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Low Power PMIC Design with Regulated Output Voltage and Maximum
Power Point Tracking for Body Heat Energy Harvesting

Quinn L. Brogan

(ABSTRACT)

As wearable technology and wireless sensor nodes become more and more ubiquitous, the
batteries required to power them have become more and more unappealing as they limit
lifetime and scalability. Energy harvesting from body heat provides a solution to these
limitations. Energy can be harvested from body heat using thermoelectric generators, or
TEGs. TEGs provide a continuous, scalable, solid-state energy source ideal for wearable
and wireless electronics and sensors. Unfortunately, current TEG technology produces low
power (< 1 mW) at a very low voltage (20-90 mV) and require the load to be matched to the
TEG internal resistance for maximum power transfer to occur. This thesis research proposes
a power management integrated circuit (PMIC) that steps up ultralow voltages generated
by TEGs to a regulated 3 V, while matching the internal resistance.

The proposed boost converter aims to harvest energy from body heat as efficiently and
flexibly as possible by providing a regulated 3 V output that can be used by a variable load.
A comparator-based burst mode operation affords the converter a high conversion ratio at
high efficiency, while fractional open circuit voltage maximum power point tracking ensures
that the controller can be used with a variety of TEGs and TEG setups. This control allows
the converter to boost input voltages as low as 50 mV, while matching a range of TEG
internal source resistances in one stage.

The controller was implemented in 0.25 ym CMOS and taped out in February 2016. Since
these fabricated chips will not be completed and delivered until May 2016, functionality has
only been verified through simulation. Simulation results are promising and indicate that
the peak overall efficiency is 81% and peak low voltage, low power efficiency is 73%. These
results demonstrate the the proposed converter can achieve overall efficiencies comparable
to current literature and low power efficiencies better than similar wide range converters in
literature.



Low Power PMIC Design with Regulated Output Voltage and Maximum
Power Point Tracking for Body Heat Energy Harvesting

Quinn L. Brogan

(GENERAL AUDIENCE ABSTRACT)

Technology is progressing to the point where wearable electronics can perform functions from
healthcare (e.g. Fitbit, wireless health sensors) to social media (e.g. Apple watch). However,
the wearable and overall lifetimes of these technologies are often dictated by the lifetime of
the battery. Similarly, the battery size limits how small these electronics can become.

Energy harvesting refers to techniques that scavenge energy from the ambient surroundings
or the human body itself. It is possible to use theremoelectric generators, or TEGs, to
harvest energy from human body heat. Thus, energy harvesting provides a solution to the
limitations of batteries for wearable devices. TEGs provide a continuous, scalable, solid-
state energy source ideal for wearable and wireless electronics and sensors. Unfortunately,
current TEG technology produces low power (< 1 mW) at a very low voltage (20-90 mV)
and require the load to be matched to the TEG internal resistance for maximum power
transfer. This thesis research proposes a power management integrated circuit (PMIC) that
steps up ultralow voltages generated by TEGs to a regulated 3 V, while maximizing power
transfer.

The proposed boost converter aims to harvest energy from body heat as efficiently and
flexibly as possible by providing a regulated 3 V output that can be used by a variable
load, such as a microprocessor or other electronics load. A comparator-based burst mode
operation affords the converter a high conversion ratio at high efficiency, while fractional
open circuit voltage maximum power point tracking ensures that the controller can be used
at the maximum power point with a variety of TEGs and TEG setups.

The controller was sent out for fabrication in February 2016. Since these fabricated chips will
not be completed and delivered until May 2016, functionality has only been verified through
simulation. Simulation results are promising and indicate that the peak overall efficiency is
81% and peak low voltage, low power efficiency is 73%. These results demonstrate the the
proposed converter can achieve overall efficiencies comparable to current literature and low
power efficiencies better than similar wide range converters in literature.
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Chapter 1

Introduction

1.1 Motivation

As predicted by early science fiction, wearable electronics are becoming ubiquitous in modern
society. These electronics range from fitness trackers to smart watches to ultra low power
temperature and heartrate sensors and are all becoming interconnected by the Internet
ofThings (IoT). It is predicted that by 2018, there will be 485 million wearable electronic
devices shipped around the world [1]. However, these technologies face many obstacles,
including communication bandwidth and small, efficient power management [2]. These
electronics have, thus far, been powered by batteries that need to be recharged after a certain
amount of weartime and replaced at the end of their life. Thus, batteries not only inhibit
lifetime, but also cost and scalability, making small sensor nodes larger than the electronics
would require [3]. A solution to these problems would be an efficient, scalable, and continuous
energy source, thus eliminating the need for battery recharging and replacement.

For wearable electronics, energy harvesting from motion, solar, and body heat has been
proposed in the past to either charge the battery or power the devices [4, 5, 6, 7, 8, 9].
However, thermoelectric energy harvesting from body heat is the most continuous energy
source available for wearable electronics: it does not depend on light level or movement,
but rather merely contact with the body and the ambient temperature, both of which are
inherent in wearable devices. This work focuses on creating a power management circuit
(PMC) to harvest energy from body heat efficiently and create a stable voltage high enough
to support various microelectronics devices.



1.2 Design Challenges and Shortcomings of
Thermoelectric Energy Harvesting from Body Heat

Thermoelectric Energy Generators (TEGs) used to harvest energy from body heat provide a
continuous and renewable source of energy for wearable electronics, but there are a few crucial
issues that must be addressed when designing power management. First, TEGs generate a
potential proportional to the temperature gradient across them. When harvesting energy
from body heat, there is generally a low temperature differential (a few °C) available and thus
the TEGs produce a low voltage, usually a few tens of mV. Furthermore, the power produced
by the TEG is proportional to the square of the temperature difference, so TEGs used for
harvesting from body heat also produce very low powers, generally less than 1 mW [4, 10, 8].
Lastly, TEGs are a nonideal energy source and, thus, the power supplied depends on load
impedance. For a resistive source like TEGs, the load resistance must match the TEG’s
internal electrical resistance to provide maximum power. If these do not match, significantly
less than maximum power is extracted, therefore harvesting energy very inefficiently.

Current research in thermoelectric energy harvesting focuses on the design of either the device
side (investigating thermoelectric materials and properties, etc.) or the power management
circuitry to address these challenges. Power management is particularly crucial for energy
harvesting from body heat because the generated voltage is too low to be used to charge a
battery or power microelectronics. Thus, PMC including either a charge pump or DC-DC
switching converter is required to step up the voltage provided from TEGs.

The key challenge to developing power management techniques for stepping up these low
voltages is delivering as much power to the load as possible, by both designing a low-loss
step-up power converter and matching the input impedance. To dynamically match the
input impedance and provide a regulated output, the power stage of the converter must be
controlled by both an input and output feedback loop, as seen in Fig. 1.1.

Vi, Switching V.
l Converter
A
TEG D
Input > Output
l Feedback Control 1< Feedback

Figure 1.1: Block diagram of basic energy harvesting system, illustrating required feedback
loops.

While matching a single stable input impedance with a low power boost converter can be
achieved using any constant frequency control [4], matching a range of input impedances to
make the converter more versatile can be more difficult as it requires an input and output



feedback loop to regulate input and output voltage. However, with traditional pulse width
modulation techniques (PWM) it is not simple to control both the output and input voltage
of the converter [5, 7]. Thus, much of previous research does not regulate the input voltage [8,
11] or uses two stages, which results in a lower overall efficiency [4, 6].

Lastly, since the power available is so low, the quiescent current consumed by the controller
itself can have a large impact on the amount of power that is finally delivered to the load.
Thus, it is crucial that the analog and digital controls of the power management integrated
circuit (PMIC) be designed very carefully with regards to power consumption.

1.3 Contributions of Proposed Research

This research proposes a DC-DC converter control scheme to harvest energy from body heat
for use by ultra-low power sensor nodes using a combination of burst control and fractional
open circuit voltage (FOCV) maximum power point tracking (MPPT). The objective was to
harvest the maximum energy available with an efficient power stage and a regulated output
voltage to eliminate the need for a battery for ultralow power wearable sensors and devices.
The proposed converter is fabricated in 0.25 pm CMOS technology. As the chips have not
been delivered as of April 2016, only post-layout simulations are available for verification.
However, simulation results have been positive. The key contributions are as follows.

First, the converter provides a regulated output voltage across a wide range of input voltages
and resistances. This regulation is achieved by using a burst mode control. This voltage can
be used directly by microelectronic devices.

Second, the converter uses a fractional open circuit voltage method to track the maximum
power point. This, coupled with an efficient low frequency power stage, provides a high
overall efficiency and maximizes power available to the load. MPPT also allows the converter
to efficiently harvest from a variety of TEG arrays and setups, due to its ability to match a
wide input impedance and voltage range.

Third, post-layout simulation results indicate that the quiescent current of the converter
is approximately 10 pA, peak overall efficiency is 81%, and peak low power, low voltage
efficiency is 73%. Thus, it presents a very efficient control scheme for wide input voltage
ranges that performs as well or better than previous research in this field, as measured by
converter and overall efficiency.

1.4 Organization of Thesis

The organization of the thesis is as follows. Chapter 2 provides background information on
thermoelectric energy harvesting from body heat and prior research in boost converters for



this application. This background information includes TEG operation, energy harvesting
challenges, and solutions to these challenges proposed by previous researchers. The details of
the burst mode operation proposed in previous work is explored in-depth and the drawbacks
are discussed. Chapter 3 describes the operation and design of the proposed boost converter,
including details on the input and output voltage feedback mechanisms. Design of both
the power stage and unique analog control components are discussed. Chapter 4 presents
the post-layout simulation results verifying the converter operation and functionality and
compares efficiency metrics with previous works. Lastly, Chapter 5 concludes the paper by
reviewing the key contributions proposed and suggests possible directions for future research
and improvement.



Chapter 2

Preliminaries

This chapter provides background information on previous research on thermoelectric energy
harvesting and the state of current research activities on boost converters for energy harvesting
applications. Section 2.1 provides background on how energy is harvested via thermoelectric
generators (TEGs) from body heat and the challenges thereof. The following section,
Section 2.2, details solutions to these challenges, such as the use of boost converters, cold
startup techniques, and the necessity of Maximum Power Point Tracking (MPPT), as employed
by the fractional open circuit voltage techniaue. Lastly, Section 2.3 discusses specific control
strategies of boost converters relevent to this work.

2.1 Introduction to Thermoelectric Energy Harvesting

This section provides a brief introduction to thermoelectric energy generation and the challenges
of harvesting energy from body heat with currently available TEGs.

2.1.1 Introduction to Thermoelectric Generators

A thermoelectric generator is a number of thermopiles connected in series or parallel. A
thermopile, also called a thermocouple, pellet, or thermoelectric leg, is composed of an n-
type material in series with a p-type material. When a temperature differential is applied to
the thermopile, heat flows from the hotter to cooler side providing energy that allows free
electrons and holes to move. Thus, an electric potential forms across the thermopile and, if
a load is applied, current flows and power is generated [4]. This is called the Seebeck effect.
When these thermopiles are connected in series, as shown in Fig. 2.1, a higher output voltage
results. Similarly, in parallel, a higher output current results.

Since a TEG is several thermopiles arranged in parallel and/or series generating a single
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Figure 2.1: Typical TEG with electric equivalent circuit from [4], ©2011 IEEE.

potential, it can be modeled as a voltage source with an internal resistance based on the
electrical resistance and connection of the thermopiles, as shown in Fig. 2.1. Depending
on the series or parallel combination of the thermopiles, and the number and material of
thermopiles, this resistance can range from less than 1 €2 to several hundred. Furthermore,
this resistance may vary with temperature, by about 10% per 10°C [12, 13].

The Seebeck coefficient, S, is used to relate the voltage generated across a given thermopile
to the temperature difference across it, T'. In other words, Vo = S - T. S varies with device
material and design; but given S and the number of series thermopiles in a device, N, the
voltage generated by a TEG can be estimated as follows [4]:

Vipg=N-S-T (2.1)

To compare thermoelectric devices to one another, the thermoelectric figure of merit Z7T is
used, where T is still the temperature differential across the device. ZT is proportional to the
ratio of electrical and thermal conductivities (¢ and &, respectively) such that ZT = S*T<.
This figure of merit can be used to estimate the maximum power available using the following
equation, where R; is the thermal resistance at maximum power [10]:

ZT?

T (2.2)

PTE'G,mam =

2.1.2 Challenges of Thermoelectric Energy Harvesting from Body
Heat

While the human body is a very efficient machine, there are still large energy losses—almost
entirely in the form of body heat. However, it has been shown that the temperature difference
seen by a TEG against human skin and the ambient temperature depends on a number of
factors, including where the TEG is located on the body and the skin’s thermal resistance.
Generally, the gradient is very small, in the realm of 1-3 °C [10].

As can be seen in Eqn. 2.1, the lower the temperature difference across a device, the lower
the output voltage. Most TEGs used for energy harvesting from body heat are composed



of the thermoelectric material bismuth telluride, as this material offers higher thermal to
electrical energy conversion efficiency at room temperature than most other thermoelectric
materials. Generally, bismuth telluride devices with several series thermopiles can still only
generate 25-30 mV /°C [4, 14]. Thus, using TEGs to harvest energy from body heat produces
voltages too low to be used by standard electronics, such as microprocessors and sensors.

Using Eqn. 2.2, it can be seen that the lower the temperature differential, the exponentially
less power available. Less power available means that the efficiency of the power management
circuit is critical to harvest enough energy to be useful. Most commercially available TEGs,
as covered in the next section, output considerably less than 1 mW to the load.

Lastly, as can be seen in the Fig. 2.1, TEGs are a nonideal energy source and, thus, the power
supplied to a load depends on the load impedance. As the maximum power transfer theorem
states, the load resistance must match the source resistance in order to provide maximum
power. This is called the Maximum Power Point (MPP). Thus, to harvest maximum power
the load resistance must equal Rrpg. This relationship is illstrated by the graph in Fig. 2.2,
where it can be seen that close to maximum power (> 95%) is harvested if the load resistance
is above 70% and below 150% of the TEG resistance. Smaller load resistors deliver much less
power and significantly higher load resistors also deliver much less than maximum power,
thus harvesting energy very inefficiently. The maximum power the TEG can deliver to the
load at the MPP is given by Eqn. 2.3.

Vrec (2.3)

Pupp =
MPP 4RTEG

100% //“-/If-t\
90% \
30%
\
70% / '
60% /
50% /
40% 1

30%

% of Max. Power Delivered to Load

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Ratio of Load to TEG Resistance

Figure 2.2: Graph of load power vs. resistance ratio of load to source ( ngc>, with marked
location of MPP.



2.1.3 Survey of Commercially Available TEGs

A survey of commercially available and soon to be available micro thermoelectric generators
was conducted. The results of this survey is displayed in Table 2.1. It can be seen that at
low temperature differences even the best performing TEGs produce less than 100 mV. It
should also be noted that a variety of sizes and input resistances are currently available.

Table 2.1: Comparison of Commercially Available TEGs

Company Size Dimensions [mm| | Rrge [ | Vrpg [mV] Prec W]
at AT =2°C | at AT =2°C

Nextreme [15] 2.09 x 3.05 11 25 4.5
Micropelt [13] 3.3x2.45 210 46 5.04
TEC [16] 13.75 x 19.00 4.5 30 100
Phononic [L7] 13.75 x 19.00 1.9 35 160
RMT, LTD [18] 16.00 x 16.00 3.13 100 1500
RMT, LTD [14] 18.00 x 18.00 1.65 90 2400

2.2 PMC Design Approaches for Thermoelectric Energy
Harvesting from Body Heat

This section details previous research that has dealt with the challenges of thermoelectric
energy harvesting from body heat, beginning with efficiency definitions. Then, the concept
and application of Maximum Power Point Tracking is described. Next, techniques to step
up the ultra-low TEG voltage at startup and during steady state are discussed.

2.2.1 Defining Efficiency for Energy Harvesting Systems

When discussing efficiency with an energy harvesting system, it may refer to several different
things [19]. First, as can be seen in Fig. 2.3, an energy harvesting system is generally
very simple: the transducer (TEG) is connected to some power conditioning circuit (boost
converter) which then supplies the load (battery or electronics).

fres | p,, Boost P,

TEG Converter Load

Vies

Figure 2.3: Block diagram of thermoelectric energy harvesting system.



The three definitions of efficiency that are relevant to this paper are converter efficiency,
MPPT efficiency, and overall (also called end-to-end) efficiency. The converter efficiency is
the efficiency fo the power converter, generally a boost converter, and is given by Eqn. 2.4.

P,
Neonverter = P_ (24)

The MPPT efficiency (Eqn. 2.5) evaluates how close to the MPP the system is at by dividing
the power provided by the TEG to the converter by the maximum power available at the

MPP, as given in Eqn. 2.3.
b

Pypp

NMPPT = (2.5)

The overall efficiency is the fraction of the maximum power delivered to the load, as can be
seen in Eqn. 2.6. To truly compare how well a power management circuit works for energy
harvesting, overall efficiency should be used [19].

b,

Pypp

(2.6)

Noverall =

2.2.2 Maximum Power Point Tracking with TEGs: the Fractional
Open Circuit Voltage Method

As described in Section 2.1.2, energy should be harvested at the MPP of the TEG. While
the input resistance of a given TEG is relatively stable over the small temperature variations
that would be seen body heat energy harvesting applications, designing a power management
circuit to only work with one input resistance is short-sighted. As can be seen in Table 2.1,
the input resistance can vary significantly based on size and design. Further, resistances
may vary from batch to batch depending on manufacturing variability. To account for this

variability and increase the versatility of a power management circuit, Maximum Power
Point Tracking (MPPT) should be employed.

There are many types of MPPT developed for different types of inputs (photovoltaic, peizoelectric,
etc.) and applications, but one of the simplest is the Fractional Open Circuit Voltage Method
(FOCV) [20]. This method works well for resistive sources and can ideally achieve 100%
matching efficiency, with very low power dissipation. Since directly measuring input and a
variable source resistance is often not feasible, this method achieves matching by maintaining

the load voltage to some fraction of the source voltage.

For TEGs, the voltage at the load is as follows (where Vg is the open circuit TEG voltage):

Ry,
Vi =Vppp—m 2.7
L TEGRTEG + RL ( )
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For resistive sources like TEGs, the MPP occurs when R; = Rrgg. Thus, the equation for
load voltage can be simplified very simply:

Rrea
Vi =V, = 0.5V; 2.8
D re—— — TEG (2.8)

Thus, the fractional open circuit voltage technique can be used to match the TEG very
accurately if the load voltage is regulated to half the TEG voltage.

This achieved with two simple steps using FOCV MPPT. First, the source is disconnected
from the PMC (see Fig. 2.4a). Now V},, is equal to Vg, or the “open circuit voltage.” This
open circuit voltage is sampled and held to be used later. After the open circuit voltage is
sampled, the PMC is reconnected, as in Fig. 2.4b. Now the PMC can continue delivering
energy to the load. During this time period, the PMC is controleld such that V;,, is now kept
to some fraction of that sampled open circuit voltage; hence the name fractional open circuit
voltage method. The open circuit voltage is periodically measured, such that the PMC can
track any changes in the input.

Rres |y, / Boost v,
TEG ] Converter Load

Vies

(a) Step 1 of FOCV MPPT, illustrating
disconnection of input.

Rres |y, Boost A

TEG Converter
V1 _

Load

(b) Step 2 of FOCV MPPT, illustrating

reconnection of input.

Figure 2.4: Ilustration of steps in FOCV MPPT algorithm.

2.2.3 Cold Startup Techniques

“Cold Startup” refers to starting up an analog or digital PMC with no external V. or
precharged output voltage, as is this case in most energy harvesting applications. There is
no consensus in the literature on what is the best method to cold startup from subthreshold
voltages, such as those available from TEGs. Ramadass, in [4], proposes a mechanically
assisted start up circuit that charges V.. to the necessary voltage for the analog converter
controller via a motion activated switch and boost converter. This method was able to
achieve cold start from voltages as low as 35 mV, but does require an external switch and
motion to activate the switch.
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In contrast, Im proposes a transformer reuse circuit in [5]. The proposed circuit uses
a boost converter where the inductance of the boost is the magnetizing inductance of a
transformer. Noise is stepped up through a transformer to trigger a native MOSFET with
a zero threshold voltage. This switch triggering connects and disconnects the input source
with the transformer, which steps up the voltage and connects it to a resonant tank. The
resonant tank slowly gains energy, and thus voltage amplitude, until the voltage is high
enough for the converter controller to kick in [5]. While this technique is able to achieve
startup from 40 mV, it has a few drawbacks: namely, it requires a transformer, which is
larger than a single inductor and can contribute additional winding loss to the power stage,
and a zero threshold voltage MOSFET, which is not always readily available in all CMOS
technologies.

Other techniques achieve cold-startup by using an antenna attuned to ambient low power
RF signals and a rectifier to charge the output of the boost converter [21, 6]. This technique
has achieved success in previous research starting up boost converters with V;,, as low as 30
mV, assuming an ambient -10 dBm RF signal is available, such as Wi-Fi.

2.2.4 Power Management: Boost Converter

As discussed previously, there are many ways that a circuit can be started from extremely
low voltage; however, these are not the most power efficient techniques of stepping up DC
voltages. The most power efficient technique to step a low DC voltage to a higher DC voltage
is to used a DC-DC switching converter. While the boost and buck-boost topologies both
work for this case, the boost is more convenient as its output is the same polarity as the
input. The power stage of a boost converter is shown in Fig. 2.5. To use a boost converter for
ultralow voltage, it is of course assumed that a supply voltage for the controller is available
either via external battery or a low voltage startup technique, as discussed in the previous
section.

Rreg

A A A Vin_('vamﬁ

Vo

yo

VTEGCD Cin—— D_,::I Co—— C).LOAD

Figure 2.5: Boost converter with current sink load.
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A boost converter works either in continuous conduction mode (CCM) or discontinuous
conduction mode (DCM), as defined by the current through the inductor. DCM is when the

inductor current falls and remains at 0 for a period of each switching cycle, whereas in CCM
the inductor current is never allowed to remain at 0. The conversion ratio (M = %) for

CCM is independent of load and equal to ﬁ, where D is the duty cycle of the MOSFET

switch. At light loads, DCM provides a higher conversion ratio (see Eqn. 2.9) and efficiency
due to the period where neither the MOSFET or diode is conducting current [22].

4D?R
1+4/1+ 2LfswL

2

M = (2.9)
However, the efficiency of a boost converter falls as conversion ratio increases due to the
increased duty cycle required, as can be seen in Eqn. 2.9. Since TEGs produce such low
voltage, this can pose a challenge to efficient power management. The design solutions to
these challenges, as proposed in recent literature, are detailed in the next section.

2.3 Applicable Boost Converter Control Techniques

This section details design approaches for using boost converters for thermoelectric energy
harvesting from body heat. The first section details the advantages and disadvantages of one
stage and two stage converters. The following two sections detail two successful one stage
converters.

2.3.1 One Stage vs. Two Stage Approaches

There have been several techniques presented in previous research to design efficient boost
converters to harvest energy from thermoelectric generators. As discussed previously, achieving
high conversion ratio requires higher duty cycle, which leads to decreased efficiency. To
decrease the conversion ratio required by each converter, some have proposed 2-stage converter
solutions [4, 6]. As can be seen in Fig. 2.6a, the first stage controls the input voltage for
MPPT and the second stage controls the output voltage. [4] achieves a peak overall efficiency
of (60%). [6] has achieved a higher overall efficiency of 75%; however, this power converter
is very efficient due to a low output voltage (0.5 V) and, thus, low conversion ratio, and
also a limited operable power range. A two-stage solution requires high individual converter
efficiency to achieve a high system efficiency.
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As converter efficiency has improved, others have proposed high conversion ratio single
stage converters. However, it is difficult to achieve high efficiencies while incorporating
efficient MPPT (input feedback) and output voltage regulation in this ultra low power range
(see Fig. 2.6b). Thus, some have opted to eschew MPPT to produce very efficient boost
converters, reasoning that the losses from not harvesting at the maximum power point are
made up for by losing less power in the power stage [11, 8]. These efforts have reported high
peak converter efficiencies of 75% and 82%, respectively. However, the overall efficiency is
significantly lower: overall efficiency is only 52% for [11], as estimated by [4]. [5] incorporates
both input and output feedback loops into a single stage control and achieves a peak overall
efficiency of 61%: the details of this design will be discussed further in the next section.

Vin Boost Boost vV,
— Load
Converter Converter

TEG
Input Qutput

Feedback Feedback

(a) Block diagram of two stage converter design,
illustrating separate feedback loops.

Vin Boost V,
Converter

TEG
Input Output

Feedback Feedback

Load

(b) Block diagram of a one stage converter design
with two feedback loops.

Figure 2.6: Block diagrams of different TEG energy harvesting system configurations.

2.3.2 Im’s Approach to a One Stage Boost Converter

As previously mentioned, Im et.al. in [5] report a peak overall efficiency of 61% with a single
stage converter that regulates both the input and output and could boost 40-300 mV up to
2 V. This section will detail how this was achieved and any drawbacks of the scheme.
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Operation Details

Input and output voltage regulation is achieved in [5] by using a dual comparator scheme:
the duty cycle for the MOSFET is the anded signal of an output voltage comparator and
an input voltage comparator. The output voltage comparator goes high whenever V, falls
below some V.. The input voltage comparator applies FOCV MPPT by comparing V;,, to
@. When V;,, rises above %, the duty cycle turns on until V;,, falls below %, as can
be seen in Fig. 2.7.

Vs

Figure 2.7: Waveforms of Im’s proposed comparator based MPPT boost converter control
from [5], (©2012 IEEE.

Drawbacks

The drawback of this design is that, as can be seen in Fig. 2.7, the converter may be working
in CCM due to a large duty cycle, which leads to decreased efficiency at low powers. The
reason the duty cycle may so high is because the frequency of switching is due to the RC
delay time and inductance of the feedback loop: the off time TF2 is only due to the RC
delay of the comparator and is thus small. The amount the input voltage raises above the
maximum power point is thus uncontrolled. Further, the converter operation is interreupted
periodically to sample and hold the MPP reference voltage, VTQEG.

2.3.3 Ahmed’s Approach to a One Stage Boost Converter

The approach used by K.Z. Ahmed in [8] was notable for its ability to regulate the output
voltage while maintaining high efficiency and conversion ratio. It was able to boost input
voltage as low as 12 mV to output voltages high as 3.3 V, with a peak efficiency of 82%.
Ahmed’s proposed control also provides a regulated output, that is efficient for a wide load
range due to burst mode control.
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Operation Details

Ahmed’s approach uses a burst mode operation to maintain high converter efficiency, even if
the load uses less than the maximum power available. The EN signal Fig. 2.8b is the output
of a hysteretic comparator that compares the output voltage (V,,;) with some reference
voltage (V-REF). The EN signal goes high when V,,, falls to V-REF. When EN goes high,
a 98% duty cycle, 86 kHz oscillator is enabled. This oscillator provides the control signal
to the power stage, thus controlling the inductor current (I-IND). The oscillator’s high duty
cycle allows both inductor current and output voltage to rise. When the output voltage rises
above the hysteretic window of the comparator (i.e. V-REG+V-HYS), EN goes low. Thus,
the oscillator turns off, the inductor dumps its energy into the load, and the power stage
turns off. The output voltage then falls, until it reaches V-REF and the cycle starts again.

T-ACTIVEl T-IDLE

EN

R
Ny YL Vo

Ll t1 t2 t3 t4
I
1 . 3}
D Co—— haso 2
Vies °
_tl“l t2 3 1:
— — = —
= Multiple
0SC pulsé

T-NSW

Oscillator -
1 t2 3 t4
UL T -
JFB
1 V-HYS

REF

I-IND

(a) Simplified diagram of Ahmed’s burst mode

controller in [8]. 1 12 13 v

(b) Operation of Ahmed’s burst mode
boost controller in [8], (©)2014 IEEE.

Figure 2.8: Block and timing diagrams of Ahmed’s burst mode control in [8].

The burst operation regulates the output voltage to approximately V-REF, with a ripple to
V-REF+V-HYS. The high converter efficiency is achievable by careful design of the controller
and the large dead times (T-NSW in Fig. 2.8b) afforded by burst mode. The dead times
increase for smaller output loads, thus increasing light load efficiency for variable loads.
Further this dead time increases overall converter efficiency, while still maintaining a 50 mV
ripple (which is small compared to high output voltages of 2-3 V).
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Drawbacks

Ahmed’s proposed controller relies entirely on output voltage feedback and a constant
duty cycle and constant frequency oscillator. In other words, there is no MPPT. Ahmed
tested his design with a low resistance TEG [15], but did not measure the maximum power
and, thus, only reported converter efficiency. Using his reported efficiencies at different
temperatures/voltages in his paper [8] and the datasheet of the TEG [15], it can be estimated
that even when the converter efficiency is close to 70% at low voltage, the overall efficiency
is approximately 40%. As reported earlier, two stage approaches or other lower converter-
efficiency one stage approaches have been able to achieve much higher overall efficiency. It
should also be noted that when the converter has a large dead time (i.e. load is small), much
less than the maximum power is harvested. This may be acceptable in some applications
where there is no need to harvest maximum energy, if the load requirement is much smaller
than the maximum power producible by the TEG.



Chapter 3

Proposed Converter

The proposed power management integrated circuit (PMIC) for energy harvesting from
human body heat should satisfy several requirements imposed by the characteristics of the
energy harvester. It must boost the low input voltage to a voltage usable by microelectronics.
This is achieved by adopting a boost converter topology. It also must be able to match
the internal resistance of the thermoelectric generator (TEG). To match the input while
regulating output voltage, fractional open circuit voltage MPPT and burst mode operation
control techniques are adopted. This chapter describes the specifications, design goals,
operation, and design of the proposed converter. Design of the converter is split into that
of the power stage in Section 3.3 and the analog and digital control blocks in Section 3.4.
Lastly, the layout of the chip is discussed.

3.1 Specifications and Design Goals

Based on the survey of TEGs (see Table 2.1), requirements for the input voltage, input
resistance, and thus, maximum load power were set. The input resistance and input voltage
requirements are high to accommodate several low resistance TEGs in series, so that the
PMC can work with different energy harvesting system designs. The efficiency goals are
based on the literature survey referenced in Section 2.3. Note that there are 2 efficiency
goals. Since efficiency is expected to be higher at high input voltage/high load, a low-
power, low-voltage efficiency goal is estabilished as well. This will ensure that the design is
competitive with narrow-range, low power converters. An output voltage of 3 V is chosen,
as this is a usable voltage by ultra-low power MCU’s [23, 24] and could easily be adjusted
up 30% to 3.3 V for lithium ion battery applications. These design goals and specifications
are summarized in Table 3.1.
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Table 3.1: Proposed Boost Converter Specifications and Goals

Specification/Goal Requirement
Input Voltage Range 70 - 500 mV
Input Resistance Range (for testing) 1-16 9
Output Voltage 3V
Output Voltage Ripple <3%
Maximum Load Power 10 mW
Maximum Overall Efficiency >75%
Maximum Overall Efficiency for Vj,, < 200 mV and P;, < 0.5 mW >65%

3.2 Operation Details

This section describes the proposed switching converter and its operation. The goal is to
achieve high converter efficiency across a range of loads while boosting the input voltage
and matching the input resistance. The proposed converter regulates both input and output
voltage by using a burst mode operation and an input voltage control scheme. The first
subsection looks at the overall control at a higher block diagram level. The second and third
subsections detail how the output voltage and input voltage are controlled.

3.2.1 Block Diagram

The proposed converter uses a burst mode, as in Ahmed’s work, to both control the output
voltage, provide for a higher conversion ratio, and reduce light load efficiency for a variable
load [8]. The converter is controlled during the burst period by a feedback loop that maintains
the input voltage at the maximum power point. The general concept is illustrated below as
a simplified block diagram in Fig. 3.1.

[ Vin Power Stage v
TEG| —— TD f— lioro
L]
Control
= Open Circuit = =
»| Voltage PR
Sampler
|—> Input Output <€ Vot
| Feedback Feedback

Figure 3.1: Diagram of proposed converter illustrating key control blocks.
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Feedback from the output regulates when the converter enters an active (or burst) period
such that the output voltage is maintained within a certain ripple of V,..;. The Open Circuit
Voltage Sampler (OCV Sampler) block produces the input reference, V,,,,,, by sampling the
input voltage before the active period. During the active period, the on-time of the MOSFET
in the power stage is modulated to regulate the input voltage within a ripple of V,,,. The
basic schematic of the controller can be seen in Fig. 3.2, with relevant signals color-coded to
match their counterparts in future figures (Fig. 3.3 - Fig. 3.5).
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Figure 3.2: Schematic of proposed control scheme, with key signals highlighted.

3.2.2 Burst Control Details

As can be seen in the schematic in Fig. 3.2 and the output waveforms in Fig. 3.3, when V,;
falls to V.r, V. goes high. This signals the start of an “active” period, when the converter is
actively switching and the output voltage begins to rise. Due to hysteresis in the comparator,
the signal V, remains high until V,,: > Vies + Viysteresis- Thus, the output voltage ripple
is approximately equal to the hysteresis of the output comparator (designed to be 50 mV).
The length of the active period depends on the control of the boost converter and the length
of the inactive period depends entirely on load and the output capacitor size.
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Figure 3.3: Burst waveforms, with active and inactive periods marked.
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3.2.3 Input Voltage Control Details

The control of the power stage occurs during the active period; however, it uses information
gained during the inactive period by sampling V;, to create V,,,,. Assuming the input
capacitor has had time to fully charge during the inactive period, the input voltage to the
converter, V;,, is equal to the open circuit voltage of the TEG at the start of the active
period/end of the inactive period. It is at this time that the input voltage voltage is used
by the OCV block to sample and hold the maximum power point (approximately 50% the
open circuit voltage, Vrpg). After this occurs, the active period begins.

During the active period, V;, is greater than V,,,,, so thus D; goes high (refer to Fig. 3.2).
The power stage switch is controlled by D = D; - Vo, so when D; goes high, the switch
closes, and energy is transferred to the inductor (i.e. inductor current I begins to rise).
Thus, the input voltage will begin to fall as the input is loaded. When V;,, falls to V,,,,
the signal D; goes low and the switch opens. The inductor current I, falls as the inductor
supplies energy to the load and output capacitor and the output voltage increases. Due
to the diode limiting current direction, the inductor current cannot fall below zero. Thus,
when the inductor discharges all of its energy, the output capacitor must supply the load
and the TEG begins to charge the input capacitor. Due to hysteresis in the input voltage
comparator, D; remains low until V,, crosses the Vi, + Viysteresis threshold. Then the cycle
repeats, as can be seen in Fig. 3.4. It can be understood that with this control scheme, the
input voltage is regulated to V,,, < Vi, < Viupp 4+ Vigsteresis- The proposed converter was
designed such that this ripple was, at maximum, 40 mV.
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Figure 3.4: Waveforms illustrating hysteretic input voltage control to achieve FOCV MPPT.
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3.3 Design of the Power Stage

Since the design of the converter relies on the relationship between the input voltage ripple
and inductor current, the power stage components (input capacitor, inductor, output capacitor,
diode, and Power MOSFET) must be selected very carefully for the converter to operate
efficiently and across the required range of input resistances.

3.3.1 Selection of Inductor, Input Capacitor, and Output Capacitor
Importance of the lengths of DT, DT, and D,T,

For the proposed converter to work, the output voltage must be increasing during the active
period. The output voltage slope is determined by the currents charging or discharging the
output capacitor (inductor current and load current, respectively), the output capacitor size,
and the length of the discharge and charge times. To design for this, a rough piecewise model
was created to determine the discharge and charge times. First, the converter operation
during the active period was split into three different modes: DT, where the MOSFET is
conducting and inductor current is rising; D7 where inductor current is falling and the
diode is conducting; and DTy where the inductor current is zero. These three modes are
illustrated in Fig. 3.5.

T T
37.35 37.375
time (ms)

Figure 3.5: Designation of DT, DT, and D,T.



22

As can be seen in Fig. 3.5, the output capacitor is only charged during DT, when the diode
is conducting, and discharged during DT, and D,T,. Thus, the output voltage ripple can be
described as follows:

I
Increasing AV,,; = C—LDlTS (3.1a)
out
. I,
Decreasing AV, = —— (DT + D5Ty) (3.1b)

Cout

As said previously V,,; must increase overall, meaning I;, D1Ts > 1,(DTs+ DyT5). Thus, the
selection of the input capacitor and inductor must be made such that this is well satisfied.
It should be obvious that the critical condition here is at heavier loads (which occur at small
RTEG or 1arge VTEg).

Derivation of calculations to estimate DT,, DiT,, and D,T,

As explained in Section 3.2.3, DTy starts when the input voltage is equal to the sampled
Vinpp + Vhysteresis and ends when the input voltage falls to V,,,,,. During this time period,
the MOSFET is shorted to ground and the inductor is charged by the TEG, forming a
parallel RLC circuit between Rrpg, Ci,, and L. It is assumed that Rrpe >> ESR¢,,, the
equivalent series resistance of the input capacitor (e.g. 5 m§2). Thus, the v;,(t) is governed
by the second order differential equation:

Vin Vin

! ( ) M CinRTEG’ * LC’LTL

0 (3.2)

As this is a general second-order system, the soltuion may take one of three forms depending
on whether it is an underdamped, overdamped, or critically damped system. DTy can be
found by setting the appropriate solution to equal to V,,,,. This can be done by using a
number of methods; in this case MATLAB’s vpasolve function was used (refer to Appendix
A for source code used for solving the equations discussed in this section).

The length of DT} is determined by how long it takes I}, to fall from its peak value to zero.
The peak value can be found using the solution to Equation 3.2 (henceforth referred to as
Vin.pr, (1)) as follows:

1 DT
Irpk = Z/ Vin.pr, (t)dt (3.3)
0
Once Ippk is calculated, DT can be found by multiplying the peak current by the slope of
the current. The slope of the inductor current is % = % where Vi, =V, + Vp — v;,, and

Vin, = Vinpp (it is assumed that there is no change in the input voltage during the relatively
short DTy as supported by a less than 2% of Vj,, during simulation) and V} is the forward
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voltage drop across the diode. Thus DT, can be found as follows:

IrpiL
‘/o + VD - Vmpp

DiT, = (3.4)

Similarly, during DTy, the system is essentially a series RLC circuit, under the assumption
that there is no change in the input voltage during D; T (in simulation, this change is less
than 2% of V,,) and vo(t) = Vo = 3V due to small output voltage ripple relative to 3 V
(ripple is on the order of single mV and so is <5%). The inductor current can thus be
modeled by the second order differntial equation:

.'R .
L TEG L —0 (3.5)

- B
iwt) + =7 LC,

Comparatively, finding DyT5 is very simple. During this mode, the inductor current is zero, so
the output capacitor is discharging to the load and the TEG is charging the input capacitor.
Again assuming no change in the input voltage during DT, then v;, at the beginning of
this mode can be assumed to be V,,,. Then the input voltage can be modeled as:

Vin(t) = (Ve = Vingp) (1 = e ) (3.6)

Solving this for when Vj,, = Vi + Vigsteresis, yields:

Vm v steresis
Dy;Ty = —RrpaCinln (1 _ Lmwp T Vngst ) (3.7)
VTEG - Vmpp

It should be noted that while Cj,, L, and C,,; all have an effect on the timing of the circuit
that the switching frequency (DTs + DT + D5Ts) depends mainly on Rrpg, Cin and L
but not the value of C,,;, the load, or input voltage. The reason that switching frequency
depends little on the load current or C,,; is because DTy is the only time period that
dependent on C,,; and Ip and this period is significantly smaller than the two other time
periods in practice because the inductor current falls much faster than it rises (there is a
significantly higher potential across the inductor during discharge due to the high conversion
ratio of the circuit). V, does not affect significantly switching frequency because the ratio
of Vipp to Vg is constant.
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Choosing C;,,, L, and C,,

Using a MATLAB script (located in Appendix A) to estimate the results of Equation 3.1,
the passive components of the power stage C;,, L, and C,,; can be chosen such that the
output voltage is rising over the entire burst mode. Furthermore, for best efficiency these
components should be chosen such that the switching frequency over the entire resistance
range is greater than 25 kHz (above the audible noise range for humans). It should also be
taken into consideration that the length of deadtime between bursts is entirely decided by
the size of C,,, so care should be taken such that this time is long enough for Cj, to fully
charge to Vrgg such that the open circuit voltage can be sampled. The final values used
were: L = 33 uH, C;, =5 puF, and Cy; = 2.2 pF. To summarize the tradeoffs in choosing:
the inductor size affects switching frequency and peak current, the input capacitor affects
the burst period length by affecting the length of inactive period and how fast V,,; rises
during the active period, and the input capacitor affects the switching frequency and duty
cycle.

3.3.2 Diode Selection

There is an external diode to allow current to flow to the ouput when the MOSFET is
switched off during DT, and to block current during DyT;. For best efficiency, a Schottky
diode was chosen, so that there would be no reverse recovery switching losses. The lower
the forward drop voltage, the lower the effective conversion ratio and, thus, the higher the
efficiency. A lower forward voltage also means lower conduction losses (P.onduction.diode =
IpVp), which also increases the overall converter efficiency. Thus, a BAS 40 device from
Diodes, Incorporated was chosen, which can support up to 1 A of continuous current and
has a forward voltage of 240 mV.

3.3.3 Power MOSFET and Gate Driver Design
MOSFET Losses

The switching elements of a power converter (i.e. MOSFET and diode) contribute to most of
the losses of the system and thus must be designed very carefully. The losses of the MOSFET
can be broken down into conduction, switching, gate charge, and output capacitance charge
loss. These losses can be expressed as a function of both external factors and internal
properties of the MOSFET. The external factors are the switching frequency fs,, MOSFET
drain current /4.4in, duty cycle of the switching waveform D, and blocking voltage V.
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For the proposed boost converter I4,q4in rms = 1o, duty cycle is DT fs,, and V,pp =V, + Vp,
where Vp is the forward voltage of the external diode. The internal variables are the gate
charge @),, output capacitance Cyys, and on resistance Rgyso,. From [22], the power losses can
be estimated thus:

1?2 RisonD

Pconduction - % (38&)

3
Pgatecharge = QG’V;]sfsw (38b)
Psu) - fswv;ff]kaQGD (38C)

2]d7‘iver

sw‘/o C’oss

Poutputcapacitance = f+ (38d)

The figure of merit (FOM) used to determine the relative performance of power MOSFETSs
is FOM = @) 4R4s0n, where a lower figure of merit implies a better device. It should be noted
that conduction losses are mainly due to the length of DT, and peak inductor current. The
other losses are all related to switching frequency and the various parasitic capacitances of the
MOSFET. For instance, it can be seen that switching loss, Py, is due to the switching delay
when the MOSFET is not fully ON or OFF caused by the charging of the gate capacitance
(represented by Q) by the gate driver (Lgriver)-

MOSFET Design

For this design, the MOSFET is integrated into the chip using the 7 V lateral diffused
MOSFET available within TI 0.25 ym PDK LBC7. While this breakdown voltage is much
higher than necessary considering the blocking voltage required is 3.24 V, it is the lowest
breakdown voltage available in the PDK for lateral MOSFETSs. A lateral MOSFET is chosen
because it has the best possible figure of merit in the TT PDK [25]. The length and width
of the MOSFET determine the gate charge, ),, and on resistance, Rgson, so the particular
FOM will vary with MOSFET design. Increasing the size will result in larger capacitance,
but smaller resistance and vice versa.

Since the switching frequency was purposefully kept low in the design, it is known that
the conduction loss will dominate throughout the load range at low input resistance (when
switching frequency is at its minimum). Using the MATLAB script, it was eestimated that
the switching frequency increases from 25 to 5 kHz, depending on input conditions (assuming
80% converter efficiency). Thus, the non-conduction losses will become more significant. A
general rule of thumb is that switching and conduction losses should be equal at maximum
frequency [22]. Since 50 kHz is still a relatively low frequency and the duty cycle is high due
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to the large conversion ratio, this rule of thumb was reduced to a 40-60 split of conduction
to other losses.

The MOSFET was thus designed to have 120 400 pum wide gate fingers with a length of
0.8 pm (minimum length for manufacturing purposes). This MOSFET consumed 21 pW
due to conduction loss and 30 pW due to other losses (switching, gate charge, and output
capacitance under pre-layout simulations at 40 kHz, with an 80% duty cycle and Ip = 200uA
(600 pA load). With a 20 kHz, 90 % duty cycle at the same Ip, conduction loss increased
to 48 W and only 3 uW due to other losses. This satisfied the design goal of keeping total
loss constant and low across the frequency spectrum by using the a 60-40 split of conduction
to other losses at a midway operating point.

Gate Driver Design

It should be mentioned that a gate driver is required to drive the MOSFET with high current
to reduce switching losses (Equation 3.8c) and the output of the AND gate used to create
the signal D (refer to Fig. 3.2). A basic push-pull gate driver consisting of two back to back
inverters was created. The width of the second inverter is larger than that of the first to
provide more current to the gate of the power MOSFET and reduce switching loss by quickly
turning on and off the MOSFET. The trade-off is larger gate driver power consumption. The
designed gate driver with W/L ratios is shown in Fig. 3.6.
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Figure 3.6: Push-pull gate driver schematic.
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3.4 Design of the Control Blocks

This section details the design of the important unique control blocks: the low power
comparators with hysteresis and the open circuit voltage sampler used to obtain V.

3.4.1 Comparator Design

The two comparators are critical to the proposed controller: the V,,, comparator controls
the burst of the converter and Vj,, controls D, or the switching of the power MOSFET. This
control relies not only the function of the comparator, but also the size of its hysteresis.
Furthermore, since the total power handled by the converter does not exceed 10 mW, it is
also critical that these comparators consume as little power as possible.

Thus, a comparator design adapted from [8] is used to incorporate hysteresis with low power
dissipation. This design is a simple differential input followed by an amplifier, with positive
feedback providing one-sided hysteresis, as can be seen in Fig. 3.7a and Fig. 3.8a. Depending
on the feedback loop, the hysteresis is either on the upper or lower edge. This simplifies the
design and greatly reduces power consumption from the mW to the nW levels, compared to
traditional three stage hysteretic comparator designs.
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(a) Vour comparator design, with upper edge hysteresis. (b) DC Sweep of V,,, with V,, =1 V.

Figure 3.7: V,,; comparator schematic and function.
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Since the V,,; comparator is being used to create a high output whenever V,,, (negative
differential input) falls to V,.s (positive differential input) and hold that signal until V,,,; =
Vief + Vhysteresis, the comparator is designed with hysteresis only on the upper side. This
behavior is demonstrated in the simulation shown in Fig. 3.7b where the x-axis is the negative
differential input and the positive differential input is 1 V. It can be seen the the output (y-
axis) goes high at 1 V and stays high until the negative input has risen to 1.03 V, illustrating
30 mV hysteresis on the upper side.

Similarly, the V;,, comparator needs to output low when V;, falls to V,,,,, and remain low
until V;, has risen an appropriate amount (Viysteresis). This can be accomplished by having
the differential input be V;,, — V,,,,, and using hysteresis on the lower side, as illustrated in
Fig. 3.8b. It can also be seen that at low input voltages, such as in Fig. 3.8b, there is a small
6 mV DC offset.
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3.4.2 Open Circuit Voltage Sampler

The open circuit voltage sampler (OCV) was designed to take store slightly less than half
the open circuit voltage (since the stored voltage, V;,,,, would be the minimum V;,, during
the active period). The design is a basic sample and hold circuit and resistor-less capacitive
divider, as based on a paper by [Liu]. It was designed with low capacitance on-chip capacitors
to save space, but could still hold V,,,, within 10 mV for 20 ms. The design is shown in
Fig. 3.9.

Vin
TLYT
—
Charge [ —
Vmpp
a p—
Discharge 4

Figure 3.9: Schematic of OCV sampler.

As can be seen in Fig. 3.9, the signals that control the sampler are “Charge” and “Discharge”.
These signals are based off the V, burst control signal: V, is actually about 50 us delayed from
the actual output of the V,,; comparator, such that the charge and discharge of the OCV
sampler can occur before the power stage begins switching. This is why it was imperative to
choose an input capacitor small enough to allow even small V},, to raise to the open circuit
voltage (Vrgg) during the smallest burst inactive periods. The timing of these signals is
shown in Fig. 3.10 and the delays are created by using delayed inverters.

Charge [
Discharge [
VourCom P—,
Ve — 1 L
p— 1 U U UL

Figure 3.10: Timing diagram of OCV sampler control signals and delayed D control signal.
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3.5 Layout

The proposed controller is implemented in 0.25 pm CMOS, using the TI LBC7 PDK. The
layout of the analog and digital control blocks and relevant references, along with the power
stage MOSFET, is shown in Fig. 3.11. The entire chip size is 1.25 mm x 0.75 mm, mainly due
to pad size (many pads were included for testing purposes, the actual chip would only need
4 pads). There is ESD protection circuitry included in the pad design, based on the design
manual and [25]’s work. This design was completed and sent for fabrication in February
2016 and should be returned for testing in May/June 2016.

o Gaie Driv

i

Figure 3.11: Final layout of PMIC, with relevant blocks highlighted.



Chapter 4

Simulation Results

This chapter describes the post-layout simulation results. Section 4.1 begins with confirmation
of the operation of the proposed converter and then discusses benchmarks such as overall
efficiency, converter efficiency, MPPT efficiency, and the sampling accuracy of the designed
OCYV sampler. These results are then compared with prior work in Section 4.2.

4.1 Post Layout Simulation Results

All results in this section are simulated using the final layout sent for tapeout in February
2016 (refer to Section 3.5) and the simulation testbench in Fig. 4.1. External components
are assumed nonideal, so 5 m{2 ESR is added to the input and output capacitor and a SPICE
model of the BAS40 diode, provided by Diodes, Incorporated, is used. The output capacitor
is assumed to be precharged to 3.1 V (must be higher than maximum Vjp, for converter to
begin operating as no startup circuitry was incorporated in this design).

Figure 4.1: Testbench used for post-layout simulations.
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4.1.1 Proposed Converter Control Operation Verification

This section details the verification of the converter control. Thus, an ideal voltage reference
was used for Vrgg, which was varied from 50 mV to 500 mV (the entire input voltage
range). It was found after tapeout (as detailed in section 4.1.5) that the designed on-chip
OCYV sampler did not work for long burst periods, so for consistency it was not used in any
of the simulation results reported.

The voltage range, as explained in the beginning of the previous chapter, is 50 mV to 500 mV
or the voltage at which Pypp = 10 mW, whichever is greater. For example, the difference
between operation at 50 mV and 500 mV at Ryrgg = 8 {2 can be seen in Fig. 4.2, the converter
appears stable and switches as expected, maintaining an output voltage of 3 V with a ripple
of 55 mV. As anticipatied, the burst length is much longer for higher conversion ratios (see
Fig. 4.2b: the burst period when Vyrgg = 50 mV is 80 ms, compared to just 0.35 ms at 500
mV. The figures are at the same time span to show more detail. Recall that the maximum
power increases with TEG voltage (Eqn. 2.3), so thus switching frequency and duty cycle
adjust accordingly. The switching frequency increases from 27 kHz to 56 kHz and the duty
cycle increases from 0.37 to 0.69, as Vygg increases from 50 mV to 500 mV. It should also be
mentioned that input voltage ripple seems to vary slightly with input voltage (ripple ranging
from 10 mV to 45 mV at 25 mV and 250 mV input, respectively).
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Figure 4.2: Converter waveforms at Vyrpe = 50, 500 mV and Rrpg = 8 Q of V, (blue), I,
(purple), D (red), and V;,, (orange).

The steady state waveforms of the converter were also verified across the Rrpe range (1-
16 Q). An example of the difference between an Rrpg of 1 Q and 16 , and thus power, is
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displayed in Fig. 4.3. The power difference (Pypp) is 2.5 mW and 156 pW, respectively, as
Vrea is kept at 100 mV. It can be seen that, again, the duty cycle, frequency, burst cycle,
etc. all varies between these two conditions. The burst period is 7.4 ms at 1 2 and 40 ms at
16 Q due to the increased load. The switching frequency is approximately (28 and 30 kHz,
respectively); however the duty cycle is significantly higher at increased power. Interestingly,
it can be seen that input resistance or increased power again affects the hysteresis of the
input comparator by increasing the input ripple voltage from 10 mV to 40 mV.

- 3.035 L RA 30195
301925
I 308
< 3.0259 23018754
}anz = 30188
301825
3.0153 3018 3
301775
L - ]
60.0 200
450 4 18D
=L
E300 ] E100
150 4 50
0.0 00
¥l a0 3 [_Rol 30
25 z5
.20 ~z0
= =
15 S8
1.0 o
5 5
0.0 00
- Wi -
100.0 ] 1000
='80.0 800
IE E
= rd
60.0 4 600
r T T T T T T T r T T T T T T T
1675 17.0 17.25 175 17.75 180 1825 185 1675 17.0 1725 7.5 1775 180 1825 185 1
time (ms) time (ms)
(a) VTEG =1 Q, PMPP =25 mW (b) RTEG =16 Q, PMPP = 156 [LW

Figure 4.3: Converter waveforms at Vyrpe = 100 mV and Rypg = 1, 16 Q of V, (blue), I,
(purple), D (red), and V;,, (orange)

4.1.2 Overall Efficiency

Since there are several variables that change (Rreg, Vreg, and thus Py pp), several graphs
will described in this section to give the full picture of how converter efficiency varies. These
graphs will be explained in depth within this section and then their format used again in
the sections in converter and MPPT efficiency.

In Fig. 4.4, the graphs of overall efficiency vs. input voltage are displayed for several Rrgg
(thus simulating various TEGs or TEG configurations at various temperature differences).
Since the power can vary significantly at different Rypo and Vygg, Fig. 4.4a gives an idea of
what the Py;pp, or the maximum power available to the system from the TEG, is at different
Vreq for the maximum and minimum input resistances; whereas Fig. 4.4b illustrates several
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different resistance configurations at different input voltage. It can be seen that as input
voltage increases, input power increases, and thus overall efficiency increases. The efficiency
at the highest conversion ratio is the lowest for all resistances and particularly low at low
resistance (and thus low power). For TEG voltages over 100 mV, the overall efficiency is

greater than 60% for all resistances.
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Figure 4.4: Overall efficiency vs. Vrgq for entire Ryrpg range.

Fig. 4.5 displays this same data, but with the maximum power avaiable from the TEG
(Pypp) as the x-axis. It should be noted that the overall efficiency peaks at mid-power
range (see Fig. 4.5) for higher input resistances but peaks at maximum power for lower input
resistances. The overall efficiency is over 60% for all resistance curves for Py pp > 300 uW.
From either of these two graphs it can be seen that the peak overall efficiency is 81% at several
instances. Furthermore, the peak overall efficiency for Py;pp < 500 uW and Vyrgg < 200 mV
is 73% at RTEG =8 Q/ VTEG =100 HlV/PMpp =313 /LW

90%

0% 02V 03V
80% T 80%
0.4V

Z 70% orp— XY . Z 70%

= S 2V =

.g 60% / [ 0.1V .5 .g 60% =10

& 50% LLEh| & 50% 20

= =10 =

S 40% © 40% —_—A 0

2 ou / ==160Q @ On /

6 30% / & 30% 80
20% 05 v/ 20% 7 ——160Q
10% ¥ 10% £

10 100 1000 10000 10 100 1000 10000

(a) Overall efficiency vs.

MPP Power (uW)

Rreqa with annotated Vrga.

MPP Power (uW)

Figure 4.5: Overall efficiency vs. Pypp for entire Rypg range.
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4.1.3 Converter Efficiency

The converter efficiency is the efficiency of the PMC without taking MPPT into account
and is displayed in Fig. 4.6. Note that the data displayed in the graphs are the same, the
x-axis has just changed such that the Vg trend can be separated from the Py pp trend. It
can be seen that the converter power is highest at conversion ratios above 10 (Vrgg = 0.3
V), regardless of input resistance (power). Simiilarly, for all input resistances, the converter
efficiency is higher at higher powers.
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(a) Converter efficiency vs. Vpgg for selected (b) Converter efficiency vs. Pppp for selected
Rrpq across entire range. Rrpa across entire range.

Figure 4.6: Converter efficiency for entire Ryrgg and Vrgg ranges.

Fig. 4.7 presents the converter loss breakdown. This figure compares the difference in losses
incurred at Vyrpe = 100 mV between higher input resistance (less power) and smaller input
resistance (more power). The diode is a prominate loss contributer in both cases; in fact,
in all cases across the TEG voltage and resistance range, the diode contributed the most or
second-most loss. The power MOSFET also contributes a large amount of loss; however, it
can be seen that the loss is due to different things (on resistance vs. parasitic capacitance)
depending on input conditions. This is because the MOSFET switches at 40 kHz with a
50% duty cycle at 8  and 28 kHz with a 90% duty cycle at 1 €. Thus, the MOSFET
conduction losses dominate at lower input resistance. The gate driver contributes a constant
loss of 30 W, which can become significant at lower powers. The controller loss (does not
include gate driver) is the smallest. Simulated losses due to capcitor ESR were comparably
insignifcant (1 pW at 1 ) and thus are not shown.
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Figure 4.7: Power loss breakdown between two different TEG resistances at 100 mV.

4.1.4 MPPT Efficiency

As discussed in previous sections, the overall efficiency decreases at increased power but the
converter efficiency does not. Thus, the overall efficiency must be decreasing due to not
harvesting at the MPP. Fig. 4.8 shows the MPPT efficiency during the burst period (i.e.
not including the inactive time in power calculations). However, it can be seen that the
efficiency does not have any severely negative trends with input power. There is a trend
with input resistance, though; as can be seen in Fig. 4.3, there is a higher ripple at higher
input resistances, and thus, decreased matching efficiency. But for resistances above 1 €2,
it can be seen that the burst MPPT efficiency is high (above 90 % for Vrge > 100 mV),
meaning the input voltage feedback loop works well to match the input voltage to Vi pp.
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Figure 4.8: Burst ePPT Efficiency for entire Rrpe and Vygg ranges.

Digging deeper into the data, it can be found that the reason the overall efficiency decreases
at higher loads is actually very simple. The input capacitor needs to fully recharge to Vrgg
during the inactive period; however, the inactive period is determined by output capacitor
size and the load. When calculating overall efficiency, the largest load that still allows the
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input capacitor to charge to 95% of Vrpg during the inactive period was used. Thus, at
higher power (decreased inactive period) the maximum load current used was determined
by the inactive period length, not the largest load that the converter could support (if given
an external V) pp reference). Thus, even if the matching efficiency during the burst is good
(i.e., the input voltage feedback loop works well), the load will be smaller to increase the
inactive period and thus reduce overall efficiency. This curve can be changed by redesigning
the power stage and further reducing Cj,; however the f,, would then increase, reducing
converter efficiency. Since this design was aiming for a very flat curve, the tradeoff of
decreased overall efficiency at higher input power for lower switching frequency (and thus
higher converter efficiency) at low input powers was deemed acceptable.

4.1.5 Sampling Accuracy of OCV Sampler Block

It was found that the OCV sampling block did not act as expected at high input resistance
and conversion ratio (longest burst periods). The voltage was divided down inaccurately
and not held for the expected amount of time. For some input conditions, the converter
is not able to operate with the taped out OCV sampling block connected at all, as can be
seen in Fig. 4.9. Since V,,,,, discharges too quickly, the switching frequency and duty cycle
change during the active period as V,,,, changes. The duty cycle eventually becomes too
large to maintain the output voltage. Unfortunately, this issue was not discovered until after
the chip was sent off for manufacturing and thus, will also occur in testing. However, this
block can be bypassed in testing to measure the operational functionality, overall efficiency,
and matching accuracy at large input resistances. Future fabrications will move the OCV
sampler’s capacitors off-chip to allow for large capacitors and will use a resistive divider for
more accurate sensing.
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4.2 Comparison with Other Works

Table 4.1 displays how this work compares to notable previous work in this area. It can
be seen that the boost converter efficiency achieved in post-layout simulation is on-par with
state of the field, particularly when the high conversion ratio (70 mV-3 V) and low input
power (maximum 600 W) are taken into account. This work also uses the fractional open
circuit voltage method to match the input resistance when the converter is extracting energy,
ensuring maximum energy is extracted. Furthermore, the peak low power efficiency (less
than 500 mW maximum power and 200 mV TEG voltage) is higher than oher wide power
range converters (e.g. Ahmed [8]), and on-par with narrower range and low conversion ratio
converters, such as [6, 9].

Table 4.1: Comparison of Proposed Boost Converter with Prior Work

Im Kim Liu Ahmed Zhang This
[5] [7] 9] 3] (6] Work
Minimum V;, 40mV | 70 mV | 70 mV 12 mV 30 mV | 70 mV
Output Voltage 2V 358V | 18V |066-33V | 05V 3V
Max. Output Power 27mW | N/A | 180uW | 12 mW | 150 pW | 600 W
Peak Efficiency 61% 72.2% | 80%* 82% 74 % 81% *
Peak Low Power Efficiency | n/a n/a 80%* 65% 74 % 73% *
MPPT Yes Yes Yes No Yes Yes
External V¢ required No Yes Yes No No Yes

*simulation only



Chapter 5

Conclusion

Energy harvesting from body heat using thermoelectric generators has the potential to
provide energy savings to wearable systems and renewable energy for small sensor nodes.
However, there are several key problems with this energy source, namely that it is a resistive
voltage source that provides very low voltage at low power levels. This thesis research
proposes an efficient boost converter controller to step up a range of low voltage with
varying input resistance. The proposedr controller consists of two hysteretic comparators
that provide input voltage and output voltage feedback to provide maximum power point
tracking and regulate the output to within 3% of 3 V. The controller has been taped out
and post-layout simulations indicate good performance of most of the analog control blocks
and a peak overall efficiency of 81%.

5.1 Key Contributions

The proposed boost converter provides several key contributions to the fields of ultralow
power boost converters for thermoelectric energy harvesting. It utilizes burst mode and
the fractional open circuit voltage method of MPPT to control both the input and output
voltage. Using a simple control scheme and low power comparators, the input voltage is
matched during harvesting within 2% while the controller has a quiescent current of less
than 12 pA including the gate driver, and less than 2 pA excluding the gate driver. Due
to the utilization of burst mode, the controller is able to boost input voltages as low as 50
mV to 3 V. A peak overall efficiency of 81% is expected, based on post-layout simulations.
While prior works have achieved similarly high converter efficiencies (80 — 82%), they either
did not include MPPT [8] or had a lower conversion ratio [9]. Furthermore, the converter
works over a large voltage and power range and the simulated overall efficiency at low power
and low voltage is 73%, which is higher than similarly high conversion ratio, wide range
converters [5, 7, 8.
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5.2 Future Improvements

There are several ways to continue and improve this work. As seen in Fig. 4.7, a large amount
of loss is due to the external diode. To improve the converter efficiency, the proposed boost
converter could be made synchronous by replacing the Schottky diode with a PMOS as
in [11], [7], and [9]. This would increase controller complexity and power consumption, but
the tradefoff with power stage efficiency may be worthwhile. Using a PMOS also decreases
the peak inductor current as the voltage drop across the PMOS would be much less than the
Schottky diode, thus effectively decreasing the conversion ratio. Reducing other converter
losses or increasing MPPT accuracy would further increase overall efficiency.

Furthermore, now that the converter steady state control scheme has been established,
incorporating a low voltage startup oscillation technique as in [5] or using a subthreshold
voltage technique as in [8] would allow the circuit to start-up without a precharged output
capacitor or operation without an external V. This improvement would make the proposed
converter more independent and thus a more attractive and viable candidate for thermoelectric
energy harvesting.

These improvements are left for future research in ultralow power boost converters for energy
harvesting, as well as low power analog electronics.



Appendix A

MATLAB code used for to estimate DT,, DTy, and DyTy for preliminary design purposes,
as referenced in Section 3.3.1.

RTEG = 1;
Cin = 5e-
ESRCin =
L = 33e-6;

VTEG = 120e-3;

Vmpp = VTEG%0.35;
dHys = 50e-3;
Vinmax = Vmpp+dHys;
vd 240e-3;

Vo = 3;

Co = 22e-6;

Io = 100e-6;

dvo = 50e-3;

Vomax = Vo+dVo;

6;
0.005;

%$Solving for DTs

vin0 = Vinmax;

dvin0 = (VTEG-vinO)/ ((RTEG) *Cin);
alpha = 1/ (2% (RTEG) *Cin) ;

wo = 1/ (L*Cin) "0.5;

gamma = alpha/wo;

syms t

if gamma > 1

al = wo* (—gamma + (gamma”2-1) 5);
a2 = wo* (—gamma - (gamma”2-1)"0.5);
Al = vin0O - (dvinO-alxvinO0)/ (a al),
A2 = (dvinO-alxvinO0)/ (a2-al);

egqn = Alxexp(alxt)+tA2xexp (a2xt);
elseif gamma ==

dl = -—-alpha;
D1 = dvin0O + alphax*vinO;
D2 = vin0;
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eqgqn = Dlxtxexp (dlxt)+D2xexp (dl*t);
elseif gamma < 1

bl = -alpha;

wd = (wo"2-alpha”2)70.5;

Bl = vin0;

B2 = (dvinO + alphaxvin0)/ (wd);

egqn = exp(bl*t)* (Blxcos (wdxt)+B2+sin (wd*t));
end
DTs = vpasolve(eqn == Vmpp,t, [0 0.001]);

DTs_us = double (DTs) *1leb6

$Solving for D1Ts

$iL0 = 1/L integral (vin(t)) from 0 to DTs
DTs = double (DTs);

if gamma > 1

ILO = 1/L » (Al/al*exp(alxDTs)+A2/a2+exp(a2+«DTs) — Al/al-A2/a2);
elseif gamma ==
ILO = 1/L * (exp(dl*DTs)/dl* (D1xDTs-D1/d1+D2) - D2+D1/dl);

elseif gamma < 1
ILO = 1/Lx (exp(bl#DTs) * ((Blxwd+B2+bl) *sin (wdxDTs)+ (Bl+bl-B2*wd) ...
*cos (wd*DTs)) — Blxbl +B2*wd)/ (bl "24+wd"2);

end

D1Ts = ILOxL/ (Vo+Vd-Vmpp) ;
D1Ts_us = D1Ts=*1leob

%$Solving for D2Ts
D2Ts = -RTEG*Cinxlog(l-(Vinmax-Vmpp) /VTEG) ;
D2Ts_us = D2Tsxleb

T_us = DTs_us+D1Ts_us+D2Ts_us
D = DTs_us/T_us

D_diode = D1Ts_us/T_us
fsw_kHz = 1/T_us=*1000

ILpksw_mA = double (IL0%x1000)

$Compare the hos much Vo rises and falls each MOSFET switching cycle
$Rise must be greater than fall to maintain Vo

Vorisesw.mV = (ILO)/Co % D1Ts x 1le3/2
Vofallsw.mV = Io/Co x (DTs+D2Ts) * le3
ratio = Vorisesw.mV/Vofallsw.mV

%$Capacitor Charging & Discharging--compare burst dead time to time to OCV
t_CinChargetoOCV._ms = -RTEGxCin*log (l- (VTEG-Vmpp) / (VIEG+Vmpp)) *«1000
t_.deadTime.ms = -VoxCoxlog (Vo/Vomax)/Iox1000
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