and Roce = 10 MQ gives 50% MPP voltage.
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Typical Applications (continued)

9.2.2.3 Application Curves

EEE

VINDC = sourcemeter with Vsource = 2.0 V and compliance
of 1 mA

VBAT connected to Lilon battery
VSTOR = 50 kQ resistor

Figure 22. Startup by Attaching Charged Storage Element

VIN_DC = sourcemeter with Vsource = 2.0 V and compliance of
100 mA

VBAT connected to Lilon battery

VSTOR = 100 kQ resistive load (IL = inductor current)

Figure 23. Boost Charger Operational Waveforms

I LeCroy
|
|
|
|
|
|

VIN_DC = sourcemeter with Vgoyrce = 2.0 V and compliance of
1mA

VBAT connected to Lilon battery

VSTOR = open to 50Q to open resistive load (IL =
on VSTOR)

load current

Figure 24. 50 mA Load Transient on VSTOR

VIN_DC = sourcerﬁeter with Vsource = 2.0 V and compliance of
1mA

VBAT connected to Lilon battery
= inductor current

Figure 25. MPPT Operation

e
‘ L)

VIN_DC = sourcemeter with Vgource = 2.0 V and compliance of
1mA

VBAT connected to Lilon battery

Figure 26. VRDIV Operation

=

VIN_DC = sourcemeter with Vgoyrce = 2.0 V and compliance of
1mA

No storage element on VBAT

VSTOR artificially ramped from 0V to 4.25V to 0V using a power
amp driven by a function generator

Figure 27. VBAT_OK Operation
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Typical Applications (continued)
9.2.3 MPPT Disabled, Low Impedance Source Application Circuit

2
________ Lgsr Cove L Csrad® =

¥ crimary Battery or

1 other Low Z source 22pH

: >
! A c VSTOR
= L anE EENE
: | : i :| LBST VSTOR VBAT  VSS E
1 \ 1 |vss Avss |12
L—- [ ----- 4 ! VBAT_OK

= = Evminc VEATJ)K[E‘D
bq25504

VSTOR—E‘ VOC_SAMP OKAPROGE

zl VREF SAMP DK,HVSTE
OT_PROG VBAT OV VRDIV VBAT UV
6 7 8

||}—E|

ROV2

R0V1

(1) Place close as possible to IC pin 15 (VSTOR) and pin 13 (VSS)
(2) See the Capacitor Selection section for guidance on sizing Cstor

Figure 28. Typical MPPT Disabled Application Circuit
(Low Iq Boost Converter from Low Impedance Source)

9.2.3.1 Design Requirements

The input source is a low impedance 1.2 V battery therefore MPPT is not needed. The output will be a low ESR
capacitor therefore VSTOR can be tied to VBAT and VBAT_UV is not needed. The desired voltage levels are
VBAT_OV = 3.30 V, VBAT_OK = 2.80 V, VBAT_OK_HYST = 3.10 V, and MPPT disabled. The IC must stop
charging if its junction temperature is above 65°C. Load transients are expected.

9.2.3.2 Detailed Design Procedure

The recommended L1 = 22 pH, Cgyp = 0.01 pF and low leakage CREF = 10 nF are selected. The minimum
recommended CIN = 4.7 pF is selected. To prevent VSTOR from drooping during system load transients,
CSTOR is set to 100 pF. To disable the sampling for MPPT, the VOC_SAMP pin is tied to VSTOR. To disable
the input voltage regulation circuit, the VREF_SAMP pin is tied to GND. Since the VBAT_UV function is not
needed, the VBAT_UV can be tied to VSTOR. To stop charging when the IC junction temperature is above 65°C,
the OT_PROG pin is tied to GND.

Referring back to the procedure in Detailed Design Procedure or using the spreadsheet calculator at SLURAQ1
gives the following values:
¢ Rovi =5.62 MQ, Roy, = 4.22 MQ resulting in VBAT_OV = 3.28 V due to rounding to the nearest 1% resistor.

* Roki =4.12 MQ, Roke = 5.11 MQ, Roks = 0.976 MQ resulting in VBAT_OK = 2.80 V and VBAT_OK_HYST =
3.10 V after rounding.
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Typical Applications (continued)
9.2.3.3 Application Curves
T LeCroy LeCroy|

VIN_DC = low impedance voltage source = 1.5V
VBAT = VSTOR = 100 pF
VSTOR = 500 Q resistor

Figure 29. Startup

e

Lo

VIN_DC = low impedance voltage source = 1.5 V
VBAT = VSTOR = 100 uF
VSTOR = 330 Q resistive load (IL = inductor current)

Figure 30. Boost Charger Operational Waveforms

PEUSINE AN ANARANARARINANY

I LI S .

VIN_DC = low impedance voltage source =1.5V)
VBAT = VSTOR = 100 pF

VSTOR = open to 75 Q to open resistive load (IL = load current

on VSTOR
Figure 31. 40 mA Load Transient on VSTOR

LeCroy,

= i

A
T4

VIN_DC = low impedance voltage source = 1.5V
VBAT = VSTOR = 100 uF

Figure 32. VRDIV Operation

VIN_DC

Figure 33. VBAT_OK Operation

low impedance voltage source = 1.5V
VBAT = VSTOR = 100 uF
VSTOR artificially ramped from 0 V to 3.3 V to 0 V using a power amp driven by a function generator

24

Submit Documentation Feedback

Copyright © 2011-2015, Texas Instruments Incorporated

Product Folder Links: bq25504

218



Appendix

13 TEXAS
INSTRUMENTS
bq25504
www.ti.com SLUSAHOC —OCTOBER 2011—REVISED JUNE 2015

10 Power Supply Recommendations

The energy harvesting source (e.g., solar panel, TEG, vibration element) must provide a minimum level of power
for the IC to operate as designed. The IC's minimum input power required to exit cold start can be estimated as:

2
1.8V
(1-STR_ELM_LEAKg1 gy x1.8V)+¥
: RSTOR(CS)
0.05 (16)
where I-STR_ELM_LEAKg, gy is the storage element leakage current at 1.8V and

RSTOR(CS) is the equivalent resistive load on VSTOR during cold start and 0.05 is an estimate of the worst
case efficiency of the cold start circuit.

PIN > PIN(CS) = VIN(CS) x [IN(CS) >

Once the IC is out of cold start and the system load has been activated (e.g., using the VBAT_OK signal), the
energy harvesting element must provide the main boost charger with at least enough power to meet the average
system load. Assuming RSTOR(AVG) represents the average resistive load on VSTOR, the simplified equation
below gives an estimate of the IC's minimum input power needed during system operation:

(VBAT_oVY
2 =/, VBAT_OV xI-STR_ELM_LEAKgysaT ov
RSTOR(AVG) = (17)

where nest can be derived from the datasheet efficiency curves for the given input voltage and current and
VBAT_OV. The simplified equation above assumes that, while the harvester is still providing power, the system
goes into low power or sleep mode long enough to charge the storage element so that it can power the system
when the harvester eventually is down. Refer to spreadsheet SLUC462 for a design example that sizes the
energy harvester.

PINxngg > PLOAD =

11 Layout

11.1 Layout Guidelines

As for all switching power supplies, the PCB layout is an important step in the design, especially at high peak
currents and high switching frequencies. If the layout is not carefully done, the boost charger could show stability
problems as well as EMI problems. Therefore, use wide and short traces for the main current path and for the
power ground paths. The input and output capacitors as well as the inductors should be placed as close as
possible to the IC. For the boost charger, first priority are the output capacitors, including the 0.1 uF bypass
capacitor (CBYP), followed by CSTOR, which should be placed as close as possible between VSTOR, pin 15,
and VSS, pin 1 or 13. Next, the input capacitor, CIN, should be placed as close as possible between VIN_DC,
pin 2, and VSS, pin 1. Last in priority is the boost charger inductor, L1, which should be placed close to
LBOOST, pin 16, and VIN_DC, pin 2 if possible. It is best to use vias and bottom traces for connecting the
inductor to its respective pins instead of the capacitors.

To minimize noise pickup by the high impedance voltage setting nodes (VBAT_OV, VBAT_UV, OK_PROG,
OK_HYST), the external resistors should be placed so that the traces connecting the midpoints of each divider to
their respective pins are as short as possible. When laying out the non-power ground return paths (e.g. from
resistors and CREF), it is recommended to use short traces as well, separated from the power ground traces and
connected to AVSS pin 12. This avoids ground shift problems, which can occur due to superimposition of power
ground current and control ground current. The PowerPad should not be used as a power ground return path.

The remaining pins are digital signals with minimal layout restrictions. See Figure 34 for an example layout.

In order to maximize efficiency at light load, the use of voltage level setting resistors > 1 MQ is recommended. In
addition, the sample and hold circuit output capacitor on VREF_SAMP must hold the voltage for 16 s. During
board assembly, contaminants such as solder flux and even some board cleaning agents can leave residue that
may form parasitic resistors across the physical resistors/capacitors and/or from one end of a resistor/capacitor
to ground, especially in humid, fast airflow environments. This can result in the voltage regulation and threshold
levels changing significantly from those expected per the installed components. Therefore, it is highly
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Layout Guidelines (continued)

recommended that no ground planes be poured near the voltage setting resistors or the sample and hold
capacitor. In addition, the boards must be carefully cleaned, possibly rotated at least once during cleaning, and
then rinsed with de-ionized water until the ionic contamination of that water is well above 50 Mohm. If this is not
feasible, then it is recommended that the sum of the voltage setting resistors be reduced to at least 5X below the
measured ionic contamination.

11.2 Layout Example
o

‘:}OQ“;Q\OQ

I? <@

¥

CSTOR

VBAT_OK signal

“ROK1
ROK2

Figure 34. Recommended Layout

11.3 Thermal Considerations

Implementation of integrated circuits in low-profile and fine-pitch surface-mount packages typically requires

special attention to power dissipation. Many system-dependent issues such as thermal coupling, airflow, added

heat sinks and convection surfaces, and the presence of other heat-generating components affect the power-

dissipation limits of a given component.

Three basic approaches for enhancing thermal performance are listed below.

« Improving the power-dissipation capability of the PCB design

» Improving the thermal coupling of the component to the PCB

+ Introducing airflow in the system

For more details on how to use the thermal parameters in the Thermal Table, check the Thermal Characteristics

Application Note (SZZA017) and the IC Package Thermal Metrics Application Note (SPRA953).
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12 Device and Documentation Support

12.1 Device Support

12.1.1 Third-Party Products Disclaimer

TI'S PUBLICATION OF INFORMATION REGARDING THIRD-PARTY PRODUCTS OR SERVICES DOES NOT
CONSTITUTE AN ENDORSEMENT REGARDING THE SUITABILITY OF SUCH PRODUCTS OR SERVICES
OR A WARRANTY, REPRESENTATION OR ENDORSEMENT OF SUCH PRODUCTS OR SERVICES, EITHER
ALONE OR IN COMBINATION WITH ANY TI PRODUCT OR SERVICE.

12.1.2 Zip Files

«  http://www.ti.com/lit/zip/SLUC484
« http://www.ti.com/lit/zip/SLURAQ1
«  http://www.ti.com/lit/zip/SLUC462

12.2 Documentation Support

12.2.1 Related Documentation

For related documentation see the following:

+ EVM User's Guide, SLUUAA8

« Thermal Characteristics Application Note, SZZA017

« IC Package Thermal Metrics Application Note, SPRA953
12.3 Trademarks

All trademarks are the property of their respective owners.

12.4 Electrostatic Discharge Caution

‘ These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘h\ during storage or handling to prevent electrostatic damage to the MOS gates.

12,5 Glossary

SLYZ022 — T/ Glossary.
This glossary lists and explains terms, acronyms, and definitions.

13 Mechanical, Packaging, and Orderable Information

The following pages include mechanical, packaging, and orderable information. This information is the most
current data available for the designated devices. This data is subject to change without notice and revision of
this document. For browser-based versions of this data sheet, refer to the left-hand navigation.
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PACKAGING INFORMATION
Orderable Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp  Op Temp (°C) Device Marking Samples
[0} Drawing Qty @ ® @ (@5)
BQ25504RGTR ACTIVE VQFN RGT 16 3000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR ~ -40to 85 B5504
0 S0
BQ25504RGTT ACTIVE VQFN RGT 16 250  Green (RoHS CU NIPDAU Level-2-260C-1 YEAR ~ -40to 85 B5504 .
& no Sb/Br)

M The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.

NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

) RoHS: Tl defines "RoHS" to mean i products that pl with the current EU RoHS i for all 10 RoHS including the i that RoHS

do not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, "RoHS" products are suitable for use in specified lead-free processes. TI may
reference these types of products as "Pb-Free".

RoHS Exempt: Tl defines "RoHS Exempt" to mean products that contain lead but are compliant with EU RoHS pursuant to a specific EU RoHS exemption.

Green: Tl defines "Green" to mean the content of Chlorine (Cl) and Bromine (Br) based flame retardants meet JS709B low halogen requirements of <=1000ppm threshold. Antimony trioxide based
flame retardants must also meet the <=1000ppm threshold requirement.

@ MSL, Peak Temp. - The Moisture Sensitivity Level rating according to the JEDEC industry standard ificati and peak solder

 There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.

® Multiple Device Markings will be inside parentheses. Only one Device Marking ined in and by a "~" will appear on a device. If a line is indented then it is a continuation
of the previous line and the two combined represent the entire Device Marking for that device.

®) | ead/Ball Finish - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead/Ball Finish values may wrap to two lines if the finish
value exceeds the maximum column width.

and Di :Thei ion provided on this page represents Tl's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
i to take steps to provide ive and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.

Tl and Ti suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by T to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |<— KO |<—P1—>i
oo 0 olo 000 T
Bo W
Reel l
{ & ) Diameter } '
Cavity —4 A0 l+
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness|
A W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
[ 1T 1
_£ Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
OO O0OO0OO0OO0OO0OO0o Sprocket Holes
1] 1
T T
Q1 : Q2 Q1 : Q2
4--4--1 ——1-—1-1H
Q3 1 Q4 Q3 1 Q4 User Direction of Feed
| % A | 4
T T
N~
Pocket Quadrants
*All dimensions are nominal
Device Package [Package|Pins| SPQ Reel Reel A0 BO Ko P1 w Pin1
Type |Drawing Di Width | (mm) | (mm) | (mm) | (mm) | (mm) [Quadrant|
(mm) (W1 (mm)
BQ25504RGTR VQFN RGT 16 3000 330.0 12.4 3.3 3.3 141 8.0 | 12.0 Q2
BQ25504RGTT VQFN RGT 16 250 180.0 12.4 3.3 3.3 1.1 8.0 | 12.0 Q2

Pack Materials-Page 1
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TAPE AND REEL BOX DIMENSIONS
A
;2
P
< /\
\/ \(/
*All dimensions are nominal
Device Package Type [Package Drawing| Pins SPQ Length (mm) [ Width (mm) | Height (mm)
BQ25504RGTR VQFN RGT 16 3000 367.0 367.0 35.0
BQ25504RGTT VQFN RGT 16 250 210.0 185.0 35.0
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GENERIC PACKAGE VIEW
RGT 16 VQFN - 1 mm max height

PLASTIC QUAD FLATPACK - NO LEAD

Images above are just a representation of the package family, actual package may vary.
Refer to the product data sheet for package details.
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RGT0016C

PACKAGE OUTLINE

VQFN - 1 mm max height

PLASTIC QUAD FLATPACK - NO LEAD

N w
oo

PIN 1 INDEX AREA—]

)
o

I

|
s SEATING PLANE

(- W= 5 o1
0.05 j
0.00 = ose
la—[11.68+0.07 ~f —-‘ (0.2) TYP
3 J U i U L - | ~—EXPOSED 0
12 5] | ; THERMAL PAD |
= g
I | ] symm
=t
o | =1
-—-3 ‘ =
12 T
ANAHANA 15 L
16 | 13 0.1@ [c]A[B
PIN 1 ID
(OPTIONAL) SE""M A
05
16X '3

4222419/B 11/2016

NOTES:

1. All linear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing

per ASME Y14.5M.

2. This drawing is subject to change without notice.
3. The package thermal pad must be soldered to the printed circuit board for thermal and mechanical performance.
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EXAMPLE BOARD LAYOUT
RGT0016C VQFN - 1 mm max height

PLASTIC QUAD FLATPACK - NO LEAD

C1.68)
SYMM
¢

e+ nialial s NE—

e

16X (0.24) K [j

O

)
(@0.2) TYP /]/ !

VIA .l l ,,,,,,,,, _

I
l 1

0.05) Jl/'(s.sm TYP J——J ’
=

1

(RO. i

ALL PAD CORNERS |
2.8) -

LAND PATTERN EXAMPLE
SCALE:20X

0.07 MAX 0.07 MIN
ALL AROUND ALL AROUND
4 SOLDER MASK

METAL OPENING
XSOLDER MASK \—METAL UNDER
OPENING S -7 SOLDER MASK

NON SOLDER MASK
DEFINED
(PREFERRED)

SOLDER MASK
DEFINED

SOLDER MASK DETAILS
4222419/B  11/2016

NOTES: (continued)

4. This package is designed to be soldered to a thermal pad on the board. For more information, see Texas Instruments literature
number SLUA271 (www.ti.com/lit/slua271).

5. Vias are optional depending on application, refer to device data sheet. If any vias are implemented, refer to their locations shown
on this view. It is recommended that vias under paste be filled, plugged or tented.
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EXAMPLE STENCIL DESIGN
RGT0016C VQFN - 1 mm max height

PLASTIC QUAD FLATPACK - NO LEAD

([31.55)

16X (0.6) ﬁ
16X (024)J

)
[IJ
‘CE

P

|
/ ' l
| | : S R T T
| | T
! |
| 5
1

(R0.05) TY!

I
!— (28) J
SOLDER PASTE EXAMPLE
BASED ON 0.125 mm THICK STENCIL
EXPOSED PAD 17:

85% PRINTED SOLDER COVERAGE BY AREA UNDER PACKAGE
SCALE:25X

4222419/B 11/2016

NOTES: (continued)

6. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
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IMPORTANT NOTICE

Texas Instruments Incorporated (Tl) reserves the right to make corrections, enhancements, improvements and other changes to its
semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers
should obtain the latest relevant information before placing orders and should verify that such information is current and complete.

TI's published terms of sale for semiconductor products (http://www.ti.com/sc/docs/stdterms.htm) apply to the sale of packaged integrated
circuit products that Tl has qualified and released to market. Additional terms may apply to the use or sale of other types of Tl products and
services.

Reproduction of significant portions of Tl information in Tl data sheets is permissible only if reproduction is without alteration and is
accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such reproduced
documentation. Information of third parties may be subject to additional restrictions. Resale of Tl products or services with statements
different from or beyond the parameters stated by Tl for that product or service voids all express and any implied warranties for the
associated TI product or service and is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.

Buyers and others who are developing systems that incorporate Tl products (collectively, “Designers”) understand and agree that Designers
remain responsible for using their independent analysis, evaluation and judgment in designing their applications and that Designers have
full and exclusive responsibility to assure the safety of Designers' applications and compliance of their applications (and of all Tl products
used in or for Designers’ applications) with all applicable regulations, laws and other applicable requirements. Designer represents that, with
respect to their applications, Designer has all the necessary expertise to create and implement safeguards that (1) anticipate dangerous
consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that might cause harm and
take appropriate actions. Designer agrees that prior to using or distributing any applications that include Tl products, Designer will
thoroughly test such applications and the functionality of such Tl products as used in such applications.

TI's provision of technical, application or other design advice, quality characterization, reliability data or other services or information,
including, but not limited to, reference designs and materials relating to evaluation modules, (collectively, “TI Resources”) are intended to
assist designers who are developing applications that incorporate Tl products; by downloading, accessing or using Tl Resources in any
way, Designer (individually or, if Designer is acting on behalf of a company, Designer's company) agrees to use any particular T| Resource
solely for this purpose and subject to the terms of this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for T|
products, and no additional obligations or liabilities arise from Tl providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources. Tl has not conducted any testing other than that specifically
described in the published documentation for a particular Tl Resource.

Designer is authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that
include the Tl product(s) identified in such Tl Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE
TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which Tl products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of Tl Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS IS" AND WITH ALL FAULTS. Tl DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS. TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY DESIGNER AGAINST ANY CLAIM,
INCLUDING BUT NOT LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF
PRODUCTS EVEN IF DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL,
DIRECT, SPECIAL, COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN
CONNECTION WITH OR ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER Tl HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

Unless Tl has explicitly designated an individual product as meeting the requirements of a particular industry standard (e.g., ISO/TS 16949
and ISO 26262), Tl is not responsible for any failure to meet such industry standard requirements.

Where Tl specifically promotes products as facilitating functional safety or as compliant with industry functional safety standards, such
products are intended to help enable customers to design and create their own applications that meet applicable functional safety standards
and requirements. Using products in an application does not by itself establish any safety features in the application. Designers must
ensure compliance with safety-related requirements and standards applicable to their applications. Designer may not use any TI products in
life-critical medical equipment unless authorized officers of the parties have executed a special contract specifically governing such use.
Life-critical medical equipment is medical equipment where failure of such equipment would cause serious bodily injury or death (e.g., life
support, pacemakers, defibrillators, heart pumps, neurostimulators, and implantables). Such equipment includes, without limitation, all
medical devices identified by the U.S. Food and Drug Administration as Class Ill devices and equivalent classifications outside the U.S.

Tl may expressly designate certain products as completing a particular qualification (e.g., Q100, Military Grade, or Enhanced Product).
Designers agree that it has the necessary expertise to select the product with the appropriate qualification designation for their applications
and that proper product selection is at Designers’ own risk. Designers are solely responsible for compliance with all legal and regulatory
requirements in connection with such selection.

Designer will fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of Designer’s non-
compliance with the terms and provisions of this Notice.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2017, Texas Instruments Incorporated
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Appendix 2 — Comparison between rechargeable batteries and supercapacitor

Table 7.1: Comparison between different types of rechargeable battery and supercapacitor

[42][44][105].
Parameter Ni-Cd Ni-MH Li-ion Supercapacitor
Power Density
10-500 10-500 10-500 3000
(W/kg)
Energy Density
45-80 60-120 110-160 1-10
(Wh/kg)
Cycle Life 1500 300-500 500-1000 106
Charging Time
> 1000 > 1000 > 1000 0.3-100
(seconds)
Overcharge .
Moderate Low Very Low Very High
Tolerance
Operating
-40 - 60 -20 - 60 -20 - 60 -40 - 65
Temperature (°C)
Cell Voltage (V) 1.25 1.25 3.6 -
Cost Per Cycle
0.04 0.12 0.14 0.0001
(USD)
Cost Per Wh
0.90 0.55 0.81 20
(USD)
Efficiency (%) 70-85 70-85 70-85 > 95
Maintenance
] Yes Yes No No
Requirement
In Use Since 1950 1990 1991 1982
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Figure 7.1: Ragone chart for different energy storage technology [45].
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Appendix 3 — Bill of materials (BOM) for the pico-grid first prototype

Table 7.2: Bill of materials for the constructed prototype.

232

No. Description Category Quantity Unit Cost (£) Total Cost (£)

Sanyo 852mW Amorphous Solar Cell

1 Photovoltaic Solar Panel Energy harvester 2.0 54.8800 109.7600

p | Peltier Module, 9.32W, 1.47A, 154V, Energy harvester 2.0 43.5800 87.1600
40 x 40mm
LTC3105EMS#PBF - DC-DC Switching

3 Boost (Step Up) Regulator, Adjustable, 225mV-5Vin, 1.5V- DC-DC converter 4.0 2.4700 9.8800
5.25Vout, 400mAout, MSOP-12
LTC3129EMSE#PBF - DC-DC Switching
Buck-Boost Regulator, Adjustable, 1.92V-15Vin, 1.4V-

4 15.75Vout, 200mAout, DC-DC converter 2.0 5.5800 11.1600
MSOP-16
ENIX Energies 3.7V Rechargeable Lithium

5 Battery Pack, 1840mAh Energy storage 1.0 38.1500 38.1500
Vishay 15F Supercapacitor EDLC -20 —

6 | +80% Tolerance 196 HVC Series 4.2V dc Through Hole Energy storage 20 6.7600 135200
BQ25504RGTT - Battery Charger Li-lon )

7 battery, 3V input, 5.25V/ charge, QFN-16 DC-DC converter 1.0 4.6700 4.6700

8 Multiple resistors:
Resistor; Wirewound; Res 0.5 Ohms 5.0 1.5200 7.6000
Resistor; Wirewound; Res 1 Ohms 2.0 0.7300 1.4600
330 Q 0.25W 250V £5% tolerance 3.0 0.0080 0.0240
470 Q 0.25W 250V +5% tolerance 5.0 0.0080 0.0400

Passive component

680 Q 0.25W 250V £5% tolerance 2.0 0.0080 0.0160
1 kQ 0.25W 250V £5% tolerance 14.0 0.0080 0.1120
1.5kQ 0.25W 250V £5% tolerance 2.0 0.0080 0.0160
2.2 kQ 0.25W 250V £5% tolerance 6.0 0.0080 0.0480
3.3kQ 0.25W 250V +5% tolerance 13.0 0.0080 0.1040
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4.7kQ 0.25W 250V £5% tolerance

6.8 kQ 0.25W 250V £5% tolerance

10 kQ 0.25W 250V +5% tolerance

15 kQ 0.25W 250V £5% tolerance

22 kQ 0.25W 250V £5% tolerance

33 kQ 0.25W 250V +5% tolerance

47 kQ 0.25W 250V £5% tolerance

68 kQ 0.25W 250V £5% tolerance

100 kQ 0.25W 250V +5% tolerance

150 kQ 0.25W 250V +5% tolerance

220 kQ 0.25W 250V +5% tolerance

330 kQ 0.25W 250V +5% tolerance

470 kQ 0.25W 250V £5% tolerance

680 kQ 0.25W 250V £5% tolerance

1 MQ 0.25W 250V +£5% tolerance

1.5 MQ 0.25W 250V £5% tolerance

2.2 MQ 0.25W 250V £5% tolerance

3.3 MQ 0.25W 250V £5% tolerance

4.7 MQ 0.25W 250V £5% tolerance

6.8 MQ 0.25W 250V +5% tolerance

10 MQ 0.25W 250V £5% tolerance

Multiple capacitors:

233

Passive component

17.0

4.0

19.0

15.0

15.0

9.0

9.0

10.0

8.0

9.0

6.0

8.0

10.0

8.0

4.0

4.0

2.0

2.0

1.0

4.0

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.0080

0.1360

0.0320

0.1520

0.1200

0.1200

0.1680

0.0720

0.0720

0.0800

0.0640

0.0720

0.0480

0.0640

0.0800

0.0640

0.0320

0.0320

0.0160

0.0160

0.0080

0.0320
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10

11

100 pF X1/Y2 Ceramic Disc Capacitor

2.2 nF X1/Y2 Ceramic Disc Capacitor

1 uF X1/Y2 Ceramic Disc Capacitor

0.1 uF X1/Y2 Ceramic Disc Capacitor

4.7 nF X1/Y2 Ceramic Disc Capacitor

10 nF X1/Y2 Ceramic Disc Capacitor

470 pF X1/Y2 Ceramic Disc Capacitor

Electrolytic Capacitor, 4.7 uF, 50 V

Electrolytic Capacitor, 10 uF, 50 V

Electrolytic Capacitor, 22 pF, 50 V

Electrolytic Capacitor, 100 uF, 50 V

Electrolytic Capacitor, 1 mF, 50 V

Electrolytic Capacitor, 2.2 pF, 50 V

Electrolytic Capacitor, 1 pF, 50 V

Multiple inductors:

Inductor SMD shielded 22uH 12.5x12.5x6

C429 - Inductor Kit, XAL40xx Series
Shielded Power Inductors, 8.2uH

C429 - Inductor Kit, XAL40xx Series
Shielded Power Inductors, 10uH

Light dependent resistors:

NSL 19M51. - LDR, 20 Mohm, 50 mW,
100 vV

N5AC501085 - LDR, 5 Mohm, 50 mW,
100 Vv
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Passive component

Passive component

4.0

8.0

10.0

6.0

2.0

1.0

4.0

8.0

18.0

6.0

4.0

1.0

14.0

18.0

1.0

2.0

4.0

2.0

2.0

0.0160

0.0160

0.0160

0.0160

0.0160

0.0160

0.0160

0.1090

0.1090

0.1090

0.1090

0.1090

0.1090

0.1090

0.3180

0.6520

0.6520

0.6320

1.5400

0.0640

0.1280

0.1600

0.0960

0.0320

0.0160

0.0640

0.8720

1.9620

0.6540

0.4360

0.1090

1.5260

1.9620

0.3180

1.3040

2.6080

1.2640

3.0800
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12

13

14

15

16

17

18

19

20

21

Thermistors:

LT300014T2610KJ - PTC Thermistor,
10 kohm, Through Hole, -5% to +5%, LT Series

B57871S0123H000 - Thermistor, NTC,
12 kohm, B57871S Series, 3760 K, Through Hole, Radial
Leaded

NDO03U00105J-- - Thermistor, NTC, 1
Mohm, NDO3 Series, 4840 K, Through Hole, Radial Leaded

B57861S0503H040 - Thermistor, NTC,
50 kohm, B57861S Series, 3760 K, Through Hole, Wire
Leaded

Texas Instruments INA283AID, Current
Shunt Monitor Single Bidirectional 8-Pin SOIC

STMicroelectronics TSV632IDT, Low Power,
Op Amp, RRIO, 880kHz, 1.5 — 5.5 V, 8-Pin SOIC

Microchip MCP6542-1/SN Dual
Comparator, Push-Pull O/P, 1.6 — 5.5 V 8-Pin SOIC

Voltage reference IC, REF3012AIDBZT
1.25v

Through Hole Slide Switch DPDT On-On
300 mA Slide

Diodes Inc DMG2302UK-7 N-channel
MOSFET, 2.8 A, 20 V DMG2302UK,
3-Pin SOT-23

Panasonic Lithium CR2032 3V Lithium
Manganese Dioxide Coin Battery

12 AWG insulated copper wires:

Alpha Wire EcoWire Series Black, 30m
MPPE UL11028 Hook Up Wire, 3.3 mm2 CSA Flame
Retardant, 600 V 12 AWG

Alpha Wire EcoWire Series Red, 30m MPPE UL11028 Hook
Up Wire, 3.3 mm2 CSA Flame Retardant, 600 VV 12 AWG

Multiple IC to board adaptors:

LCQT-SOIC8-8 - IC Adapter, 8-SOIC to
8-DIP, 2.54mm Pitch Spacing, 7.62mm Row Pitch, Correct-
A-Chip Series
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Passive component

Active component/IC

Active component/IC

Active component/IC

Active component/IC

Switches

Active component/IC

Battery

Connector/wire

IC adaptor

2.0

3.0

1.0

3.0

3.0

3.0

2.0

1.0

6.0

5.0

7.0

1.0

1.0

13.0

0.3620

0.7880

0.7310

1.3800

3.2500

0.7370

0.5370

1.2400

0.3620

0.0730

1.4400

42.6400

42.6400

3.7300

0.7240

2.3640

0.7310

4.1400

9.7500

2.2110

1.0740

1.2400

2.1720

0.3650

10.0800

42.6400

42.6400

48.4900
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22

23

24

25

26

27

28

RE909 - IC Adapter, Fibreglass, 3-SOT-23,
2.54mm Pitch Spacing

RE935-06E - IC Adapter, Fibreglass, 1
6-QFN, 2.54mm Pitch Spacing, RE935 Series

IPC0079 - MSOP-16 to DIP-20 SMT
Adaptor

IPC0078 - MSOP-12 to DIP-16 SMT
Adaptor

RE520-HP, Single-Sided Stripboard FR-2
100 x 160 x 1.5mm FR2

ABT77 - Plastic Enclosure, PCB Guides,
Multipurpose, ABS, 178 mm, 122 mm, 36 mm

Thermawrap 400mm x 5m x 3.7mm

Loft Wrap Easy Fit Loft Insulation without Thickness

Heatsink ICK PGA 9.8 K/IW

Thermal interface material 40mm polyimid

VELCRO VEL-EC60245 Brand Heavy
Duty Stick-On Tape, Black, 50 mm x 2.5 m

JST connectors (male and female pair) with
headers (set)

236

Circuit board

Prototyping

Prototyping

Prototyping

Prototyping

Prototyping

Connector/wire

5.0

1.0

2.0

4.0

7.0

7.0

1.0

2.0

2.0

1.0

1.0

1.6200 8.1000
1.6200 1.6200
5.0900 10.1800
4.4900 17.9600
4.1600 29.1200
6.5200 45.6400
7.7000 7.7000
1.7700 3.5400
2.0700 4.1400
16.8500 16.8500
8.9900 8.9900
Grand Total £624.32
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Appendix 4 — Wolfram Mathematica programme to plot the I-V curve of the diode

(%

This is a Mathematica program for assessing Schottky barrier data for InON from Arokia Nathan. 7 September 2017 )

Clear["Global™ +"];
Unprotect[In, Out]; Clear[In, Out]; Protect[In, Out];
SLine = @;

(% CONSTANTS «)

kB := 1.38x18"(-23)

q := 1l.6x18"(-19)

temp := 273 4+ 58

StringForm["Temperature = °° K ", NumberForm[temp, 3]]
mo := 9.1896+« 106" (-31)

h := 6.6262 =« 18"~ (=-34)

hbar := 1.8546=x 10" (-34)

epsilon := B8.8544 <164 (-12)

(* Input =)
area := 6.6x18"(-3)

StringForm["Area =
astar := 22.8

cm®2 ", NumberForm[area, 4]]

StringForm["Effective Richardson constant = °° Acm®-2K*-2 ™, NumberForm[astar, 3]]
phiB := @.86

StringForm["Barrier height = " eV ", NumberForm[phiB, 4]]

rs := 7648

StringForm["Series resistance = °° Ohms ™, NumberForm[rs, 2]]

n:= 2.4

StringForm["Ideality factor = °° (unitless)

"y NumberForm[n, 4]]

(* Calculations #)

isub® := areaastar temp”2 Exp[-q phiB / (kB temp)]

StringForm["Reverse saturation current = "7 A ", ScientificForm[isub®, 2]]

i[v_] :=1i1/. FindRoot[il = isub® (Exp[q (v-ilrs)/ (nkB+temp)] - 1), {i1, @}];

j[v_ ] :=1i[v] /area

plotl = LogPlot[j[v], {v, ®, 3}, PlotRange -+ All, Axeslabel —+ {"Voltage (V)", "Current density (mA/cm"2)"}]
Quiet[tablelV := Table[{v, N[j[v]]}, {v, .85, 1.5, ©.85]}]]

Quiet [Export["tablelV.xlsx", tablelV]]

Figure 7.2: Programme in Wolfram Mathematica used to plot the I-V curve of the diode.
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