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Abstract

HE ADVENT of the power MOSFET ranks as one of the most significant devel-
T opments in power electronics in recent years. While the vertical devices which
appeared in the late seventies looked set to find an important place in the market,
particularly in the area of high-frequency power conversion, the overall dominance
of the power bipolar transistor did not seem seriously threatened. However, when
the more easily manufacturable vertical DMOS devices appeared in volume in 1978,
the scene was set for a revolution. The power MOSFET rapidly achieved a good
reputation for being easy to design, but universal acceptance was delayed by its
relatively high cost.

The automotive electronics operating from car battery experiences transient volt-
ages such as cold-cranking and load dump which can range from 4.5V to >30V. In
addition, the new technologies such as start-stop, increase the frequency of such tran-
sients and operational requirements of electronic devices. This requires off-battery
power ICs to withstand harsh operating conditions and reliably provide power to
the whole vehicle. As an example, the air condition, front/back car lights are sup-
posed to keep their functionality during start-stop induced cranking conditions. This
requirement can be efficiently and reliably fulfilled from DC-DC converters.

The automotive industry is rapidly switching from filament lamps to new systems
(LED) for front/back lighting as they perform better in terms of energy efficiency
than the conventional ones. However, due to the electrical characteristics of these
systems present in a car cannot be powered directly from the automotive battery.
They require specialzed driving circuits which can respond to the changing needs
of the loads as their electrical properties change while maintaining the uniform
current. DC-DC converters offer the easiest way to power such the load with a
constant current.

As result Buck, Boost, Buck-Boost DC-DC converters for automotive applica-
tions are of great interest for the automotive industry. In particular, less addressed
so far are monolithic solutions in Smart Power technologies.

Smart Power technologies allow integrating power transistor, control logic and
diagnostic on a single chip (SOC — System On Chip). Because high yield require-
ments they involve only highly mature, well-experienced processing steps. Because
of low-cost requirements, a reduced mask sequence is used, leading normally to two
interconnecting levels (polysilicon and metal). In this thesis, it has been designed a
DC-DC converter for automotive applications. The first chapter of this document
is aimed to serve as an introduction to the reader for all the work description along
with the report. We need a high voltage technology to design an integrated DC-DC
converter. Here, I will use smart power technology, this technology permits to create
high side power switch with low resistance.
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Chapter

INTRODUCTION

Nowadays almost every automotive electronic product uses components that are
designed to operate with voltage source provided by the battery. Batteries do not
necessarily have a voltage that matches the supply voltage of the electronic compo-
nents, to supply these electronic components is necessary to use DC-DC converters
or voltage regulators. The aim of this research is to provide innovative solutions that
achieve cost reduction while preserving high power efficiency. There are several op-
tions for generating a constant supply voltage from a variable DC power supply and
the one chosen depends on different system requirements (such as the load current
level, the load current and the response of variation of the input voltage). When
energy efficiency is the most important parameter, as for many battery applications,
the inductive switching regulator is often the best solution. However, the price tag is
a significantly increased PCB area mainly due to the off-chip inductor. To save the
cost of the external components, it is necessary increase the frequency. However, due
to the electrical characteristics of the load, these systems cannot be powered directly
from the automobile battery. They require specialized driving circuits which can re-
spond to the changing needs of the load as their electrical properties change while

maintaining the constant current (like mechanical valve). The DC-DC converters
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offer the easiest way to power such this kind of load with constant current. As result
the DC-DC converters for applications are of great interest for the automotive in-
dustry. In particular, less addressed so far are monolithic solutions in Smart Power
technologies. Smart Power technologies allow integrating power transistor, control
and diagnostic logic on a single chip of high yield requirements they involve only
highly mature, well-experienced processing steps. Because of low cost requirements
a reduced mask sequence is used, leading normally to two interconnecting levels

(polysilicon and metal).

In [1] it is explained how to design a DC-DC converter in standard CMOS. There
is a lot of literature, [2|-[3] about single phase or multiphase DC-DC converter. The
DC-DC can be present in several different applications (e.g. bench power supply),
control system in voltage o current and at least, many different current-sensing
techniques such as the series sensing resistor, the current integrator and even the
sensing transformer have been published and implemented [4],[5],[6], [7], [3], [9]. The

main problem with current sensing is the response time to detect the peak.

In the literature we can find several control techniques for the DC-DC converters
[10], typically the controls for DC-DC are analog, but it is also possible to implement
a digital controls |1 1], in which FPGA or microcontrollers are used. The key success
and many advantages of Switching Mode Power Supply (SMPS) design rests on
high frequency operation of energy transfer. Another important attribute of SMPS
is the ability to control inrush current of a high-current device ready to get energize
when the power supply has first powered on. In the next step we will study how
to design a DC-DC converter for automotive applications, minimizing the external
components, and obtaining the fast response to detect the peak current. This way it
will be suitable to create a standard methodology for the DC-DC converters. This
introduction chapter of this document is aimed to serve as an introduction to the
reader for all the work described along with the report. The technology for this

application permits to create high-side switch with low resistance, and this vertical



transistor is DMOS. The automotive applications to be economical and reliable to
avoid cost increases in automobiles. The DC-DC converter is an electronic device
that converts a source of direct current (DC) from one DC voltage to another DC
voltage.

Starting from the schematic block of general main concepts, the feasibility of the
solution will be firstly analyzed making use of a simulation approach. The converter
will use an asynchronous buck topology. The driver concept and the DC-DC stage
will be put together with the MOSFET’s detailed model to determine whether the
switch family could be used in the conditions given by the application of interest.
The physical implementation of the solution will consist in finding a suitable floating
gate driver that could deliver the required amount of current to the switch. In the
second step we will implement the other blocks, like: control logic, voltage reference
etc. The third step further will be taken in order to optimize the prototype setup.
The DC-DC converter will be soldered on a PCB to minimize undesired parasitic
inductances and improve the measurements.

The integrated DC-DC converter is composed of several blocks, in Fig. 1.1 shows

the main blocks, and below are listed:

e Reference generator (internal reference)

Analog and digital supply (power supply)

Protections

Current sensing

Power stage (Driver and DMOS)

Control logic

The thesis is organized as follows. In chapter 2 we will see the Reference genera-
tor, this consist of a circuit that provides a stable voltage in temperature (bandgap).

Going up one level (chapter 3) we find the block that takes care of generating the
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Fig. 1.1: Block Diagram

power line of the whole circuit, for the digital circuit (control logic block) and for
the analog circuit (e.g. UVLO). The block that deals with the protections, groups
different protection fields. We refer to this block when we mention ESD (Electro-
static Discharge) protections, or over current protections. In chapter 4 we will speak
about the current sensing, this is the core of the chip, here the current is read in
the high-side branch to avoid external components. The power stage (chapter 5)
is the interface between the control logic and the DMOS. In chapter 6 we will see
the control logic, where here is implemented the digital part to control the DC-DC
converter. In chapter 7, we will analyze the critical loop, to design the PCB for the
testing. In chapter 8, we will discuss about the results a in the last chapter 9 there

will be the conclusion.

1.1 Design Targets

The project has been carried out in cooperation with Infineon Technologies. The
goal is to minimize inductance by increasing the switching frequency as much as
possible, Tab. 1.1 summarizes the project design targets established to meet actual

industrial applications requirements.



1.2. INTEGRATED DEVELOPMENT 4.0 - IDEV40 )

Input Voltage [V] 4.5 — 20
Output Voltages V| 3.5
Output Current [A] 1.7

Switching Frequency [kHz| =400
Inductor [pH] <40
Technology [nm] CMOS 350
Substrate Type N

Table 1.1: Design targets

1.2 Integrated Development 4.0 - iDev40

Following the steps of this thesis, a methodology will be developed to design a high
performance DC-DC converter. In Fig. 1.2 shows the process flow of the method-
ology for this Use Case (UC). The data structures for each process step have been
defined. For each step we can find a dataset for the input format and for the out-
put format. In this dataset has been defined as the specifications for the DC-DC
converter. The process started from input dataset for the specifications, this al-
lows to find the topology of DC-DC converter. The second step was focused on the
implementation of the solution via Simulink/dSpace. Subsequently, the schematic
implementation was carried out, in which the circuit was implemented at transistor
level. Defined the dataset of these steps, it has been implemented the layout and
then the first prototype has been sent to fabrication.

It will implement the methodology to test the prototype, also in this case will
be defined as the process steps with a specific dataset to define the input or output
for each step. The test methodology will focus on the realization of the PCB. The
process involved the choice of components, the minimization of the number of layers
of the board, and the definition of the positioning of the test-points to measure the

signals of the DC-DC prototype.
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Fig. 1.2: Process flow overview




Chapter 2

REFERENCE GENERATOR

Bandgap reference (BGR) is an essential circuit in many analog and mixed-signal
system-on-chip (SoC). A voltage reference circuit must be, inherently, well-defined
and insensitive to temperature, power supply, and load variations. Within this block,
there is a circuit to create a voltage and current reference for the whole chip. The
BGR has been used to generate a voltage reference compensated on temperature.
The integrated circuit IC will be used in the different conditions, the IC has to
work independently from the environment temperature. The standard temperature
range for the automotive environment is between -40°C and-+150°C. The state of art
about the bandgap voltage reference is wide [12], but for our case it has been nec-
essary delete some configurations, for example Brokaw bandgap reference, because
in this technology there are not bipolar transistor (BJT). The bandgap designed
has a maximum voltage variation of 7.7mV over a temperature range of -40°C to
+150°C. Two different signal are obtainded at the output of the BGR, one voltage
compensated on temperature and a constant current on temperature. The constant
current reference has been used only for generate a voltage useful to compare the

maximum current in the load.
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2.1 Bandgap Voltage Reference

The scheme of bandgap voltage reference is shown in Fig. 2.1. In the circuit, two
currents which are proportional to V. and AV}, are generated. The size of the

transistors M; — M3 are identical, therefore the current through them are:
L=1=1; (2.1)

where I; and I, are further divided into two branches containing resistors and diodes,
as shown in Fig. 2.1. These currents can be split in such a way that is possible to

identified the PTAT and CTAT.

[11 = [22 [12 = 121 (22>
Vop
11 1:1 'I‘_J
= = M,
v I3

—] N T 7 Sernan T
II:} L B Voffset Start-up

: D Circuit
l21 122 I
AVbe<7 R1 Rz |
Vbe :

Fig. 2.1: Bandgap circuit plus start-up circuit

1

The voltage at node A and node B are equal because the value of the resistor
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Rs is the same on both branches.

IRy = IRy (2.3)

= V4 =Vp (2.4)

The current flowing through the R, is a function of V., where V;. depends on

the diode,

I = 2 (2.5)

Vhe
I = — 2.6
2=p (2.6)
and the current I5; can be calculated as
IRy = VB — Viepy) = AV (2.7)
= Vie(Dy) — Vae(D1) (2.8)
AVje
n=5 2:9)
So, the output reference voltage of the proposed BGR can be obtained as,
Vig = RI3 = RI3 (2.10)
- R(Igl + 122) (211)
AVie Ve
=R — 2.12
(= + ) (212)

Where the AV}, has the PTAT (Proportional to Absolute Temperature) voltage
reference while the Vj, has a negative Temperature Coefficient (TC). To generate
AV, is necessary a different area between the diode D; and D,. Parasitic diodes

have been used in the circuit, on left branch there is only one diode (D), instead
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on the right branch there are N diodes (D), for this design eight diodes have been

used (D;:Dy=1:8). The voltage V,.(7T) is a high order function of temperature T.

kT
V, = " (2.13)

where V; is the thermal voltage at 300 Kelvin, it is worth between 25mV and 26mV,

k is Boltzmann’s constant (1.38 * 1072 J/K), q is magnitude of electron charge

(1.6 x 1071 C).

112 [12
A =V, — Vi1 2.14
Vie = Veln (ISADQ) Viln ([SAD1> (2.14)

where the area of Dy (Ap;) is n time grater than the diode Dy Aps, Ap1 = nAps.

Substituting the nAp; into Equ. 2.14,

Lo Ly
AV = V1 — V1 2.15
’ e (fsAm) e (ISnAD1> ( )

The final equation is given by

AVye = Viln (n) (2.16)

The current Iy and Iy are called CTAT (Complementary To Absolute Tem-
perature) and PTAT (Proportional To Absolute Temperature). In Fig. 2.2 shows
the voltages trends about PTAT and CTAT and with the V;, has been represented
the sum of the trends. Imaging a linear law of the PTAT and CTAT, the result
will be linear, in reality the two coefficients are not linear but vary in a logarithmic
way. The PTAT voltage V; and the CTAT voltage V;. are commonly used as the
thermal elements to generate a temperature insensitive reference voltage. A zero
Temperature Coefficient (TC) reference voltage can be obtained by compensating

the CTAT voltage V3. with a weighted PTAT voltage V;.
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'y

> Ve

Q

(e]4)
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9 CTAT

PTAT
>

Temperature [°C]

Fig. 2.2: CTAT and PTAT

The real trends about V}, are shown in Fig. 2.3, the graph has been plotted from
-40°C and 150°C, this is the operating constraints in the automotive sector. The
maximum variation on temperature is 7.7mV. For this simulation result has been
used an OpAmp to kept the same voltage on node A and B. The OpAmp substitutes

the low-side mirror.

1,005
1,004
1,003 /
1,002
%1.001 ’
1,0
999
998
997

500 250 0.0 25.0 0.0 500 1000 1250 1500
temp (C)

Fig. 2.3: Voltage reference on temperature (fist design)

The second design shows in Fig. 2.4 the OpAmp has been removed. This allowed
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to reduce the number of mismatches. The maximum curvature in temperature is

4mV.

1.01
1009 -
1008 -
1007 -
1006 -

1.005 =

1.004 =

e T e T R M R N R R e N asass ey R e e R s
-40.0 -20.0 0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 150.C
temp (C)

Fig. 2.4: Voltage reference on temperature (second design)

Fig. 2.5 shows the corner simulations for the bandgap, the blue is the nominal
case, and the other two lines, represent the worst case. The slow corner is the yellow
line and distance 10mV from the nominal case, the light blue is fast corner and

distance 13mV from the nominal case.

1.024 ~

1.02 -
1.016 -

1.012

1.008 -
S 1.004 -
> a

1.0

0.996 -

0.992 -

0.988 -

0.984 -
T B B B s s B A 4 M M}

-40.0 -20.0 0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 150.C
temp (C)

Fig. 2.5: Voltage reference corner simulations

2.1.1 Start-up Circuit

Fig. 2.6 shows with a dotted line the start-up circuit of proposed bandgap voltage
reference. At first the BGR circuit is not operated, the node B is almost ground
level. The gate of M; is fixed at Vpp voltage, which means the BGR is off. The

BGR has two points of stability, the fist zero, and the second is the operating point.
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To avoid the first stable point is necessary a start-up circuit. For this design the
start-up is made by the OpAmp with an unbalance pin to create an offset. The
offset is modelled with a voltage source on the positive input pin. When the node
B is zero and M, gate is Vpp, the bandgap is off. The OpAmp see the offset at the
input pin and turn on the NMOS M,. The value of the offset is 25mV, this means

the M, will be turn off when the AV}, will be over 26mV.

VDD

SR

' IV T
II:} | B Voffset Start-up
2 _ Circuit

|||—

Fig. 2.6: Start-up circuit principle
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Chapter B

POWER SUPPLY

The power supply fulfills the voltage requirement to start-up the electronics, com-
prises of analog and digital circuits, fundamental processing block, memories and the
communication node. Generally, off-the-shelf switching or linear regulators are used
to convert battery voltage, which is stepped-down to the required level of operation

needed for digital, analog, or discrete components.

3.1 Low-Side Power Supply

The internal power supply supplies all low-side blocks. This block is activated by
an external enable signal and his principal meaning is to derive a 3V from the main
supply pin (Viatery = 12.0V). The circuit concept design is shown in Fig. 3.1. All
circuits are, to a greater or lesser extent, sensitive to supply voltage variations. In
extreme cases, these may cause catastrophic malfunction of the circuit for this reason
the voltage supply has been splitted in two different parts. The first part serves to
feed the analog circuits and the second part serves to supply a digital circuit. The
supply was divided because the impulsive absorption of the digital part does not

interfere with the power supply of the analog circuit.

15
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Vbattery
HV HV CID e
v I
HV V
supply
Button ) Vsup_digital
R2
g ! [ wv
Bandgap +
R1

<

Fig. 3.1: Power Supply concept design

When the button is turned on, a voltage drop ia generated on the diodes, this
allows starting the bandgap circuit. The minimal voltage supply to work the voltage
reference is 2.3V. This first branch is switched on until the Vg, is less than 2.3V.
The reference value V4, at the output of the bandgap is 1V. To regulate the voltage
supply around 3V, it has been created a voltage loop with the OpAmp. The choice
of resistors is based on V;,, when the voltage drop on the R; is 1V, the voltage

supply must be 3V.

Vbattery
HV L_’lh—| HV dpldc
» HV :||—»—|
Button Vfupply ) Vsup digital
7 _
& _”: R2
e @ © ' MV
Bandgap ng + I:
R1

1H

Fig. 3.2: Main principle for power supply

To check the control loop it is assumed that Vi, increases, the input voltage
at the negative pin of the OpAmp is fixed because V4, is independent of the voltage

supply. The voltage at the positive pin of the OpAmp increase and as a consequence
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the output voltage of the OpAmp increases. Hence the V;, on the NMOS medium
voltage go down and it reduces the V,, on the high voltage NMOS accordingly the
voltage supply go down until the voltage at the input of the OpAmp is the same.
The resistor Ry and Ry has been divided in three equal resistance to improve a good
matching, in the schematic the R; is 30k(2, Ry is 60k(2, instead in the layout has

been choose three resistor of 30k(2.

3.2 High-Side Power Supply

In most automotive applications like smart high side switches (commercial example
PROFET), the system is referred at the voltage battery. The control logic, voltage
reference and the other blocks are referred at high-side voltage. The advantage
for these systems lies in not having to move the signals from the low-side part
to the high-side part. In DC-DC converter every block is referred to ground and
some signals are shifted into high side domain. In Fig. 3.3 shows a simple principle
on how the virtual ground is generated, this virtual ground is also called "ground
ul". This structure is open loop, if the load changes, the current also changes and
the AV on the ideal current generator changes. When the load increases (i.e.,
requires more current), the source voltage on the right HV-PMOS will go up to
the Viattery, vice versa if the load between the Vigyer, and virtual ground decrease,
the source voltage will drop by 100mV and more. To avoid the voltage going out
of specification, the circuit is sized taking into account the average load. Another
important consideration can be made considering temperature variations, in fact the
voltage drop on the resistance is temperature dependent. As seen in chapter 2, we
explained how to create a constant voltage in temperature, hence here we will use
the current provided from bandgap to create a stable voltage in temperature for the

high-side supply.
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Fig. 3.3: Supply High-Side

3.3 UnderVoltage Lockout (UVLO)

The critical point for all integrated circuits is represented at start-up because during
this phase it is not possible to control the blocks. As a consequence, every block must
be kept off until the minimum value of supply (2.8V) is reached. This function is
performed by the UnderVoltage Lockout (UVLO). As shown in Fig. 3.4, the UVLO
presented three resistors, with R; and R, has been generated two thresholds. One
of this threshold is called Vj;4, and the other Vi,,. With the first threshold Vj;g,
it is necessary that the enable remains off until the supply voltage does not exceed
this value. If the supply voltage falls below this V},,,, it is necessary to switch off the
circuit to prevent damage. To calculate the Ry, Ry and R3 the following hypothesis
was used, during the rise time, the R; is short-circuited (Fig. 3.5) and the voltage
divider is composed by R, and Rj.

The Vp, is equal at 1V when the supply is 2.8V, the output voltage of the com-
parator will be high. The resistor R3 is chosen arbitrarily, in this case, 180kf2.

Suppose that equivalent resistor is the sum of R; + R».

Ry

Vier = Viigh 55
L TN -

(3.1)
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T Vsupply

R3
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1 |
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Fig. 3.4: UnderVoltage Lockout (UVLO)

Vsu pply

R3

Pre-UVLO

A

Fig. 3.5: Vg during the rise time

Rearranging the Equ. 3.1

‘/refRB

Ry=——"7——
? Vhigh — Vres

= 100k$2

To calculate the other resistor this equation has been used

V;'efRS

——— = 138kQ2
Wow - ‘/ref

Ri+ Ry =

As a consequence

R, = 138k — Ry = 38kQ2

>
T T

+ Enable
|
Vg

Enable

19

(3.2)

(3.3)

(3.4)

The results are shown in Fig. 3.6. With the first line (red) the supply voltage is

simulated during the switching ON and OFF phase of the device. The second line
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Fig. 3.6: Viuppiy, Vour of the comparator, Enable

(blue) is the output voltage at the output of the comparator and the last line (green)

is the enable.



Chapter 4

CURRENT SENSING FOR DC-DC

CONVERTER

The current-sensing circuit is one of the important and necessary building block
used for the control and protection of DC-DC buck converter. Especially, for current
mode control schemes, the inductor current which provides the information of supply
and output voltage should be sensed accurately when the high side power switch
is ON. This chapter introduces the basic techniques used for current sensing. It
serves also as a definition of common terms. Each technique has advantages and
disadvantages and these are described. Conventional current-sensing methods insert
a resistor in the path of the current to be sensed. This method causes significant
power losses, especially when the current to be sensed is high. There are six type
of techniques to read the current in a DC-DC converter [13].0One of these technique
is series-sense resistor, the shunt resistor is positioned between the ground and the
load, or between inductor and the load. Another solution is represented with Rpg
sensing, this permitted to read a voltage drop on the power switch to sensing the
current. The main drawback of this technique is low accuracy. The Rpg of the

MOSFET is inherently nonlinear. Additionally, The Rpg (for on-chip or discrete

21
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MOSFET) has significant process variation because of uC,, and Vy The selection
of a current sensing method depends on requirements such as magnitude, accuracy,
bandwidth, robustness, cost, isolation or size.

The main advantages and disadvantages of the low side and high side current

sensing methodologies are listed below.

e Low side current sensing

— Advantages

* Low input common mode voltage.
x Ground referenced output voltage.
x Kasy single-supply design.
— Disadvantages
x Load lifted from direct ground connection.
x Load activated by accidental short at ground end load switch.

x High load current caused by short is not detected.

e High side current sensing

— Advantages

x Load is grounded.
*x Load not activated by accidental short at power connection.

x High load current caused by short is detected.
— Disadvantages

« High input common mode voltages (often very high).

x Output needs to be level shifted down to system operating voltage

levels.
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4.1 High-Side SenFET Technique

In this solution the current sensing has been integrated and the external shunt
resistor is not needed. The first consideration is that we reduce the number and
cost of the external components. As a consequence, it has been reduced the size
of the printed circuit board and the power losses. The concept is based on “active
current mirror”. The working principle is based on the reading current during ¢,,,
therefore when the both transistor Mpy r and Mgys are ON, the system measures
the current. When the desired peak value is reached, the switches are turned OFF

and it is kept OFF for a fixed time.

In Fig. 4.1 shows the schematic principles, in the right branch there is the power
MOSFET (Mpwg) and in the other branch, there is the sensing MOSFET (Mgys).
The voltage drop on the power switch is 450mV when the current value of 3A
is reached because the Rpg(n) of the power switch is around 150mOhms. The
OpAmp is directly connected to the substrate and with a circuit shown in Fig. 3.3,
the floating ground (gnd,;) has been created. The on-chip current sensing technique,
shown in Fig. 4.1, uses Mgy to monitor power MOSFET (Mpwr) current (Ipwg),
which is N times of Mgys. When Mgys and Mpy g are turned on (CK=1), Vy
is copied to Vg by OP amplifier. At on-state (CK=1), Isys would vary with/gyg.
Therefore, Isyg is one over N of Igyg and passes on Re,se to provide sensing voltage
Viense for the current loop use. At off-state (CK=0), the OpAmp is disconnected
with two transistor to protect the input from low voltage that assume V4 during
off-state because the OpAmp is supplied at N-substrate therefore it has been created
a virtual ground (gnd,;), 3V minus the battery voltage (9ndu = Viattery — 3V). In
this architecture, there are no external components to use, but, however, it needs an
OP amplifier to act as a voltage mirror. Its finite gain and bandwidth would limit

the accuracy of the sensing circuit.

The sensing voltage is generated across the resistor , thus the R value of should
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be carefully chosen. In low-voltage applications, if is too large, the PMOS at the
output of the OpAmp (M)y,g) may enter into the linear region. The loop gain of the
sensing circuit will be reduced dramatically and V4 = Vg cannot be enforced. Thus,
is chosen at the minimum supply voltage and the maximum load current (hence

maximum sensing current) such that MR always operates in saturation region.

T Vbattery

|_|C_I|(_| = Msns l_lC_Il(_l = Mpwr

IPWR

Ve Vy o
Isns out L
gndul Vbattery Load
Muyr ) 0oa
Vsense - -
Rsense

Fig. 4.1: Current sensing SensFET (Kilis)

4.2 OpAmp Offset

The input offset voltage is defined as the potential difference between the V4 and Vg
inputs necessary in order that the output is zero. There are three factors contributors
to the dc offset voltage, the mismatch for resistances, mismatch in W/L for the
transistor and mismatch in threshold voltage. In Fig. 4.2 shown the transistor level

scheme. The contributors for the voltage offset are:

e input stage 77 and T3
e couple T3 and T}

e couple Ty and Tg
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Vbatte ry

Fig. 4.2: Folded cascode single ended

Vorsser of Ts and Ty is calculated with superposing principle,

Vorfaa n Vorr2,a * Gm3sa
R Gm1,2 Im1,2

Vorrinsa) = (4.1)

The third pair that generates a mismatch and then a voltage offset is a couple of
PMOS 5,6. The first step was reported the offset voltage at the same point of

Vosf(in3.a), 50, the offset voltage ad couple T3 and T} is:

Vorfs.6 * Gmsa

Vorsunse)  at stage  Tsy = (4.2)

gm3,4

Now, it is possible to substitute the Equ. 4.2 inside the Equ. 4.1, to obtain the

expression below.

_ Voff3,4 * Om5,6 i Voff5,6 * Om5,6 * Im3.4 (4.3)
Im34 * R * 9Im1,2 9Im1,29m5.6

Vorr(ns.e)

The equation Equ. 4.3 can be rewritten in this form:

Vorfs.6 * Gms.6 . 1+ gmsax R
9m1,2 Im3.4 * R

Vorrnse) = (4.4)

The OpAmp is connected directly at voltage battery and the virtual ground is 3V
below. The system has a loop and the bandwidth of this loop is limited from power
transistors, as a consequence, the value of the current has huge deviations compared

the real value at the initial ton and after half ¢,,, the deviation about the value of
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the current depends only by offset. In Fig. 4.3 shows the effect of the bandwidth and
offset. The yellow line represents the ideal inductor current, if the loop had infinite
bandwidth, the black line would represent the effect of the voltage offset caused by
the OpAmp. To see the effect of the offset voltage is necessary to position oneself

at the end of the transient.

| A

Imax

Voffset

O

Fig. 4.3: Current sensing loop effect

4.2.1 Results

The system bandwidth is limited by the parasitic capacitances of the power switch,
therefore this solution cannot be used for switching systems in high frequency (over
400kHz). The settling time is around 300ns, for frequency under the 400kHz, the
settling time is negligible, but increasing this value the settling time is comparable
with t,,. Fig. 4.4 shows the simulation results of the settling time with 12V input
voltage. In this figure the settling time is negligible compared to the period Ty, =
6ps. The set time is independent of the switching frequency, this data will limit
the maximum switching frequency. Imagine that you have a switching frequency of
1 MHz (lus) with a duty cycle (D) of 33% and 12V of input voltage, it will result
that t,, will be equal at 330ns. Comparing the settling time and the t,, for 1IMHz,

the current sensing is blind for the 91% of the t,,.
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Fig. 4.4: Settling time tse; = 300ns, ton, = 2us, Viattery = 12V
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Fig. 4.5: Period Ty, = 6us, ton = 2us, Viattery = 12V

4.3 High Side Shunt Resistor Technique

The previous system has been discarded due to obvious bandwidth problems. In
order to increase the switching frequency of the DC-DC converter, the previously
system has been replaced with the structure presented here. Compared the structure
in Fig. 4.1 and in Fig. 4.6, we can see some advantages, in this case the comparator
does not need the protections at the input pins because in supply from bootstrap
capacitor. there are not input capacitor compared to the previously OpAmp. The
disadvantage, is that it is not possible to know at all times the value of current flowing
in the load during the ON phase. A detailed analysis of the comparator shows a low
PSRR (Power Supply Rejection Ratio) compared with the voltage comparator two

stage because the input impedance is less the resistance that can be found on the
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gate.
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Fig. 4.6: Current sensing

The Power MOS is split in two parts: a big one, Mpy g, which delivers the
major part of the channel current, and a small part, Mgyg, used to create a voltage,
through a sensing resistor Rgys. When the clock (CK) is low, there is the 30uA
flowing on Rrgr (500€2) to generate a 15mV of reference, instead on the Rgyg there
is a voltage drop of 300uV. The current Ippr flows in equal value on transistor
M N, and M N3. The voltage Vj, is a fixed voltage, when the power switch in turned
on, the voltage drop on Vgyg increase in according with the mirror factor between
Mpwgr and Mgys (1:1000). In practice, when the current Igyg increase and Vsys
has reached the Vzgp value, there is the same current in every branch, but when
the Vsng is bigger than Vggp, the channel of M N, is closing and the M N3 receive

an extra current to commutate the output of the comparator.

4.3.1 Small signal analysis

The small signal model is presented in the next rows. It is interesting to analyzed
the behaviour what’s happen when the Vgyg is below of Vggp, equal to Vzgr or
Vsns is greater than Vggp. Let us consider the circuit shown in Fig. 4.7 which shows
the representations of the small voltage with ad ideal voltage source on the branch.

Let’s assume this hypothesis, Irpr >> Isyg, and we define the AV = Vggo — Vs
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We have three different possibilities:

o AV <0
e AV =0
o AV >0

If AV <0 or AV = 0 the output of the comparator (V,,;) is equal to zero. For
AV < 0, the sensing transistor Mgygs is off, hence the voltage drop on the Rgng
is negligible because, the sensing resistor is 102 and for 30uA we have 300uV. if
AV > 0 the transistor M Ny will tend to turn off by virtue of the fact that voltage
Vj is fixed because it is define from the voltage drop on the Rrgr + Visi. The small
part of the current Ippr cannot pass through the transistor, therefore it will flow
into the branch with the transistor M Ns. To calculate the current that flows into
M N3, we need to referred the AV signal to the mirror input. The AV referred at

Vy is:

AV, = AV
K GmRsns

(4.5)

with the approximation of G,,, >> 1, we can say that the voltage still holds AV
Now is possible to calculate the overflow current Al into M N3. The equation is

given by:

AL = G v, AVA, (4.6)
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Fig. 4.7: Small signal analysis
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POWER STAGE - GATE DRIVER

The role of the driver is to be the electrical interface between the lower-voltage
digital output of the control logic or similar circuitry and the higher-voltage, high-
current, slew-rate demands of the power-switching device. The driver must supply
the needed current at a high enough rate to quickly charge the input capacitance at
the gate of the device and to turn it on, yet without inducing ringing or overshoot;
in turn-off mode, it must quickly and crisply pull that charge from the gate input,
again without ringing or overshoot. The illustrations in Fig. 5.1 shows the typical
driver application for DC-DC converter. Notice the difference of ground (-), and

battery plus (+) line placement between the two different typologies:

e In high-side applications, the High-side driver switches the battery plus (+)
to the load. (Fig. 5.1a)

e In low-side applications, the Low-side driver switches battery (-) to the load.

(Fig. 5.1Db)

The preceding example has shown a high-side driver to drive a load. A similar
topology with a minor change could be used for a low-side driver as shown in Fig. 5.1.

The software tasks are pretty much alike; however, hardware uses a different type

31
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HS Drive Load

(a) Low side driver application diagram (b) Low side driver application diagram

Fig. 5.1: Hlustration of driver application

of switch. The switch is connected to the load and when actuated, it provides a

ground path to the load current, thereby enabling the device to become energized.

5.1 High-Side Gate Driver

As 1 said before, in the high side configurations, the switch is placed between the
supply voltage and the load. In order to avoid the huge power dissipation on power
switch, the DMOS must be operated in the triode region. To turn ON the power
switch (DMOS) there are two different technique. To do that the driver circuitry
needs a supply voltage greater than Vigery. The possible solutions well known in

the literature are:
e bootstrap techniques
e charge pump (CP) techniques

In Fig. 5.2 shows the schematic inherent the gate driver circuit and the schematic
about bootstrap charge. The first block is necessary to charge the bootstrap capac-
itor and with this system, it was possible to generate a voltage higher than the car

battery voltage.

5.1.1 Bootstrap technique

An innovative system for this design has been the block about the bootstrap charge.

In the other commercial integrated circuit (IC) there is a dedicated supply to charge
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Fig. 5.2: Gate driver and bootstrap charge

— Vs

the bootstrap capacitor. In low power DC-DC converters, sometimes it has been
used to charge the external capacitor a charge pump. In Fig. 5.3 is shown the main
principle. When the Vg is equal to zero, therefore the DMOS is OFF, the current
flows from Vigstery to Chse and the zener diode limit the maximum voltage across
the bootstrap capacitor. During the transition between the OFF state and the ON
state, the bootstrap voltage operates as a supply to the driver allowing the DMOS

to be switched on. The current cannot flow into the battery because there is a diode.

5.2 Level Shifter

The level shifter transfers a signal from the low voltage (low side) domain, into the
high voltage domain of the output stage. In this design the scheme of Fig. 5.4 is
preferred, which is based on low and high voltage transistor. The transistors M1 and
M2 are high voltage. The remaining transistors are instead low voltage, because the
difference between Vipotstrap and Vs (voltage source on power switch) will be limited

by design.
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Fig. 5.3: Bootstrap technique main principle

Vbootstrap

)Ckh
Vs
EE Ju
& LM ck, _”—77 Mz

Fig. 5.4: Level Shifter

This level shifter operates with a floating supply voltage, indeed Viooisirap is above
the battery voltage when the power transistor turns on. Two complementary clocks
(ck, and ck,) generated by the Dead Time generator are used to drive this structure.
Between the two signals, there is a dead time to stabilize the level shifter, preventing
a non-switching due to excessively high frequency. When ck is high, M; is turned
on and M, is off, in the first branch there is a current and therefore M3 turns on

and the voltage on Vpg(us3) is shows in Equ. 5.1.

VDS(MS) ~ ‘/bootstrap - VDS(M3) (51)

as a consequence, the transistor M5 turns on, because

Vbas) > Vin(as) (5.2)



5.3. GATE DRIVER 35

while M6 turns off. Hence, when the ck is high, the ck, is a digital zero and vice
versa when ck is low. By means of the inverter, the output signal is synchronous
with the input signal on M1. The delay between input and output can be kept in

order of 6.4ns enabling high speed operations.

5.3 Gate Driver

The voltage Vs is the actual voltage at the gate of the device, and it is this point
that should be considered when analyzing the switching behaviour. The critical
parameter for a gate drive is the maximum dV/dt of Vig. From these parameters
the current to switch the power transistor at a certain time has been calculated.
The use of the simulator has been essential to calculate the equivalent capacitor, for
50mS2. The equivalent capacitor is 1.5nF, where it is composed of the sum of Cgg,
Cap and Cpg. These capacitances are called: (g, is the input capacitance, Cg is

the output capacitance and C, is the reverse transfer capacitance.
o Uiss = Cep + Cgs
e Coss = Cap + Cps
e Crss = Cap

The turn-on transition is broken down into three regions. These regions will
be individually explained. In Fig. 5.5 shows the transition through these regions
in terms of output characteristics. In the same figure, is possible to see the three
equivalent charges. When the voltage gate source is between 0V and 1.1V, the
parasitic gate drain capacitor is charging. After this point there is Miller Plateau,
the integral of this second section allow to calculate the equivalent charge inherent
the sum of Qs plus Qap, as a first approximation, we will consider as if it were only
Qcp- In the last sections of the graph has been possible to calculate the residual

charge of the parasitic capacitor.
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Fig. 5.5: Vgs,Vps,Ip during the turn ON and total gate charge

5.3.1 Region A:Qgs

This is the region where gate-to-source voltage (Vgg) rises from OV to its plateau
voltage (Vep). When the voltage gate rises from 0V to its threshold voltage (Vrpy),
the MOSFET is still off with no drain current (Ip) flow and drain-to-source voltage
(VDS) remains clamped. Once the gate voltage reaches Vrg, the MOSFET starts
conducting and Ip rises. In this region, gate current is used to charge the input
capacitance (Cjss) with its Vpg being clamped. Since the voltage across gate-to-drain
changes from Vpg to (Vps — Vgp), the charge is stored from the input capacitance

curve at that range.

5.3.2 Region B:Q¢qp

This is the region where Vg is held at Vgp (V gate plateau) and remains flat.
Ip clamps to inductor current and Vpg clamping effect are gone, MOSFET’s Vpg

starts to drop. In this time, Vi;5 remains relatively constant at fixed Ip with varying
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Vps. This is the origin of the flat plateau seen on the gate charge curve. During
this region, the gate current is used to charge the reverse transfer capacitance Cgp

(Crss). Vpg is decreasing from Viguery to Ip*Rpsony-

b [A]4 V= 4V
5
4 3V
3 / 1.5V
| B Ve 1.1V
1 A
0 >
1 15 30 Vps[V]

Fig. 5.6: the three phase to turn ON a switch

5.3.3 Region C: Remaining total gate charge

This is the region where the MOSFET enters into ohmic mode operation as seen
in the Ip — Vpg curve (Fig. 5.6). Vgg rises from Vgp to the driver supply voltage
(Viootstrap)- Both Ip and Vpg remain relatively constant. The I is still clamped by
the inductor current. As Vi increases, the channel (Vps = Ip*Rpgon)) continue
to be more enhanced and Vpg dropped slightly.For the first design has been used

the sequence equations of these phenomena.

Q= IAt
(5.3)

Q = CAV

In the system of equations, the only unknown is current because the dimension
of power switch imposes C, AV is the maximum Vg on the power switch and At
is imposed by the designer (10ns). The nominal current will be necessary to draw a

good path in layout.
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5.4 Bootstrap Charge

An innovative system for this design has been the block about the bootstrap charge.
In the other commercial integrated circuit (IC) there is a dedicated supply to charge
the bootstrap capacitor. In low power DC-DC converters, sometimes it has been
used to charge the external capacitor a charge pump. In Fig. 5.7 is shown the block’s
scheme. When the DMOS is open (open circuit), the voltage Vs(pmos) is equal at
voltage drop on the external Schottky Diode, approximately -500mV. In this phase,
the V. has been fixed around 5V. The capacitor is charged to the V,..; voltage less
than a threshold voltage of 1.8V and then when the voltage on the capacitor is equal
at 3.2V, the transistor is turned off. It has been necessary to connect the bulk to
Vspmos) because when the power switch is turned on, Vigorsirap i 3.2V over the
voltage battery and then if the bulk is connected to Vietsirap, the parasitic diode

goes into conduction.

Viootstrap = Ver — Vin = 5V — 1.8V = 3.2V (5.4)
Vbattery
Bandgap
current de
Vref }
| — M
| = HV

VGS K ﬁ— Vbootstrap

R L

Cbst

Vs(Dm os)

Fig. 5.7: Bootstrap charge system
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In Fig. 5.8 shows the simulation result of the voltage bootstrap when the gate

driver is switching ON and OFF. During turn on the voltage bootstrap decrease of

345 5
34
335

23,25 3
= ]

315 9 8 : : Lt

31 4

3,05

55 5.75 6.0 6.25 6.5 6.75 70
time (Us)

Fig. 5.8: Bootstrap voltage during the commutation

5.4.1 Results

In Fig. 5.9 shows the measure of this block. The measure is done when the whole
system is OFF, this is a check before to turn ON the device. In fact in this figure we
cannot see the ripple. The measurement in DC confirms the simulation results and
the functioning. In Fig. 5.10 shows the measure of Vioetstrap When the gate driver is
switching, the figure shows the Vpg on Power-DMOS represented by the violet line,

the voltage on the load in yellow line, and in red the Viorstrap-
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Fig. 5.9: Voltage measure of bootstrap level (Driver OFF)

Fig. 5.10: Voltage measure of bootstrap level (Driver ON)

5.5 High-Side Gate Driver

Fundamentally, a gate driver is the last stage of circuitry between the control logic
determining the state of the power MOSFET and the gate of the power MOSFET.
The gate driver is an chain of inverters, in Fig. 5.11 shows the circuit. This block

has been designed with six-stage.
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Vbo otstrap

Fig. 5.11: Gate Driver

The first observation is inherent in the mobility of electrons (u) because the

NMOS has a mobility 2.5 times bigger than the PMOS.

fn, = 2.54, (5.5)

Therefore the W/L ratio of the PMOS must be at least 2.5 times greater than the
W /L of the NMOS. In this case, the PMOS ratio W/L is 3 times greater the NMOS.

The aspect ratio is given by:

(%) o
AR = —k (5.6)
(T)nmos
The equation to design every stage is
w
W of the nth stage = k" ~! (—) (5.7)
L ntn L nmos

Where N is number for a specific branch and k is scale factor, with k=2.7 is mini-
mized the overall propagation delay for given load capacitance. However, this value

of k is not optimum in terms of the silicon area consumed. For this design the value

of scale factor is k=3. For a good matching has been used the ratio (%)nmo& = %

and for the PMOS has been used (%) = ?, and the multiplicity for each branch

pPmos

has been changed.

Tab. 5.1 reports the multiplicity value of the driver. With this system is possible

to charge the equivalent capacitor of the power switch. It is important to know
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Vbootstrap

g

Fig. 5.12: Gate driver for fast version

N branch 1 2 3 4 5 6
pmos m=1 | m=3 | m=9 | m=27 | m=81 | m=243
nmos m=1|m=3 | m=9 | m=27 | m=81 | m—243

Table 5.1: Dimensions for each driver branch

the equivalent capacitance for SM7, in this case, the value is 6.7nF/mm2 because
if the driver is powerful more than the necessary, it will generate some oscillations.
Moreover, to design the last branch of the gate driver it was made the following

approximation:

At = 37 = Ron(pmos)C (5.8)
Ron(pmos) x C' < 1092 (5.9)

To guarantee a secure margin, Ron(pmos) 15 designed to be 2€2. Moreover, during
simulations W/L=48 with multiplicity equal to 100 has been used (Fig. 5.12) and
for the R,y (nmos) the ratio is 2.5 times smaller. The Rpgn) for the last branch has

been calculated as follows:

1
Rpsiom — — 20 5.10
PO = 1Co Y (Vs — Vim) (5-10)

High-speed switching of power devices in circuits is often accompanied by boring
oscillations caused by the parasitic inductances and capacitances of the switching
circuit. These boring oscillations are called parasitic oscillations. These are unde-
sirable because they interfere with the stable operation of power electronic circuits.

Also, they consume energy that decreases system efficiency and output capacity.
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Furthermore, such oscillations often generate excessive voltages which might cause
voltage breakdown in high-voltage applications. Fig. 5.13 shows the oscillations on
Vps, and on red line shows the bootstrap voltage. During the transition phases, it
can be seen that the bootstrap voltage undergoes oscillations, instead of during the
constant voltage fates, the voltage is fixed at 3V. In this configuration, the load is
1092 with a load current of 1.2A.

It has been seen that the ringing depends on the load current, if we reduced the
load from 10€2 to 502, the oscillations on Vpg will be reduced. It has been con-
cluded that increasing the load current, the energy stored in the parasitic inductor
of bonding wire increase, and the amplitude of ringing increase exponentially. In
Fig. 5.15 shows the system with a light load (50€2), where we can see that on Vpg,

the ringing during the switch OFF has been deleted.
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Fig. 5.13: Gate drive, Vpg (B), Viootstrap (A), Load=1052

Fig. 5.14: Gate drive, Vps (B), Viotstrap (A), Load=5052
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Fig. 5.15: Vpg (blue), Vour (yellow), I=0.12A
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5.6 Gate Driver 11

To solve the problem about the ringing, it has been designed a new gate driver. To
avoid the ringing is necessary to reduce the current capability of the driver, but if
we reduce the driver is not possible to switch at very high frequency (up to 1MHz).
Some consideration has been done to solve the problem. It has been necessary
to evaluate the parasitic capacitances of the power switch. For Rpg(.n) equal to
150mOhm, the Cgg is 0.545nF and Cgp is 0.260nF. The second version of the gate
driver has been designed taking into account the effect of the bonding wires. In

Fig. 5.16 is shown the electrical model for the NMOS.

Vbatte ry

I-bonding

Drain

Gate } —— Cps

gSource

Fig. 5.16: Electrical model for DMOS

The gate driver has the resistance of the last stage equal to 15Q2. In Fig. 5.17
shows the Vpgs when the gate resistance changes. The ringing depends on the speed
with which we turn ON the power switch.

The first ringing depends on the reverse recovery time of the diode. the gen-
eral rule is the first peak must be the highest of all others without exceeding the
substrate voltage plus the voltage drop on the diode, by taking advantage of this
rule, oscillation damping can be achieved. Testing the system with the process vari-

ations, we can find the critical parameter for power switch with vertical technology.
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Fig. 5.17: resistance gate sweep

At -40°C, the system exhibits oscillations during the turn OFF. In general, the turn
OFF is more critical than turn ON, because the energy stored inside the bonding
wire and in the other parasitic inductance must be dissipated. This dissipation of
energy converts to overvoltages. In Fig. 5.18 shows the overvoltage on the power

switch.

wo

Wi

o0

T

Fig. 5.18: Vpg, corner FS at -40°C(A), +27°C(B),+150°C(C),
nominal case (D)

Fig. 5.19 shows the structure of the vertical DMOS, looking in the core cell we
identify two deep trenches, the source on the top of the structure and the drain
at the bottom. The interface between the gate and the substrate creates the Cop

capacity, considering the 30% process variation, this variation has a more meaningful
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impact on the Cqp capacity than the Cgg capacity. To delete every oscillation in
the corner, it is necessary to increase the resistance of NMOS until 22€2, this kind

of adjustment is possible by the simulations.

i— o & L

Falysilicon

VBAT i

Fig. 5.19: DMOS Structure

The result with the NMOS of 22(2 value is represented in Fig. 5.20, the oscillation
is reduced on the safety region, in fact, considering the 27V of voltage input, the
maximum peak will be under the limit of the technology (30V). Fig. 5.20 shows the
corner “FAST” at temperature -40°C, +27°C and +150°C. The critical temperature
is -40°C because due to process variations, the capacitors are smaller than the nom-
inal value. This can be translated with a reduced Miller Plateau but by reducing

the Miller Plateau, the ignition speed increases generating a lot of oscillations.

5.6.1 Results

The results for the gate driver shows in Fig. 5.21, in green the schematic simulation,
and in red the postlayout. The first graph is inherent in the trend of the gate voltage
on the DMOS, the second graph represents the voltage on the source of the DMOS.
The different between the two signals is bns. The layout has been optimized to

achieve these results.
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Fig. 5.20: Corner FAST with 220hm
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Fig. 5.21: Postlayout Turn ON

5.7 DMOS - Power Switch

The combination of the power switch with the gate driver is not random. It is
interesting to understand what happens when a switch with high value of gate charge
is associated with a certain gate driver, that is, it has a low Rpg(n) resistance. For
this analysis we will show a device with a resistance of 150m{2 and one with a 50m¢2
of resistance. The Figure of Merit (FOM) is a way of evaluating the Power Switches.
It accounts for both their conduction losses and their switching losses. Commonly,

it’s calculated as on-resistance (R(psyon) times gate charge (Qc).
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FOM = Rps)on * Qc [mOnC (5.11)

From Equ. 5.11 and from the theory, the R(ps)on and the Q¢ are inversely propor-
tionally, because if the on-resistance decrease, the DMOS area increase and also the
gate charge increase. Fig. 5.22 shows the Vg for a DMOS of 50mf2. The gate is
charged with a constant current of 100uA and with this value, the charge has been
calculated. The FOM is given by:

FOM = 50m x 2.6nC' = 130mQnC (5.12)

3.8 =
34 -
30 -
26 -
22 -
S8 E
14 7
10 3
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0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0
time (us)

Fig. 5.22: Vgg for DMOS of 50mf2

Fig. 5.23 shows the comparison between two DMOS, 50m{2 represented with
green line and 150m{2 with red line. Using the same current to turn ON the two
DMOS, you notice that the smaller DMOS turns on first because it needs less charge.
with the marker we identified when the 150m(?2 is fully ON, instead the other DMOS

is at only at the and of Miller Plateau.
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Fig. 5.23: Vgg DMOS of 50m{2 vs 150mf2

The ON resistance for the last stage of the gate driver is 22(). Fig. 5.24 shows
the power losses with two switches, in both cases, each switch uses an optimized
gate driver. The blue line represents the power losses with a power switch of 50mS?
and the red line 150m¢2, the current used is to evaluate the losses is 1.5A. We can

see that the distance between the two charts represents the conduction losses.
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Fig. 5.24: Power losses 50m{2 vs 150mf) with optimal gate driver

Fig. 5.25 shows the power losses for a power switch of 50mf2, but here two
different gate drivers are used, the blue line is the same as before, but the green
line is obtained with an RC time constant bigger compared to the blue line. This
behavior is the consequence of the increase of the time constant RC. Increasing the

time constant RC, the Miller plateau becomes longer and this includes a greater loss
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of power at high frequencies (the switching losses increase more than the conduction
losses). The power losses are fixed and compared to the whole period these became
more significant when the switching frequency is increased.

From 500kHz to 650kHz the switching losses are negligible compared to the
conduction losses, instead, the switching losses weigh more than conduction losses.
To keep the power losses of two DMOS, the gate driver must be designed for a fixed

capacitive load.
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Fig. 5.25: Power losses 50m{2 vs 150mf) with the same gate driver
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CONTROL LOGIC

In Fig. 6.1 shows the algorithm for the Peak Current Mode Control with constant
Tors. When defining the Th,p¢ and I,,4,, the DMOS is turned ON, as long as the
current in the load [, is less than I,,,,. When the I is higher than I,,,,,, the DMOS
is turned OFF and the counter is enable. When the counter reached the T,s¢, the
DMOS is turned ON again.

6.1 Main Principle

The control logic is the core of chip, a control system with constant T,¢; it has
been created. Fig. 6.2 shows the block diagram. The system is composed by the
oscillator, counter and SR latch.

During ON phase, the current has been read, the mirrored current from the main
branch is slid over the sensing resistor. By this resistance has been generated the
voltage reference to read the current on the load. In Fig. 6.3 is possible to see the
main principle. When the current inside the inductor reaches the maximum value,
the power switch is turned OFF, after that, the counter has been initialized to count.

In a buck converter, the output voltage depends on the duty cycle. The equations

23
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Fig. 6.1: Algorithm for Constant Off-Time Peak Current Control

are shown below.

V;)ut - ‘/7,nD (61)

Where V;, is input voltage, V,,; is output voltage and D is the duty cycle. A second
important equation described the relation between t,,, duty cycle (D<1) and the
period (T).

ton = DT (6.2)

We can say for the sake of completeness that, the period T is the sum of ¢,, and

Tyors, where T,y is fixed (1us). Rearranging the equation Equ. 6.1 and Equ. 6.2, it
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Fig. 6.3: Inductor current
has been obtained the equation below
- ‘/out * Toff (63)

ton -
(‘/; - %ut)

therefore it is possible to get the relations between current ripple and T5.

‘/out * Toff

Al = 7

(6.4)

According to Equ. 6.4, if T;,;y decreases, the current ripple decreases, and it is not
a function of the t,,. The switching frequency f, is not fixed because t,, depends

on the input voltage (V;,).
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6.2 Mask System

Due to some spike during the commutations of the DMOS, it is necessary to blind
the control logic and current sensing to prevent a false turn-ON or turn-OFF. Here
the part of control logic that will be used to mask the spikes during the switching
will be presented. Fig. 6.4 shows the spike on V,, when the DMOS is turned ON.
This behavior is repeated at every cycle. The reactions of the system cannot be
controlled therefore in Fig. 6.5 shows the concept to blind the control logic during
the transition. During the turn-ON Vg goes from 0V until 3.2V, the settling time
for the signal is 40ns, after this time every signal is stable. The Vg will be the
reference signal to enable the output of the comparator. When the Vg goes high

the delay block waits 60ns before to enable the output of the comparator.
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Fig. 6.4: Voltage spike on Vg
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Ve 11—/
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Fig. 6.5: Schematic Principle to mask the spike

Fig. 6.6 shows the results of this system to blind the spike. During the miller

Plateau, the V,.s goes below the Vj,,, this causes the output of the comparator to
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switch in the high state. As a note, we can intercept the critical point inside the
delay because increasing the input voltage, the t,, will be inversely proportional to
the input voltage, hence the t¢,,@Q12V < t,,@25V. When the delay is comparable

with the t,,, there is a shifting in terms of average current in the load.
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= E 24.520215us 1.51860044V
> 14 @ ¢
B i
06 3 " dx:61.702085ns dy:35.069mV s:568.35769kV/s J EN
07 Delay
60.0 3
50.0 -
30.0 - Y N
Zioo 3
i 03 ‘-_'—n__-
300 vV SNS VR EF

L L L B A I L e R L L R A RN RAR) AL AR LAARE SRS AR ARl RN RS AR S EAMAREEAR) LML
2441 2442 2443 2444 2445 2446 2447 2448 2449 245 2451 2452 2453 2454 2455 2456 2457 2458
time (us)

Fig. 6.6: Enable for current sensing

6.3 From comparator to control logic

Fig. 6.7 shows the full schematic to sense the maximum current and sent the signal
to lowside logic because this blocks are supplied between the source V, of the DMOS
and the bootstrap voltage (Vaootstrap). Fig. 6.8 shows when the comparator detects
the maximum current in the circuit, Voonp goes high to set the Flip-Flop (FF).
Between the AND and the Flip-Flop (FF) there is a block called oneshot. The block
is used to generate a sufficiently large pulse to be able to set the FF without keeping
the SET signal in a high state. Now the output of the FF is high, hence the two
PMOS are off and the signal is moved to ground. As I said before the delay of
60ns at the input of the AND will mask the spike, but the second delay is shorter
than 60ns, this signal comes before the SET and will restore the flow of current
on the branch. The concept of the level shifter is to be compatible with the low
side domain. The shifting is caused by the turn OFF the PMOS, because when the

power switch is OFF, Vpoetstrap referred to ground, this assumes a 2.4V, therefore if
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we want to move the signal enabling the PMOS, when the Vpootsirap Will be near to
the ground, there will be not enough supply to keep ON the 2 transistors plus the

voltage drop on the three diodes.
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Fig. 6.8: Detection of maximum current @12V

6.4 The Current Mode with Constant Off-Time

The constant off-time timer provides a predefined off-time period to determine the
setting pulse when the off-time period is finish, so that the converter can initiate
the next on-time period. Given that the off-time period is constant, the switching
frequency can vary within a small range in steady state because the on-time period

varies with the input voltage like seems in Equ. 6.3.
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The main blocks for the control logic are presented in Fig. 6.9. When the signal
of over-current Voo goes high, the Flip Flop will be set and the ), will go low, this
will serve to reset and enable the counter for a fixed time (75,77). When the counter
reached the value, the flip flop will be reset and the C'Kp goes high. The followed

block (DT) ia a Dead Time generator.

Oneshot

Voc—T_ S Q

JUL ck Level

RO CKp 2l Shifter | cky,
‘ ckq

Osc 1 counter

=

Reset

Fig. 6.9: Low side structure for control Logic

6.5 Dead Time Generator

The Dead Time generator is the Timing Control (TC) block that provides an appro-
priate dead-time between the switching on and off of the power transistor. The Dead
Time generator is used to produce for the level shifter two signals: one signal turns
on the switch (ck) and the second one turns it off (ck,). Between the two signals a
dead time to avoid overlapping of the on and off state is inserted. In Tab. 6.1 are
presented the signals to control the power switch. During the non-overlaping time

(20ns), the state is kept as previously time.

Power Switch (ck;) | ck | ck,

ON High | Low

OFF Low | High

Table 6.1: Control Signals for level shifter

To calculate the optimal dead-time in a given application, the fall time in the
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actual circuit needs to be taken into account. In addition, variations in temperature
and device parameters could also affect the effective dead-time in the actual circuit.
Therefore, the nominal dead-time is chosen to avoid any PVT variations to produce
shoot-through current. Circuits using complementary signals suffer power loss if
some cautions are omitted. For example, when signal ck goes from 1 to 0, ck,
operates from 0 to 1; that means there is a time At in which both switches are
turned on, i.e. the switch’s on-resistance consumes power. To achieve power savings
that minimize power losses, a non-overlap signals generator must be designed. Here,
the output NOT gates introduce a non-overlap region because of the gates’ delay.
Fig. 6.10 shows the schematic of the Dead Time generator. The non-overlapping
time is defined by means of two capacitors of the same value (2pF) to obtain 20ns

non-overlapping time.

i
CKp

Fig. 6.10: Basic circuit for generating a non-overlap region between clock signals

In Fig. 6.11 shows the logical transition of both signals ck (green signal) and ck,

(blue signal).

6.6 Oscillator

The CMOS oscillator circuits are widely used in high-speed applications because
they are economical, easy to use, and take significantly less space than a conventional
oscillator. The oscillator proposed in Fig. 6.12 is the one that needs the least number
of components to generate a square wave. The oscillator is enable by the UVLO,

thus we avoid the metastable point, when every part of the circuit is at half of Vi,pi, -
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Fig. 6.11: Dead Time Generator schematic

To define the period of the oscillator we used the basic equations that regulate the

charge of a capacitor. the charge of the capacitor over time is described by the

following equation

Vel(t) = Vin(1 = e™77)

uvLO

Vsupply

CK

Ve
0 Idc T
=

Fig. 6.12: Schematic of the oscillator

(6.5)

where V. is the voltage across the capacitor, V;y is the final voltage that can

be reached (Viuppiy), and 7 is RC time constant. We have two resistors, during

the charging, is necessary considered the resistor of the PMOS, instead during the

discharge we have to considered the the resistor of the NMOS. In Fig. 6.13 shows

the typical behaviour (charge and discharge) in time of the V. voltage.

Zooming in the range delimited (¢; — t3) on the graph, we can see that the
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Fig. 6.13: Voltage across the capacitor (V,) in RC circuit

curve is linear, we will use this area to set the two thresholds of the smith trigger.

substituting in Equ. 6.5 V] instead of V., we find the charge time till ¢;.

Vi =Vin(l —e /7 (6.6)
Vi—Viy = —Viye /7 (6.7)
NWViv _ —Viye /7 (6.8)
Vin
In (M) __h (6.9)
Vin T

The final equation to define ¢; is

ty = —RCIn (1 - i) (6.10)
Vin

The same counts can be achieved with ¢5, looking the chart we say the difference
T, =ty — t1 is the half period of the oscillator.

T1 :tg—tl :ROhl(V}N_‘/l)

—_— 6.11
Vin — V2 (6.12)

In Fig. 6.14 shows the simulation for the voltage V. from ¢; and ¢s.
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Fig. 6.14: V. voltage on capacitor

In the Tab. 6.2 are reported the time value.

7 (R=60k$2 C=2.5pF) | 150ns
t1 60ns
to 164ns

Th=t—t 104ns

Table 6.2: Time table

The current for charging and discharging the capacitor is equal, therefore we
can say that T} is equal to T3, therefore the frequency of the oscillator will be
fsw = 1/(2T1), hence fy, = 4.5MHz. The Fig. 6.15 shows the frequency that is

obtained in standard conditions without extra current.

3.0 ; r_\ r—\ r_\

1.8 - * 8.574569us 1.630866V

L B L B B L B I B B B L B L L B B B LI I B B B L B e B B B B B B B B

T
8.45 85 8.55 8.6 8.65 87 875 838 8.85 8.9 8.95
time (us)

Fig. 6.15: clock in standard conditions fg,= 4.5MHz
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6.7 Counter

The Flip-Flop (FF) is sequential digital circuit that allows to memorize a data or
divide the clock frequency. A digital circuit is said to be sequential if the output
depends on the applied inputs and on the previous state of the same output. A
sequential circuit, therefore, must remember its previous state and therefore must
have one or more memory elements. Digital circuits are divided into two fundamental

categories:

e Combinational (the value of the output depends only on the value of the bits

applied in entrance).
e Sequential (the value of the output also depends on its previous state).

The counter consists of a four FF with a combinational logic. Fig. 6.16 shows

the scheme. The FF are implemented with master slave system.

—» ENABLE

Cobinational Logic

CK
LT —> ke, | F, | PR | PR

Reset —P

Fig. 6.16: Up Counter

6.7.1 Sequential Logic

The D-type FF is a binary divider, for Frequency Division or as a “divide-by-2”
counter. Here the inverted output terminal @, (NOT-Q) is connected directly back

to the Data input terminal D giving the device “feedback” as shown in Fig. 6.17.
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QA= fin/2 Q.B= fin/4 Q.C= fin/8 QD = fm/16

|
|—D I—D |—D |—D
o T e 9T Lda 2
[

n Qs Q,

Reset Clear l_ Clear l_ Clear

Clear

Fig. 6.17: Multi-bit asynchronous counters

It can be seen from the frequency waveform above, that by “feeding back” the
output from @), to the input terminal D, the output pulses at Q have a frequency
that are exactly one half (f;, + 2) that of the input clock frequency (4.5MHz). In
other words the circuit produces Frequency Division as it now divides the input
frequency by a factor of two. This then produces a type of counter called a “ripple
counter” and in ripple counters, the clock pulse triggers the first flip-flop whose
output triggers the second flip-flop, which in turn triggers the third flip-flop and so
on through the chain producing a rippling effect (hence their name) of the timing
signal as it passes through the chain. Counters are formed by connecting flip-flops
together and any number of flip-flops can be connected or “cascaded” together to
form a “divide-by-n” binary counter where “n” is the number of counter stages used
and which is called the Modulus (MOD). In this case we need to count at least 1us,
therefore 4bit corresponding at MOD=2" = 16. The counter consists of 4 bit, from
the least significant bit (LSB) represented by @y A output to its most significant bit

(MSB) represented by QnD output.

6.7.2 Combinatorial Logic

Combinational Logic Circuits are made up from basic logic AND, NOR or NOT gates
that are “combined” or connected together to produce more complicated switching
circuits. These logic gates are the building blocks of combinational logic circuits. In
Fig. 6.18 shows the combinatorial logic to count 4 clock periods that correspond at

1us. The enable signal will reset SR latch as shown in Fig. 6.9.
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Q.A _I>°_ AND

QB —

Q,C —I>c l_@* Enable

QD

Fig. 6.18: scheme for combinatorial logic

6.8 External input

To make the system flexible in the testing phase, two pins have been added that
allow you to change the oscillator frequency and the maximum current value. In
Fig. 6.19 shows the setup to regulate the value on maximum peak current and for
the frequency of oscillator. The ideal current generator in reality are replaced with
two potentiometer. Without an extra current, in the oscillator flows a 7uA, the
switching frequency will be 760kHz. For Ipge the simulations is done with 160kS2
and with 500kS2, at 12V of battery voltage. In Fig. 6.20 shows the result with
500k(2 the current is around 4uA, and this can be traduced with a period (T) of
895ns (fsw = 1.11M Hz). In Fig. 6.21 shows the result with 160k(2, that produce an
extra current reference of 11.4uA. In this configuration the minimum period that

can be achieved is T of 555ns at 12V (fs, = 1.8M Hz).

Vsup V

| ICMP
0s¢ DC-DC BUCK |
CBootstrap

[ -

Inductor

Load

battery

Diode

Fig. 6.19: External current reference
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*13.95592us 1.294001A 0 14.85314us 1.29502A
N
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Fig. 6.20: T=895ns with external resistor 500k} @12V

1 (A)

*14.459548us 1.6424372A) ? 15-014526{15 1.6463768A)
- 3

®
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T T T T T T AR RARARARARY T T T T T
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Fig. 6.21: T=555ns with external resistor 160k} @12V

1(A)

“14.1905us 1.020117A °15.52212us 1.025758A)
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13.2 13.4 13.6 13.8 14.0 14.2 14.4 14.6 14.8 15.0 15.2 15.4 15.6 15.8 16.0 16.2
time (us)

Fig. 6.22: T=1.33us without external resistor @12V
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Chapter

PCB DESIGN

When we design a PCB, it is necessary to analyze and evaluate the various prob-
lems we may encounter, including electromagnetic fields, Electromagnetic compat-
ibility (EMC), Electromagnetic interference (EMI), board parasitics, transmission
line effects, grounding, and so on, when it comes to switching regulators, it is not
enough to be concerned with just basic routing/connectivity and mechanical issues.
The overall subject of PCB design is an extremely wide one, embracing several
test /mechanical /production issues and also in some cases compliance /regulatory is-
sues. There is also a certain amount of physics/electromagnetics involved if a clearer
understanding is sought. Though there is enough design information for the more
experienced designer, the report includes a quick-set of clear and concise basic rules
that should be scrupulously followed to avoid a majority of problems. Most of the
issues discussed in this chapter revolve around simply assuring the desired perfor-
mance in terms of basic electrical functionality. So for example, an ‘ideal’ layout,
that is, one that helps the IC function properly also leads to reduced electromagnetic
emissions, and vice-versa. For example, reducing the area of loops with switching
currents will help in terms of EMI and performance. However, there are some ex-

ceptions to this general 'trend’. One which is brought out in some detail here is the
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practice of copper-filling’, which may help reduce parasitic inductances and reduce
noise-induced IC problems, but can also increase EMI. In general, the software is
divided into two parts, one of which is inherent in the schematic, the second one is

about the layout. The PCB presents four layer with 35um copper.

7.1 PCB Theory Design

To design a PCB for DC-DC Buck converter is need to identify the loop with high
dV/dt or dI/dt. In Fig. 7.1 shows the DC-DC buck converter. To identify the loop,
the circuit has been split into two states, first state when the switch is closed, and
the second state when the switch is open. For each state has been identified two

loops.

4+ Diode Load
|

Fig. 7.1: Dangerous Loop

Drawing two paths, it has been identified as the dangerous loop for the circuit.
Fig. 7.2 shows the loop area that generates worse spikes. When the circuit has a
path identified by a single loop Fig. 7.2, then it is possible to say that that route
is dangerous because it presents high voltage and current variations. Most of the
parasitic inductances that have to be considered are those associated with traces,
bond-wires, lead terminations, etc. From an applications point of view, the design
needs to be concerned about PCB trace inductances in particular, to estimate the
parasitic inductances of the traces, the rule-of-thumb is 20nH per inch of trace

inductance. The parasitic inductances bring with them the following problems:

e Limits the variations of voltages dV/dt and currents dI/dt, thus limiting the

maximum switching frequency.
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e Reduced switching loss.

e Lower electromagnetic interference (EMI), magnetic field coupling and output

noise signature.

e Extra margin to survive input rail-transient-voltage disturbances, especially

in wide-Vsup-range applications

Lout
¢ o
VSUP r—— cIN - i Diode Load
GND Plane

Fig. 7.2: Loop with high dV/dt

It is worth pointing out that not all PCB trace inductances are a source of prob-
lems. For instance, the traces in series with the inductor L are "benign" because
they can be looked at as just being lumped together with the main inductor. A
freewheeling path is available for them too, the same as the freewheeling path of
the main inductor. However, certain other trace inductances do not have any free-
wheeling path, and will therefore lead to voltage spikes across the board, as stated
by the basic equation Vi, = LdI/dt. Increasing the term LdI/dt, the voltage spikes

mcrease.

The layout is also driven by thermal considerations, most obviously by the ther-
mal pad for the IC and the power input and output pads, through which most of
the heat is conducted into the board and then radiated into the air. Under the chip,
nine “via” have been positioned for heating dissipation. These via connect the top

layer with the second layers to increase the surface on which heating dissipation.
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7.2 PCB Schematic

First of all, you have to find the critical points of the circuit. To keep the schematic as
clear as possible, we have separated the circuit into different parts. In the schematic,
there are two input capacitors. These are marked Cj, and Cj,_pypass respectively.
The purpose of the total input capacitance is to reduce the voltage variations at
the input pin and minimized the parasitic inductance. The variations are mainly
due to the pulsed input current wave shape, as demanded by a Buck topology.
Now if the input power to a Buck converter was coming through long leads from a
distant voltage source, the inductance of the incoming leads would seriously inhibit
their ability to provide the fast changing pulsed current shape. So an on-board
source of power is required right next to the converter, and this is provided by the
input capacitor. It provides the pulsed current and then is itself refreshed at a
slower rate (DC current) from the distant voltage source. The Cj, is an electrolytic
capacitor to suppress the voltage fluctuation at the low frequencies; however, since
the input capacitor is fairly large in size, it may not be physically possible to place
it as close as desired. The second capacitor is a "multi-layer ceramic capacitor”
(MLCC) and is used to supply energy at high frequency during the switching of
the power transistor. MLCCs have a low Equivalent Series Resistor (ESR) and
low Equivalent Series Inductance (ESI), this prerogative allows to suppress high

frequency fluctuations.

7.3 PCB Layout Openloop

Fig. 7.4 shows the PCB layout, for this kind of board has been used four layers.
The top layer has been used for high current paths because the copper area of
PCB contributes to heat dissipation on air. The second layer is used for thermal
dissipation of integrated circuit, the third layer is used to control the gate driver

and the bottom layer is a ground plane. To minimize the loops, the power inputs
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Fig. 7.3: schematic circuit

and output have been put on the same side. On the right side, there are pins to
supply the integrated circuit with low voltage part and the SMA to the input signal

for the gate driver.

The main rule for good design is “ACAP”, As Close As Possible. To reduce
the parasitic inductor has been used an SMD capacitor with low Equivalent Series
Resistor (ESR), this input capacitor (Ci,_pypass) Will provide the energy at high
frequency to minimize the parasitic inductor. The input capacitor Cj, has been
used to reduce the input ripple. Under the anode of the Cj,, it has been used
the “via” to improve the connections at the ground plane. The large capacitance
capacitor Cj, can be separated about 2cm from Cjy,_pypass that supplies most of the

pulse-current.
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CIN-BYPASS | s .
VR,

Fig. 7.4: PCB layout

Start placing the most important parts, such as the input capacitor and free-
wheeling diode, these have to close as possible at IC to reduce the loop area. In
this design has been minimized the die area between the components. In Fig. 7.4
shows the input pads are close to the output pad, this technique allows reducing
the loop area and the length of traces. The battery has been connected between VS
and PGND, the load can be connected between VOUT + and PGND if you want to
bypass the shunt resistor, otherwise, the load has normally been connected between
VOUT + and VOUT -. The VCC is pin to provide the low supply for the IC and
with CK has been provided with the clock to control the duty cycle for the gate

driver.
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7.4 PCB Layout Openloop version II

Fig. 7.5 shows the second version of the PCB, the layout has been revised to use a
PCB with only two layers. The loop area has been minimized. In this version has
been added the M; and M,, these two connector will be use to measure the Vpg
and Vg. There are three pins, one for the measure, the center pin is disconnected
and the third pin is the ground, this minimize the ground loop with the probe. The
output capacitor has been replace with high voltage capacitor (100V), because by
increasing the maximum voltage of the capacity, the value of the capacity does not
drop drastically with the voltage applied on the capacitor. The switching node is

minimized to reduce the EMC.

JouT_1

Fig. 7.5: PCB layout version II
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Chapter

RESULTS

In this chapter I will discuss the results of the whole system. The DC-DC is set to
work at 1.5A. When the input voltage increase in there is a shifting for the average
current, this shifting is caused by the high dI/dt which occur when the input voltage

increases. In the next pages is presented the current mode in closed loop.

8.1 Simulation with 30uH

The simulations are done with standard setup, the standard mode is 660kHz with an
inductor of 30uH, there is no extra current. In Fig. 8.1 shows the inductor current
and we can see that the current ripple is Al;, = 100mA. The first microseconds are
necessary for the circuit startup.

In Fig. 8.2 shows the switching node, where this is the critical node for the DC-
DC converter. The duty cycle is 30% for 12V of input battery voltage. the spikes
are generated caused by parasitic inductor like bonding wire. this spikes are above
3V.

In Fig. 8.3 shows the simulation with an input voltage of 27V and 30uH of the

inductor, increasing the input voltage the duty cycle is reduce.

7
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Fig. 8.1: Inductor current, Al;, = 100mA, fs, = 660kHz Q12V
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Fig. 8.2: Switching node fg, = 660kHz Q12V
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Fig. 8.3: Switching node fs, = 660kHz Q27V

In Fig. 8.4 shows the current ripple when we increase the switching frequency.

In this simulation has been reached 2MHz at 12V, the delay of the control logic



8.2. EFFICIENCY 79

translates into a shifting of the average current value. The current ripple is 50mA,

1.79-
1.78-

1.76-
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1.72-3
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1.66=
1.64
1.62-

1.6 =

37.4 37.6 37.8 38.0 38.2 38.4 38.6 38.8 39.0 39.2 39.4 39.6 39.8 40.0

Fig. 8.4: Inductor current at 2MHz @12V

8.2 Efficiency

Efficiency is an important figure of merit and has significant implications on the
overall performance of the system. A low-efficiency power system means that large
amounts of power are being dissipated in the form of heat, with one or more of the

following implications:
e The cost of energy increases due to increased consumption.

e High-power dissipation forces the switch to operate at low switching frequen-
cies, resulting in limited bandwidth and slow response, and most importantly,
the size and weight of magnetic components (inductors) and capacitors remain

large.
e Component and device reliability is reduced.
As seen above, the power electronic systems consist of two major modules:
e The power stage (forward circuit)

e The control circuit (feedback circuit)
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The power stage handles the power transfer from the input to the output, whereas
the feedback circuit controls the amount of power transferred to the output. A

key-point for the DC-DC converter is the efficiency 7, this is defined as follows:

Paut Pout
= 100% = —=—— % 100
?7 Pzn i % Pout + -Ploss i %

(8.1)

The output power is the power delivered at the load, instead the input power can
be splitted in two different parts, The difference between P, — P,,; are the power
losses (Pss). Inside the power losses P,ss we found the switching losses, joule
losses and the consumption of feedback circuit (e.g. control logic), The efficiency
has been measured for different frequency and inductor values. In Tab. 8.1 shows

the value of efficiency with an input voltage of 12V and using an inductor of 30uH.

The maximum efficiency is obtained at the switching frequency of 1MHz.

fswMHz] | B [W] | Pour [W] | 1 [%]
0.66 526 | 433 | 82.18
1.00 559 | 4.67 | 83.57
1.80 6.99 540 | 77.31

Table 8.1: Efficiency with L=30uH @12V

Tab. 8.2 shows the value of efficiency with an input voltage of 12V and using an
inductor of 5puH. As known, any inductor, even parasitic ones, represents a stored
energy equal to E, = (1/2)LI?, multiplied this energy with the switching frequency,
we obtained the power dissipation P, = (1/2)LI* * f, on the parasitic inductor.
This is one of the main aspects for which, as the switching frequency increases, the
efficiency decreases. From Tab. 8.2 we can apply the same considerations as before,
for the switching frequency of 1IMHz, there is the peak of efficiency. Tab. 8.3 shows
the value of efficiency with an input voltage of 4.5V and using an inductor of 5uH.

Tab. 8.4 shows the value of efficiency with an input voltage of 16V and using an

inductor of 5pH. The different behavior for the efficiency in this case is caused by
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fswMHz] | P [W] | Pour [W] | 1 [%]
0.66 4.92 4.09 | 83.03
1.00 547 | 470 | 85.94
1.80 6.92 5.84 | 84.45

Table 8.2: Efficiency with L=5pyH @12V

fswMHz] | Pop [W] | Pour W] | 1 [%]
0.26 3.95 3.53 | 89.34
0.40 4.27 3.79 | 87.11
0.56 4.65 4.03 | 86.76

the detections of peak.

Table 8.3: Efficiency with L=5pyH @4.5V

fow[MHz] | Piyy [W] | Pour [W] | 1 [%]
0.645 | 4.91 447 | 90.92

1 6.49 551 | 84.93
1.75 11.20 | 8.92 | 79.60

Table 8.4: Efficiency with L=5pyH Q16V

8.2.1 Thermal Dissipation

81

Tab. 8.5 shows the thermal resistance between junction of the silicon wafer and the

plastic case, and the thermal resistance between the junction of the wafer and the

ambient temperature.
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Values
Parameter Symbol Unit
Min | Typ | Max

Thermal Resistance
Rinsce - 1.6 2.6 K/W

Junction-to-Case

Thermal Resistance
Ringa - 32.8 - K/W

Junction-to-Ambient

Table 8.5: Thermal Resistance

Fig. 8.5 shows the electrical model of thermal resistance for an industry package,
the values of the previously table can be convert in the equivalent resistance as

shown in the figure below.

Ta Top Case
Bond-wire I T, \/

j-,r-ﬁ—ﬁ

Die Attach | Leadframe Pad
Die

Leadframe

A

Fig. 8.5: The electrical model of thermal resistance for the package

These numbers are useful to understand how many degrees centigrade the chip
heats up. Knowing the efficiency of the DC-DC, it is possible to calculate the power
dissipated by the chip. Regarding the Tab. 8.1, we calculate the power dissipation
like a different between the input and output power. For 1MHz, the power losses
P, are 0.92W, this can be approximate to 1W. Knowing the power dissipation at
the ambient temperature (27°C), we can obtained the steady-state temperature of
the chips that is 59.8°C. From this consideration, we find the maximum ambient

temperature, where the chip works. The maximum temperature for the simulations
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is 150°C, now subtracting the 32.8K (because the chip losses are 1W) we find the

maximum ambient temperature (117.2°C).
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Chapter

FINAL CONCLUSIONS AND FUTURE

WORK

In this PhD thesis, an high frequency DC-DC buck converter for constant current
load has been designed. In chapter 2 and chapter 3, we spoke about the voltage
reference and the internal power supply. The current sensing analyzed in the chap-
ter 4 is composed by a comparator and the first solution with Sense-FET technique
has been deleted because the equivalent capacitor of the power switch, limit the
bandwidth of the system to read the current in the high-side branch. The choice
of the DMOS was made taking into account the losses due to switching and joule
effect. As analyzed in the chapter 5, at high switching frequencies, the switching
losses are no longer negligible. The smaller DMOS was used, the associated capac-
itances would be smaller. As a consequence, the switching of the device would be
faster, hence making dynamic losses smaller. As the main drawback, conduction
losses would increase. The gate driver and the DMOS must be combined to obtain
the best performances in terms of efficiency. Increasing the switching frequency we
obtained some benefit. The first benefit include the dimension of the inductor, this

can be reduced saving the cost and died area on PCB. The inductor can be reduced

85



86 CHAPTER 9. FINAL CONCLUSIONS AND FUTURE WORK

from 30puH to 5uH. The gate driver and the power switch must be optimized to-
gether. The PCB has been designed trying to limit parasitic inductances to perform
the measures (chapter 7). The final results for an high frequency DC-DC buck con-
verter are presented in chapter 8. The paper related this works are: [14], [15],[10]

and [17].

9.1 Future Work

Several interesting aspects related to the analyzed DC-DC have been left for the
future due to the limitation of research boundaries and lack of time. Future work
concerns the deeper analysis of particular concepts, new proposals or simply curios-
ity. This section is aimed to serve as an introduction to aspects related to this thesis
work that could be further investigated to draw additional research conclusions. The
various aspects we can find the study of a possible integrated freewheeling diode,
exploiting and optimizing the layout of existing structures. The integration of ex-
ternal capacitor on silicon, the study of the dynamic performances of the various
integrated high voltage components, for example the capacitor. Adapt the layout of
existing structures to obtain medium voltage diodes. In summary, the complexity of
this research line is evidenced by the several amounts of considerations that would
have to be taken into account. The prototype implementation approach presented

in this report serves as the first step in the product development phase.
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