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Abstract

Thermoelectric coolers (TECE) are solid state devices that use the Peltier effect to provide
heating or cooling for an enclosed area when a voltage is applied. In order to both heat
and cool, a bidirectional current must be supplied to the TECI Therefore, a driver circuit is
needed to supply the [TEC with this bidirectional input. This thesis explores a design for an
ultra-compact driver for a [TEC| that allows the system to quickly respond to disturbances,
and efficiently maintain a precise temperature. Existing integrated [TEC] driver products
currently do not meet the design targets set in this thesis. The products only operate up
to 2 MHz frequency, are less than 90 % efficient, and are quite large. This motivates the
design of an improved [TEC] driver. This thesis provides an investigation into a peak current
mode controlled [TEC] driver architecture that operates at 5 MHz with a 2.7-5.5 V input, and
supplies &= 1.5 A to the[TEC|] This[TEC driver was targeted to achieve a 95 % efficiency, and
will be incorporated with other circuity as part of an ultra-compact integrated circuit (ICl)
package design. After exploring various architectures, a peak current mode dual buck H-
bridge [TEC driver comprising the architectural blocks of a gate drive circuit, outer voltage
loop, and inner current loop was designed. This design ensures that the targets of small
size, high efficiency and stability are met. The experimental results, along with analysis and
simulation of the design presented in this thesis demonstrate that this architecture can be
used in TEC driver applications, and shows great promise for use in other applications due
to its size and efficiency.
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Chapter 1

Introduction

Thermoelectric coolers are solid state devices used in applications where temperature stabi-
lization, temperature cycling, or cooling below ambient temperature are required [5], 1T [6].
[TECE can be used in either heating or cooling applications, depending on the polarity of the
applied voltage ([V]). A [TEC| needs to be supplied with a bidirectional current () to be able
to both heat and cool an enclosed area. As such, an electric circuit must be integrated into
any [TEC] system to drive and control the TEC] The [TEC driver architecture needs to oper-
ate efficiently to minimize power ([P)) losses, as well as quickly respond to any disturbances,
to ensure a precise temperature ((I]) can be maintained. This thesis aims to develop a very
efficient, high frequency driver for a [TEC| that will be integrated into a small [C] package.
The [TEC driver is designed and simulated using Cadence Virtuoso, LTSpice and MATLAB,

and is intended to operate as a temperature controller to heat and cool a laser system.

1.1 Background
Uses of [TECk

Single stage thermoelectric coolers can produce a maximum temperature difference of
about 70 °C, and historically have low thermo-electrical energy conversion efficiency due to
inherent parasitic conduction losses [49]. The main drawbacks of [TEC] technology is thus
the inadequate performance for high temperatures ranges [16]. For smaller temperature
differentials however, the [TEC| efficiency is much higher [46]. [TECk are therefore desirable
for several applications such as photonics systems (e.g. industrial laser diode cooling, and
laser transceiver modules), food & beverage cooling, and clinical diagnostic systems [42]

where the required temperature range is small.
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[TECE are solid-state cooling devices and hence have the benefit of being lightweight and
small - on the order of a few millimetres. They are flexible in design and thus can be easily
integrated into systems or configured for many different applications [22]. Additionally, TECk
have no moving parts - this lack of mechanical wear increases the lifespan of the system and
lowers the maintenance requirements. [TECK are thus highly reliable devices that have long
lifetimes, and rarely experience failure due to mechanical vibration or stresses [6]. Another
major advantage is that [[TECk are highly controllable. This means that they can respond

quickly and achieve a precise temperature.

A further reason for using [TECE is its environmental benefit. Many conventional cooling
systems utilize hydrochloroflourocarbons which contributes to global warming and detri-
mentally impacts the environment [I3]. [TECE are much more environmentally safe than
other cooling units in the market. Therefore, there is a need for research into and devel-
opment of more efficient [TEC driver architectures to ensure the diversification into more

environmentally-friendly cooling/heating technologies.
Operation of [TECk

A[TEC s a thermoelectric device that consists of an array of alternating p-type and n-type
semiconductor materials situated between two thermally conducting plates (usually ceram-
ics) [49]. These p-type and n-type materials are joined electrically in series, and thermally

in parallel, to form semiconductor couples, as shown in Figure below.

|_ _ . COLD SIDE |
‘ I I l Heat flow
GG ®® G)e @ Oe ®® GO
N P N P N P N
Current,1_L_4 I_. t
How | HOT SIDE |

Figure 1-1: Array of p-type and n-type semiconductor couples of a[TEC| connected thermally
in parallel and electrically in series, which allows current and heat to flow through the device.

The junctions of the [TEC] comprise dissimilar semiconductor materials. Therefore, when
a direct current (D)) voltage is applied across the [TEC] terminals, a current flows across the
contacts of the dissimilar conductors, and a temperature differential results. Heat is evolved
at one junction and absorbed at the other. This phenomenon where heat is absorbed or
dissipated when a current folows across a junction between dissimilar materials is known
as the Peltier effect [16]. Figure illustrates the Peltier effect phenomenon in an n-type

material.
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T Temperature, AT
Hot |

Electron Flow

V, 1 V.
Voltage, AV

Figure 1-2: Peltier effect in an n-type material. When a voltage is applied, the electrons
diffuse from the positive to the negative side, developing a temperature differential.

The Peltier effect creates a temperature difference by transferring heat between the two
electrical junctions. The electric current due to the applied [DCl voltage drives charge carriers
in the p-type and n-type materials. This carrier movement transports heat and results in a

temperature difference across the ends of the [TEC!

The Peltier coefficient (PJ) of a material represents how much heat is carried per unit
charge () that passes through the junction. The different semiconductor materials in the
[TEC have complementary Peltier coefficients. Due to the different [P} of the materials, the
[TEC acts like a heat pump and one surface of the [TEC] absorbs heat while the other gets
heat deposited. The Peltier heat varies as a linear function of [Il

= [P] [ where:-
o =1 time (f)
e [P]= o -[M where:-

— The Seebeck coefficient (gm) is the voltage generated per degree of temperature

difference over a material.
— [Mis the junction temperature in Kelvin [22].

When a [DC voltage is applied across the [TEC], a current is produced which drives the
carriers in the p- and n-type materials. Heat flows in the same direction as the carrier flow.
Thus, cooling occurs when a current is directed from n- to p-type material, while heating

occurs when a current flows from p- to n-type material, as illustrated in Figure [I-3
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Heat
flow

Contacts

P 4 Sy

Heat Absorbed

|
.I=

TEC Couples

Figure 1-3: Bidirectional current, heat, and carrier flow in the semiconductor couples. De-
pending on the polarity of the applied voltage, the current drives the charge carriers which
either carry or deposit heat from the top side to the bottom side of the [TECL

By exploring the energy bands of the semiconductor materials, the mechanisms for heat
transfer in the [TEC system can be better understood. According to Bohr’s atomic model,
each shell in an atom includes separate quantities of energy, at dissimilar levels. There are
three main energy levels, the valence band, conduction band, and inner band. Semiconduc-
tors have fully occupied valence bands, and unoccupied conduction bands, with a small band
gap between the two energy levels. This causes semiconductors to have conductivity levels
in-between that of insulators and conductors. The valence band contains valence electrons
which are held at the highest molecular orbital while the conduction band, has electrons
that are loosely held by the atom. The conduction band electrons are referred to as mobile
carriers as they can move around more freely. There is a band gap between conduction and
valence energy levels, and for a semiconductor to conduct, the valence electrons require a

certain amount of energy to be excited and move from the valence to conduction band.

In n-type materials, the conduction energy band lies above the hypothetical energy level
of an electron i.e. the Fermi energy level. The Fermi level is usually found at the center
between the valence and conduction bands. Hence, for an electron to leave, it must absorb
energy. At one junction of the [TEC] heat is absorbed from the environment. This heat is
carried by electron transport to the other side of the [TEC], where electrons are now at an
energy level above the Fermi level. As the electrons move from a high- to low-energy state,
they emit energy [5],[33]. Therefore, there is a decrease in temperature on the side where heat

was absorbed, and a temperature increase on the side where heat is released. This allows
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the [TEC to heat/cool, as shown in Figure [1-4]

AENergy, E

E-Ey EEp,
Heat Absorbed E Heat Emitted

C
/ Conduction Band w
Eel

Ferml Level 1 =

Ferml Level 2

Ey
Valence Band
Peltier Cooling Peltier Heating
Distance, x
..... > D

1) 1)

A
A\ 4

Figure 1-4: Electron movement across different energy levels as heat is absorbed/emitted
in the [TECL Electrons absorb energy, and move from the left contact to the right contact,

where they emit energy to the contact.

The complex device physics of the [TEC| can be modelled by an equivalent thermoelectric
circuit model which separates the electronic domain (VI[I), and the thermal domain (PIT),
into two circuits |5} [50], which influence each other through [l and [Vl dependent sources.

Qcold Ot
— —
O— —0

< Three °

T, Port Ty
o—1J1 Model | 3

ITEC1l l
+ v -

Figure 1-5: High level three port model of the TEC.

Figure [1-5] shows the three port model of the [TEC| where the bottom port connects to an
electric circuit, and the left and right ports are the thermal connections to the cold and hot

sides showing the Peltier heating () g, and Peltier cooling ((Qcoudl)-
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Table summarizes the analogous meanings of each thermal and electrical component
used in the thermoelectric and electric model of the [TEC] shown in Figures [I-6] and [I-7]

Table 1.1: Thermal and electric circuit analogs.

Heat Flow [W] Current [A]
Temperature |C] Voltage [V]
Thermal Resistance [K/W]| Resistor €]
Thermal Mass [J/K]| Capacitor [F|

The thermoelectric model shown in Figure shows the the Peltier cooling current

source (()pcl), Peltier heating current source (Qpgl), and Joule heating (Q);)), which is given
by the formula Q; = I*- R as dependent sources, It also shows the thermal capacitance (Czg)),
and thermal resistance (Rzz)) which model the thermal impedance across the [TEC| couples.

Thermal Impedance across couples

QE'E!’(P’ JM Q_f;a"af
o O
+ R Ry +
TH2 .
CTH.—"ﬁ C THIG
T 4> : : Qi . : : <T> Iy
e J T 2Cr3 Oy
o : o

Figure 1-6: Equivalent thermal model of the [TEC] showing heat flow from left to the right.

The equivalent electric circuit model in Figure [I-7] shows that the voltage applied at the
electrical port experiences the TEC resistance (Rrgc]) in series with a voltage source which
represents the Seebeck voltage that arises from the temperature difference across the [TECL
The [TECTs I-V characteristic is dominated by the resistive element and consequently, power
varies with the square of [l across the [TEC|

Irge Ryge
Vigcs o—
Vige. =

Figure 1-7: Equivalent electric circuit model of the [TECL A voltage applied across the
terminals produces a temperature differential due the the Peltier effect.

17



1.2 Project Motivation

This thesis aims to develop a novel, high-performance [TEC] driver. This driver will aid in
making [TECk a more popular heating/cooling technique as opposed to conventional cooling
techniques that negatively impact the environment. The main motivations for designing a
new [TEC] driver are simplicity, power savings, and size reduction. This new driver architec-

ture strives to create a highly efficient, controllable, system in a small package size.

The driver will operate off an input voltage (V) ranging from 2.7 to 5.5 V and supply a
output voltage (V) ranging from -0.95V,,|to +0.95V,] producing maximum output current
(L) of £ 1.5 A. Tt will run at a switching frequency of 5 MHz, to allow smaller
component sizing, and ensure fast system response. It further aims to provide greater than

95 % efficiency (7)), by reducing power losses, and minimizing current ripple (AZl).

The driver must provide bipolar voltage and current capability so that the [TEC| can be
used to both heat and cool. In order to ensure the [TEC] can heat/cool to a precise temper-
ature, the driver must also ensure that the system can respond quickly to any disturbances
and input changes. The [TEC| product must also be of a small form factor so that it can be
easily incorporated into the desired laser photonics application system [51]. The [TEC] driver
will eventually be a part of an ultra-compact [[C], as illustrated in Figure below.

TEC Driver IC

0000 |
000
9909e

"?. [mm]

| |
UWUMMMM%%%d

Tec-fPl IN| [P] [N]Tec+

/LT

[mm]

Figure 1-8: Ultra-compact [[C] package containing the [TEC| driver circuitry at the top, with
the [TEC| device connected at the bottom.
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1.3 Literature Review

A number of integrated [TEC| products have been developed commercially. However, each
product was designed for a different application and hence has varying specifications, oper-
ating conditions, and design architectures. Table below compares existing [TEC| drivers
with the design targets for the [TEC| driver in this thesis.

Table 1.2: Comparison of existing [TEC| driver products.

LTC1923 Dual H-bridge
(2001) [47] 2 external H-bridges

2 external inductors

Voltage mode control
ADNS8831 |3.0-50 |20 |[1.0 5.0x 5.0 Linear & PWMl drive | ~ 90
(2019) [7] 1 external H-bridge &

1 external inductor
ADNS8833 | 2.7-55 [ 1.0 |20 4.0x 4.0 Linear & PWMl drive | -
(2018) [8] 1 external inductor
ADNS8834 |2.7-55 |15 |20 4.0x 4.0 Linear & [PWM] drive | -
(2018) [9] 1 external inductor
ADNS8835 | 2.7-55 [35 |20 6.0 x 6.0 Linear & PWMl drive | -
(2018) [10] 1 external inductor
LTM4463 |2.7-55 |15 |[1.0 3.5x4.0 Linear & [PWM] drive | = 90
(2020) [48] 1 external inductor
MP8833 27-55 |15 | 1.0 2.0x 3.0 Linear & [PWMl drive | ~ 90
(2018) [36] 1 internal inductor

Current mode control

The existing [TEC drivers vary in size, operating frequency, employ different architectures

and as such have different efficiencies.

The MP8833 [30] device has a small footprint, however it is only able to operate at
a frequency of 1 MHz. Currently, the integrated [TEC| products on the market can only
operate up to a maximum frequency of 2 MHz [8] 9, [10]. With this low [f,)}, in order to limit
the output ripple across the [TEC| and reduce power losses, these designs use large passive
components (inductors and capacitors) to sufficiently filter and smoothen the output ripple.

This causes the [TEC products to have large footprints and package sizes.
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In order to facilitate both heating and cooling, some of the different driver architectures
used to supply the bidirectional voltage are: constant current drive, pulse width modulation
(PWM]) drive, and linear regulator drive. An H-bridge [TEC] driver circuitry is commonly
utilized to provide the bidirectional current flow through the [TECL However, there is a
wide variation in how the H-bridge circuitry is driven. In the ADN8833 and LTC1923
products [8, [47], the H-bridge circuitry is external to the [(] package. This means that the
actual footprint of the [TEC] driver is in fact larger than the dimensions stated in Table [I.2]
Further, the user is forced to source the external components separately, which adds to the

cost as well as impacts the system efficiency.

The LTC1923 [47] uses a dual PWM]drive and a voltage mode controlled feedback scheme.
However, this results in the need for a complicated type III compensation network to stabilize
the system. The compensation network is also external to the [C] package which again
increases the footprint of the system. The dual drive is implemented as two separate

buck stages. This doubles the components needed, and increases the [ size.

Generally, linear regulators are less efficient than switching regulators. However, Analog
Devices (ADI) uses a patented (US6486643B2) high gain linear regulator (LDRI) stage [29] in
the ADN8833, ADN8834 and ADNS8835 [8], (9], [10] which is very efficient. Therefore, many of
the new [TEC] products from [AD]l utilize a driver design that involves linear drive on one side
and drive on the other. Utilizing a linear regulator reduces the component count and
makes the product smaller. However, in order to make the linear regulators with comparable

efficiency to that of a switching regulator, the design becomes very complicated.

In addition to the bidirectional voltage supply, a feedback system is usually incorporated
to improve the system stability. For the driver side architecture, there have been
many different designs for the feedback system. The LTC1923 [47] uses a voltage mode
control scheme, while others used current mode control schemes. Each method has different
advantages and drawbacks, so depending on the intended application for the [TEC] product,

different control schemes were used.

None of the existing [TEC] drivers can operate at switching frequencies as high as 5 MHz,
the package sizes are large, and efficiencies can be improved. There is thus a need for inno-
vation to create a[TEC| driver that has higher efficiency levels, simpler design architectures,
smaller package sizes, lower output ripple currents, and faster speed of operation. This thesis

project aims to develop a[TEC| driver circuit that can overcome the shortcomings in existing

[TEC products.
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1.4 Thesis RoadMap

This thesis is organized into ten chapters.

Chapter [T introduces the background of [[TECE, presents a summary of previous work,

and explains the motivation for the new driver design.

Chapter [2| outlines the target design goals/specifications for this novel [TEC] driver and
highlights the potential challenges in achieving these design goals.

Chapter 3| describes the methodology used in selecting and designing this novel driver
architecture. It provides an analysis of the trade-offs of different approaches, and explains
the rationale behind, and operation of the major components of the new [TEC| driver designed

in this thesis.

Chapters [ - [10] analyze the design of each major subsystem in the new [TEC]| driver.

Simulation results illustrating the [TEC] driver’s performance are presented for each block.

Chapter [4] provides mathematical modelling along with simulation data of the model
for the new [TEC| driver architecture.

Chapter [5|describes the design, including components sizing and selection, for the buck
power stage of this new [TEC driver.

Chapter [6] describes the gate drive circuitry for this [TEC| driver architecture. It de-
tails the path of the [PWM]| signal from the inner current loop to the power metal oxide
semiconductor field effect transistor (MOSEET]).

Chapter [7] describes the design and operation of the outer voltage loop of the novel TEC]
driver design. It analyzes the compensation network, error amplifier and voltage divider

needed to stabilize the system.

Chapter [8| describes the inner current loop with emphasis on the current sensing archi-
tecture, comparator, and latch.

Chapter [9] evaluates the system, detailing the efficiency calculations, timing analysis,

and stability analysis for the complete [TEC] driver system.

Chapter [10] concludes with a summary of the novel [TEC] driver architecture that was
developed as well as the design targets that were set forth in the project. Recommendations

for the further development of [TEC] driver circuits are also offered.
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Chapter 2

System Design Requirements

2.1 Design Targets

The main design targets of the [TEC] driver developed in this thesis are:
1. 5 MHz speed of operation
2. > 95 percent efficiency
3. Low current ripple (Afl) through the [TEC]
4. Small package size and simple design
5. Large dynamic range for the differential voltage across the [TEC]
6. Good stability and fast transient response

By achieving the above targets, the new [TEC] driver will have good stability, improved

simplicity, power savings, and size reduction.

This thesis aims to design a driver for a [I'lEC] that supports current sourcing and sinking
to provide a bidirectional [V, up to + 0.95V},] and [I,,] up to £ 1.5 A from a [V}, supply
ranging from 2.7 — 5.5 V. This driver will then be part of an ultra-compact package-integrated

design built in 0.18 um process technology with an in-package inductor.

The core architectural decisions for designing a [TEC] driver that satisfies the above spec-
ifications involve macro-model decisions and transistor level design. At the macro-scale, the

main decisions include control architecture design, stability analysis of the feedback system,
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current sensing architecture design, and design of gate drivers. At the transistor level, each
macro-block must be translated into 0.18 pum process technology so that sizing, transistor

matching, timing analysis, as well as system efficiency and power losses can be evaluated.

2.2 Design Specifications

Table below provides a summary of the specifications that this new [TEC driver was

designed to meet in this thesis project.

Table 2.1: Specifications for the [TEC] driver designed in this thesis.

Vout TEC Output Voltage +095-V;, V
Vin Input Voltage +2.75t0 5.5V
fow Switching Frequency 5 MHz
Tout Output Current +15A
Package Size Footprint of IC ultra-compact
Rrec Effective TEC Resistance 30
D Duty Cycle Range 95 % to 5 %
Process Technology | Semiconductor Technology 0.18 pum
L Target Efficiency 95 %
Pout Output Power 8.25 W
A Vout Output Ripple Voltage 30 mV
A Tout Output Ripple Current 30 % max current

2.3 Potential Challenges

The design targets and specifications discussed in Sections and above pose several

challenges that were carefully considered when creating the [TEC] driver architecture.

Firstly, [TECk inherently have low efficiencies. Therefore, to achieve the high levels of
efficiency needed to make [TEC] technology viable, all power losses must be minimized. For
[TEC applications, it is also necessary to minimize the [All and [AV] The inductor current
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ripple (AT7]) is given by the formula Al = W. Therefore, to reduce [All either
the inductor ([) or switching frequency ([f;.)) must be increased. Increasing [l allows for
better filtering, but it increases the device footprint which conflicts with the design goal of

minimizing the package size.

Consequently, a high operating frequency of 5 MHz was selected to reduce [All across the
[TECL Reduced [AT] helps the inductor to not saturate as easily, and reduces devices stresses.
This high frequency reduces the ripple while using smaller filtering components. Reduction
in component size is very beneficial since it allows for a massive decrease in the area of the
[T package. The smaller the package size, the larger the market demand for the product,
since many applications which require precise temperature control but have limited space

can now easily incorporate this [Cl

Unfortunately, there are potential limitations for such a high frequency of operation. At
high frequencies, parasitic inductive and capacitive effects become more pronounced and
have a larger impact on the operation of the system. Another challenge is the duty cycle (D))
limitations. A fast operating frequency means that the system has shorter times to settle
and operate. However, the system has inherent limits on how quickly it can operate, that

result from:
e the non-overlapping time between the turn on of the high and low-side
e the blanking time needed to avoid false triggering on switching transitions
e current sensing delays

These delays limit the range of achievable [Dl and hence the dynamic range of the system.

Therefore, the TEC]driver must be designed to minimize the system’s minimum on/off times.

In terms of package size, there are limitations on component sizing. Power electronics
historically leverages the use of magnetics, in the form of inductors and transformers, to
convert energy effectively [12, 21, 37]. However, in order make sure the driver fits into a
small package size, these components need to be minimized. Reduction of the size of power
further impacts the delay and power losses of the system. The small package size
also places a limit on the number of pins that the [[(J] package can have. Therefore, several

tradeoffs are required to balance these metrics and achieve the desired system performance.
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Chapter 3

Design Choices & Trade-offs

The [TEC| demands adjustable bidirectional current in order to heat/cool by varying degrees
and maintain a precise system temperature. Due to ambient temperature variation and laser
operation uncertainties, the [TEC| driver must be capable of either sourcing or removing heat

and must therefore have a four quadrant operation as shown in Figure [3-1] below.
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Figure 3-1: Four quadrant operation required to source and remove heat from the [TECL

The integrated [TEC| system must run from a fixed-range [\,] (2.7 V - 5.5 V) and modulate
this [V;,] to produce a variable bidirectional differential voltage across the [TECI A high
dynamic range and output power are vital to allow the [TEC] to heat/cool across a wide
temperature range. It is also imperative for power losses to be minimized since any difference
in energy input to the system and energy output from the system is dissipated as heat. This

excess heat combats the cooling process and hence results in a low efficiency.
The core components that need to be designed in the [TEC] driver architecture are:
e bidirectional current generation (Section [3.1)

e stabilization of the system (Section
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3.1 Bidirectional Current Generation

Voltage regulators are circuits that provide a variable output voltage from a fixed input
source [12, 21, B7]. There are two major classes of regulator circuits that can produce

variable output voltages:
e Linear regulators

e Switching regulators

These regulators are explored in Sections|3.1.1/and [3.1.2] while the different configurations

of these regulators are investigated as methods of providing bidirectional current in Sections

BI3to 314

3.1.1 Linear Regulators

Linear regulators [2I] use linear techniques to modulate the input supply to produce an
output voltage. A transistor operating in the linear regime is placed in series between
the input supply and output load. The transistor acts as a variable resistor- its resistance
varies according to the load, and produces a constant output voltage. When creating a
desired output voltage, the transistor drops the excess voltage across itself. Linear regulators

therefore require the input voltage to be higher than the output voltage.

Though linear regulators are a simple and cheap solution to step-down the input voltage,
they are normally inefficient. Power is continuously dissipated as heat since the difference be-
tween the input and output voltages, and the output current, are constant. This continuous
power dissipation constitutes a significant portion of the power output, leading to massive
inefficiency. Linear regulators can be designed to have a high gain so that the time during
which current and voltage are both flowing through the device is reduced. This decreases

the power dissipation, but adds to the complexity of the design.

3.1.2 Switching Regulators

switching converters [12, 211, [37] convert a[DC input voltage to a output voltage.
They can generate output voltages that have opposite polarity or larger/smaller magnitudes
from the input, unlike linear regulators. Switching converters use transistors, however, they
are not held in a perpetually partially conducting (and therefore dissipative) mode. Instead,
they are switched (turned on and off). The switches store the input energy temporarily and
then release it to the output at a different voltage level. The fraction of the switching cycle

for which the switch is on, the switch’s [D] therefore sets the amount of charge transferred
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to the load. These converters are highly efficient since the switching element is either fully

conducting with small on resistance or switched off having near infinite impedance [21].

Switching produces harmonics which cause electromagnetic interference (EMI) [12]. Fil-
tering is needed to get rid of these harmful harmonics. However, this adds additional com-
ponents and thus increases the device size. Fortunately, by increasing the [f,] - the rate at
which the switches are turned on and off, the size of the packets of energy being stored and
distributed can be reduced. As a result, components’ energy storage requirements can be

made smaller.

Linear regulators provide benefits in size and cost, but switching regulators are more

versatile and have higher efficiency.
The Buck Converter

The buck converter shown in Figure is a step-down switching [DCHDC] regulator.
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Figure 3-2: Step-down synchronous buck regulator circuit with an input voltage source, a
pair of power MOSFETE which act as a pulse generator, a passive [LC| filter, and a load.

The switches are alternatingly turned on and off to produce a stepped-down output
voltage across the load. The passive [LC] output filter removes harmonics and smoothens
the output voltage across the load. This technique of using the pulse source and a reactive

(non-dissipative) output filter allows the energy to be efficiently transferred.

In a simple open-loop case, for a given [V;,] and load, the [V, = [DOV;,] Therefore, the
output is a function of the Dland [Vj,] In order to able to heat/cool to a set temperature, the
magnitude and polarity of the load current through the [TEC] must also be regulated. The
duty cycle must therefore be a function of the load current. Closing the loop with a feedback
scheme makes [D| dependent on the current flowing through the load and hence makes the
[TEC] current /voltage controllable.
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3.1.2.1 PWDM Schemes

In order for [DCHDCl converters to produce variable outputs, the pulses applied to the switches
must be controllable through pulse width modulation (PWM)) techniques [18]. Therefore,
the best method of generating the control pulses for the switching transistors is investigated

in this section.

One of the the simplest ways to generate a signal is the triangle-intercept [12], as
shown in Figure 3-3] below. A ramp or triangular waveform, generated using an oscillator,
and an input reference signal are passed to a comparator. When the value of the reference
signal is greater than the ramp waveform, the output is pulsed high, else it stays low. The
input signal is thus converted to variable-width pulses that adjust the on-time of the switches,
with the percentage of on-time proportional to the ratio of the input waveform to the peak
of the triangle waveform. The [PWM] technique impacts the common mode, noise, operating

frequency, and ripple.

AN Input _|_

Figure 3-3: [PWM] generation using a comparator, input (red) and ramp modulation wave-
form (black) to produce a square-wave PWM] signal (green).

Output

The major categories of modulation techniques investigated in determining the best con-
trol waveform for the [TEC] driver included pure pulse width modulation (double-sided mod-
ulation with balanced triangle ramps) [12], 21], 37|, and a combination of pulse-width modu-

lation "class D" and linear modulation (classes A and B) [19].
Class D Modulation

The class D amplifier architecture explored [14] involves two half-bridge switching circuits
that supply pulses of opposing polarities to the filter, as shown in Figure (i.e., a full-
bridge converter). The filter, which is connected to the [TEC load, comprises two inductors
and two capacitors. Each half-bridge contains two output transistors: a high-side transistor
connected to the positive power supply, and a low-side transistor connected to the negative

supply. The class D amplifier explored therefore operates like a dual buck converter.
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Figure 3-4: Class-D amplifier circuit showing the two half-bridge circuits with the [TEC]
connected across the output of the two [LC filters.

The PWM]drive signals for the class D amplifiers encode information about a signal into a
stream of pulses, and are produced using one of two modulation techniques, AD (traditional)

or BD modulation.

Two Levelled Modulation (AD)

The AD modulation technique [14], 19] varies the duty cycle of the PWM] input to the
gates such that its average content corresponds to the input analog signal. The
input and modulating waveforms are passed into a comparator. The output of the compara-
tor is then split, with one leg fed through an inverter and the other fed through a buffer. As
shown in Figure[3-5 this creates two signals, the A and B leg, which are the inverse of
each other. These waveforms control the opposite sides of the H-bridge high-side MOSFETE.
Because the switching waveform is nearly fully differential, a load across the A-leg and B-leg
sees the entire switching waveform [19]. At nominal operation, the amplifier switches with
50 % duty cycle - causing significant current flow and power dissipation into the load. An
[LA filter is therefore necessary to reduce the current to a small residual ripple, to achieve

high efficiency.

AD modulation has no significant common-mode switching content in its output. How-
ever, there is a common-mode voltage, equal to half of the supply voltage, due to the
average value of the PWM] switching. Since both sides of the load see this voltage level,
it does not contribute to power dissipation across the load. Because this technique does
not take advantage of the zero state voltage across the load network that is possible with a
full-bridge topology, one gets higher ripple than is achievable for a given switching frequency.

Consequently, this operating mode was not selected.
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Figure 3-5: AD modulation circuit and resultant two-levelled ( +,] 0) PWM] waveform.

Three Levelled Modulation (BD)

This BD technique [I4] modulates the duty cycle of the difference of the output signals
such that its average content corresponds to the input analog signal. BD modulation creates
a three levelled voltage (+Vj,, 0, -Vj,). The differential voltage that appears across the
[TEC is now double the frequency of the original input. This effective doubling of switching
frequency is very beneficial as it reduces the current ripple across the [TEECl while allowing the
filter components to be reduced [19]. Unlike AD Modulation, BD modulation has significant

common mode content, as shown in Figure |3-6

A-Leg  A-Leg

B-Leg

Differential

B-Leg

Common

Figure 3-6: BD modulation circuit and resultant three-levelled (7, 0, {Z,) waveform.

The resultant rail-rail common mode which varies as the PWM] duty cycle varies, is a

major issue. It causes the voltage across the load connected across the A and B leg to

be sinusoidal- oscillating at the resonant frequency of the [L{ filter, fro = — This

2mVLC "
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significant common mode content causes high [EMI| which produces undesirable noise in the

system.

Figure [3-7] below shows a comparison of the AD and BD modulation schemes.

BD Modulation;: BD Modulation: BD Modulation:  AD Modulation:
Zero Positive Negative Zero
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Differential "
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Figure 3-7: Comparison of AD and BD modulation PWM]| waveforms. They key differences
are the common mode and differential waveforms.

AD modulation allows control over the common mode, while BD modulation has a dou-
bling of the frequency but causes a sinusoidal oscillation because of the common mode

swinging.

Another popular PWM] technique involves using double-sided modulation with balanced
triangle ramps and feeding the output of the comparator to a latch to produce the gate
drive signal [12] 21 [37]. A clock signal set at the desired operating frequency, either sets or
resets the latch. If the switch turns off, this technique is referred to as "trailing edge

modulation" whereas if the switch turns on, it is called "leading edge modulation".
Double-sided modulation based on clock trailing edge

When the control waveform exceeds the modulating ramp, the comparator output is
pulsed high and the high-side [MOSFET] is turned off [12, 18]. A turn-on command is
activated when the clock edge sets the latch, and when the PWM] output of the comparator
pulses high, it resets the latch, the high-side turns off. The high-side
therefore turns on after the trailing edge of the clock, as shown in Figure [3-8|
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Figure 3-8: Trailing edge modulation operation and resultant [PWM] waveform (orange).

Double-sided modulation based on clock leading edge

If the control waveform exceeds the modulating ramp, the comparator output is pulsed
high and the high-side MOSFET] is turned on [12, 18]. A turn-off command is activated
when the clock edge resets the latch, and when the output of the comparator pulses high,

it sets the latch, and the high-side MOSFET] turns on. The high-side [MOSEFET] therefore
turns off at the leading edge of the clock, as shown in Figure [3-9]

Vref
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Figure 3-9: Leading edge modulation operation and resultant PYWM waveform (pink).

This double-sided modulation with balanced triangle ramps results in better harmonic

content for synthesized [AC| waveforms.
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3.1.3 Buck-Linear Regulator Architecture

To provide bidirectional current to the [TEC], a modified H-bridge driver circuit was designed
where one side is driven by a high gain linear power stage and the other side is driven by a
[PWMlcontrolled buck converter.

Operation of Circuit:

A digital to analog converter (DAC]) voltage is used as DAC reference voltage input
to the system. It sets the duty cycle of, and hence output voltage for the buck, as well as
the output of the linear regulator. We want the voltage across the [TEC] to have as large
a dynamic range as possible in order to maximize the temperature range of the system.
Therefore, the output voltage across the [TEC| was designed to span as close to rail-rail (1]
to V) as possible. Since the is used to set [V, it must be well mapped to the output
voltage range. varies from 0.25 to 2.25 V, therefore, the midpoint of [/ range, 1.25 V,

was mapped to the midpoint of the [V,,] range to maximize the output voltage range.

Buck PWM Stage Linear Regulator

«

Figure 3-10: Single-ended buck-linear regulator architecture used to generate bidirectional
current across the [TEC. The voltage across the [TEC is the difference of the buck stage
output, SFB, and the high-gain linear regulator output, LDR.

In Figure above, the buck stage is modelled by a voltage controlled voltage source
and the linear regulator by an operational amplifier (op-amp]). In the diagram above:

e The buck output (SEB|) = Dl - [V,

e [LDR]is the output voltage from the linear regulator stage
. is the input reference voltage (0.25 to 2.25 V)

e [V.]is the input supply (2.7 to 5.5 V)

. is the switching frequency, 5 MHz
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In order to maximize the range of the current flow and achieve high temperature ranges,
a large voltage differential across the [TEC| is required. The maximum current through the
[TEC| occurs when there is + [V] across the TECL However, due to duty cycle limitations and
minimum on/off times for the buck stage, a full swing of +[V},] to {V7,] cannot be achieved.
Instead, a voltage range across the [TEC| of 4+ 0.95- [V;,] was targeted.

The voltage difference across the TEC (Vzgcd) = To achieve a large positive
voltage, the buck stage’s output, SEBl must be maximized, while to achieve a large negative
voltage, must be minimized. This means that in order to obtain a large dynamic
range, high and low duty cycles must be achieved. Linear regulator and buck stage gains

were calculated in Appendix [Al to ensure that the maximum voltage swing of
LDRHSEBI can be achieved for the range.

The higher the gain of the [LDR]side, the faster the [LDR]side of the [TEC| output node tra-
verses from high to low, minimizing the power dissipation. However, the maximum achievable
gain is determined by the minimum on and off limits of the buck stage. L, was selected

to be 48 while Sy, was set to[VZ,] to ensure the full range of duty cycles is traversed for the
[DAC] range as shown in Figure [3-11]
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Figure 3-11: DC sweep of [DAC] voltage showing the resultant output [TEC| voltage range for

the buck-linear regulator architecture. The ranges of the [LDRI (yellow) and the buck output,

[SEBl (green) are shown as the DAC reference voltage is swept from 0.25 to 2.25 V. The blue

graph shows that the output voltage seen across the [TEC| spans the full HV}, ] range.
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3.1.4 Dual Buck H-Bridge Architecture

Figure|3-12|shows the dual buck H-bridge architecture. This circuit is highly efficient, since it
is composed of switching converters. However, it has a higher component count than
the hybrid buck-linear regulator design. The voltage seen across the [TEC] is the difference
between the outputs of two buck stages, hence the output is a fully differential signal. Usually,
in a buck converter with a load-current step, the output capacitor supplies (or sinks) the
immediate difference in current while the inductor current is ramped up or down to match
the new load current. In this bidirectional circuit, the buck stage must now act as both a

current source and sink, to achieve the desired four quadrant operation.

To allow the output voltage range of & [V, the outputs of the two buck stages, V;!, and

tec
Ve, must be 180 degrees out of phase. The [PWM] gate drive waveforms must therefore
be inverted - when buck 1’s high-side is on, buck 2’s high-side is off
and vice versa for the low-side MOSFETk. The symmetry of this architecture allows for
the feedback/control process to be simplified. Since the bucks are complementary, current
monitoring is only required on one side of the system and then an inverted copy can be
created to act as the control for the other buck stage. With this design, the output common

mode will be centred about [V},]/2 ensuring that a wide dynamic range can be achieved.

. ]out . .
lin _ swn L Viecr v Viec. Loswn U
() AN Wv WV LI R Q_
QH Rdcr L RLoad Rdcr Q o
Resr Resr §
o, o5 e
- V. Cout COM! —_ Vin
in —|_ —|_

Figure 3-12: High-level block diagram for the dual H-bridge buck architecture used to gen-
erate bidirectional current in the [TECI The [TECis connected across the outputs of the two
buck stages.

The hybrid linear regulator-buck circuit has lower efficiency and higher complexity. There-
fore, this dual H-bridge buck concept was selected as the core of the bidirectional current
generation block in the novel [TEC] driver designed in this thesis because of its high efficiency

and simple design.
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3.2 System Stabilization: Feedback Architectures

High accuracy and precision are at the centre of creating a stable[TEC| driver. A common and
inexpensive way to ensure good system performance is to apply feedback and "close the loop".
A closed-loop system feeds the output of the system back to the input to better control the

system. It ensures high levels of stability, disturbance rejection, and good transient response.

There are many methods that can be used to design and implement feedback-controlled
switching converters. Linear analog control is the most widely used method, and is
effective and economical. Digital control methods are good in principle, but impractical for
high frequency systems because of the computation power required. Therefore, linear analog

control methods were exclusively investigated for this high frequency application.
The two main [PWM] feedback control schemes that were investigated are:
1. Voltage mode control (VMO

2. Current mode control (CMC])

Voltage mode control [12}[3T], which was invented in 1976, revolutionized the power supply
industry since its inception. Current mode control [12],31],[39], which was introduced a couple
of years later, has been widely used in switching converter stabilization. Each feedback

scheme is operated based on different control variables - and their different implementations

yield different advantages/shortcomings, as illustrated in the Sections [3.2.1| and [3.2.2]

3.2.1 Voltage Mode Control

[VMC] [32] is one of the most popular control methods due to its simplicity and effectiveness
in regulating an output voltage given any changes in the load. It is based upon trailing
edge modulation, where a turn-on command is activated at the clock edge, and a turn-off

command is imposed when the output of the error amplifier intersects the ramp voltage, as
shown in Figure 3-13]

A scaled-down version of the buck-stage output voltage is compared with a reference
voltage through an error amplifier. The difference between the actual [V, and the desired
output voltage is then used as an input to a controller. The output of the controller, a
compensated error signal, is compared to against a large amplitude voltage ramp, which
generates the PWM] signal. An increase in the control voltage leads to a commensurate

increase in duty cycle command. The control voltage thus directly controls
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3.2.2 Current Mode Control

In [CMC], the output voltage is compared to a reference voltage through an error ampli-
fier, just like in voltage mode control. The output of the error amplifier is then compared
with the peak current, and summed with a compensating ramp. An oscillator is used as a
fixed-frequency clock, and the ramp waveform of VMC is replaced with the output inductor
current. is based upon the idea of creating a voltage-controlled current source that is
programmed to ensure a constant voltage regardless of load changes. is implemented
using two feedback control loops. An inner current control loop that monitors the induc-
tor current and creates this voltage-controlled current source, while an outer voltage loop
monitors the converter’s output voltage [25]. It constantly programs the controlled current
source by providing a control voltage to the inner current loop. The control voltage there-
fore regulates the output voltage to a desired set point. A high-level block diagram of
operation is shown in Figure below.

The current loop forces the inductor current to follow the error amplifier’s output voltage.
This converts the inductor into a quasi-ideal voltage controlled current source which removes
its dynamics from the outer voltage loop. The complex double pole from the buck’s [LC filter
can thus be approximated out - transforming the system to a first order system. Stabilization
of the outer voltage loop is then drastically simplified since the complex poles become a single

capacitive pole.

Voltage Mode Control Current Mode Contr91
) VPWM high | Buck
II//PWM high _,, ]é“Ck . —out VPWM lo‘%v > Converter | |Vout
PWM low I_;_ onverter _ I_’_
Hiah Sid Low Side . Current High Side Low Side v
G;gle Dlriier Gate Driver \ Sense Gate Driver Gate Driver
]Sense
PWM PWM
7% Generation Generation
ramp,
I Slope Islope » | Inner Current —
Comp Loop
A Outer [ % Outer
Ve Voltage << von
< Loop <V, JHISE ey ef
ref Loop

Figure 3-13: Comparison of current mode control and voltage mode control’s high level block
diagrams. The block diagram has a more complex feedback loop but has inherent
current-limiting capabilities.
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CMC was was preferentially selected over VM| because despite its extra complexity, it

resolves many of the issues that [VMC faces, as illustrated in Table [3.1] below.

Table 3.1: Comparison of VMC] and [CMCJs advantages and disadvantages.

Summary

PWMI signal generated by
comparing the voltage er-
ror signal with a constant

ramp waveform

PWM]|is generated by
comparing the voltage er-
ror signal with an inductor

current waveform

Control Variable

Output voltage which is

easily measured

Inductor current - addi-
tional circuitry is required

to sense current

Feedback

One feedback loop - since
only the output voltage is
needed to stabilize the sys-
tem, the design is simple

and easy to analyse

Two feedback loops: Outer
voltage loop and inner
voltage loop. This makes
the analysis more compli-

cated.

Compensation

Requires complex Type III
compensation to stabilize
the complex poles from the
buck output filter

Requires simpler Type II
compensation. [CMC] elim-
inates the complex pole

dynamics

Subharmonic instability | None Yes - requires slope com-
pensation to stabilize the
system

Minimum On/Off Limits | None Yes - due to blanking time

needed to avoid ringing

and current sensing time

Noise Margin

A large amplitude ramp
is used which makes the

system robust to noise

The small sense current

generates the voltage ramp
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Table 3.1: Comparison of VMC| and [CMJs advantages and disadvantages.

Current Limiting

Must be separately inte-
grated

Has inherent cycle-by-cycle

current limits

Dynamic response

Slower than [CMC]

Fast

Line Rejection

Bad/Slow - Line varia-
tions are sensed in the out-
put voltage and are then
corrected in the feedback
loop. Therefore, there is

a delay between the line
variation and the duty
cycle being adjusted. A
feedforward term must be
added to fix this.

Good - The inductor cur-
rent which rises with a
slope proportional to [V,
- [Voud adjusts quickly to
line varations. has
automatic input-voltage

feedforward.

Load Regulation

Good - it can significantly
step-down the voltage and
maintain good regulation

for small-to-no loads

Load regulation is worse
than [VMC] since the con-
trol loop is forcing a cur-

rent drive.

The main types of current mode control schemes investigated were:

1. Peak current mode control (PCMC])
2. Valley current mode control (VCMC)
Peak Current Mode Control

PCMC [44], as shown in Figure below, uses trailing edge modulation. The outer
voltage loop’s error amplifier forces the output voltage to be equal to the reference voltage.
The error amplifier’s output is then compared with the sensed inductor current. When the
high-side[MOSFET]is on, the inductor current ramps up. When this current level exceeds the
error amplifier’s output voltage, the comparator outputs a high pulse. This high PWMI pulse
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resets the flip flop and terminates the charge phase by turning off the high-side MOSFET!
It then initiates a discharge phase, turning the low-side driver on. The discharge phase
continues until the next clock pulse sets the flip flop and then a new charging phase is
initiated.

Vot NN T

Vcontrol
> 1 I
é Repe Vsense

s nnE
Slope Comp Ramp ] | L

Figure 3-14: PCMC block diagram and resultant PWM] control waveforms that are produced.

Valley Current Mode Control

VCMC [44], as shown in Figure , uses leading edge modulation. When the sensed
inductor current falls below the error amplifier’s output voltage, the PWM] signal goes high.
This sets the flip flop, initiating the charge phase by turning on the high-side and
stops the discharge phase by turning off the low-side The charge phase continues
until the next clock pulse resets the flip flop, thus initiating a new discharge phase.
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N\ Clock ‘ ‘ ‘ ‘ ‘ | | ’
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Figure 3-15: VCMClblock diagram and resultant [PWMI control waveforms that are produced.

Peak current mode control was chosen as the feedback method for the [TEC| driver ar-

chitecture because it provides inherent cycle-by cycle over-current limiting, short circuit
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protection, good transient response, and simple feedback compensation as illustrated in Ta-
ble below. The instabilities that occur at duty cycles greater that 50 % can be overcome

by slope compensation, and careful timing analysis will minimize duty cycle limitations [41].

Table 3.2: Comparison of [PCMC| and [VCMC] closed loop techniques.

Control Variable

High-side IMOSEFET] cur-

rent measured

Low-side IMOSEET] current

measured

Subharmonic instability

Needs slope compensation
for duty cycles > 50 %

Needs slope compensation
for duty cycles < 50 %

Blanking time

Needs blanking time to
avoid ringing on switching
transitions of the high-side
MOSFET]

None needed since cur-
rent is sensed during the
off time of the high-side
MOSFET]

Duty Cycle Limit

Has a minimum on time,
can operate at high duty
cycles but cannot operate

at low duty cycles

Has a minimum off time,
can operate at low duty
cycles but cannot operate

at high duty cycles

Overcurrent protection

Yes

No

Line Variation

Fast

Slower
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3.3 Novel TEC Driver Architecture Design Summary

After exploring various architectures, the [TEC] driver designed in this thesis will incorporate

a modified dual buck H-bridge backbone with peak current mode control.

Figure and the following list, describe the main blocks that were designed in this
new [TEC driver architecture in order to create a [TEC| driver that met the design targets
and product specifications set in Chapter [2}

1. Buck Power Stage
e Filter Components
e Power MOSFETE
2. Gate Drive

Gate Driver

Bootstrap Circuit

Level Shifter

Non-overlap Timing Block
3. Outer Voltage Loop

e Voltage Divider

e Error Amplifier

e Compensator Network
4. Inner Current Loop

e Comparator

e Current Sense

e Slope Compensation

e Set-reset (SRI) Latch
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Peak Current
Limit

Buck Power Stage

prm_high

Figure 3-16: Novel TEC driver high-level block diagram. This diagram shows the 4 major
blocks of the peak current mode TEC driver: the buck power stage, the gate drive cir-
cuitry, the outer voltage loop, and the inner current loop and describes how the blocks are
interconnected.
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Chapter 4

Peak Current Mode TEC Driver Model

Linear control theory [45] provides valuable tools for studying the dynamic performance of
a converter. It enables the design of closed-loop feedback systems that compensate for any
perturbations, and hence ensures fast, stable performance. switching converters are
non-linear time-varying systems [3]. The magnetic components have non-linearities [24] and
the operating mode depends on the on/off state of the power switches. Therefore,

the supply is time-varying.

In order to apply conventional linear control theory, a linear time invariant (LTI)) model
must be developed. An averaged small-signal linear model, created by applying linearization
techniques around an operating point, can then be used to characterize the behaviour of a

control system for any deviations caused by dynamic transients in the system [53].

A [DCHD(] switching converter system is essentially a sampled-data system in the small-
signal limit [24]. Hence, modelling of the open-loop and closed-loop PWMIDCHDC converter
system is necessary for dynamic and stability analysis [23]. Appendix [B| provides a detailed

derivation for the transfer functions.

4.1 Open Loop Analysis

In order to analyze and design a stable, controllable system, the time-varying, non-linear

system must be converted to a [LTI model.
Step 1: Convert to Time Variant System

The buck converter has a three terminal [PWM] switching cell which includes an active
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terminal (@), passive terminal ([p), and common terminal (@). Terminals @ and [p| are always
connected to a voltage source while @ is connected to the current source/inductor. During
one switching cycle, there are two operating modes, when the high-side switch is on and
when the high-side switch is off, as demonstrated in Figure [A-1] below.

QH ON A
i W A Vo
Ry L
Oy " Tou
. PWM Cell Vi A v Ry l Rioaa
Ly =77 777 sw ol 17 |
=W ' Lo T
o l(‘U/ _é_
l RL 44444 d
QH OFF sw L
T I Vo
Rier
Y L
| il
v o/, v RS VB R
| |
] c,,,,,T

Figure 4-1: Operating modes of the buck converter. The high-side/low-side MOSFETE are
alternatingly turned on/off, creating two operating modes.

The three terminal [PWMI cell can be averaged over one switching cycle, with the average
switch current = d-¢7, and the average switch voltage = d-V,, as shown in Figure below.

~ PWM Cell Average Model
Lin mTTT T 1 i i el R
-3 e — .
a & [ic aidi, C
 On | T :
: : : dv,
Ay ] 4
P p

Figure 4-2: Conversion of the three terminal PWM] cell to a time-averaged model.

Step 2: Linearize Model

The small signal model then needs to be linearized around a steady state operating
point. Each signal, z = X + &, has a[DCl component, (X), and a small signal variation around
that point, (). When two signals are multiplied, the steady state and alternating current
(AC) quantities can be separated, and the higher order products of [AC| quantities can be
ignored, since its contribution is negligible. z-y = (X+2)-(Y+9) = X-Y+2- Y435 - X+ -9
Therefore,
d-ip=d-I,+1,-D+D-1Ip
d-Vap=1d - Vap+ Uap- D+ D -V
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SMALL (AC) SIGNAL MODEL

1. AVERAGE
2. KEEP SMALL AG SIGNAL =0

ASSUMING Vi 1S CONSTANT:
E!-V|N+ & :a'\n'm

Figure 4-3: [LTT model of the buck converter. Adapted from [53]. This linearized model is
needed to design a closed loop feedback system.

As illustrated in above, the buck converter can be modelled as a voltage source,
d - Vin, connected to a [LC output filter network. The outputs are inductor current and
output voltage, and are affected by changes in duty cycle, input voltage and output current.
Figure below shows the block diagram representation of the system, highlighting the

inputs and outputs of the system.

a0, G0

d —PG I O)—> 7,0

o

G, > iy

4’ Gii (S)

Figure 4-4: High-level block diagram for the buck converter.
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Table |4.1] summarizes the transfer functions for the buck open loop system. The detailed

derivation for these transfer functions is presented in Appendix [B]

Table 4.1: Open loop transfer functions.

Buck Power Stage -

1 Gﬁlter<s) ‘{O_ut(S) Kfilter 2 (o) 2
Output Filter Vi) |4 _asi,—o s wos ey
Duty Cycle - P s .

2. | Gials) f;& o Ko otes) +<2§sz;le
Inductor Current Vi=io=0
Duty Cycle - -

3. | Gya(s) %j‘(—;()s) ) VinG fitter ()
Output Voltage Vi=io=0
Input Voltage -

4 va (S) ‘é.)_ut((;) A deilter(S)
Output Voltage " Wi=d=io=0
Output Current -

5. | Zo(s) Vout(s) K.o(s +wr) (stwz)

o Output Voltage Trout(3) 20 Vst
Vi=d=0
(Output Impedance)
Input Current -
V; S 82 woSs UJ2
6. | Gyi(s) Input Voltage ‘Z/:((s)) . sz%
ioi=d=0
(Input Impedance)
. Input Voltage - io(s)  (stn)

7 G]V(S) ‘A/ln(S) . KZ’U s—2+2§wos+w3
Inductor Current i0i=d=0
Input Current - :

8. | Giils) e G itter(5)
Inductor Current i0i=d=0
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4.2 Closed Loop Analysis

The open loop system was stabilized by using feedback from [PCM to close the loop. Figure
below shows a high-level circuit diagram of the PCMC| dual H-bridge buck [TEC driver

architecture.
iin iL, lout V-
Peak Mo Q W— L TTECH W TEC Buck
[|Current H Rder | RreC Stage
Sense n 0L Resr if
Vin (P Cout -l-
prm_hlgh prm_low Vs :ER_fb]
I V minus bez
Y lsense A A COIltI'Ol @ ’ Vref
0 R + Ceomp L J_ I
0 S Reomps Com| Ro Vplus
Sl clk =
ope - I
C Isense 1 Islope I-v Vecomp
omp Convert

Figure 4-5: [PCMCI[TEC driver control circuit diagram showing the closed loop system.

The circuit diagram shown in Figure above can be modelled as the block diagram
shown in Figure [4-6|below. The transfer functions were then derived from the block diagram.

!

v

F (s) > G, (9
¥ g .
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Figure 4-6: [PCMC[TEC] driver control block diagram for the closed loop system.
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Table 4.2: Closed loop transfer functions for the [TEC] driver.

Vout(s) Fm

L. | Gul(s) Output Impedance | < N TE G () Rocnoe Gra(s)
i=lo—
2. | T(s) Open Loop Gain Goe(8) * Ge(S) * Rsense
3 V Closed LOOp Vout(s) Gvc(s)*Ge(s)*Rsense
. ref,cl(S) m o 1+T(s)
Reference-Output Vi=io=0
Voltage
4 Z ( ) Open LOOp @out(s) Gvi+RsenseFmGid(Gvi_Giéicdvd)
' 0,0pen S iout(s) N (1+RsenseFmGid)
Output Impedance Vi=tyer=0

Closed Loop
D. Zo,close<s) Zo,open (s))

1+T(s
Output Impedance )

Closed Loop R
6. Vin,cl(s) UPUt(S)

Line-Output

Gv'u +Fm (sz HERSG’U’U +Fg G'ud)
(1+Fm(GidRsHe_Fvad)"FGcRvad)

_Giv Rs He*GidFm*G'ud

VOItage (1+Fm(GidRsHe_Fvad)+GcRvad)

The three closed loop transfer functions described in Table [1.2] are used to ensure that
the system is stable in the face of any disturbances. The control-output transfer function,
Goe($), is needed to design the compensator of the outer voltage loop. This transfer function
represents the "plant" for the system. By analyzing the open-loop crossover frequency and

phase margin, a suitable controller was designed to stabilize the system.

The controller that is presented in Chapter [7] uses the information provided from bode
plots of this transfer function to determine the phase boost required to develop a responsive,
stable closed-loop [TEC driver architecture.

The step responses which demonstrate the stability of the system are provided in Section
9,0l
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Chapter 5

Buck Power Stage

The buck power stage comprises a pair of power MOSFETE, Qy and @, an [LC filtering
circuit, and a load, as shown in Figure below.

Buck Power Stage

Peak
Curren
Sense

Y, .
prm_high prm_low pwm_low prm_hlgh
Figure 5-1: Buck converter power stage. Each buck stage (green) contains a pair of power

MOSFETE that are controlled by PWM]signals. The [TEC]is connected across the output of
the [LJ filter from each buck stage.

These components were sized to ensure that the current density of the device was achiev-
able and ensure that the following design targets were met:

1. Package size: ultra-compact design (on the order of mm)

2. Efficiency: low power dissipation (on the order of mW)
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5.1 MOSFET Selection

In the [TEC driver architecture, there are two buck stages and hence four power MOSFET]
devices that need to be sized. Each [MOSFET] is used in a buck stage, and hence these

devices can be identical.

Electrons have higher mobilities than holes and as such, n-channel metal oxide semicon-
ductor (NMOS)) devices with the same performance, can be made smaller than p-channel
metal oxide semiconductor (PMOS) devices [15]. Since this design aims to minimize the
footprint of the [C], devices were selected as the switches.

When selecting the sizing of the MOSFET] the following tradeoffs were analyzed. Larger
INMORS! devices have:

+ more space for pillars and vias to facilitate current flow and heat dissipation in the [C]

package.
+ better current density which ensure the devices experiences less stress.
+ smaller on resistances which reduces the conduction losses and hence power dissipation.
— higher gate and output capacitance which increases the switching power losses.

— slower slew rates. These larger devices require larger gate driver circuitry to get fast

slew rates for the switching transitions.
— a larger footprint which decreases the available space on the [[C] for other components.

The MOSFET], designed in 0.18 bipolar CMOS-DMOS (BCD)) technology, was carefully

sized to minimize power loss, whilst ensuring fast switching.
Package Size

The [Tl package for the [TEC] system was targeted to be much smaller than existing TEC
driver products, hence all the system components must fit into a reduced area. The largest

components are the magnetics, which sit atop the footprint, and the power [MOSEFETE.

The physical layout of the MOSFETE was determined using a model of a 16 pin wafer-level
chip scale packaging (WLCSP) package, shown in Figure [5-2|

In order to manufacture the [, a border on each side of the package is required. This

further reduces the available dimensions. Additionally, the other system blocks require space.
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430um

350um

Figure 5-2: Package layout for ultra-compact TEC driver IC. The black circles represent the
pins of the WLCSP [[C] package and the physical dimensions of the power MOSFETE must
fit into the bottom section of the package since the upper portion is reserved for other driver
circuitry.

Based on existing [TEC] products, an upper block was designated for the other architectural
elements. Allowing for at least 40 pm of spacing between each for interconnects
and wiring, this further reduces the maximum size to 430 pm x 350 pm, as shown
in Figure below.

Figure 5-3: Maximum dimensions allocated for the power [MOSFET] footprint.

These physical dimensions provide a maximum limit on the MOSEETIsize. The MOSEFET]

has four main parameters which were then adjusted to achieve the desired performance:
e NMOS channel width (I7,]); NMOS channel length (L))
e fingers (f): Number of poly gates used; multiplier (Im): Number of parallel devices

The X dimension is set by the number of fingers (f) of the device and the channel length

(Lg). The more fingers, the more source terminals are shared, and hence the parasitic
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capacitance of the MOSFET] decreases. Using a minimum device [L,] of 600 nm, a maximum
finger size, (fl) of 290 was selected.

The Y dimension is set by the channel width, (W), and the multiplier (mm). The multiplier
stacks mm copies of the MOSFET] vertically. These parallel MOSFETE split the current flow
in each device and improves the current density. With a Y dimension of 430 ym and each

width being 40 pym, the maximum number of multipliers was found to be 10.
Current Density

The have pillars and vias between the metal layers of the printed circuit board
which brings current between layers. Assuming the current is evenly distributed, the current
flow mainly runs vertically from the pad through the [MOSFET| Therefore, we need to
ensure that the device can withstand the maximum current required by the [TEC] without
experiencing electron migration /breakdown. The current density (J)) is given by the equation

J = (mi?—:ﬁ/) Maximizing the number of fingers, width, and multiplier creates a device that

can tolerate higher currents.
For these selected parameters: W] = 40 um, [L,] = 600 nm, mx— 10, fl = 290
The current density of the devices was found to be:
J = L5 _ — 0013 mA/ pm.

40%10%290

This current density ensures that the MOSEETs are not unduly stressed during operation

when the maximum current flows, and will not experience any device failures.
Efficiency Analysis
The main sources of power loss in [MOSEE Tk are:
e Conduction Losses
— from the MOSFET drain-source on resistance
e Switching Losses
— from the MOSFETTs gate charge
— from the during switching transitions

— from the low-side MOSFETTs body diode
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In designing the [MOSFET] these losses were minimized to achieve a high efficiency.

When the is conducting, power is lost as the current flows through the [Ry, o}
This of the power varies with temperature (IJ), gate-source voltage (VJ)),
and device size (W] [L,). Therefore, several simulations were run varying the temperature
and device size to ensure the worst-case operating condition was still well within the power

budget to ensure > 95 % efficiency.

Figure [5-4 below shows the effect of increasing the multiplier and number of fingers on
the As the multiplier increases, and the number of fingers decrease, the resistance

decreases. Therefore, the larger the multiplier, the lower the resistance.

Plot of Rds vs multiplier as the number of fingers is swept from 150 to 350.
Temperature: 150 Degrees Celsius, Vgs = 3.3 V

1: 150 fingers f ; 3:250 fingers 5:350 fingers
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Figure 5-4: Impact of multipliers and fingers on conduction loss. As the number of copies of
stacked devices (m) increases, the of the device decreases. As the number of fingers
decreases, the MOSFETTs resistance decreases.

Figure shows the impact of temperature, (IJ), and gate-source voltage, on the
resistance of the MOSEFET] As temperature increases, the increases, while increasing

reduces the For the device of fixed W] = 40u, f = 290, [L,] = 0.6 um, m = 10,
the worst-case (largest) occurred when the = 2.7V, T = 150 °C. This resultant

was 34 m¢f2.
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Plot of Rds vs Vgs as Temperature is swept from 25 to 150 Degrees Celsius
(for a MOSFET with parameters W=40u, L=0.6u, m=10, f=290)
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Figure 5-5: Impact of temperature, (TJ) and on conduction loss. Increasing the temper-
ature increases the while increasing the decreases the

Based on conduction, 12 - Rison , and switching losses, this maximum Rgs o, (34 m(2),
was found to ensure an efficiency > 95 % whilst ensuring the MOSFET] still remained within
the physical size limits and had a good current density.

5.2 Inductor Selection

In order to remain in continuous conduction mode (CCM]), the inductor current (7)) must
never hit zero. Therefore, once [[,,4]is greater than half the peak to peak current ripple (AT,,)
the system will remain in [CCM.

I
AL, < =21
VA= D)eT (5-)

Therefore, from Equation [5.1] above, it can be seen that the constraint on the minimum

inductance to ensure [CCM]| operation is: L > —VOUt(lgD)TR

Another design specification identified in Chapter [2limposes the constraint that the max-

imum tolerable current ripple is 30 % of the maximum peak current (1.5 A).
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We want to minimize [AT] because:

e large[A7limpose stresses on components, requiring devices to be sized up to withstand

stresses.
e large [A]] cause heat losses in [TEC| and increase the steady-state output voltage ripple.

For this [TEC driver, the maximum tolerable current ripple, as outlined in the design

targets is: Al,, = 0.9 A. This sets a constraint on the minimum inductance, as shown in

Equation [5.2

T fwxL (5:2)
1-D ’
L > M > 75nH
fsw*A]pp

A small inductor allows the current to quickly ramp, however it also leads to large ripple
current since ripple current is inversely proportional to inductance. The [[C] footprint limits

the physical size and hence achievable inductance.
Coupled Inductors

Instead of having two separate inductors for each buck channel, the inductors can be
coupled together to minimize [A]] voltage ripple (AV]), power losses, and reduce the overall
[ICl package size [20, 26, 35, H54]. Figure below shows the implementation of coupled
inductors in the [TEC driver circuit.

Dual Buck H bridge T
i."u — IL — T,
W Vrscs
Coupling Factor
] K
Vm 1 ) §err
B L =M\ VTEC—

—
i

Figure 5-6: High level model of the TEC driver architecture using coupled inductors.
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Each leg of the H-bridge driver has currents that are 180° out of phase which allows for
additional ripple cancellation. As shown in Figure this halves the output current ripple.
The average current remains the same, however, the ripple is reduced, and the fundamental
ripple frequency is doubled [35].

Even harmonic ripple currents in the inductors reinforce into the output capacitors, while
the odd harmonics cancel at the output. The polarity of the coupling of the inductors can
therefore give a lower ripple by suppressing differential currents and allowing common mode
current to the output. The larger the magnetising inductance, the better the suppression of
the odd harmonic ripple current while the leakage inductance must be set to give a desired
slew rate capability. With high permeability core material, at low duty cycles the coupling
approximately halves the ripple current for the same transient response.

Figure [5-7] below shows that coupling results in a 2X [A]l and [AV] reduction.

Effect of Coupling on Ripple

1.0 il1 il2 Dotted line is the 180 degrees out of phase current in the other inductor
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Figure 5-7: Effect of using coupled inductors on the ripple current and voltage. The green
graphs are the waveforms without coupling while the yellow graphs are with a[Klof 0.94 and
have reduced ripple.

Coupling the inductors reduces the component count and improves both the steady-state
and dynamic performances. Therefore, in order to maximize the inductance and current
ripple reduction, the inductors from the two buck stages were coupled to achieve a larger

effective inductance while remaining within the physical device limits.
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5.3 Capacitor Selection

The inductor current has a value and an [AC ripple, however, since in periodic steady
state the average capacitor current is zero, only the [AC] ripple goes through the capacitor.
This fraction of current causes the voltage ripple. This ripple is a triangular wave with an
average value of zero, therefore, it is positive for half the cycle and negative for the other half
of the cycle. The peak to peak voltage ripple is found by integrating the wave over half the
period, which is the area of a triangle with base T/2 and height 1/2, as derived in Equations
£ and B.4] below.

i oe
o dt
AQZOAVC (53)
Aq
A ——
Vo =

Aq is the area of the triangular waveform, therefore,

T

292
AL T

C > (5.4)
4AVspec

C > 0.8uF

Aq Aly,

The effect of parasitic effective series resistance (es1) of the capacitor reduces the resonant
peak (i.e. damps the system) as well as affects the efficiency of the circuit, since power is

lost through the resistance. Therefore, a capacitor with low Esm was selected.

Another design consideration imposed was that the cutoff of this filter should be suffi-
ciently far from the resonance of the switching frequency. As shown in Equation [5.5] below,

the resonant frequency is inversely proportional to the square root of the capacitance.

1
fe= m (5.5)

The breakpoint frequency was therefore set at least a factor of 10 below to ensure the
resonance of the system was not hit. Therefore, the output capacitance (Cpyl) value was
selected to be 1 uF.
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Chapter 6

Gate Drive

Figure below shows a high-level view of the major blocks involved in the path of the
signal from the output of the inner current loop to the gate of the MOSEETE.

Level Level Level evel
Shifter , Shifter Shifter { Shifter
high-side’ low-side high-side) low-side

from SR Latch

Figure 6-1: Gate drive high level block diagram showing the path of the signal to the power
[MOSFET], which involves the gate driver, level shifter and non-overlap blocks.

6.1 Non-overlap Timing

Ideally, the high-side and low-side would be driven by fully inverted signals.
Unfortunately, due to the slew rate of the rising and falling edges of the waveforms, if
the PWM] gate signals were simply the inverse of each other, there would be a period of time
when both are on. This would create a shoot-through current, causing massive
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power losses. Therefore, dead-time or non-overlapping control is imposed on these
gate control signals. A specially designed circuit ensures that during switching transitions,
only one is on at any time. This delay between the turn on instants of the high-
side and low-side PWM] signals causes both the power switches to be off for a short interval
due to the dead-time circuitry. This dead-time however needs to be minimized since any
extended period of time when both IMOSEETE are off leads to reverse-recovery losses from
the low-side MOSEFETE’ body diode. Therefore, in order to balance the two power losses,
the non-overlap interval was made as small as possible to ensure there is no shoot through

current, and minimize the reverse-recovery losses.

The circuit shown in Figure below, takes the output of the latch from the inner
current loop as an input as well as HS on and LS on, which are signals that tell the state of
the MOSFETS. This circuit generates Forcepso, and Forcerso, as output signals, which
ensure that there is sufficient non-overlap/dead time (Tgeg) before either gate driver is
turned on. However, before these signals can be fed to the power MOSFET], more circuitry

is needed.

ForceLS On'

v

HS On

=
)

I LSOn

Figure 6-2: Non-overlap timing generation circuitry which ensures that the high-side and
low-side IMOSEETE are not on at the same time, to reduce power losses.

In the buck converter, the high-side is connected across the input voltage node
and a switch node, while the low-side is connected across the switch node and
ground, as shown in Figure [6-3] Since the high-side and low-side have different
reference potentials, the gate drives for the must also be at different voltage

levels.

To turn an [NMOS| device on, its must be greater than the threshold voltage (V).
To minimize power losses, the for the MOSFETE was selected to be 3.3 V for nominal
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Figure 6-3: Buck converter circuit diagram showing the different reference potentials; V,

for the high-side MOSFET] and ground for the low-side IMOSFETL

operation. The input voltage to the system however, can vary from 5.5 to 2.7 V. Therefore,
as the supply drops, the can drop to 2.7 V. Since the high-side is referenced to
the switch node, must be > Vj,, + Vi, to turn on. A boosted voltage (BST) provided by
the bootstrap circuitry must therefore be at this potential to allow the high-side MOSFET
to turn on. must be higher than the switch node potential (V).

6.2 Bootstrap Gate Drive

A bootstrap circuit is used to supply a bias to the high-side MOSFET]. During the buck
operation, when the low-side is on, the high-side is off. This causes the
switch node to be pulled to ground. By placing a capacitor, diode, and resistor, the input
voltage supply can be used to charge this bootstrap capacitor through the bootstrap diode

and resistor.

When the low-side [MOSFET] is turned off, the high-side [MOSEFET] turns on, and the
switch node is pulled up to the high voltage bus. The bootstrap capacitor then discharges

some of the stored voltage that was accumulated during the charging sequence, to the high-

side IMOSEETI

This capacitor provides a low impedance path to source the high peak currents needed
to charge the high-side switch. In general, it is sized to have enough energy to drive the
gate of the high-side without being depleted by more than 10 %. Therefore, it
should be at least 10 times greater than the gate capacitance of the high-side It
was selected to be 100 nF. In order to minimize losses associated with the diode’s reverse
recovery, a transistor is used instead of a bootstrap diode. This ensures the device will only
turn on and provide a conduction path for the capacitor when necessary. This controls the

power losses and reduces the voltage drop, ensuring that [BS'1]is sufficiently high.
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6.3 Level Shifter

As shown in Figure [6-3] the reference potential of high-side MOSFETTs source terminal is
not the system ground. Therefore, the reference potential of the input gate-driving pulse
must get level shifted to match the reference voltage of the switch node. The interface
between the low-voltage logic inputs and the new switch-node referenced PWM] pulse

was implemented via a level shifting circuit, shown in Figure below.

BST b
R ém M }J :
2 3 - p; - | 12V device o
r V.. .
Mp.¥ Jp-— 5V device
Piipl [~ T
0
Driver
¢, Mny - p 5V device
X I I sw Y
1f
_Vee Vee
C

C
Force O —-IiMﬂ , ForceQn M&an 12V device
PWM,

Figure 6-4: Level shifter circuit diagram used the raise the potential of the high-side
MOSEFETs gate drive signal.

Circuit Operation

This level shifter circuit changes the input voltage level from [V }gnd to BSTrgnd. The
devices, MN1 and MNZ2, receive a ground referenced PWM] and inverted PWM] input
from the non-overlap timing block, described in Section 6.1. MN3 and MN4 are low [V]
devices that act as voltage limiters when MN2 and MN1 are off. They ensure that the
source nodes of MN3 and MN4 do not exceed [V |- [VJ] Therefore, MN3 and MN4 only need
to be 5 V rated devices.

The drains of MN1, MN2 and MP1, MP2 can be pulled to ground if MN1 or MN2 are
on, resulting in a drain-source voltage (V) of BST] across MP1 or MP2. Their drains can
also be pulled up to BST]if MN1 or MN2 are off, causing a [V of [BST] across the MN1 or
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MN2. Therefore, MN1, MN2, MP1, and MP2 need to be devices that can withstand [BS']
V. As a safety factor, 12 V rated devices are used.

MP3 and MP4 are devices that limit the drain voltage of MP3 and MP4, nodes a
and b, as shown in Figure [6-4], to voltages higher than [BST] + [V}] They also help to decouple
the signals, and speed up the transitions of the level-shifter output signal. The R2 resistor
helps to set the latch while the R1 resets the latch and the capacitors act as decoupling

capacitors.

The level shifter produces a [PWM] level-shifted pulse that is the inverse of the input, and

hence needs to pass through one more inverter stage before it is the correct polarity.

Figure shows the input [PWM] wave (green) and the boosted voltage (yellow) that is
supplied to the high-side IMOSEET]

PWM Level Shifter Input PWM Level shifter output

10

9

V)

40 40.2 40.4 40.6 40.8 41 41.2 41.4
Time (uS)

Figure 6-5: Level shifter simulation results demonstrating that the 0-3.3 V input [PWM]
signal (green) has been boosted in voltage to the 0-8.8 V (yellow waveform), so that the
high-side MOSEFET] can be driven.

Table[6.1] provides a summary of the operation of the [MOSEFETS in the level shifter circuit.
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Table 6.1: Level shifter MOSFET operation.

MOSFET | PWMy =1 & PWMy =0 | PWMy =0 & PWMy = 1
MN1 > 0 MOSFET ON < 0 MOSFET OFF
Nodes X & a pulled to ground | Nodes X & a set by node a
MN?2 < 0 MOSFET OFF > 0 MOSFET ON
Node Y set by nodes b & d Nodes Y & b pulled to ground
MN3 Driven by d Driven by d
Vil < 0 MOSFET OFF [Vad > 0 MOSFET ON
MN4 Gated by ¢ Gated by ¢
> 0 MOSFET ON < 0 MOSFET OFF
Node d pulled to BST Node d pulled to ground
MP1 Driven by d Driven by d
> 0 MOSFET OFF < 0 MOSFET ON
MP2 Gated by ¢ Gated by ¢
< 0 MOSFET ON Vsl > 0 MOSFET OFF
Node b pulled high Node b pulled low
MP3 Provides path from node a to ¢ | Provides path from node a to c
Node ¢ pulled low Node ¢ pulled high
MP4 Provides path from node d to d | Provides path from node a to c

Node d pulled high

Node d pulled low
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6.4 Gate Driver

The power switches in the buck converter are designed to be large, in order to minimize
their and hence reduce conduction losses. However, these large devices now have large
capacitances [40]. Charging the gate capacitor turns the device on and allows current to
flow between the drain and source terminals, while discharging it turns the device off, and
stops the flow of current [I]. During switching, the device is in a high current and high
voltage state, which results in power dissipation. Thus, transitions between states must be
minimized to reduce the time during which the device is in a dissipative state. The gate

capacitor however cannot change its voltage instantaneously.

The of the switches determines how much current can be sources/sunk. It is
therefore a gauge of the maximum drive strength rating of a driver, since it limits the gate
current that can be provided. A gate driver that can source/sink high gate current for a

longer time will lower switching times and hence reduce switching power loss.

Since fast operation is paramount to the [TEC| driver, a special gate driver circuit was
designed to minimize the rising and falling edge propagation delays, known as the slew
rate. Minimizing the system delays allows higher duty cycles to be achieved, creates a large
dynamic range, and ensures efficient operation. Figure [6-6] below shows the delays associated
with the gate input waveform where:

e on-time (T,,)) is the time during which the MOSFET] is conducting

e fall time (T}) and rise time (Z;]) are the slew rates of the falling and rising edges

o [[}..4is the dead time interval between the high and low-side MOSFETE

Tdead Tdead
ToN TON

High-side PWM
gate drive

Low-side PWM
gate drive

T=200ns

T =Tfl + Tdead + TrH + TonH + TfH + Tdead +TrL+ TonL

Figure 6-6: Timing analysis of the input PWM to the power MOSFETs. The period com-
prises the dead-time delay, the rise and fall times, and the on-times.
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As [MOSFETSE increase in size, their capacitance increases. Therefore, the gate driver
consists of a string of inverters that are progressively scaled up, as shown in Figure [6-7. This
ensures that each inverter is able to quickly drive its load (the gate capacitance of the next

inverter stage).

A gate drive slew rate of 1.5 us was selected to balance minimizing the slew rate and
system delays, with minimizing device sizes. The final buffer stage was designed to ensure the
power had a slew rate of 1.5 us. This outer stage was designed to have the largest,
and hence strongest inverter pair in order to drive the large power MOSFET] The previous
ratio

stages of inverters were then incrementally scaled down, dividing the Y-/ mger‘zm“l“ph”

by three for each earlier stage. This ratio ensures that the drive strength increases as the

chain progresses, and that each inverter can drive the following stage.

An inverter consists of a and an device. and devices have
different majority carriers in their channels and hence have different mobilities which impact
their drive strengths. In order ensure the inverter is balanced, the rise times and fall times
must be matched. The rise time is determined by the strength of the device as this
pulls the signal up to the supply, while the fall time is dictated by the device which
pulls the signal to ground.

5= 2(Ip)
(Vgs = V2)?
_ MG W
L
_ 1l W
Pr = CL o (6.1)
/"Ln oxr
B =—7—
Pn _ tn
By Hp

= 64.7/14.4 ~ 4.5

Equation 6.1 shows that NMOS mobility (fz) is 4.5x stronger than PMOS mobility ().
The PMOS channel Widths (I7f) were scaled up from the NMOS| devices by a factor of 4.5

to account for the difference in carrier mobility, and ensure a symmetric inverter.

Figure below shows the scaled string of inverters used to achieve the desired gate

input slew rate.
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Gate Driver Vee

1x2 1x2 1x2 1x2 1x6 1x20 1x60 1x180
10u/0.5u 20/0.5u 20u/0.5u 20u/0.5u _J20u/0.5u _J20u/0.5u

2.50/0.5u = 50/0.5
From - : rﬂ: r": r": rl |'c||: |‘°| o
level shifte 150 |_|L'11X2 I_"_'11X2 LIL_TIXZ |_||_'11X3 |—|le10 I-".-11X30|—| 1x9oFET

1.2u/0.6u 2.5u/0.6u 5u/0.6u 10u/0.6u 20u/0.6u 20u/0.6u _ 120u/0.6u _ 120u/0.6u
V-

Figure 6-7: Gate driver circuit showing the scaled inverter chain used to achieve the desired

input slew rate to drive the power MOSEETI[PWM

Figure below shows simulation results of the slew rate for the high-side [MOSEET]

that results from the driver chain.

Slew Rate of the Power MOSFE gate drive PWM signal
<i5>v(hs_gate,sw
1.0 ( e )

. /
;

2.5 '
2.0 / '
1.5

/
/

0.0

V)
\

-0.5

44.602 44.604 44.606 44.608 44.61 44,612
Time (ps)

Figure 6-8: Waveform showing rise time slew rate of the high-side gate drive for the positive

side of the [TEC!
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Chapter 7
Outer Voltage Loop

The outer voltage loop monitors the output voltage and constantly programs the controlled
current source [28]. It provides a control voltage to the inner current loop, which limits the
peak inductor current and sets the output voltage. Due to dynamic load and line fluctuations

in a system, a controller is needed to ensure stability.

7.1 Outer Voltage Loop Macromodel Design
The outer voltage loop, as shown in Figure [7-1], comprises the:

e voltage divider

e compensator network

e crror amplifier

Outer Voltage Loop

Vtec—

Figure 7-1: High level block diagram showing the outer voltage loop design.
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7.1.1 Voltage Divider

The voltage divider block produces a scaled down version of the buck output voltage, centred

about an input common mode, and sets the output common mode of the system.
Output Common Mode

The system was designed to have an output common mode level that ensured a large

dynamic range. This output common mode was chosen to be around V;’”, the 50 % duty
cycle point. This allowed both the positive and negative current cases to be centred about

the same point to maximize the range of the system.
Input Common Mode

The input common mode voltage (V] level was set to ensure that any large disturbances
in the common mode level would not significantly impact the bias currents for the differential
pair transistors of the error amplifier. Input common mode variation would impact both the
transconductance (gmy), which sets the system gain, as well as the output common mode level.
If the input common mode were too high/low, the output voltage swing would be reduced.
A variable input common mode results in incorrectly biasing causing the to enter

the triode region, where they will no longer amplify.

The gain ratio of the voltage divider block sets the input common mode. Additionally,
the gain ratio was set to ensure that was well mapped to the output voltage range.
is a differential signal that has a 2 V swing centred about 1.25 V. The maximum output
voltage for each buck stage output ranges from [V7,] to 0 (nominally a 5 V swing). Using
a gain ratio of %, the gain ratio scale factor was set to be 2.5. The [V, ] was therefore

selected to be 1.607 at nominal operation, as calculated in Equation [7.1] below.

Yo —V,, 1.25 -V,

2.5 1
Vin
5 Ve = 2.5(1.25 — V,,)) (7.1)
Yin 4 9 5(1.25
ch:2+6< )z1.607

Values for feedback resistors were selected to be 25 KQ and 10 K€ respectively
to satisfy the desired scaling factor. This gain ratio maps the reference voltage range to the
output voltage range to ensure a large dynamic range and sets an input common mode to

ensure the transistors have sufficient headroom to operate in the saturation regime. The
output of the voltage divider block, shown in Figure [7-2] below, has resistors
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to set the input common mode, while the input V. is paired with Vie.,, and Vy,.y is
paired with V... to create the output common mode. The output of each of the resistor
divider networks is then passed to the error amplifier and compensator network blocks which
eventually outputs a control voltage (Veoutrol)-

Voltage Divider

Figure 7-2: Voltage divider block diagram showing the feedback resistors, [Rs1, Ry}, which
were selected to achieve the desired scaling factor.

7.1.2 Error Amplifier

The error amplifier magnifies the difference between the two inputs and through the feedback
loop, the inputs are stabilizing to a common value. The error amplifier for frequency com-
pensation can be a simple voltage-to-voltage amplification device, the traditional pp-ampj
or can be a voltage-to-current amplification device, the operational transconductance ampli-
fier (OTAJ). The traditional amplifier amplifies the error detected between a fixed reference
level and a state variable. It requires local feedback between its output and inputs to make it
stable. The values of resistors in the feedback network affects the gain-phase of the system.
The amplifier however is an open-loop amplifier stage with no local feedback. Only
the ratio of the feedback resistors is important, not the actual values. The [OTA] design was

utilized because the simplicity of its design facilitates the ease of analysis.

7.1.3 Compensator Network

The compensator network block ensures stability of the system in response to any distur-
bances. It consists of an resistor and capacitor (RCl) network and is designed to counteract
the gains and phases of the system’s control-to-output transfer function that negatively im-
pacts stability [28]. Due to the difficulty in measuring the small-signal time domain responses

of a [DCHD(] converter system, frequency response is the most convenient metric to use to
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design the compensator. The controller tailors the frequency response to create a stable

closed loop.

The ultimate goal is to make the system’s closed-loop-transfer function, shown in Figure
[7-3] satisfy the stability criteria.

A +
vFéf(S)—}O'} Gc(s) ] Rsense

Figure 7-3: Block diagram showing the outer voltage loop with the controller (G.(s)) and
plant (Guq(s))-

The system was designed to have:

1.

Minimized peaking. This can be achieved by moving the compensator zeros to coincide

with [LC resonant frequency to minimize phase shift.

Good phase margin (pmj) and gain margin (> 70°, > -10 dB). This prevents oscillations

by providing a large damping factor to ensure a well-damped transient load response.

. A high crossover frequency (fJ), (1/5 - 1/10 [fsu)), to maximize bandwidth and ensure

fast transient response.

. Attenuation at for good noise immunity and jitter minimization.

. A -20 dB/dec slope at the gain crossover point. This maximizes the gain margin and

ensures stability since it negates the chance of the gain turning positive at a higher

frequency where the phase crosses 0.

. Large gain to minimize the regulation/steady state error, and ensure high

accuracy.

Compensation Network Design

The following steps outline the process that was involved in designing the compensation

network that stabilized the system.

1.

Unity gain crossover frequency selection
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The [f] determines the bandwidth of the system. A low bandwidth results in slow
transient behaviour, bad disturbance rejection, and the propagation of errors through
the system. A higher bandwidth causes faster transient response, however, reduces
the stability margin and makes the control loop more sensitive to switching noise.
Therefore, a balance must be struck between the bandwidth (transient response) and

stability margin.

From the modelling of the system as discussed in Chapter [4] it can be seen that the

fsw
2

poles that are caused by the sampling effect of the current signal. In order to achieve
a good phase margin and noise attenuation[f] was selected to be 1/10 ™ [fs.]

closed loop model introduces an undesirable phase delay at 22, due to a pair of double

. Phase boost calculation

The frequency response of the system plant, was investigated to determine the current
phase at the desired crossover frequency. The phase margin determines the transient
response of the system. If the [pm is too high, the system will have a slow response,
whereas if is too low instability, manifested as oscillations in step responses results
[45]. Therefore, a target phase margin of 60° was set to ensure a fast, well-damped
response. Based on the current system phase and desired phase margin, the phase
boost (pb]) needed was determined to be pb = (x — 90) + pm.

. Compensation scheme selection

The larger the [pb] required, the more complicated the compensation architecture be-
comes. The buck output filter has complex poles which require a[pb|of 180° to stabilize
the system. This would requires type III compensation [27], which has:

e two zeros placed at the location of the complex conjugate of poles of the [LC filter.

It provides a notch that will eliminate the resonant peak.
e a pole at the origin for high gain
e a high frequency pole to cancel the zero caused by the capacitor’s
e a high frequency pole to attenuate switching noise

However, due to the inner loop of peak current mode feedback, the inductor dynamics
are removed from the system, and, only maximum of 90° phase boost in needed. Type
IT compensation [27], which has two poles, and one zero, is able to provide up to 90°

of phase boost and therefore was selected.

72



The compensator can be therefore be thought of as three cascaded transfer functions, as
shown in Figure [7-4]

1. H1(s) is the voltage divider ratio (B,4:]) which impacts the gain of the system.
2. H2(s) is the transfer function of gm This also impacts the gain of the system.

3. H3(s) is the impedance of the compensator network at the amplifier output, Vool
It determines the crossover frequency and hence bandwidth, as well as the phase/gain

margins of the system.

Compensator Error Amplifier Voltage Divider

Vcontrnl —<

H2(s)

Figure 7-4: Macromodel design of the compensation network of the outer voltage loop.

e R,: The transconductance amplifier does not have an infinite output impedance, there-
fore, the error amplifier internal output resistance (Rg)) term is added to account for

the finite output impedance.

® Ccomp: In order to minimize the steady state error, high [DCl gain is achieved by placing

a compensator capacitance capacitor at the amplifier output. The capacitor

1
SCComp ’

origin, and hence providing infinite gain and -90 degrees of phase shift.

has an impedance of This capacitor forms an integrator, adding a pole at the

The parallel [R]] branch now creates a low frequency pole, P, = W.
o omp

1
I+

The transfer function then becomes: H3(s) =

® Rcoomp: To increase the phase at the crossover frequency, a compensator resistance
is added in series with [Coomyl This creates a zero, z,, and adds +90 degrees
phase boost. This zero needs to be placed before the crossover frequency to increase
the phase of the compensator and hence increase the phase margin of the system.
Zo = 1

- RComp CComp
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S
1+Po

The transfer function then becomes: H3(s) = R, *

o Uyt This zero causes a gain slope increase which causes an increase in gain
at high frequencies above the crossover frequency. In order to attenuate the high

frequency switching noise, a small ceramic compensator capacitance is added in

1
CComp Cgm *
Comp CComp+CQ’m

parallel. This introduces a high frequency pole, p; =

1

since Cgm << OC’ompa p1 = ReompCcomn

The location of this pole is a tradeoff between noise immunity and phase margin. In
order to sufficiently attenuate the high frequency noise, it must be placed as close to
as possible. However, the closer the pole is to [f] the lower the phase margin of the
system will be due to the -90 phase of the pole.

(1+2) (1+2)

The final transfer function then becomes: H3(s) = R, * ) = I6] ngOW

Effect of Controller Parameters

e Impact of Ceomp

affects the location of the low frequency pole (fy)), and the low frequency zero ().
A smaller can increase the low to-mid frequency gain of transfer function, as well as

reduce the load transient response settling time without much impact on the[V,,] undershoot
(or overshoot) amplitude. On the other hand, a smaller means higher [f] frequency

which may reduce the phase boost at the targeted crossover frequency.

e Impact of Rcomy

impacts the location of the zero and the high frequency pole (fy1]). Larger
increases the gain between [f] and [f,1} and directly increases the supply bandwidth It

therefore reduces the [V,,] undershoot /overshoot at the load transient. However, if is
too large, the supply bandwidth |f | can have insufficient phase margin, affecting the stability
of the system.

e Impact of Cy,

affects the location of the 27¢ high frequency pole. It is used as a decoupling capacitor
to reduce switching noise. If [f] > does not impact the load transient response.
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However if [f] < [fp} [Cym} can reduce the bandwidth and phase margin, resulting in an

increased transient.
e Impact of [0,/ [R), gm

[Budin) [Ro] and rmy affect the gain of the system. The gain is given by [R] x X g}
Component values and pole/zero placement

The component values for the resistors and capacitors were selected to ensure the poles,
zeros and [DC] gain created a stable system. The component values chosen were: =04,

[R] = 90 MQ, gm) = 100 Q2" [Comp] = 20 PF , [Reomy = 60 KQ , [Cyp] = 400 {F
Gain: 90e® x 100e~® x 5= = 3600 ~ 72 dB

The following equations show the placement of the poles and zeros for the compensator.

Low Frequency Zero: [f] = :

RCompCComp
In order to ensure the system has sufficient bandwidth, the zero frequency is made to be less

than the targeted crossover frequency. This sets a limit on the values of [Rcompl [Coomph as
shown in Equation [7.2] below

f: < fe
6
Jo < 5 (7.2)
! < 5e"
—_ e
RCompCComp

. _ 1
High Frequency Pole = FemCom

The location of this pole is a trade-off between noise immunity and phase margin. Therefore,

the pole frequency was set between the crossover frequency and the switching frequency as

shown in Equation [7.3] below:

fc < fpl < fsw

Assuming C,,,, << Ceomp (7.3)

5
666 < fpo < 5e°

I6)



Low Frequency Pole: [/, = RoCc
This pole was placed before the zero and second pole, in order to create the high gain

of the system. This allows a value for [R] to be calculated, as shown in Equation refeq:7.4.

fpo < fz < fpl
5}

foo < fz< 666 < fp1 < 5e°

Assuming Cy,,, << Ceoomp (7.4)
1 1 1
< <085 <« ———— < 5eb
ROCComp RCompCC'omp RComngm
R, =~ 90¢°

Figure and the bode plot, Figure [7-6] show the placement of the poles and zeros for

the compensator that were used to stabilize the system.
Gain
)i
AC R
comp 1Yo

I S 1
N Ccomp Rcomp | Cgm R o

7T

/

——Pp
Jpo S0 Jooo Jpi Frequency

Figure 7-5: Gain-frequency plot showing the poles and zeros of the controller that was
designed to stabilize the system.

The compensator was designed to add a phase boost to the system to stabilize the closed
loop system. As shown in Figure [7-6] the peak in the phase bump was made to occur at
the crossover frequency of the open loop system to mitigate against instability in the system

whilst ensuring the system has a fast response.
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Bode Plot of the Outer Voltage Loop Type Il Compensator
80 T T

40

20

Magnitude (dB)

o

-20 I 1

Phase (deg)

_90 L L | L N el N Lo ' N
10°° 10 1072 10° 102
Frequency (MHz) fc fsw

Figure 7-6: Bode plot of the Type II OTA compensator that was designed to stabilized the
open loop system.

Figure [7-7] shows the bode plot of the unstable open loop and the stabilized closed loop.

Bode Plot of the Open Loop and CLosed Loop Systems
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Figure 7-7: Bode plot of the open loop (blue) and closed loop (orange) systems. The closed
loop system has a higher phase margin and is more robust against disturbances.
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7.2 Outer Voltage Loop Transistor Level Design

The error amplifier was selected to be an [OTAlgm amplifier. Its macromodel behaviour was
set when designing the control loop dynamics in Section The following design targets

were realised through transistor-level design:
e [R,]of 90 MQ
e ) of 100 uQ~!

e common mode noise rejection

7.2.1 FError Amplifier

Figure [7-8) below shows a diagram of the error amplifier which was constructed using a
backbone of a differential pair, and a cascode current mirror [4, [15, 38]. It amplifies the
difference between the output voltages from the buck stages, and ensures the signals are

centred about a set input common mode level.

Vee

Ix1 1x1
— DIE 0.6u/2.4u —‘ﬂ-: (I)IXQU/ZAU 'fﬂ-: 0?(95u/2.4u

1x1

0.6u/2.4u Bias
Cascode - 5 |
0.3u/0.6u F';Tasc 0.X3u/o.6uj|r’_pcasc églu/o,su :"’ﬁsc - 0.950/2.4u Genel”atlon

1— peasc
e Ditf Pair 2

1x1

V+ —Iq %}w Tu/tu r:Il' V-

P

Vcontrol

Figure 7-8: Transistor level design of the error amplifier showing the current mirror, differ-
ential pair, and biasing of MOSFETs.

Transistor Matching

In complementary metal oxide semiconductor (CMOS) [IC] design, any two [MOSFET]

Width
Length

out next to each other are not identical. They differ in a myriad of ways, and generally,

ratio, made in the same process technology, and even laid

devices, with the same
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these differences stem from random offsets that were caused during the manufacturing of the
devices [34]. Theses random mismatches [2] follow a Gaussian profile, about a mean with

variance () and standard deviation (A]) as shown in Figure [7-9]

N

Figure 7-9: Threshold mismatch for the device spread shown as a Gaussian distribution.

The drain current (Ip]) of a is a function of threshold voltage, gate-source
voltage, device geometry (W, L), and intrinsic parameters (channel mobility (@g), MOSFET
oxide capacitance (Cgl), given by device property (B, 3n))). Therefore, any variation in
these parameters will impact the device operation. These device mismatch parameters are
provided in the TSMC process technology library for the devices. The transistors were
thus carefully sized to mitigate the threshold voltage mismatch (017]), beta mismatch (5J)),
gate-source voltage mismatch (V).

01y

1 2
5 ()2(‘/2;3 Vi)
U (@5 (Ve — V)
o f (7.5)
d
e = +2)5(V ~ )

1
Alp = 5 (Vs = VI A8 = B(Vys = V)AV, + B(Vys = Vi) AV,
Equation [7.5 above demonstrates effect of the mismatch on the drain current.

7.2.1.1 Differential Pair

The differential pair, shown in Figure , has input signals V™ and V~. These signals are
scaled versions of each buck stage’s output and are differential, centred around an input
common mode level. These differential signals along with the tail current source of the
differential pair suppresses the effect of the input common mode level variations. This
ensures that the [Ip] is largely independent of the [V7,,] deviations. This fixes the operation
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regime of the differential pair MOSFETs and the output level, as a fixed drain current flows
through the devices. The differential amplifier then uses negative feedback to steer current

through the branches and ensure that the currents in two branches are balanced [4} [15], 38].

The g of the devices of the differential pair sets the gain of the system. Thus, in
order to achieve the desired transient response, the transistors were sized to have g of 100
puQ2~! . The gm of a device is the rate of change of [Ip] to the rate of change of the ol
is given by the equation: Ip = “gﬂ%(vgs — V;)2. Therefore, g, = Sp — B(Vys — Vi) where

= Vs
[ is defined as “C(’TIW

gm = +\/201p = QMCOI%ID (7.6)

From Equation [7.6] above, the [gmy of the transistor is a function of 8 and [[pl Since all
the transistors have constant drain current, the drain current mismatch (A7p) must be 0.
Equation below shows the derivation of the AV, mismatch.

0= 2 (Vos = ViPPAB — BV = VAV: + B(Vys — VAT,
(V- ) A8 (©.7)
AVgs = _QTF +
__ABDp
B Ym

To minimize the AV,, mismatch for the differential pair NMOS| devices, we need:
1 gm g
e a high 7> ratio

e to minimize the overdrive for the differential pair, by having a large %ratio: i.e. max-

imize the g, for the differential pair

In order to obtain agmyof 100 uQ2~!, using the device parameter information obtained in

the TSMC datasheet, % =3 52"[ = 7. Therefore, a W/L ratio of ~ 7 was used.
HCozlp

The root mean square (rmg) variation in the differential pair, (o(AVysota)), is given
by: mirror (AVys), = a(%) % 12— The mismatch from the differential pair, 0 (AVys total), =

Ip gmn

\/(Urz,mos (A‘/gs ) ) 2 + (O-mi’rv'or (A VYgs ) ) 2

The current error mismatch from the current mirror reflected through the gy of the
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NIMOS devices, 0mos(AV,) = \/ (A81n)2 4 (AV)2

B gm

By balancing the minimization of the AV, mismatch and ensuring the device was not too
small, 0(AVys tota) was found to be 5.76 mV. This mismatch was tolerable for the system
and hence for the NMOSY] differential pair, a W /L ratio of 7 um /1um was selected.

7.2.1.2 Current Mirror

The current mirror circuitry copies a desired load reference current for the differential
pair. The circuit has a modified cascode connection to increase the [R/] of the system, while
minimizing voltage headroom required when using the traditionally diode connected
devices in a cascode architecture. This cascode current mirror helps to set the desired output

resistance for the system and ensures a high output voltage swing [4, [15] [38].

For the current mirror, the fractional error in currents being mirrored is the key factor
to be determined in order to minimize mismatch. Since all the transistors in the current
mirror have the same [V the AV, = 0. Therefore, the fractional error in the currents being

mirrored in the 1:1 ratio current mirror is determined by Equation [7.8}

AId %(Vgs - %)2Aﬁ i 6(%8 - V;f)

I §(Vys—Vi 5V — Vi)
_AB__2aV (7.8)
_ A8 gm
B Ip

The offset can be mitigated by:

e minimizing ‘}—*;. This can be achieved by maximizing the overdrive voltage by having

a small %

. . L A
e increasing the device size since the oay, = \/‘i

For the current mirror, 1% matching was targeted. With Ip = 10 pu A, U(Al—éd) = 0'—\/051

The total variation due to the random error is shown in Equation below:

() = \/ (PP (2manye (7.9)
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The impact of Af is negligible, therefore Equation was used to find the length.

A[d gm gm 2,u/cong
——)~ AV (5 = —)

I T Ip Ip Ip L
Al 2piCop W Ay,
o(—==) = oAV (0AV; = )
0.00 _ [2Cor W Av_ _ [21Co: A |
VWL
V2 2(14.4¢6) V2
. = 8.0971le %)= =2.36
Ip 0.1 10e-0 B0 G g 8

For 1% matching: L., = 2.32 pm. In order to minimize mismatch, a low gm/ID ratio

is desirable, therefore, W was set to 600 nm.

For a W/L ratio of 600 nm/2 ym:

J O(A[I)d) = \/(Oi%?)g) + (%29227.39¢3)2 ~ 9.38¢%. This mismatch was acceptable for

the system.

o [R]of the cascode current mirror, given by the product of the output resistance of MP4
and the intrinsic gain of MP6, was found to be —1 Imaps = 100M €2, which is

. . 9ds Py 9d81\1P6
within the range of values required for the compensator dynamics.

Error Amplifier

Vee

ix1 E‘ ix1 ix1
Ic___ﬁ 1x1 X
0.6u/2.4u 0.6u/2.4u “"-: 0.6u/2.4u 0.95u/2.4u

x1

ix1 | 1x1 | x1 I
0.3U/0.6U pcaSC 03U/06U j peasc 03u/06u j pcasc 095U/24U
Vcontrol ¢ peasc

Cgm 1 comp% tecn teCp L
comp Ixt Xl %L
4 Vdacp """ L—1 e L T:I V- Vdacn
Compensator Voltage Divider

Figure 7-10: Transistor-level design of the outer voltage loop.

Figure above, shows the complete outer voltage loop block. The simulation results,

analyzing the stability for this system are presented in Section [9.3]
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Chapter 8

Inner Current Loop

The current loop senses the inductor current signal and compares it to the control voltage
from the outer voltage loop to modulate the PWM] pulse width [30]. It comprises the
following major blocks shown in Figure [8-1}

e Set-Reset (SR) latch
e Current sense
e Slope compensation

e Comparator

PWMH PWML Vcontrol

Figure 8-1: High level diagram showing the main blocks in the inner current loop.
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A clock pulse is used to set the latch while the output of the comparator provides a reset
signal. When the high-side is on, the inductor is energized, and the inductor
current increases. The current sensor measures this inductor current, and generates sensed
current signal ([ye,s)), which is converted to sensed voltage signal (Vine). An artificial ramp
signal is then added to the sense voltage, [Vc,.d to compensate for sub-harmonic oscillations.
When the sum of [V, ] and the slope compensation ramp signal exceeds the control
voltage from the outer voltage loop, the comparator output pulses high. This initiates the
discharge phase and the high-side is turned off, the inductor is de-energized and

the inductor current is decreased [17].

8.1 SR Latch

The SR latch takes the output from the current comparator (Reset) and a clock pulse of
frequency (Set) and produces the PWM] waveforms for the power MOSFETk. The latch
output is used to determine when to turn the high-side MOSEET] on/off.

The low-side MOSFET should turn on when:

e the voltage on the bootstrap capacitor is not high enough to provide a sufficienctly
large boosted voltage. The low-side MOSFEFET] therefore needs to turn on to provide a

charging path for the capacitor to ensure this boosted voltage is high enough.

e the current comparator pulse is high. This means that the inductor current is higher
than the limit and hence the high-side [MOSEET| must be turned off and the low-side
MOSFEET] turned on.

The corresponding high-side does the opposite of the low-side MOSFET. When
a high input is applied to the set line of the SR latch, the Q output goes high, while @
goes low. The cross-coupled nand gate creates a feedback mechanism. Thus Q output will
remain high, even when the S input goes low again. This is how the latch serves as a memory
device. Conversely, a high input on the reset line will drive the Q output low and the Q high
effectively resetting the latch’s "memory". When both inputs are low, the system "latches"
and it remains in its previously set or reset state. This circuitry includes a path that checks
the level of the bootstrap capacitor voltage, in order to know when there is sufficient voltage
before the high-side can be turned on. It also includes a start signal which allows
initial start up time for the system to settle before PWM] pulses are output.

The system was designed to have blanking time so that when the high-side IMOSEFET]

transitions from off to on and ringing happens, these pulses do not cause false triggering and
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resultant incorrect duty cycles on the PWM] gate inputs. At the transistor level, the devices
were designed to minimize any delays and are hence specified as minimum length devices.
The [SRlatch circuit diagram that was designed is shown in Figure [8-2) below.

Reset NG~ | '

Start

I Lo per—

Figure 8-2: [SRllatch circuit diagram which produces a square wave pulse (Q) and an inverted
copy (Qbar). These signals are fed to the gate drive block to produce the gate drive [PWM]
signal for the two buck stages.

8.2 Current Sense

The sensed inductor current is compared with the control signal to generate reset pulses
which control the turn-off of the power IMOSEETE. Inductor current sensing must therefore
be efficient, accurate, fast and immune to switching node noise. The main sensing methods

[52] that were investigated include:
External Sense Resistor

In order to measure the inductor current, sense resistors can be placed in series with
the inductor or load. By measuring the voltage drop across the resistor and using Ohm’s
law, the current flowing can be determined. This method has the disadvantage of requiring
extra pins in the package just to sense current. It also causes extra power loss in the
circuit, no matter how small the sense resistor is, since another dissipative element is added.
Another drawback of this method is the cost, since highly accurate current sense resistors

are prohibitively expensive.
Inductor Voltage

The voltage across the inductor is equal to the inductance times the change in current over
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time. By integrating the voltage and knowing the inductor value, the current flowing through
the inductor can be determined. This method however involves a complicated calculation

and hence is not desirable as current needs to be sensed quickly.
MOSFET On-Resistance

Expanding on the idea of a sense resistor is the approach of using the power [MOSEEITs
on-resistance was considered. The voltage can be measured across the transistor and the
current flowing can therefore be determined. This method has the benefit of not requiring

extra components, and not adding extra power losses into the system.
Sense-MOSFET

This last method uses a transistor, sized much smaller than the power MOSFET], by a
ratio of approximately 1000:1. By forcing the same [V] as the power across the
Sense-MOSFET, the current flowing through it is proportionally smaller by the same ratio.
One issue of this approach is that the Sense-MOSFET must be designed to have extremely
high matching, which can be difficult to achieve, as well as the sensing device must be located

on chip, which can increase the footprint of the device [25].

High efficiency and fast sensing are crucial for this application, hence the Sense-MOSFET
current sensing architecture was chosen. Since theTEC driver architecture employs feedback,
any mismatches in the devices can be stabilized by the outer voltage loop’s compensation.
The fast current sensing will ensure that any over-currenting can be detected quickly, as well
as minimize the minimum off time needed for the system which will allow the system to

achieve high duty cycles.

8.3 Slope Compensation

The difference between the average inductor current and the value of the sampled in-
ductor current can cause instability for certain operating conditions. This instability is the
result of the sampled nature of the PCMC] system, and is known as sub-harmonic oscillation
[25 144]. Tt occurs when the inductor ripple current does not return to its initial value by the

start of next switching cycle. This causes alternating wide and narrow pulses at the switch
node [44].

Slope compensation is a well-known and widely used technique of adding a ramp to the
sensed inductor current to obviate the risk of subharmonic oscillation [41]. By adding a

compensating ramp equal to the down-slope of the inductor current, any tendency toward
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sub-harmonic oscillation is damped within one switching cycle as shown in Figure[8-3] Since
the inductor value and input voltage are known, a ramp waveform of the inductor’s down-

slope was added to the sensed current to mitigate against any sub-harmonic oscillations.

Comparison
waveform
normalised to
inductor current

Inductor
" Current \J
Perturbed]

Lower Limit Upper Limit
Min D=0.05 Max D=0.95
12.5nS 237.5nS

Figure 8-3: Non-linear slope compensation waveform used to prevent sub-harmonic oscilla-
tions when the system is run at duty cycles > 50 %.

8.4 Comparator

The state of the inductor current is naturally sampled by the PWMI comparator. The com-
parator is needed to generate the pulse which tells the system when the high-side
current exceeds the limit (provided by the outer voltage loop). Any delays in the current
comparator producing its output, therefore, impact the entire system. In order to achieve
very high and very low duty cycles, the delay of the comparator must be minimized. There-
fore, the comparator was designed at the transistor level to have very little delay and fast

slew rates.
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Chapter 9
System Evaluation

Chapters [0 - [§] detailed the following major architectural blocks:
e Gate Drive
e QOuter Voltage Loop
e Inner Current Loop

These blocks constitute the new [TEC| driver architecture that was designed in this thesis
project. This chapter summarizes the power, timing, and stability analysis of the complete

[TEC driver architecture, demonstrating how the following design targets were met:
e Efficiency
e Output voltage dynamic range
e Stability

Figure below summarises the high-level [TEC] driver that was designed in this thesis.
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Figure 9-1: Diagram summarizing the major components that were designed and analyzed
in the novel peak current mode [TEC] driver architecture.
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9.1 Power Analysis

Efficiency [43] was a key metric in the design of the [TEC] driver. The difference in energy
into the system and energy out is converted to heat. Generating excess heat when trying to
cool negatively impacts the [TEC| operation. This excess heat further requires the system to
integrate complex heat removal schemes. High efficiency is critical for achieving high power
density. The lower the efficiency, the less useful the product is. Therefore, high efficiency is

imperative.

A maximum output power ([Pp,)) budget was calculated assuming maximum power intake

and worst-case scenarios for each component to ensure the overall system  was > 95 %.

Worst Case Operating Condition

o = 2.7, T = 150°. This corresponds to = 34 mS.

e [, at £ 1.5 A. This corresponds to the maximum duty cycles, [Dl = 0.95 for one buck
stage, and [Dl = 0.05 for the other buck stage.

As outlined in Chapter [2] the target p of this novel peak current mode [TEC driver
architecture is 95 %. For a nominal input voltage of 5 V, and with duty cycle limitations,

the maximum achievable output swing for the system is 4.75 to - 4.75 V. This provides +
1.5 A current to the [TECL

For an n of 95:

- Pout
77 B Pout + Ploss
‘/outlout
ILL =
‘/out[out + Ploss

]_ _
Hoss = ‘/outlout( Nl) (91)

* 100

(1—0.95)

~ 475 % 1.5
AT 05

=037 W

Therefore, as calculated in Equation [9.1] above, the maximum power loss budget is 375
mW.

The following list presents the main avenues for power losses in this dual buck [TEC] driver

architecture.

90



1. Power loss due to MOSFET (Prg7l)

Power loss due to conduction (P,g) from the MOSFETE

Power loss due to MOSFET switching ([Pey))

Power loss due to gate charge ([Pgateql)

Power loss due to the low-side MOSFET’s body diode (Prg)

2. Power loss due to inductor (P

3. Power loss due to capacitor

These losses are discussed in Sections[9.1.11to [9.1.3]

9.1.1 MOSFET Losses

Power are voltage controlled four terminal semiconductor devices that are used as
switches. In a[NMOS| device, when a positive voltage is applied to the gate terminal, holes in
the p-type substrate are driven away and an n-type inversion layer forms between the source
and drain. This electrically connects the drain and source, and causes a current to conduct
through the channel [4] [15] [38]. Therefore, the gate voltage modulates the conductivity of
the channel. The devices are either fully conducting, with a small on resistance, or switched
off, with a very high impedance. Since their voltage is nearly zero when on and the current

is nearly zero when off, power dissipation is minimized.

In the NMOS| charge is stored in the gate electrode, conducting channel, depletion lay-
ers as well as parasitic capacitance. The following parasitic resistances and capacitances

determine the turn-on times and hence affect power loss in the device:

e Overlap capacitance between the gate electrode and highly doped source and

drain region
e Junction capacitance between the substrate and source and drain
e Capacitances between the metal electrodes and the source, drain, and gate

Conduction Loss

Conduction losses in [MOSFETE are due to the power dissipated through the of

the channel as current flows when the device is on. [P, is inversely proportional to the
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MOSFET size, the larger the MOSFET], the lower the [Rgson) and hence the lower the
conduction loss. In the buck converter, while the high side MOSEET] is on, the bottom is
off and vice versa. Figure below shows the current flow in the MOSFET] device.

DT

VSW t V|n (1‘D)T
0 »
I = i T =
G e |;______7_I|ri
pple
e _____ Z_ 1
Up Slope = (Vin —Vo)/L
| A : : ;
LS FET 1 -_______f_-__-___l_O____f-__-:__ Ilripple
| Down Slope = -Vo /L

Figure 9-2: Waveforms showing the current flow in the buck converter.

The total conduction loss is therefore the sum of the high-side and low-side IMOSEFET]
conduction losses, illustrated in Equation [9.2] below.

PcondTotal - PcondHS + PcondLs

PcondHS - DIEmSHS * Rds,onHS (92)
PcondLS = (1 - D)IT?’H’LSLS * RdS,O’)’LLS

In the worst case scenario, the maximum root mean square current (I.,J) occurs when

the maximum output current, 1.5 A, flows.

AI?
o= 1+—
rms ] + 12
Vin — Vou
A — (Vin - o t)DT —30% - I, (9.3)

Loms = 1, % 1.00375 A

As shown in Equation [9.3| above, since the ripple has been made very small due to all the

design choices made in the [TEC] driver, its impact is negligible.

For the dual buck architecture, when one leg’s high-side MOSEET]is on and the low-side
MOSEFET] is off, the other leg’s low-side MOSEET] is on and the high-side IMOSEET] is off.
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Therefore, when 1.5 A flows, one buck will have a 95 % high-side duty cycle and 5 % low-side
duty cycle, while the other buck has 5 % high-side duty cycle and 95 % low-side duty cycle.

The maximum conduction loss is given in Equation below.

Prona = DI?Ryson + (1 = D)I?Ryg on + DI? Ry on + (1 — D)I2Rys on
= 212 Rs on
= (1.5)% % 2% 34e
= 153 mW

(9.4)

Switching Losses

When a [MOSEET]is either on or off, the power it dissipates is small. During a transition
between the two states, however, both a large current and a large voltage exist simultaneously.
The intrinsic capacitance of the devices stores and dissipates energy during the transitions.
As such, switching losses are caused by the dynamic voltages and currents during the turn

on/off times and are proportional to and parasitics.
e Turn On and Turn Off Transitions

When a switch is turned off, the current does not instantly fall to zero, the channel still
conducts, and an increasing drain to source voltage develops across the channel. This
crossover loss is a function of the switching speed of the [MOSFET] (gate resistance,

gate-source capacitance, and gate-drain capacitance).

The stages of the device turn on and turn off are illustrated in Figure [9-3] The turn

on sequence, as shown in the bottom graph of the figure involves the following states:
1. to: Vs < 0. Therefore the is off.
2. ty: Vs reaches the threshold voltage, V.
3. ty: The begins to turn on, I, increases from zero.

4. t3: The IMOSEET] keeps turning on, I;s and V, reach steady state while Vg,

decreases from V7, to 0.
5. > t3: Device is fully on.

The [P,,] occurs when [I] and [V ] are both non-zero, corresponding to period t5 and t3.
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Turn off transition for high-side MOSFET ,,vds v(hs_gate,sw)

vds > /
4.5 I
LS / :::
VPL / N\ /
o ' NE
«—> > ..
t3 t2 tl tO 42.979 42.98 42.98;me - 42.982 42,983 42,984

Turn on transition for high-side MOSFET Jhs_gate.sm)

vds vgs .

\ 5 ) i

VPL \ 4 —
VT 2 | /
V7 .|

-1
43.0062 43.0066 43.007 43.0074 43.0078 43.0082 43.0086 43.009

O a—>
t0 t1 t2 t3

Time (us)

Figure 9-3: Waveforms showing how the current and voltage change during the high-side
MOSEETYs switching transitions.

Both of the low-side IMOSEEITs turn-on and turn-off are soft switching at normal
operations. The load current continues to flow through the body diode after it is
turned off, thus the drain voltage equals the forward direction voltage and stays low,

hence the losses are very small and can be neglected.
Therefore, the [P,,]losses are due to the high-side MOSFETTs switching transitions.

The integral of the power dissipated in the transistor during both the turn-on and
the turn-off transition is the switching energy lost per cycle, as shown in Equation
below. This energy, multiplied by the fg, represents the switching component of the
dissipated power, as illustrated in Figure [0-4]

Psw = /(Psw,rise * fsw) + /(Psw,fall * fsw)

= (1.2266 — 1.2254)pJ - 5MHz + (1.248 — 1.2466)u.J - 5MHz (9.5)
~ 14 mW per buck stage
Psw,total =28 mW
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Figure 9-4: Power loss during the high-side MOSEFEITs switching transitions.

e Gate Charge Loss

is due to periodic charging and discharging of the MOSFETTs gate capacitance.
During the turn on or turn off phase, output capacitance must be charged/discharged.
When a voltage across a capacitor changes, a certain amount of charge must be trans-
ferred. is therefore caused by the energy required to charge/discharge the
[MOSFETTs gate capacitance, as calculated in Equations and The average

bias current required to drive the gate = Qgate = fsw-

Q=CV=1It
E=QV ="rt (9.6)

E
P ~ = CV?fow = (Camr + Ca-r) * Ve * fow
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Figure below shows the simulation results used to calculate the gate charge losses.

Gate Charge Loss

High Side Falling edge
, vgs (high side MOSFET)  vgs (low side MOSFET)

g 0 T -
vgs*i
2 [
e
0
vgs*i
0.0 :
E\\ !
: S——
-1.0
High Side Ener
441,50 9
-
T 4405 -
439.5 :
Low Side Energy
122.5 : e
E .
121.53 367 43.368 43.369 43.37 43.371 43372 43373 43.374
Time (ps)

High Side Rising edge
4 vgs (high side MOSFET)  vgs (low side MOSFET)

S : A
" s
vgs*i :
0.0 :
. ™
: "
-1.0 :
vgs*i :
2 :
f
0 !
443 High Side r:snerg
T 442 :
L™
441 ——
Low Side Energy
124.5 :
Z 1A
123.5 4
43.404 43.406 43.408 43.41 43.412
Time (us)

Figure 9-5: Simulation results showing the gate drive losses.

Paateq = (4413677 — 4.4227e7) % 55 + (1.235¢" — 1.2457¢™") * 5¢°
+ (4.3897e™ " — 4.4135¢7) % 5e® 4 (1.2196e~ " — 1.2295¢ ") * 5e®
~ 24.6 mW per buck stage
Pggate,totar = 49 mW

(9.7)
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e Low-side Body-Diode Loss

The [Ppglintroduces two power losses into the system: dead-time loss (diode conduction
loss) and diode reverse-recovery loss. When the high-side is turned on, the
transition of the body diode of the low-side from the forward direction to the
reverse bias state causes a diode recovery, which generates a reverse recovery loss in the
body diode. In order to prevent the cross-conduction of the high-side and
low-side MOSFET], a rise edge dead-time between low-side turnoff and high-
side turn on, and fall edge dead-time between high-side turnoff
and low-side turn on are added. During these two dead-time intervals, both
the high-side and the low-side are off preventing current spikes, while the
inductor current flows through the low-side MOSFETTs body-diode. Figure [9-6] below
shows the dead time delays for the system.

Dead Time between the High Side and Low Side MOSFET Trainstions
0 <i5> v(hs_gate,sw) <i5>v(ls_gate)

. |
|

2.5

2.0 t
tD,

)

1.5
1.0

oo |
0.0 v

-0.5
43.368 43.376 43.384 43.392 43.4 43.408

Time (us)

Figure 9-6: Power losses due to the non-overlapping time.

The power loss due to the low-side MOSFET is calculated in Equation [9.8]
Prs=Vp*1,+ (tD, +tDy) * f, where:

— Vp is the low-side MOSFETTs body-diode forward voltage 0.4 V

— 1, is the output current 1.5 A

— tD, is the dead time at the rising edge 3.26 ns
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— tDy is the dead time at the falling edge 3.2 ns

— fuw is 5 MHz

Prg=0.4%1.5+6.46e7? % 5e® ~ 30 mW

(9.8)
PLS,total = 60 mW

9.1.2 Inductor Losses

An inductor is a reactive component that acts as an energy storage device and ideally is

lossless, however, due to parasitics, power is dissipated.
DC Resistance Losses

The current that flows though the inductor during the operation of the [I'EXC| driver is
shown in Figure below.

DT
V .
sw V|n ) (1‘D) T

L

T 7

Down Slope = -Vo /L
Up Slope = (Vin —Vo)/L

Iripple

Figure 9-7: Inductor current ripple as the current ramps up when the inductor is energized
and then ramps down when off.

Power is lost through the inductor DC resistance and the core losses. The is
generated by the [Ry.]of the winding that forms the inductor. The[Ry.]increases as the wire
length increases; but decreases as the wire cross-section increases. Since the power loss is
proportional to the square of the current, a higher output current results in a greater loss.

Equation shows the calculated power losses due to the inductor.

_ 2
Pcondind - DIrms;;g * Rdev-

= (1.5)%-30 (9.9)
= 67.5 mW
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9.1.3 Capacitor Losses

There are several losses generated in the capacitor—including series resistance, leakage, and
dielectric loss. These losses are simplified into a general loss model as the Esm is
calculated by multiplying the by the square of the value of the [AC] current flowing
through the capacitor. Equation [0.10] shows the power loss from the capacitor.

2
PcondHS =1 * Resr

TMSCout
, Al
TMSCout 2\/§ (910)
0.9

~ 2(—=)230 &~ 4.05 mW
(NE)

Overall Efficiency Calculation

As calculated in Equation[9.1] the maximum tolerable power loss for the system to achieve
95 % efficiency was found to be 375 mW. This power loss comprises the losses from the
[MOSFETSE, the inductor and capacitor. From the power losses of these components, the
total power loss of this [TEC] driver system was calculated, as shown in Equation below.

Piotar = Prer + Pind + Peap
Prer = Poond + Psw + Paateq + PLSBody
= 153 mW + 28 mW + 49 mW + 60 mW
Pig = 67 mW
Pep =4 mW
Piotar = 153+ 28+ 49460 4 67 + 4 = 361 mW

(9.11)

Therefore, with a power loss of 361 mW, the overall system efficiency, evaluated at the
worst case-operating conditions was found to be 95.1 %. This meets the design targets set
forth for the [TEC driver system.
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9.2 Timing Analysis

In order to achieve a large temperature differential, the current flowing through the [TEC]
must be maximized. Hence, a large voltage range across the [TEC] is required. The system
must therefore be operable at very high and very low duty cycles. In order to maximize the
duty cycle range, any system delays must be minimized. That is, the minimum time that
the switches must be on must be minimized to achieve low duty cycles and the
minimum time that the switches must be off should be minimized to achieve very high duty

cycles.

These system delays, are introduced by all the blocks that were designed in the previous
sections. Figure illustrates the delay path through the circuit. The main delays are
introduced by time needed to sense currents, the non-overlapping timing block, and blanking
time which is used to avoid false resetting of the PYWM] pulse when the high-side
rings on switching transitions. These limit the minimum output voltage that the converter

can generate for a given input voltage and switching frequency.

HS On £ HS O iL+L
orce A n _
_|Non-ovelap Sp Wy VTEC+
timin, Rar e
g Force LS On - LS gate B QLp
VrEC+ L] E LS O I Cam
VpaCc-— Iror n =3 =
Vpac+— Amplifier| SR Coupling
e SR bar Factor, K Lot § Rioaa
VSense+ 5 MHz Clk HS On
Non'ovelap Force HS On VTEC—
Slope Comp 1 timi “
tlmlng MNForce LS On 1S Driver LS gfl"’@lﬁ. O
s Lo Driver g Cout
LS On LS Sense | = l

Figure 9-8: Delay path through the full TEC driver circuit showing why the system has
minimum on and off time constraints.

Minimum On-time Calculation

The following cases detail the major delays that contribute to the system having minimum

on-time constraints:
e CASE 1: Positive Inductor Current
(Positive current flow is taken as current flowing from input voltage supply to output.)

— Blanking time for the high-side [MOSEFET] current comparator
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— Current comparator delay
— Turn-off delay of high-side MOSEFET] driver
e CASE 2: Negative Inductor current

— Blank time for high-side MOSEET] current comparator

— Current comparator delay

Turn off delay of high-side IMOSEET] driver
— Dead time (delay from high-side MOSEFET] OFF - low-side MOSEFET] on)
Minimum Off-Time Calculation

The following cases detail the major delays that contribute to the system having minimum

off-time constraints:
e CASE 3: Positive Inductor current
— Dead time (delay from high-side off - low-side MOSFET] on)
— Minimum on-time of low-side
— Turn off delay of low-side driver
e CASE 4: Negative Inductor current
— Minimum on-time of low-side
— Turn off delay of low-side driver
With a of 5 MHz, this means that the period of one switching cycle is 200 ns.

Therefore, in order to achieve the required range of 95 % to 5 % duty cycles at a of
5 MHz, the required on-times are 0.95-200 ns and the off-times are 0.05-200 ns.

Therefore, all the system delays must be < 10 ns.
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9.3 Stability Analysis

The closed loop transfer functions described in Table are used ensure that the system is
stable in the face of any disturbances in [V, and load current. The step response of the
closed loop transfer functions of the macro-model system were modelled using MATLAB’s
Simulink models as shown in Figure [9-9 The step responses for the transistor-level driver
circuit designed in Cadence-Virtuoso as shown in Figures to [9-15] were also run, with

the main metrics of overshoot, steady state error, and settling time analyzed.

Simulink Step Response for the macro-model design

(V) Vstep, Vout
| N I |

Vstep

Vout
N

!

0 6 12 18

Time (us)

Figure 9-9: Transient simulation using MATLAB’s Simulink program to simulate the block
diagram for a voltage step and show the behaviour of the output voltage seen across the
[TECL There is slight overshoot but the system settles back to its original value after 6 us.
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Cadence-Virtuoso step responses for the transistor-level [TEC| driver

Step Responses

Figures [0-10] and [9-11] below show the results when a transient step in the reference

voltage, is applied to the system. Both responses show that the output voltage seen by

the [TEC] has a well-damped response, with minimal oscillations and a settling time of 4 ys.

(V) DAC voltage step

1.0
|
0.5
(V) output voltage across TEC
3 —
—

(A) inductor current
0 '\MMMMA\

R IR ISP ININININININININININININN
N\ AN
-2 N AAAAAAAN N NN

(V) sw node potential

(V) high-side MOSFET voltage
0 TN NAALINT

1 e

O Y Y VYV VY VvV vy V VvV vV vV VT VY

799 800 801 802 803 804 805 806 807 808 809
Time (us)

Figure 9-10: Transient simulation for a reference voltage step from 1 V to 0.5 V, for
a nominal [V;] of 5 V| showing the output voltage and output current seen across the [TECL

0 (v) DAC voltage step
I

(V) output voltage across TEC
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(V) sw node potential

_Zj]l|||||| LT I Y
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798 799 800 801 802 803 804 805 806 807 808 809
Time (us)

Figure 9-11: Transient simulation for a reference voltage step from 0.5 V to 1 V, for
a nominal [V;,] of 5 V, showing the output voltage and output current seen across the [TECL
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Figures [9-12] and [0-13] below show the results when a step in the input voltage, [V;,] is
applied to the system. Both responses show that the output voltage seen by the [TEC| has a
well-damped response, with minimal oscillations and overshoot, and a settling time of 6 us.

[V..] Step Responses
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Figure 9-12: Transient simulation for an input voltage (Vi,]) step from 2.7 V to 5.5 V, showing
the output voltage and output current seen across the [TECL
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Figure 9-13: Transient simulation for an input voltage (Vi,]) step from 5.5 V to 2.7 V, showing
the output voltage and output current seen across the [TEC!
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Load Current Step Responses

Figures [9-14] and [0-15] below show the results when a step in the load current through
the TEC is applied to the system. Both responses show that the output voltage seen by the

[TEC has a well-damped response, with minimal oscillations (one lobe), slight overshoot, and

a settling time of 6 ys.
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Figure 9-14: Transient simulation for a a load step from 1.35 A to 0.5 A, for a nominal [V,]
of 5V, showing the output voltage and output current seen across the [TECL
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Figure 9-15: Transient simulation for a a load step from 0.5 A to 1.35 A, for a nominal [V]
of 5 V, showing the output voltage and output current seen across the [TECL

These results confirm that the [TEC] driver has a stable, well-damped response to distur-

bances.
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Chapter 10

Conclusion

This research project aimed to develop a new compact, very efficient, high frequency driver
for a[TEC] designed to operate as a temperature controller to heat and cool a photonics laser
system. There are currently no [TEC] driver products that meet all the specifications of this

driver.

After exploring various architectures, a peak current mode dual buck H-bridge MTEC|
driver was designed. This design involved three major blocks: a gate drive, outer voltage
loop and inner current loop. This novel [TEC|driver was simulated and analyzed and provided
promising outcomes. It ensured that the design targets of simple design, small size, high
stability and fast transient response, 5 MHz speed of operation, > 95 % efficiency, low ripple

current, and large dynamic range for the differential voltage across the [TEC] were met.

The simulated design’s behaviour matched well with the mathematical modelling of the
system and thus provides valuable insight for TEC driver architectures. Although a full
IC circuit for the [TEC driver was not manufactured, the simulated results were able to

demonstrate that this [TEC] driver architecture met the following targets.

e Allows [TEC] differential voltage range of 4+ 0.95V,]

Provides a maximum output current of +£1.54

e Has a maximum ripple current across the [TEC] of 30 % [I ]

Operates while the input voltage ranges from 2.7 V to 5.5 V

e Has a worst-case efficiency of 95 %
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e Has an ultra-compact [C] package with an integrated inductor
e Has a stable response to disturbances.

Future Work

The next steps in realising this novel [TEC] driver architecture design into a product

include:

e integrating more protection systems to comply with safety regulations. Protections
such as under-voltage protection, soft start-up, and static protection for the chip will
be designed and integrated into the [TEC] driver architecture that was developed in this

thesis.

e [[Cl manufacture. The circuit-level [TEC architecture schematics must be laid out, sent
to a foundry to be manufactured and integrated with the inductor, which is being
sourced by a third party company. The [[C] must then be be vigorously tested, to

ensure that its behaviour complies with the outlined design targets.

Although this work provides a strong foundation for future iterations, limitations of this
architecture that were identified though the design process muist be noted. With such a small
package size, challenges may arise in the design of the magnetics for the system- which limits
the size of the filter components that can be used. Furthermore, with the high frequency
of operation, there are inherent duty cycle limitations. This peak current mode [TEC] driver
will only be compatible with systems that require maximum output voltage ranges and duty
cycles < 95 %.

Despite the identified limitations of this architecture, new applications were also realized.
In addition to [TEC driver applications, this peak current mode dual H-bridge architecture
shows great promise to be used in several other applications due to its small size and high
efficiency. This [TEC driver circuit architecture can be modified in the future to be used in

several applications where a small, highly efficient dual channel buck converter is needed.
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Appendix A

Linear Regulator-Buck Architecture

Gain Calculations

This section provides a detailed derivation of the gain parameters Syq;n, and Lgg, for the

linear regulator-buck architecture shown in Figure [A-] below.

Buck PWM Stage Linear Regulator

<

Figure A-1: Single-ended buck-linear regulator architecture.

Equations to[A.§ provide the step-by-step analysis of how the gaind were derived.
e Using the Kirchhoff’s Current Law: Current into node = current out of node
e Due to the high input impedance, no current flows into the V+ and V- op amp terminals

e For an op amp: V+ = V-
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Yo —Vt Y+ 125V,

— VT = Lyin(VT —1.25)

LgainR B R 2
Vin
e _ 3 Loan1 25
Lgaz’n + 1

VDAC — V+ . V+ - VLDR
R B LgainR
VLDR = V+(1 + Lgain) - LgainVDAC

= Lgain(Vpac = V) =V* = Vipr

YVin 4 Lgain1.25

Lgain + 1

Vibr = (1 + Lyain) — LgainVpac

b | S

Vior = — — Lgain(Vpac — 1.25)

Vpac —V* V' —Vipg
R SR
v SgainVpac + ViDR
(14 Syain)

Sgain<VDAC - V+) = (V+ - VLDR)

1.25 - V+ B VT —Vsrn
R B SgainR
Vsrs = V(1 = Syain) — Sgain(1.25)

Sgain<1-25 - V+) = (V+ - VSFB)

SgainVDac + ViDR
(1 + Sgain)

Vsrs = Vipr + Sgain(Vpac — 1.25)

Vsrp = (14 Sgain) — Sgainl.25
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Sgain:

Vsre = Vipr + Sgain(Vpac — 1.25)

Vsre — Vipr = Sgain(Vpac — 1.25) (A7)

g Vsrs — Vipr
9 (Vpac — 1.25)

If we want a full swing Sgein = Vin
Lgain:

The higher the gain of the [LDRI side, the faster the [LDR] side of the [TEC| output node
traverses from high to low, minimizing the power dissipation. However, the maximum gain
is determined by the minimum on and off times that can be achieved by the buck side due

to duty cycle limits.

Vin
VLDR = 7 - Lgain(VDAC - 125)
. A8
Yin — Vipg (A-8)

L ain —
g (Vbac — 1.25)

Lgain, was selected to be 48 to ensure the full range of duty cycles is traversed for the

range.

Therefore, the optimal Ly, and Sy, values were found to be 48 and 5. For the circuit

simulations, 48K and 5 K¢ resistors were used to ensure high noise immunity in the system.

110



Appendix B

Transfer Function Derivations

This section provides a detailed analysis and derivation of the main closed loop and open

loop [TEC driver architecture transfer functions for the system.
Open Loop Transfer Function Derivation
e Output Filter, Gfilter(s)

Figure [B-1] shows a simplified block diagram for the buck-stage which was used to
derive the transfer function of the output filter of the buck-stage, shown in Equation

B.1

LYY OLAAN Vout

dVIN L DCR

(r) \ Iout
Ci) L Cout Rload g l

<
ESR
(rc)

Figure B-1: Circuit diagram used in the derivation of the output filter transfer function.

Using the Voltage Divider Equation:

. _ Vout(s) _ (ZCHRLoad) — ZQ(S)
GflltCT’(S) T Vinls) | A " Zp+(Zc||Rroad) Zrotal(s)
Vi=d=3,=0

ZC:%—Frc;ZL:SL—FTL
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Zrotal = Z1, + (Zc||RLoad)
~ Rpead(1+1.s0)
1+ 5C(Rpoga + 1)
_ Rioad(1 4+ 7.5C) + [1 + sC(Rroad + 7e)|[sL + 71]

1 + SO<RLoad + rc)
82 + S[C(TL(RLoad+Tc)+7'Loach)+L] + (RLoad+TL)

+sL+rp

RLoad + Te

— LC LC(Rpoadtre) LC(Rroadtre)
C(RLoad + Rc) —C(RLolad‘H"c) + s
2 2 2
ZTotal = LS * gwos + “0
(s 4+ w,1)
1
wz - —
! C(rc + RLoad)
25&) o CV(RLoad’rL +rerp + TLoadrc) +L
0 LC(RLoad + rc)

2 (RLoad +71L) o — \/ (Rroad + 1)
* " LC(Rpssatre) "\ LC(Rigaa + )
¢ = LA ClBioaalre + 71) + rer]

B 2/ LC(Rroad + 7e)(RLoad™r)

Zy = (Z¢||Rroad)

Rioaa(1 4 resC)

" 14 5C(Rpoaa + 10)

RpoaaRe (54 75)
(Rroad + Re) (5 + gy
Rroaare (8 +w:)

S0 =
2 RLoad + e (S + wzl)
1
W, =
r.C
FfLoad"‘C (S+UJZ)
Gfilter = Loadt;ifj:)rw“)
s2+28wos+w]
_ Rroadre (S + wz)
(Rroad + 7e) L 82 + 28wos + wi
(8 + wz) RLoadrrC)
= Kyitter whereK riier =
Jilt 82 + 250.108 + wg fitt L(RLoad —+ 7’0)
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Bode Diagram
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Figure B-2: Buck power stage output filter bode plot.

In the open loop system, the buck converter has a complex double pole due to the [LC|
filter. The Q factor, or amount of peaking shown on the magnitude plot in Figure above,
is affected by the capcitor esm and inductor’s DC resistance (dcil). A high Q value is not
desirable since it causes the system to have a very narrow bandwidth. As () increases, the

phase slope increases, i.e., the phase changes very quickly over narrow band of frequencies.
e Duty Cycle-to-Inductor Current Transfer Function, Gid(s)

Figure B-3 below shows the circuit model that was used to derive the transfer function
shown in Equation B.2] This transfer function shows the impact of the duty cycle

variations on the output voltage.

—
O~ 7
ZL =sL+ T, +
+ Rload g Vout
Vv <
- 1 -
ZC = E 95 rc

O

Figure B-3: Circuit diagram used in the derivation of the control-to-inductor current transfer
function.
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GZ' S) = —=%
=06 oo
iL(S) _ d(S)V}N _ d(S)V}N
Zr, + (Zc||Rroad) ZTotal
= d(s)Vin (B.2)
T s242Ewpstw? .
L (S'H‘-?zl) ‘
iL(S) . ‘/IN 1
d(s) L M
Stwz1
Gia(s) = (5 + weu) where Kq = Viv

U2y 2€ws + w?

e 3. Duty Cycle-to-Output Voltage Transfer Function, Gvd(s)

The control signal is the duty cycle and the output signal is the output voltage, [V,
Figure [B-4 below shows the circuit model that was used to derive the transfer function,

shown in Equation [B.3|

(s) d(s) 1v,=i,=o0
Vout(S) = VINd(S) = ]L(ZC(S)HRLoad)

‘/out(s)
a(s) = Gliter ViIN (B.3)

(s + w,)
+ 28wos + wi

= VYINKfilter 52
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e 4. Input Voltage-to-Output Voltage Transfer Function, Gvv(d)

Figure below shows the circuit model that was used to derive the transfer function

in Equation [B4]

u L,
g 7,7,
+
=® C =226
= i

(c)

Figure B-5: Circuit diagram used in the derivation of the input voltage-to-output voltage
transfer function.

G(s) = Youl?)
Vin(8) 10=a=i,=0 (B.4)
VOut(S) (S + wz)

GUU( ) ‘/IN(S> Fritter 52 + 250)03 + Wg

e 5. Output Current-to-Output Voltage, i.e. Output Impedance Transfer
Function, Zo(s)

The output impedance transfer function reflects the effect of output current ripple on
the circuit performance. Figure below shows the circuit model that was used to
derive the transfer function shown in Equation [B.5

W

2

—_— o

oy
I
=
)
MA
&
)
u poo) 4

Figure B-6: Circuit diagram used in the derivation of the output current-to-output voltage

transfer function.
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Zo(8) = —
(5 ~lout(S) V;=d=0
Z,(s) = _@'K:

= Zr||(Z¢||RLoad)

]gLoad(]- TCSO [
1 —|—SC<RL0ad+T’CH(S T>

1

RLoad(1+RCsC) 1
1+sC(Rpoad+r. sL+r

1 (sL+7)(1 + sC(Rroad + 7c))

Rpoad(1+ResC) L
1+LSC(ERL0ad+Tc + sL+r RLoad(l + TCSO)(SL + T) + 1+ SC(RLO@d + TC)

RLoadrc(s -+ CLTC(S + (%

L47C(RroadTc+RLoadCre Rpoaatr

<RL0ad + rc) [82] + ( LC(RLoad“FTC) )8 + LC(RLoad“FT’C)
(s 4+ w,)
= s+ wp) K,
(8% + 28wps + w)2< VKo
RLoadrc

- RLoad + Te
_ Cr,

KZO

Wy

r
Wrl = —F

L

(B.5)

e 6. Input Current-to-Input Voltage Impedance Transfer Function, Zi(s)

Equation represents a ratio of perturbations in the input voltage when output

current perturbations is zero.

_ d‘/}N(S)
ZL + (ZC’HRLoad)
Zr, + (Ze||Rroad)

ir(s)

‘/]N(S) +

ZTotal (B6)



e 7. Inductor Current-to-Input Voltage ie Inductor Current-to-Line Voltage
This transfer function, as shown in EquationB.7] reflects the effect of input voltage

ripple on the circuit performance.

Vm(S) t0i=d=0
(s + w,1)
52 4 26wps + W
. d‘/[N(S)
"~ Zr+ (Ze||Rroea)
Z1, + (Zel|Rioad) (B.7)
diL(S>

’iL(S)

‘/[N(S) —+

e 8. Inductor Current-to-Output Current Transfer Function Gii(s)

This transfer function, as shown in Equation reflects the effect of output current

ripple on the circuit performance.

Vi .
v (s) dig(s) (B.8)
_ ZTotal
d’il(S)
L.
]in = EZL
L, .
= —2(DZL)
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Closed Loop Transfer Function Derivation

The peak current mode controlled [TEC] driver architecture uses two feedback loops: an
inner current and an outer voltage loop. The outer-voltage loop supplies the control voltage

to the inner loop and the inner-current loop supplies the duty cycle to the power stage.

The control loop of the peak current mode buck converter includes the resistor divider
network, the error amplifier with a compensation network, the current sampler and the duty

cycle modulator.

F,, F,, F,, are gains due to the current modulation, and m, is the slope of the external

compensation ramp, as shown in Equation [B.9

D2
F =
Y faw2l
(1-2D)
fo=—F—=—
fsw2L
fow
F,, =
. (B.9)
mg = —1.2
Reense = Rds = 34mf2
1
H(s) =
()= 35771

e Open Loop Transfer Function

The inner current loop plus the power stage forms the plant for the outer voltage loop,
as shown in Figure below. This transfer function is useful in determining what
the phase of the system is and hence the phase boost that is required. It is therefore,
vital in creating the compensator that will stabilize the system. Therefore, in order to
design the compensator, the transfer function from v, to v, is needed. Assuming the

current ripple is small, Fy, I, are negligible and the block diagram can be reduced to

Figure [B-7

From the above block diagram, the transfer function were derived, as shown in Equa-

tions and
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A +

Ve (S)_}O—} GC(S) — Rsense

A
A s'ﬁ(s)

Figure B-7: Block diagram used in the derivation of the open loop transfer function.

ve /IAJC(S) ‘77;:1?0:0 (BIO)
Fn

- 1 + FmGid(s)Rsense Gvd(S)

The Open Loop Transfer Function: T(s) = Gue(s) - Go(S) - Rsense Where:

(1+2)

Gels) = BgmBo G375

(B.11)
Low [D(] gain at low frequencies can cause steady-state errors. Therefore, we want high
DCl gain to minimize steady state errors.

The closed loop transfer functions described by Equations to were used to
determine the stability of the system in the face of disturbances.

e Closed Loop Transfer Function from to [Voul

This transfer function is useful in describing how the system behaves in the face of any

variations in the reference voltage.

Gvc<3) * Gc(s) * Rsense
14+ T(s)

V;"ef,closed - (Bl?)

e Closed Loop Output Impedance Transfer Function

Figure shows the block diagram of the [TEC] driver closed loop system that was
used to derive the transfer function from the output voltage to the output current,

shown in Equation [B.I3] This transfer function is useful in describing how the system
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behaves in the face of any variations in the load current.

|— Rsense l
—> Gyl MO Gl T F,0 4—9

G, G(s)
v

out G,(5) ;O T }42\0 (s)

Figure B-8: Block diagram used in the derivation of the output impedance for the closed

loop system.

@out (S>

Zo,open (5) = =3

iout(s)
Gm’(S) + RsenseFmGid(S)(Gm(s) - %Cg:)d@))

(1 + RsenseFmGid(5>>

‘A/i:ﬁref =0

_ Zoopen(s))
Zo,close(s) - m

e Closed Loop Line to Output Transfer Function

V;n,cl(s) - q;;;:((;))

ioutZO

o Gm} + GivHeRsenseFvav + Fg * GvdFm - GivRsenseHe * szFm * Gvd

(1 + GidRsenseHeFm — FvadFm + GcRvad)

e Closed Loop Input Impedance

Z’Ln(s) 2out:0
Gm’(s> + RsenseFmGid(S>(Gvi<S) - %CE:)CI(S))

(1 + RsenseFmGid(S))
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Abbreviations and Symbols

@1 lactive terminall

[AC 1 [alternating current]

[ADI] [Analog Devices|

@—1 [seebeck coefficient]

BCDI [bipolar CMOS-DMOS]|

BST'| [boosted voltage)

[Boaiv | [Voltage divider ratio|

[B,, Bl [device property]

1 lcommon terminall

|Ccomp| [compensator capacitance|

CCM| lcontinuous conduction model

[Cgm | [compensator capacitance

[C'is, Cj4 junction capacitance|

[Cry | thermal capacitance]

(CMC lcurrent mode controll

ICMOS! [complementary metal oxide semiconductor|

[C,s, Codl loverlap capacitance)
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[Coz | IMOSFET oxide capacitance]

[Coy | loutput capacitance]

D uty cyeld

[DAC [digital to analog converter]

[DC ] [direct currentl

dcr |[DC resistancel

A |istandard deviationl

[0 | |beta mismatch]|

(AL | |current ripple

(Alp | |[drain current mismatch|

[Al; | inductor current ripple

|Al,, | peak to peak current ripple|

[AV_]|voltage ripple]

[0V,s | [gate-source voltage mismatch|

[0V; | [threshold voltage mismatch|

EMI| lelectromagnetic interference

[ ffngers

[f. |lcrossover frequency|

[fpo | [low frequency pole|

[fo1 | [high frequency pole|

[fsw | [switching frequency]|

[f.  ][low frequency zero|
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Em ] [transconductance)

(L |lcurrentl

IC ] fintegrated circuit|

[[p ||drain current|

[/; | pnductor current|

[{os | loutput current|

/s | [root mean square current|

[{sense | [sensed current signall

(J___||current density|

[K___1|coupling factor]

I |inductor|

(L, | INMOS channel length|

[LC ] finductor and capacitor]

[LDRI high gain linear regulator]

m I]- 0 0 0 |
—
MOSFET] metal oxide semiconductor field effect transistor

1 lefficiency]
INMOS| n-channel metal oxide semiconductor]

[op-amp]| loperational amplifier|

IOTA| operational transconductance amplifier|

P___][passive terminall

P fpower
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[P. | [peltier coefficient|

[Feap | [power loss due to capacitor|

[Peond | [power loss due to conduction)

[Prer| [power loss due to MOSFET)

[PGateq| [power loss due to gate charge

[Pinq | [power loss due to inductor]

[Prs | [power loss due to the low-side MOSFET’s body diode]

[Poy | loutput power|

[Py | [power loss due to MOSFET switching]

[pb | [phase boost|

PCMCI peak current mode controll

PMOS| [p-channel metal oxide semiconductor|

prr ] [phase margin|

PWMI [pulse width modulation|

[(); |[joule heating

|Qcoldl [peltier cooling]

[Qrot | [peltier heating]

[(p | [peltier heat|

() pc | [peltier cooling current source

|Q)py | peltier heating current source]

[resistor and capacitor]

[Rcomyp| lcompensator resistance|
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(R4, | inductor DC resistance)

[Ras,on| MOSEFET drain-source on resistance|

[root mean square]

[, ||error amplifier internal output resistance)

[ 4p1, LT f1of ffeedback resistors|

[Rry | thermal resistance)

[Rreq| [TEC resistance|

[Sgain; Lgain| Inear regulator and buck stage gains|

SFE
lset-reset]

o— [varlancel

M ffemperaturd
1 fimd

[ Geqaq | mon-overlap /dead time|

77| [fall timd|

[{,, |lon-time|

. |rise time|

MTEC thermoelectric cooler]

=] |channel mobility|

m— [NMOS mobility]

77— [PMOS mobility]

V___||voltage|

Ve | [Input common mode voltage|
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[Veontroll lcontrol voltage|

[Vier |[DAC reference voltage]

[Vis | [drain-source voltage]

[V,s |lgate-source voltage]

Vi | input voltage|

[Vowr | loutput voltage]

[Vramp| [slope compensation ramp signall

[Viensel Isensed voltage signall

[Vew |switch node potentiall

(Vi | [threshold voltage|

VrEec| [voltage difference across the TEC

[VCM fvalley current mode control|

VMCI voltage mode control|

(W, | INMOS channel widthl|

W, | [PMOS channel Width|

WLCSPI [wafer-level chip scale packaging]
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