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Reduction of Parasitic Component Effect in Constant On-Time Control for Buck
Converter with Multi-layer Ceramic Capacitors

Student : Kuei-Yuan Hsu Advisor :  Dr. Ke-Horng Chen

Degree Program of Electrical and Computer Engineering
National Chiao Tung University

ABSTRACT

In recent years, with the increasing demand of portable products, used to provide system
power of portable products with small size and high performance voltage regulator becomes
more and more important. Constant on-time control regulators are preferred in practice for
several important advantages, such as simple system structure, fast response time and high
efficiency for light load. In general, constant on-time control regulators regulate their output
voltage based on the ripple component in the output signal. Basically, requires the use of large
equivalent series resistance (ESR) of the output capacitance can be effectively controlled
system. As a low-cost advantage, multilayer ceramic capacitors (MLCC) are widely used in

consumer power management chip, but its equivalent series resistance is very small.

In conventional constant on-time control with small ESR value on the output capacitor, the
regulator is easily affected by the noise due to small output ripple, which is dominated by the
ripple on the output capacitor.

Therefore, this paper proposes new constant on-time control regulator structure can
improve the noise margin, to eliminate the equivalent in series inductance (ESL) and the small
equivalent series resistance (ESR) effect. Furthermore, since the on-time period is set simply
by input and output voltages, the switching frequency in continuous conduction mode (CCM)
operation is relatively constant over a wide input voltage range. Simulation results show that
the output ripple keeps around 2mV, when load current step is 600mA and ESR is smaller

than 5SmQ.
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Chapter 1
Introduction

1.1 Background of Regulators

In recent years, the portable and battery powered products such as tablet PC, personal
digital assistants (PDA), cellular phones, etc., are increasingly demanded more and more.
System’s lifetime time is a factor to enhance the worth of the electronic devices in consumer’s
market. However, there are many difficulties and limitations to increase the capacity of stored
energy device liked as battery equipment. Consequently, power management has become
more popular and important subject. That is, how to extend the system operation time and use
energy efficiently is a critical issue that engineers mostly concerned.

Furthermore, power management ICs should be essentially designed under the
consideration of accomplishing high performance, high-efficiency and low-cost. For meeting
these requirements, there are many different kinds of power management architectures could
be used, such as buck converter, boost converter, low drop-out (LDO) linear regulator and
charge pump, operating with step-up, step-down or inverting voltage. Take cell phone for
example, the basic power management system diagram of cell phone is shown in Fig. 1 [1].
The core system includes control unit, processor and many power devices integrated. The
control unit can control the state of power device such as sleep, shutdown or active. In this
way, we can enhance the operation time and make the power dissipation minimized. This is
the reason why the power management system becomes more and more considerable,

especially for portable devices.
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In this section, po assify into three different
techniques are introduced including: s g ;ll tors, switching capacitor circuits, and

linear regulators. These function and structures are described at the following subsections.

Finally, a brief comparison will be given about three types of voltage regulators.

1.2.1Linear Regulators

The linear regulator generally used in small range voltage conversion and low load

current condition. It is with ripple-less output voltage with respect to the other types of power



management IC’s [1].

[2]-[4]. Also, the linear regulator is featured of requires smaller layout area, footprints
and simple architecture and low drop-out voltage to provide high efficiency and high
performance.

The basic structure of linear regulator is illustrated in Fig. 2. It is also named as low
drop-out (LDO) voltage regulator because there is a drop out voltage across pass device
which is between the regulated output voltage and the input supply voltage. The linear
regulator consists of an error amplifier to control the gate voltage of the pass transistor and
correct the difference between reference signal (Vrz) and output. These devices are
constructed in a negative feedback configuration to maintain the output voltage irrespective of
load current and input voltage variations. In this way, this kind of regulator that output ripple
and noise can be minimized because the regulator does not need switching operation. The
efficiency is proportional to the difference of output voltage and input voltage. In other words,
the lower dropout voltage, the higher efficiency can be abstained. The supply load ability and
dropout voltage depend on the pass device’s size. As the result, the size cost and performance
is critical trade-off issue for linear regulator.

VIN_ .Y Pass
Device Vour

N

Error
Amplifier

Fig. 2. The schematic of a low drop-out linear regulator.



1.2.2 Charge Pump

The switching capacitor circuits are usually used to obtain a dc voltage higher or
inverting than the supply voltage in low load current applications [5]-[8] and it’s often named
as charge pump. The methodology of charge pump circuit is using MOSFET as capacitors
and switches as energy storage devices.

Fig. 3 illustrated a switching capacitor voltage-doubler circuit. The structure consists of
power stage with a fly capacitor (C;) and four switches. The oscillator is receives and
controlled the signal from Error amplifier (£4) and generates the oscillation frequency that
corresponds to difference voltage between the feedback node after the divided resistors and

reference voltage (Vzer).

Controller

&
Oscillator

Vour
—O

Fig. 3. The schematic of a close loop switching capacitor voltage doubler.

The control circuit is switched in complementary or differential phases such that the
required multiple output voltage were maintained. As the result, during the first phase @; of
switching period the switches S; and S> is turned on. In this period, the fly capacitor Cy is
charged to Vv while connecting to the fly capacitor Cr between the input voltage Vv and
ground. During the second interval of phase @,, the switches S; and S, is turned on and the

4



switching S; and S, is turned off. The fly capacitor then is connected between Voyr and V.
The output voltage equals twice of Vjy because of the voltage across fly capacitor is V. In
order to maintain the output voltage, there are many ways to modulate the voltage of
switching capacitor circuits such as Makowski, Dickson, MPVD, TPVD charge pumps.
However, due to digital rail-to-rail switching clock control, the charge pump suffers from

output noise problems and EMI.

1.2.3 Switching Regulators

As shown in Fig. 4, the simple architecture of buck converter with low pass filter and
two switches. The power stage-consists of inductor and capacitor components for energy
storage and conversion is like as low pass filter. Switching regulators are widely used in
power supply systems because of its excellent advantages of high conversion ratio, high
power efficiency and programmable [9]-[13]. But the noise and EMI problems become

critical due to the switching operation.

—_—— Vour
+ : Low :
VS(0| Pass | LOAD
| Filter |
\ ))

Fig. 4. The simple architecture of buck converter.

Fig. 5 shows the general form of the pulse signal. When the first phase of S; closed, the
Vs(t) equals to the source voltage Vy. In the contrary, when the second phase of S, closed, the
Vs(t) equals the ground voltage — zero. Through the low pass filter that consisted with a

capacitor and an inductor, the dc component of a periodic waveform is equal to its average



value via Fourier analysis. Hence, the dc value of V(?) is

v =L "y di=D
S—EIO \(t)dt = DV, (1)

nctional

works ¢ e yack converters.




Table I: Three architecture of switching regulators

Architecture

Conversion Curve

Boost

VIN

Vour

(@)

M (D)

Buck

Vour
—O

M(D)=D

L L L L L D
0 02 04 06 08 1.0

Fly-Back

Vour
O

VIN .

I~
|
I

COUT

LOAD l

0 02 04 06 08 1.0

The first regulator, boost converter, is featured of stepping up the input voltage with
respect to output node. The conversion ration M(D) is expressed as M(D)=1/(1-D). The
second regulator named as buck converter is featured of stepping down the input voltage with
respect to output node. The conversion ration M(D) is expressed as M(D)=D. The last
regulator named as fly-back converter also called buck-boost converter is featured of stepping

up or down the input voltage with respect to output node. The conversion ratio M(D) is

written as M(D)=-D/(1-D).

Linear regulators compared with switching regulator that has advantage of high

efficiency because that it constructs by MOSFET as switches and inductor, capacitors as
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energy storage components. When the switch transistor operated in triode region, it’s seen as
shot device with little voltage drop across it and it leads to little power dissipation as

conduction loss.

On the other hands, there are disadvantages of witching regulator. The control circuit
determined time sequence that the structure more complexity than the linear regulators. Also,
requirement of discrete components _such as capacitors and inductor costs more PCB area.
Furthermore, the bandwidth limits the transition response time and the clock signal lead to

output noise. These performances are all worse than the linear regulators.

Table II list the comparison table between linear regulators, switching regulators and

charge pumps.

Table II: Comparisons of the different power supply circuits.

Linear Switching Charge
Regulators Regulators Pumps

Regulation Type Buck only Buck/Boost Buck/Boost
Noise Low High Medium
Power Capability Medium High Medium
Footprint Area Compact Large Moderate
Complexity Low High Medium
Efficiency Low High Medium
Cost Low High Medium




1.3 Design Motivation

High-quality power supplying converters are demanded for portable devices such as
digital cameras, cell phones and other multimedia equipment. That is, efficiency, recovery
time, line/load regulation and are treated as important issues in providing a good power
supply. Power converter regulates the output voltage as supply voltage and avoids unstable
variation in case of load transient which may cause deteriorate or abnormal operation the

performance of portable devices.

Switching converters using the output voltage ripple as the PWM ramp signal have been
widely used to extend the battery life due to the simple control mechanism [14][15]. Besides,
the response time of line and-load- transient is fast due to large control loop bandwidth. Its
control method is usually called ripple-based control [16][17]. Ripple-based control methods
include hysteretic control, constant on-time control, and constant off-time control. The
hysteretic control is widely used for buck converter to achieve a fast transient response, and
the circuitry of the hysteretic control method is compact without complexity. But the major
disadvantage of the hysteretic control is the noise effect on the output voltage ripple. This
noise can prematurely terminate or initiate a switching period. Another drawback is the
switching frequency is affected by parasitic parameters and can change a lot with different

input and output voltage.

The constant on-time control operates at a relatively constant frequency without a
oscillator due to the on-time period is set by input supply voltage and output voltage, and it
does not require error amplifier and loop compensation network, leads to a fast line and load
transient response due to its wide control bandwidth. However, the stability is limited with
equivalent series resistance (ESR) of output capacitor and output capacitor. If the constant
on-time control would be applied in using a low equivalent series resistance of output

9



capacitor, we must find the ways to compensate the constant on-time control. Especially, with
small equivalent series resistance, the output ripple become smaller and the element of
equivalent series inductor (ESL) of output capacitor may lead to considerable effect on
stability. Consequently, the solution to enhance noise the margin is an important issue to

discuss.

1.4 Thesis.Organization

The concepts of DC-DC buck converter is organized in chapter 2. The basic ripple-based
control of witching converter is introduced in chapter 3. Proposed converter with increase
noise margin technology is-illustrated in chapter 4. Circuit implementation of the proposed
technique is described in chapter 5. Finally, simulation results, conclusion and future work are

made in chapter 6.

10



Chapter 2

Basic Definition Principles of DC-DC

Buck Converters

2.1 General Specifications

There are many specifications and performances of DC-DC converter and required
recognition. The following —subsections are detail described including significant
specifications such as line regulation, load regulation and transient response. Moreover, loss

and power efficiency are illustrated.

2.1.1Line Regulation

Line regulation is a steady-state performance of input voltage variation related to output
accuracy. The equation (2) is expressed as below. It can be considered as immunity from

input noise. A better line regulation value has more robustness against to supply variation.

Line Regulation = M (mV /mV) (2)
AV

2.1.2 Load Regulation

Load regulation is the steady-state performance that related to output voltage accuracy.

11



It’s the result that estimates the ratio of output voltage variation at different load condition.
The equation (3) is expressed as below. That is, when the converter has more immunity from

output impedance variation but that has smaller load regulation value.

To get better regulation, the higher system loop gain is required. However, the stability is

scarified which is tradeoff between output precision.

. A
Load Regulation = AVour (mV |/ mA) 3)
our

2.1.3 Transient-Response

The transient response-is-dynamic performance estimated. A good transient response
implies that a small voltage variation and faster settling time on output node when output

loading changes.

System bandwidth is a one of the factors related transient response. Wide bandwidth
implies small voltage drop and faster transient response. It can separate into two fields about

time domain and frequency domain analysis.

In frequency domain, literature about [18]-[20], used to position the pole and zero
location when transient was occurred. When suffering a load step current variation, it moved
the domain pole to higher frequency to get the higher unit gain bandwidth (UGB). In other
words, the faster transient response had higher unit gain bandwidth. Therefore, the following
describes the characteristics of transient response. It analyzed with output capacitor,

equivalent series resistor of capacitor, transient time and so on.

12
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Vour
—O

Vin Controller R Resr _
VFB @AD l - IA I04p

RFBZ COUT

Vss

Fig. 6. System diagram of buck converter with dynamic load response.

In time domain analysis, the system diagram of buck regulator with dynamic load
transient shows in Fig. 6. There are controller, inductor L, output capacitor (Coyr) and
equivalent series resistor (ESR). of capacitor Rgsg, feedback resistor divider (Rrp;, Rrp2). Fig. 7
depicts the transient waveform-of-output voltage with load current variation. When the load
current_from light to heavy and transient response happens, the transient period of #; is
determined by the bandwidth restricted. System is too late to extent the duty cycle so that
delivers insufficient inductor current to output noted. Therefore, the output capacitor does as
current source to sustain the output current requirement. As a result, the voltage drops and its

value V., can be formulated in (4).

A

Vour

:

- -
Time

Fig. 7. Transient waveform of output voltage at load current variation.
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Al -t
Virop = % +Vesg > Vesg = AMoyr - Resg 4)
our

At this transient period #;, the voltage drop V., equal to the summation of the variation
of charges on capacitor and the Vgsg. The Vs is the equivalent series resistance of capacitor
and product value of output current variation. The period of 7, is dependent on the time
requirement of the high side transistor to.charge the output capacitor to regulated voltage. The
summation of ¢; and ¢, is known as “Recovery Time”. Contrarily, when the load transient is
from heavy to light that will occurs the voltage peak V.. of overshoot. When the transient
response occurs, the #; is transient period with too much current which is supplied from high
side transistor. The system.is too late to reduce the duty cycle that decrease inductor current
into output node and the system bandwidth also restricted the speed of feedback response. As

a result, the output goes toward high and overshoot V.. 1s formulated as below.

Al our B
Vieak ==+ Vs > Visg = Bloyr - Rigr (5)
our

At this transient period, the V,eu equals to the summation of variation of charges on
capacitor and the Vgsg. During the period 7, the redundant energy on output capacitor is
consumed from light load and discharged through feedback resistor. As the result, the output

voltage goes back to regulated level gradually.

14



2.2 Losses and Efficiency Analysis

Power loss of switching regulators is the combination of the switching loss and the
MOSFET’s conduction loss as shown in equation (6). The power loss is important factor to

determine efficiency and it is briefly introduced as following.

Pyosrer = Psw + Feonp (6)

2.2.1 Quiescent Loss

The quiescent loss also called as static loss that was consumed by other controllers of

switching regulators. The smaller-quiescent loss also causes higher efficiency.

Py=Vy-1, )

The other power losses that don’t be mentioned above obeyed the rules of I*R .

2.2.2 Switching Loss

The switching interval begins when the high-side MOSFET driver turns on and begins to
supply current power MOSFET’s gate to charge its input capacitance. The switching loss is
involved of the charge on the parasitic capacitor of switching node. Therefore, there is no

switching loss until Vs reaches the low-side MOSFET’s V.

15
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Fig. 8. Transient waveform of Vps and Ip curve in switching losses on power MOSFET.

When Vgs reaches Vyy, the input capacitance of gate is being charged and the MOSFET’s
drain current /p is rising up linearly until it reaches the current /; which is presumed to be
I104p. During this period (¢;) the MOSFET is sustaining the entire input voltage Vv across it,

the energy in MOSFET during ¢, 1s:
1
pt1 =3 .(%) (8)

Sequentially, as the beginning time of second period 7, the current flowing through
high-side MOSFET is /;04p, and the Vpg begins to fall. All of the gate current will be going to
recharge Cgp. Cop 1s similar to the “Miller” capacitance of transistor, so ¢, could be thought of
as “Miller time”. During this time the current is constant as /;94p and the voltage is falling

fairly linearly from Vjy to 0, therefore:

Vv o1
B, (2t g

The total switching loss for any given edge is just the power that occurs in each

switching interval, multiplied by the duty cycle of the switching interval:

V-1
Fow :([NTOUT)'(H +1,) Fg (10)

2.2.3Conduction Loss

The conduction loss is mainly related to high-side transistor loss and low-side transistor

16



loss. High-side conduction loss is calculated straightforward that is just the 7°R loss timing

the MOSFET’s duty cycle as below:

VOUT

— 11
Vi (1)

2
Feono =1our - RDS(ON) )

Where Rpg oy 1s at the maximum equivalent resistor on operation MOSFET.

In the same way, low-side conduction loss is determined as (12).

VOUT)

12

Feonp =1 éUT ' RDS(ON) (-

2.2.4 Efficiency

The efficiency of switching regulator is defined as the ratio of the output power

consumption and input power supplies, which is formed as below equation (13):

B = tour Your x100%
Py Fo+Fgy + Feonp +1p+ B

(13)

Ise

The total power consumption of input power supplies is involved of the output
consumption (Pp), switching loss (Psy), conduction loss (Pconp), quiescent loss (Pp), and
other losses (Pgi.) in parasitic elements. A high efficiency results in a high performance

extending the battery life.
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Chapter 3

Output-Ripple-Based Control of
Switching Converter

3.1 Introduction of

Output-Ripple-Based Control

The output-ripple-based control commonly refers to the DC-DC converters that use the
output ripple voltage as pulse width modulation (PWM) information. Fig. 9 shows a general
DC-DC buck converter block diagram with the output-ripple-based control. The output state
of feedback voltage Vs compares with the reference Vzgr signal to determine the operation of

charging and discharging phases at power stage.

Vewm Power Vour
Stage

Ves Feedback
PWM Divider
controller

O
VREF

Fig. 9. Architecture of the COT control in the DC-DC buck converter.

The simple output-ripple-based control without complex compensation has the
advantage of low cost. Especially, large bandwidth owing to the utilization of a comparator
guarantees fast transient response. Furthermore, as operating at light load, the switch
frequency is automatically adjusted by the implementation of a zero current detector (ZCD)
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according to the output load without the need of additional complex frequency tuner. That is,
the convertor acts as variable frequency modulation (VFM) and saves significantly switching
loss to maintain good efficiency at light loads for portable power electronics. Consequently,
the output-ripple-based control becomes one considerable choice among many power

management designs.

The advantages of the constant on-time control can be summarized as follows.
(a) Self-oscillating without any oscillators.
(b) Simple structure without error amplifier.
(c) High efficiency at light load.

(d) Fast transient response.

However, the practical problems and limitations are suffered from as follows.
(a) Jitter behavior due to low noise immunity.
(b) EMI issue because of poorly defined switching frequency.
(c) Sub-harmonic instability due to inappropriate output capacitor application.

(d) Inadequate DC regulation due to the nonlinear loop control.

Three kinds of basic output-ripple-based control method of buck converter including
hysteretic control, constant off-time control and constant on-time control are introduced in the

following.
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3.2 Hysteretic Mode Control

The architecture of the hysteretic mode control is shown in Fig. 10. This control
methodology make the output oscillate within a predefined error band called hysteresis band

or hysteresis window (V).

L Vour

Mp
My LEst
V RFBI
| Vs

—— | Deadtime — Resg

Load

RFBZ

s
VREF

COUT

Fig. 10. The DC-DC buck converter with the hysteretic mode control.

The hysteresis window of the hysteretic comparator determines the on/off time of the
DC-DC buck converter when the moment at the comparator output state changes as illustrated
in Fig. 11. The high side power switch turns off when the Voyr rises to the higher bound,
Vrert+Vy and turns the switch on to charge the inductor while the Voyr falls below a lower
bound. The switching frequency and output ripple therefore directly depends on the difference

between the upper and lower reference threshold.

Equation (14)(15) express the operation frequency and also represents the major
disadvantage of the hysteretic control which there is a very large variation in switching
frequency depending on the variable Equivalent Series Resistance (ESR) of capacitor, output
voltage, input voltage and output inductor. Consequently, it’s difficult to define operation

frequency in comparison with other control techniques.
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But the hysteresis controllers are still favored in audio applications owing to their high

linearity and simple design.
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\
\
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3.3 Constant Off-Time Control

The approach of constant off-time control is similar to constant on-time control as
illustrating in Fig. 12. In normal operation, the system initiates an off-time period when the
feedback voltage Vg rises above the reference voltage Vzer. Also, this control technique is

called “peak control”.

L Vour
Mp
My Lesi
V R FB1
IN
— i Vs
—_— Deadtime . | Regg Load
RF ‘B2 C

) —

~ MMV COMP A

0 S a0
= VrEF

Ve [ T N1 ...

€ P P

Ton 1 Torr Ton 2 Torr

Fig. 13. The DC-DC buck converter with constant off-time control waveform in DCM.
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However, constant on-time control is more popular than constant off-time control in
application of power management system. The reason is that the switching frequency in DCM
operation of constant off-time control is inversely proportional to the load current (i.e., the
switching loss is considerable and deteriorates to poor efficiency.). Waveform shown in Fig.

13 is the constant off-time control operating in DCM.

3.4 Constant On-Time Control

As shown i Fig. 14, the basic constant on-time control structure consists of a
comparator and mono-stable multi-vibrator (MMV), with the output voltage feedback
compared with an internal reference. MMYV is a circuit to generate a constant on-time and to
adjust adaptively itself to variable using condition such as input supply voltage and output
voltage. The constant on-time control method is a modification of hysteretic control that

operates at a relative constant frequency without an oscillator.

L Vour
o NN
Mp
> My Lesi
V RFBI
IN
—1 VFB
—_— @eadtime l = Resr Load
RFBZ C

5 fi

MMV COMP our

0 +H—o
al— VREF

Fig. 14. The DC-DC buck converter with constant on-time control scheme.

When the feedback voltage Vg5 falls below the reference voltage Vyer initiated on-time

period. Thence, it is also commonly referred to as “valley control”. The high side power
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switch stays on for the programmed on-time (7oy), causing the feedback voltage to rise above
the reference voltage. After the on-time period, the power switch remains off until the
feedback voltage falls below the reference voltage and repeats the cycle again and again. The
switching frequency as equation (16) of constant on-time in control continuous conduction

mode (CCM) is easier to define than hysteretic mode control.

A
Vg
VREppY¥eeedecaNae bl
VPWM_!: _I I""l SSJ_I I_I I_l
Ioap / SS \

f .l

Fig. 15. The DC-DC buck converter with constant on-time control waveform in CCM.

Equation (16) shows the switching frequency is only related the output voltage, 7oy and

input voltage. Toy can be designed to compensate the variation and will discuss in Chapter 4.

VOUT
= 16
fgW I/INTVON ( )

In the contrary, while in discontinuous conduction mode (DCM) experienced at light
loads, the frequency will vary according to the load condition, similar to the operation in PFM

mode [25]. This leads to good transient response and high efficiency.

Fig. 16 shows the waveforms of constant on-time control in DCM operation, inductor
current /;, raises to peak value during the fixed on-time period, and it falls back to zero before
feedback voltage Vip reaches valley voltage Vzgr. When Vip reaches Vegr, the next on-time

period is introduced. Therefore, the lighter load, the longer time the energy delivers to output
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from charging at one on-time period. In other words, switching frequency of constant on-time

control is dependent on load current condition in DCM operation.

Iroap 2

Ve [T TL ¢ JTL_TL._TL ...

[P

€ Ll 1<

Ton Torr i Ton Torr 2

Fig. 16. The DC-DC buck converter with constant on-time control waveform in DCM.
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Chapter 4

Constant On-Time Control with
Increase Noise Margin Technology

4.1 Conventional Constant On-Time

Control Buck Converter

The basic concept of -constant on-time control is introduced in chapter 3. Besides,
constant on-time  control is more popular than constant off-time control owing to the
conversion efficiency at light loads. In this section, we will describe the on-time control and
analyze the system stability of constant on-time control in time-domain and frequency-domain,

respectively.

As shown in Fig. 17, the output voltage ripple caused by the inductor current ripple
contains three major terms, which are Vg, Vesg, and Veour due to the parasitic effect on the
output capacitor Coyz. The Vgsg and the Vg, are represented the voltage ripples cause by the
equivalent series resistance (ESR) and the equivalent series inductance (ESL). The Vour is

the voltage ripple of capacitor.

Under the same output capacitor value, different ESR value results in different output
ripple. If the output ripple value is not large enough, it will decrease the system stability. In
other words, there is a rule to determine the system stability by the product of the ESR and the
Cour. The product needs to be large enough to guarantee the system stability. That is, it will
limit the selection of the output capacitor. The inexpensive multi-layer ceramic capacitor
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(MLCC) will be excluded due to its low ESR. However, the MLCC is one of the suitable
choices owing to it low cost [22][23][24]. Thus, it becomes one important issue to overcome
this problem. In this paper, increase noise margin technology is proposed to ensure the

stability when the MLCC is utilized.

| L I Load

'“\
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£ ESZR \ " /\ Mediu AYouT

! m e i
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t

Ml e Vi

Component.of Vour R e e m |

Fig. 17. The relationship between the output voltage ripple and the inductor current under
different ESR value.

Another factor affecting the stability of the factors, equivalent series inductance
(ESL).The ESL will distort the feedback control signal Vrz by the voltage step, Vgsz, as shown
in (17) and (18). It results in the on-time timer might be trigger at the incorrect time. As

depicted in Fig. 18, the Vs, is proportional to the Vv and the Lgg;. It will discuss in Chapter

4.1.2.
V.
- — mn
Vesr —Wrgt +‘VESL—n 1) 'y (17)
in " out _I/Oul‘
where v, , = Lyg and vy, = I Ly (18)
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4.1.1 On-Time Control

For maintaining the switching frequency constant, the adaptive on-time circuit adjusts

the on-time period according to output voltage Voyr and supply voltage Vv, as shown in Fig.

19.
L Vour
'
ﬂ'— Mp
M.
A Lgs;
RFBI
Vin Vi
FB
_ Deadtime — Rese Load
Ton Rrg; .
el Constant on-time control VREF

Fig. 19. On-time control DC-DC buck converter scheme.

Asithe above mentioning, the switching frequency is determined by (16). If the on-time
(Town) 1s directly proportional to output voltage and inversely proportional te input voltage

(19), then its switching frequency will be pseudo fixed frequency (20).

i
T, =—2"xConstant (19)

IN

7
Sswonew = m UL = Constant .
Vin ( our -Constant] 20)

v
IN
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4.1.2 Analysis Stability Criteria of Constant

On-Time Control

In conventional constant on-time control with small ESR value on the output capacitor,
the converter is easily affected by the noise due to small output ripple, which is dominated by
the ripple on the output capacitor. Besides, the loop phase delay may further decrease the
system stability owing to the double-pulse problem. As illustrated in Fig. 20, the delayed
output voltage, Vour, 1S unable to reach the reference voltage, Vs, even after the first constant
on-time period. Consequently, the second constant on-time is inserted after the minimum
off-time period to raise Voyz higher than V.. The constant on-time control can’t regulate the
output voltage within one switching cycle and thus induces the double-pulse problem. That is,
the system needs two or more switching periods to regulate the output voltage. The output
voltage ripple is increased to ensure the system stability due to the decreased switching
frequency.

IL minimum
A off-time

1y Ton 2na Ton

Vref

vl LT

Fig. 20. Small ESR caused double-pulse problem.

In Fig. 20, the slope of the inductor current are m and m’, which are expressed in (21)

and (22), during the on-time period and minimum off-time.
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dl.  Viv—Vour
m=—=—————
dt L

—Vour

m = 7 (22)

1)

The value of Vour for time=¢ can be calculated as shown in (23). Resr is the ESR on
output capacitor. Lesz is the ESL on the output capacitor. A/z is the inductor current variation

during one on-time period.
Vour(t) = Vrer + RESRmL + CL'[ (—AIL + mt)dt + Lestm (23)
)

The output ripple is composed of three components including ESR part, capacitor part
and ESL part. In (23), the second term indicates the contribution of the ESR while the third
term represents the ripple on the output capacitor. The last term indicates the contribution of
the ESL. To ensure the system can be regulated for each switching cycle. At /=7, the value

of Vour(Ton) needs to be larger than Vieras shown in (24).

Ton> 2 :
Vour(Ton) —Vref = RESrmToON — " il + Lestm >0 (24)

Co 2Co

The arrangement of (24) can be expressed in (25).

RiseCo - LesiCo ( Vour j - Ton

2
Viv = Vour % (25)

Ton

That is, the time constant, RgsrCo, must be larger than half of on-time period to ensure
the system stability. Consequently, the ripple contributed by the ESR dominates the whole
output ripple to guarantee the system stability. Therefore, a large ESR is utilized in the
conventional constant on-time control at the sacrifice of large output ripple. However, for
certain applications of output capacitor combination, as the total ESL of the output capacitor
becomes larger, the double-pulse problem will appear as shown in Fig. 21. At the beginning
of the minimum off-time, the voltage across ESL will step down since the negative slope of
inductor current. If the voltage spike on the ESL is larger enough to let the output voltage
smaller than V., the second constant on-time period will appear. Large ESL will cause the

system unstable due to large step voltage on ESL.
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4.2 Proposed Constant On-Time

Control Buck Structure

The concept of the switched noise filter is to add a small offset to the capacitor voltage in
each switching period. From the Fig. 22 to the Fig. 25, shows the proposed constant on-time
control DC-DC converter with increase noise margin technology.

In the circuit of Fig. 22 (a constant on-time buck converter with valley control), the
feedback voltage through the differentiator generates a differential signal. And during the on
time the Vs 1is pulled up to Vst Vos with a switch. Fig. 23 shows the same circuit, but here
the Vs is-pulled up to V,.+ Vosduring the minimum off time. Fig. 24 and Fig. 25 show a
different method of establishing the offset in the same converter. The circuit in Fig. 24
generates the offset by charging the noise filter capacitor with a switched current source
during the on time. The circuit in Fig. 25 generates the offset by charging the noise filter
capacitor during the minimum off time. The above methods can be easily modified for use in

constant on-time control buck converter.
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Fig. 22. Increase noise margin technology (a) offset voltage applied by switch during the on

time.
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Fig. 23. Increase noise margin technology (b) offset voltage applied by switch during the

minimum off time.




Vmo_"ﬂ[ N —e——9 OV out
S WP S WN :
|—‘ >—I | R,
|
L | Lesl
. Deadtime - |
Logic > Control | — — — T T T B ICO § R
FBI1
214 Viea| zep |« in’ =
VSWP On-Time
ngf 0 R i/ Timer
Mini reset V.
0};-1;:::: ) ¢ P Differentiator Vﬂ,
Timer Vre f < RFBZ
Loop Comparator I i

Fig. 24. Increase noise margin technology (c) offset voltage established by switched current

source during the on time.
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Fig. 25. Increase noise margin technology (d) offset voltage established by stitched current

source during the minimum off time.

The proposed increase noise margin technology is the Vj through the differentiator

generates a differential signal and through the noise filter capacitor.
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During the on time or minimum off time the noise filter capacitor is charged up to Vs +
Vos with a switch. The signal (V5) to get the inductor current information and it can be viewed
as a ramp signal, providing good noise immunity for system operation. As the Fig. 26, it

shows the effect of the switched noise filter and differentiator on the noise margin.
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Fig. 26. Shows the effect of the switched noise filter and differentiator on the noise margin.
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Chapter 5

Circuit Implementation

5.1 The Circuit of Increase Noise

Margin Technology

The proposed structure is depicted in Fig. 27 and Fig. 28. The differentiator is composed
of M;-My, Cj-C3, and OP1. Differentiating feedback voltage V' through the capacitor C;, the
inductor current can be derived.- V; is composed of ESR and inductor current ripple
information. However, V; has unwilling distortion due to equivalent series inductor effect of

output capacitor. The expressions of Vy and V; are shown in (26) and (27), respectively.

1 dl
V= k|:RESR]L + ajhdt + LEst E} (26)
‘ _ 2
Vi=Va -t RESRM + G + Lest d gL (27)
L Co t

The k is the feedback ratio and 7 is a constant generated in the procedure of
differentiation. The unwilling ESL effect caused by Lgs;, is a high frequency component,
which will result in a surge on the differential voltage V;. To avoid this problem, a capacitor
(> is introduced at the gates of transistors My and M;. Therefore, the current /; flowing into
M7 is filtered by C,. That is, the high frequency component of V; has been eliminated. Then,
the equivalent series inductor effect can be reduced. After that, the current 7 flowing into Mg
is mirrored to My, and Iy is the deduction of Iy, about /;. That is, Iy contains high frequency
component of V,. The low frequency component current /; can be obtained by deducting /Iy
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from Iy;. The voltage V> would therefore contain low frequency component only, eliminating
the equivalent series inductor effect of output capacitor. And for power supply rejection that
add the cascode circuit (M,-M,).

The current mirror circuit is composed of M;3-M;s. R;, Ry and OP3. The V3 is
proportional to enlarge the ¥ signal it's for common-mode feedback circuits (CMFB) input
node. The CMFB circuit is composed of M;s-M;s Rs and OP4, the input nodes are V; and V.
And the V, is feedback node that adjusts the Vs voltage for convergence differences between
the corners. The Vg is not only proportional to enlarge by F, but also is controlled by CMFB
feedback node, and compare with feedback voltage V. The proportional to enlarge circuit is
composed of M- M, R;, R> and OP2. Besides, the offset voltage is provided by the voltage
source is not generated by the current source. The current mirror circuit is composed of
M 9-M>;. Rs and OPS. It is proportional to narrow the V4 signal and add the voltage to Vs

during the on time or minimum off-time that controlled by Mjy.

I/mld O I-I_O_I My

T,y or
Tmiu-o_[f

R;

Fig. 27. Increase noise margin technology (a) and (b), the Vs is pulled up to Vp, + Vos with a

switch during the on time or minimum off-time.
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Basically, most of the circuit structures of Fig. 28 the same with Fig. 27. But, the
generate the offset voltage by charging the noise filter capacitor with a current source (/zy),

and the current source control by M; during the on time or minimum off-time.

D In:
oL

T,,or
Toinofy | -

Jl‘jM”
L=
ol |

L
M3|—

Fig. 28. Increase noise margin technology (c) and (d), generates the offset by charging the

noise filter capacitor with a switched current source during the-on time or minimum off-time.
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Chapter 6

Simulation Results, Conclusions and

Future Work

6.1 Simulation Results

The specifications of the proposed converter are listed in Table III.

Table I1I: Performance of the COT converter

Process UMC 0.25pum
Supply voltage (V) 3.3V
Output voltage(Vour) 1.8V
Load range (I 04p) OmA — 600mA
Inductor 4.7 pH
Output Capacitor 10 uF MLCC
Resp SmQ

Lest 2nH
Operation frequency (CCM) 1.5MHz
Output ripple @ ;0,4p=600mA 2mV

From the Fig. 29 to Fig. 32 shows the steady-state of simulation results at different load
current condition when the converter operates in the DCM and CCM. Fig. 29 and Fig. 31 are
show the increase noise margin technology (a) and (c), Voge 1s 10mV, and the converter
correctly operates in the DCM without the double-pulse problem when 2nH of ESL and
Smohm ESR exist at output capacitor. The output voltage ripple is about 2mV due to small
ESR. Fig. 30 and Fig. 32 are show the same condition as above, but the converter correctly
operates in the CCM. Here is no double-pulse problem. The output voltage ripple is about
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2mV. Furthermore, the switching frequency reduces for power saving when the load current

decrease in the DCM.
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Fig. 29. Increase noise margin technology (a), Voge : 10mV, no load
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Fig. 30. Increase noise margin technology (a), Voge: : 10mV , 1704p=600mA
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Fig. 31. Increase noise margin technology (c), Vogse: : 10mV, no load
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Fig. 32. Increase noise margin technology (c), Voge:: 10mV, 170,4p=600mA
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From the Fig. 33 to Fig. 36 shows the load transient response of simulation results when
the converter operates from DCM to CCM. The increase noise margin technology provides
good noise margin for constant on-time control system to operate correctly with low ESR
exist at output capacitor. But in increase noise margin technology (b) and (d), if the offset

voltage is not big enough system will become unstable.

The simulation result is as the table IV. The increase noise margin technology provides
the stable output, but it’s got larger load regulation. The circuit adds the increase noise margin

technology or not, that is trade-off between stability and Load regulation.

Table IV: Simulation Result Table

No Load ILoap = 600mA
Simulation item (a) Vourrippre =~ 2mY Vourrippre = 20V
output voltage stable output voltage stable
Vour = 1477V Vour = 1405V
Simulation item (b) Unstable Unstable
Ty n.opr 18 t0O short Ty n.opr 18 t00 short
noise margin too small noise margin too small
W N Vour =146V
Simulation item (c) Vourrippie = 2mVY Vourripprg =2MV
output voltage stable output voltage stable
Vour = 1.729V Vi 4o UV
Simulation item (d) Unstable Unstable
T, in.oFr 18 too short Ty opr 18 too short
noise margin too small noise margin too small
W g Vour = 1.73V
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6.2 Conclusions

The noise margin technique is proposed in this thesis to eliminate equivalent series
inductor (ESL) and equivalent series resistor (ESR) effect and and remove the dependency of
output ripple induced by ESR in constant on-time control DC-DC converter of output
capacitor. The noise margin technique is add the offset voltage during the on time or
minimum off time is proposed structure for constant on-time control DC-DC buck converter.
Because the noise margin at the comparator input node has been increased, so it can avoid the
noise. The system can operate correctly even that very small ESR exists at output capacitor

both in CCM and DCM.

6.3 Future Work

This thesis proposes a solution for constant on-time control DC-DC buck converter with
using MLCC as output capacitor. The proposed increase noise margin technology not only
removes the small ESR issue but also aims to eliminate ESL effect of the output capacitor.
But, the output voltage DC lcvel is not accurately defined. Because, that the magnitude of the
offset voltage will affect the output voltage accuracy. There can add the cancel the offset
voltage effect technique from V.. Finally, the experimental result should be presented to

prove simulation result of whole system is matching.
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