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Department of Electrical and Control Engineering
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Abstract

With the growing demand of portable devices, voltage regulators which have high
performance and compact size become more important to provide system power. Constant
on-time control regulators are preferred in practice for some important advantages, such as
fast response time, simple system structure and-good efficiency for light load. In general,
constant on-time control regulators-regulate their output voltage based on the ripple
component in the output signal. However, 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. Thus, for
constant on-time control regulators, an_output capacitor with a large ESR has to be used so
that effective ripple control can be realized.

The proposed constant on-time control DC-DC converter removes the need of
conventional equivalent series resistor (ESR) compensation and simultaneously aims to
eliminate equivalent series inductor (ESL) effect of the output capacitor. Besides, fast
transient response and small dip voltage variation can be achieved. 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 and the recovery time keep
smaller than 5SmV and 10us, respectively, when load current step is S00mA and ESR is

smaller than 5SmQ.
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Chapter 1

Introduction

Portable devices such as cellular phones, laptops, and PDAs are widely used in today’s
life. For the electronic device application, compact size and high performance voltage
regulator plays an important role to provide system power. To extend the battery life of the
battery-operated devices is the important issue for power management module in portable
devices.

In this chapter, we will show the background and basic knowledge of power
management system in chapter, 1.1 firstly. The classification of power management circuits
which including switching converters, linear regulators, and charge pump converters will
show in chapter 1.2. The motivation will give in chapter 1.3. Finally, the thesis organization

will show in chapter 1.4.

1.1 Power Management System

According to increasing demand for low-power multifunction system-on-a-chip
(SOC), more and more functions are embedded in a device to meet the requirement.
However, the growing of battery energy is not satisfied to chip requirement. As shown in
Fig. 1, the growing of battery energy is not enough to supplying power of chips in the future.
The running time of the portable devices, such as the lap tap, mobile phones and digital
cameras, is a very important requirement for the consumers. Therefore, how to save the
battery energy and use it more efficiently is the most important topic for power management

system.
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Fig: 1. Energy constrained operation.,

As mentioned above, the increasing battery content doesn’t satisfy device requirement.
Therefore, we construct the power management system managing battery energy efficiently.
As shown in Fig. 2, it may have many power devices for a mobile phone, which needs four
regulated voltages, one buck converter for core micro processor, one boost converter for
LCD panel, one charge pump for white LED driver and one Low-dropout (LDO) regulator
for RF power amplifier [1]. The system of cell phone will operate in different modes, such
as sleeping mode, communication mode and so on. And these blocks are only needed
powered when the function are active. The control unit is used to control these block enable
or disable, respectively. As a result, we can enhance system efficiency by using the control

unit cell that decides the operational mode of power supply module.
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Fig.2. Power management system.

1.2 Classification of Voltage Regulators

circuit complexity, cost, efficiency, load ability and so on.

1.2.1 Linear Regulator

3

<

In this section, three types of voltage regulators will be introduced briefly, including
linear regulators, switched capacitor circuits and switching regulators. Finally, a brief

comparison will be given about three types of voltage regulators. The comparisons included

Linear regulator is also called LDO voltage regulator because there is a low drop-out
voltage between input and output pin about 100~500mV [2]. LDO regulators are widely
used as power management ICs in portable communication systems since they occupy a
small chip area and can convert Li-lon battery voltage to a low-noise and high-precision

voltage to noise-sensitive analog blocks for ensuring high performance. The characteristic



of LDO is compact without complex control unit, results in smaller chip size and cost. As
shown in Fig. 3, the construction of LDO regulators usually utilizes a pass device, an error
amplifier and a resistive feedback network. The pass device typically uses a p-type
MOSFET for low dropout voltage. The error amplifier is used to regulate output voltage by
controlling the pass device to supply load current. That is, LDO regulator utilizes the
feedback network to construct shunt negative feedback effect to regulate output voltage.
Therefore, LDO regulator does not need oscillation clock, then the output noise can be
minimized and the output voltage does not have ripple. However, the disadvantage of this
type regulator is the conversion efficiency, which is about the output voltage dividing input
voltage. The highest efficiency occurs when output voltage is near input voltage. Besides,

the supply load current ability is dependent on the pass device’s size.

Vin Pass device Resistive feedback Vour
o—e | 4 O
—-_‘ ‘5.._1" R
Control signal I § RESR
—— VFB
+ Load
——o0
Error v T
) REF 2> R Co
amplifier 2
o—e . )

Fig. 3. The basic structure of linear regulator.



1.2.2 Charge Pump

The features of charge pump are described as follows [3] [4]. Firstly, the charge pump
can be operated in both buck and boost mode, it depends on the reference voltage of the
hysteric feedback control, but it is more efficiently in boost mode operation. Secondly, the
circuit complexity of charge pump is between linear regulator and switching regulator.
Thirdly, the electromagnetic interference (EMI) and switching noise problem are not
heavier than switching regulator because of lower switching frequency. Finally, the load

ability is weak because of output capacitor and switching frequency.

N
I
|

Oscillator

Fig. 4. The basic structure of charge pump.

Fig. 4 shows the basic structure of two phase charge pump regulator. It consists of four
switches, two capacitors, one hysteric comparator, one oscillator and resistive feedback. The
operation concept is charging and discharging the capacitor C; in complementary phases.
Firstly, during phase @, switches S; and S; are closed and switches S, and S, are opened,

the capacitor C; is charged by input to Vj, approximately. Secondly, during phase @,



switches §; and §; are opened and switches S, and S, are closed. Vj, added the voltage on
capacitor C; to charge output capacitor C,, so C, maintains an output voltage close to 2Vj,.
With the hysteric feedback control, the output voltage level can be regulated at a desired

value.

1.2.3 Switching Regulator

Switching regulators are mixed-signal circuits which have both analog and digital block
in feedback loop. An analog signal which is error signal feeds back to produce a digital signal at
a certain frequency rate which calls duty cycle. Output capacitor and inductors use duty cycle to
regulate output voltage. The basic structure of buck type voltage mode switching regulator is
shown in Fig. 5 [5]. The power stage of switching regulator consists of a couple of
complementary power MOSFET (Mp My), passive storage elements inductor (L) and
capacitor (C) and resistive feedback network (R; R;). Detailed operation is described as
follows; the resistors R; and R;sensing the variation of output voltage and error amplifier
receives the voltage variation information then brings the error signal (V¢). The
comparator’s inputs receive the error signal from error amplifier and the ramp signal (Vgamp)
from ramp generator, then compares the quantity between the error signal and the ramp
signal to decide the duty cycle. After generating the control signal, the PWM generator
control the detail timing to avoid short through current. At last, the purposes of gate drivers
are driving huge complementary power MOSFET.

Generally speaking, the conversion efficiency of switching regulator can achieve above
90% under heavy load condition. Meanwhile, with higher switching frequency in the range
from hundreds of Kilo-Hertz to several Mega-Hertz, the storage components can be designed

smaller to save the cost. But the EMI and noise problems become critical. The supply load



ability is the largest always in the range about hundreds of milliamps to several amps.

4 Y Y YA

Vink'’ M P Power MOSFET
o

Vour

Control signal
Gate
Driver Zx
PWM
generator
+
Comparator

Load

| Error

- amplifier

——o0

VREF

Fig. 5. The basic structure of buck type voltage mode switching regulator.

The characteristics of switching regulator are described as the following. Firstly, due to
the storage components such as inductor and capacitor, the switching regulator can operate
in three kinds of type including buck, boost and buck-boost mode. But the more external

components cause the bigger PCB size and cost. Secondly, it suffers from EMI and

switching noise problem due to switching based circuits.

1.2.4 Comparison

As the above description, three types of voltage regulator have its own advantages and
disadvantages. How to choose the best voltage regulator as power supply depend on the

electronic applications characteristics and specifications. The comparison of different type

7



voltage regulator is listed in TABLE I.

TABLE I. COMPARISONS OF DIFFERENT TYPE REGULATORS.

Characteristics | Linear Regulator | Switching Regulator | Charge Pump

Regulation Type Buck Buck/boost/buck-boost | Buck/boost

Chip Area Compact Large Moderate
Efficiency Minimum Maximum Medium
EMI/Noise Minimum Maximum Medium

Load ability Medium Maximum Minimum
Complexity Simplest Complicated Medium
Cost Low High Medium

1.3 Motivation

The buck converters are widely used in portable devices to provide power from battery.
In these applications, the DC-DC converter has to regulate the output voltage to lower
voltage and must quickly respond to load current variation to keep the output voltage within
a limited range. Conventional control methods for switching converter such as
voltage-mode and current-mode control include the error amplifier, which is connected with
frequency compensation network, to compensate for step changes in the load current.
However, it leads to relatively slow response time and thus makes the switching converter
hard to meet the load transient response requirement.

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 [6] [7].



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 [8] [9]. 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.

Constant on-time control operates at a relatively constant frequency without a
oscillator due to the on-time period isset 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. For practical implementation, the
equivalent series resistance (ESR) of the output capacitor can be used as the sensing resistor,
which means the output voltage ripple including. the current information. Moreover, the
larger ESR value can reduce the noise effect on the output voltage ripple because of large
output voltage ripple induced by ESR, but the unfavorably large overshoot/undershoot
voltage in transient period comes from the use of large ESR. Therefore, in this thesis, a
constant on-time control DC-DC converter without ESR compensation allows to use low

ESR output capacitors, eliminating the need for ESR induced output ripple.



1.4 Thesis Organization

The thesis introduces the basic knowledge of switching regulator in the Chapter 2. In
the Chapter 3, the design and architecture of constant on-time control DC-DC converter
without ESR compensation are presented. The internal overall circuit implementation and
simulation results are shown in Chapter 4. Finally, the whole system chip simulation,

system specification, conclusions and future work are presented in Chapter 5.

10



Chapter 2

Basic Knowledge of Switching

Regulator

In this chapter, the basic knowledge of switching regulator is presented. The
characteristics and performance specification of switching regulator are shown in section
2.1. In section 2.2, the controlling modulator including pulse width modulation (PWM) and
pulse frequency modulation (PFM) are introduced. Three kinds of ripple-based control
method including hysteretic control, constant on-time control and constant off-time control

are described in section 2.3.

2.1 Performance Specification of

Switching Regulator

Due to more and more electronics application need to be supplied by switching
converter, the performances of switching converter have to be considered. The following are
significant specifications of switching regulators. Firstly, the conversion efficiency of
switching regulator is an important topic, how to keep high efficiency over wide loading
range and loss analysis will be discussed in the section 2.1.1. The second part is excellent
load and line regulation, the lower steady-state error of switching regulator will be
discussed in the section 2.1.2. The final part is transient response, how to immediately

response when the sudden large current changing will shown in the section 2.1.3.

11



2.1.1 Losses and Efficiency

2.1.1.1 Conduction Loss

Power loss of regulators is the combination of the switching loss and the MOSFET’s
conduction loss in Eq. (1). The conduction loss also can classify into high-side transistor
loss and low-side transistor loss.

Pvosrer = Psw + Feonp (1)

Calculating the high-side conduction loss is straightforward that the conduction loss is

just the IR loss timing the MOSFET’s duty cycle as below:

V,
Peonn = I(%UT *Rpsiony '—\(/wT (2)
IN

Where Rpson) 1s at the maximum- operation MOSFET junction temperature (7 m4x))
Low-side loss are also comprised of conduction loss and switching loss. Conduction loss for

low-side is given by:

V,
Peonp = |C2)UT 'RDS(ON) (1= \?UT) 3)
IN

2.1.1.2 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. There is no

switching loss until Vs reaches the MOSFET’s Vg therefore power loss equal zero.

12
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Fig. 6. Transient waveform of Vps and Ip curve in switching losses.

When Vs reaches Vg, the input capacitance (Ciss) is being charged and Ip (the
MOSFET’s drain current) is rising linearly until it reaches the current I; which is presumed
to be I, During this period (#;) the MOSFET is sustaining the entire input voltage across it,
the energy in MOSFET during #; is:

Vi, -1

Pt @

Now, we enter ;. At this point, I, is flowing through high-side MOSFET, and the Vpg
begin to fall. All of the gate current will be going to recharge Cgp. Cgp is similar to the
“Miller” capacitance of transistor, so t, could be thought of as “Miller time”. During this
time the current is constant (at Z,,) and the voltage is falling fairly linearly from Vpy to 0,
therefore:

Vi, - |

R, =t (th) ®)

The 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
Psw :(mTM)'(t1 +1,)-Fs (6)

13



2.1.1.3 Static Loss

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

switching regulators. The smaller quiescent loss had higher efficiency.
Fo =Vin-lq (7)

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

2.1.1.4 Efficiency

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

consumption and input power-supplies, formed as below:
E. = i} = Ro
i Po + Py + Psw + Peonp + Pr

5 x100% (8)

in Ise

The input power supplies consist of the output consumption (Pop), quiescent loss (Pp),
switching loss (Psw), conduction loss (Pconp) and other losses (Pgise) in parasitic elements.

A high efficiency results in a high performance extending the battery life.

2.1.2 Load and Line Regulation

Switching regulators are powerful system of stepping up or down the desires voltage.
Therefore, to keep the regulated voltage and decrease the steady state error when increasing
the supply voltage and load condition of DC-DC converter is most important.

The load regulation is defined as the percentage of steady state error of output voltage

when the load condition changes and can be calculated as follows.

14



0
Load Regulation = AVou . 100 ( /Oj )
Al mA

out _norm load

The line regulation is defined as the percentage of steady state error of output voltage

when the input voltage changes and can be calculated as follows.

0
Line Regulation = AVou .100 ( A)j (10)
AV,, (mV

out_norm

2.1.3 Transient Response

The transient response is an important specification of DC-DC converter for the system
applications [10]. The large load current changes suddenly will cause a voltage fluctuation
at output of DC-DC converter. The voltage fluctuation may trigger the logic circuit or affect
the analog circuit. Therefore, it’s important to reduce the large voltage changing and the
time during voltage variation. The: transient response of output voltage relates to load
current is shown in Fig. 7. During the first period A#;, the large current flow into the output
load from DC-DC converter, due to the DC-DC converter cannot provide enough energy to
maintain the output voltage, the output voltage will drop in this period because the output
capacitor discharges the energy to support the load current. The drop voltage is shown in Eq.
(11). According to the parameters of Eq. (11), selecting the output capacitor well can reduce

the drop in this period.

15
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0 (c) Time

Fig. 7. The transient response of output voltage relates to load current.

At
Vdropl :Vdropz = AIout XEC 1 + RESRJ (11)

out

During the second period At#,, the system senses the output variation by feedback

loop then turn on the power P-type MOSFET to recover the regulated output voltage. The

sum of At#; and At is called the recovery time and the second period A¢; depends on the
system bandwidth of the DC-DC converter

The static error A Voyr between light load and heavy load is relates to the voltage

regulator DC gain, the higher DC gain bringing the better load regulation [11]. Comparing
16



to the Fig. 7(b) and Fig. 6(c), the performance of Fig. 7(b) due to the large DC gain and
causes the better load regulation, but the second period At, extend the recovery time.
However, it reduces the time of transient response. The performances of Fig. 7(c) due to the
poor DC gain and cause huge static error but reduce the time of second period A¢, and
improve the dynamic performance.

When the load current is decreasing to light load suddenly, the output voltage will
jump until the DC-DC converter start to recovery the regulated voltage. The redundant
current charges the output capacitor resulting to a peak voltage as shown in shown in Eq.

(12) before the feedback loop of DC-DC converter react.

At
Vpeakl :Vpeakz = Al X(C >+ RESRJ (12)

out
During the final period A#; the output capacitor discharged the redundant current to
feedback resistors. As mention described, the transient response is relates to the bandwidth
of DC-DC converter, output capacitor, equivalent series resistance (Rgsg) of output voltage

and the load current.

17



2.2 Modulation Technologies

There are two mainly kind of modulation technologies in switching regulators. Firstly,
PWM modulates the switching signal by a fixed switching frequency. Secondly, PFM uses a
hysteresis window to generate a switching signal. Both of the technologies modulate the on

and off time of switches to control the energy transfer to output.

2.2.1 Pulse Width Modulation (PWM)

Operating with PWM control, the power MOSFET are controlled by a constant clock
cycle, the PWM control waveform is:shown in Fig. 8 [12] [13]. While the ramp signal is
lower than the control signal, the PWM signal at high level; the ramp signal is higher than
the control signal, the PWM signal changes to low level. The main modulation is change the
width of every clock cycle by the control signal and the output voltage is determined by the

duty ratio of the PWM signal.

Constant signal

Ramp signal

PWM switching signal w L
<

----------- > <>
Constant clock cycle Width modulation

Fig. 8. Pulse width modulation waveform.

About the power consumption of PWM focus on the conduction and switching loss,
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total power loss is expressed as follows.
2 2
Pow + Peon = lour RDuty + (CGP + CGN Vi Fsw (13)
As shown in Eq. 13, operating at PWM control the switching frequency is constant but

output current varies with loading. That is to say, the switching loss is invariable with load

but conduction loss will increase with the output loading, as shown in Fig. 9.

P “i wtPcon

Fig. 9. Analysis of conduction loss'and switching loss at pulse width modulation.

2.2.2 Pulse Frequency Modulation (PFM)

Operating with PWM control, the power MOSFET are controlled by a vary frequency,
the PFM control waveform is shown in Fig. 10 [14] [15]. The on-time of PFM controller is
constant width and off-time is variable with loading. By controlling the off-time of every
switching cycle can obtain different switching signal to achieve desirable output voltage.

Therefore, the smaller output loading can reduce the switching frequency.
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Heavy loading

A

Light loading

Constant pulse width

Fig. 10. Pulse frequency modulation waveform.

About the power consumption of Pulse Frequency Modulation also focus on the
conduction and switching loss, total.power loss is_expressed as Eq. (13). Operating at PFM
control both the switching frequency and output current varies with loading. That is to say,
the switching loss and conduction loss will increase with the output loading, as shown in

Fig. 11.

20



P i wtPcon

Fig. 11. Analysis of conduction loss and switching loss at pulse frequency modulation.

2.3 Descriptions of Ripple-Based Control

Methods

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

section.

2.3.1 Hysteretic Control Method

The hysteretic controller is shown in Fig. 12 [16], the main control method is
generating a hysteresis window. By controlling the upper and lower boundary to regulate
the output voltage, when the feedback voltage touch to the hysteretic upper boundary, the
power N-type MOSFET will turn on and power P-type MOSFET will turn off to discharge

the inductor current and feedback voltage will decrease. At the same time, the hysteretic

21



window will change to the lower boundary. While the feedback voltage touch to the
hysteretic lower boundary, the power P-type MOSFET will turn on and the power N-type
MOSFET will turn off to charge the inductor current and feedback voltage will increase.
The hysteretic window which is calculating by superposition theorem can be expressed as

follows.

R, R
VH :VUDpper lower — (VREF Rz IN R Rz) (VREF Ij_ZRZ):VIN R +1Rz (14)
R |

The features of hysteretic controller are described as follows; firstly, the main control
circuit is comparator and the error amplifier does not be used, so it is no problem about
system compensation. Secondly, without using any clock generator, the switching frequency
of hysteretic controller is generated by system itself. The following is the calculation of

feedback voltage variation, as expressed as follows.

=C dv — VFBAVG -0 =C AVFB — AV = tOFFVFBAVG — DVIN - D)To
dt R tope & RC RC

(15)

The voltage Vrparg 1s the average voltage of feedback voltage, ideally is DVpy, the
parameter D is the duty ratio of buck converter. And the hysteresis window variation (Vg)
equals to feedback voltage variation (A4 Vpg). Combining the Eq. (14) and Eq. (15), the

switching frequency can as expressed as follows.

R _DV,(-D)T, jfozi:LD(l—D)(H&) (16)

VH :AVFB :>VIN T
0

By controlling the resistor R, capacitor C and the ratio of resistors R; and R, can define
the switching frequency. However, as line and load conditions change, the hysteretic
regulator operates over a wide frequency range that depends on the input and output
voltages, the output filter inductance, the hysteresis window and ESR of output capacitor.

Finally, because the output ripple has been defined, it can’t choose the low ESR capacitor to
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reduce output ripple.
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Fig. 12. The:block diagram of hysteretic control method.

2.3.2 Constant On-time Control Method

As shown in Fig. 13, the basic constant on-time control structure consists of a
comparator and one-shot on-time timer, with the output voltage feedback compared with an
internal reference. The constant on-time control method is a modification of hysteretic
control that operates at a relative constant frequency without an oscillator. It controls the
high side power MOSFET switch whose on-time varies inversely with the input supply
voltage.

In normal operation, the system initiates an on-time period when the feedback voltage
Vg falls below the reference voltage Vger, which can be viewed as a valley voltage. The
high side power P-type MOSFET stays on for the programmed on-time, causing the

feedback voltage to rise above the reference voltage. After the on-time period, the power
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P-type MOSFET remains off until the feedback voltage falls below the reference voltage.
Besides, the one-shot on-time timer provides a period that is inversely proportional to input

supply voltage for constant frequency operation over input supply voltage variation.

L R L V
Vin O_TAJ_ - YN A\ ——o 3
M P L
esl
My Rprp;
Gate D | Resr Load
Driver R
FB2 —_— Co
Deadtime ol —
One-shot timer V One-shot timer
FB L VFB
T Comp Tk
0 Vrer oVrEF
Ton Torr
Constant on-time control Constant off-time control

Fig. 13. The'block diagram of constant on-time control method.

In continuous conduction mode (CCM) the frequency depends only on duty cycle and
on-time period. This is in contrast to hysteretic regulators where the switching frequency is
determined by the output inductor and capacitor. 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 [17]. This leads to high efficiency and good transient

response.
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Off-Time
Period

Valley
Voltage

On- T.ime Period

Fig. 14. Inductor current and feedback voltage waveforms in DCM operation of

constant on-time control.

Fig. 14 shows the waveforms of constant on-time control in DCM operation, inductor
current Iy raises to peak value during the fixed on-time period, and it falls back to zero
before feedback voltage Vpp reaches valley voltage Vgpr for constant on-time control.
When Vgp reaches Veer, the next on-time period is: introduced. Therefore, the off-time
period of constant on-time control is dependent on load current condition in DCM

operation.

2.3.3 Constant Off-time Control Method

The approach of constant off-time control is similar to constant on-time control. In
normal operation, the system initiates an off-time period when the feedback voltage Vgg
rises above the reference voltage Vger, which can be viewed as a peak voltage. However,

constant on-time control is more popular than constant off-time control in application of
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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.

Peak

Voltage
VRE F

: — >
Off-Time Period Ti me(s)

Fig. 15. Inductor current and feedback voltage ‘waveforms in DCM operation of

constant off-time control.

As shown in Fig. 15, the off-time period of constant off-time control is fixed, which is
independent of load current condition. However, the voltage difference AV is proportional
to output current. As the AV becomes larger, the Vgp needs to extend on-time period to
reach Vger to cause the decrease of the switching frequency. The switching frequency
increases as output current decreases in the DCM. It deteriorates the system efficiency. Thus,

constant on-time control is widely used in practice [18].

26



Chapter 3

Topology of Constant On-time
Control DC-DC Buck Converter

without ESR Compensation

In this chapter, the system stability analysis and operation of proposed constant
on-time control DC-DC buck converter are presented. The system stability analysis of
conventional constant on-time control converter is'shown in section 3.1. In section 3.2, the

system operation is introduced.

3.1 System Stability- Analysis of Conventional

Constant On-time Control

The basic concept of constant on-time control is introduced in chapter 2. 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 analyze the system stability of

constant on-time control in time-domain and frequency-domain, respectively.
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=0 t=T0N

Fig. 16. Small ESR caused double-pulse problem.

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. 16, the delayed
output voltage, Vou, 1s unable to reach the reference voltage, V. even after the first
constant on-time period. Consequently, the second constant on-time is inserted after the
minimum off-time period to raise V,, 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.

In Fig. 16, the slope of the inductor current is m, which is expressed in Eq. (17), during

the on-time period.

28



dIL Vin _Vout
m= di = L (17)

The value of V,,, for time=t can be calculated as shown in Eq. (18). R, is the ESR on
output capacitor, Co. L.y 1s the ESL on the output capacitor. 4I; is the inductor current

variation during one on-time period.
1 dl,
v, (t)=V., +R_mt+ C—j(—Al LMt Ly (18)
o)

The output ripple is composed of three components including ESR part, capacitor part
and ESL part. In Eq. (18), 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

t=Ton, the value of V,.(Ton) needs to be larger than ¥;.ras shown in Eq. (19).

mTs - ml:
Vout (TON ) _Vref = I:\)esrmTON - CSN + 2COON + I—eslm >0 (19)

The arrangement of Eq. (19) can be expressed in Eq. (20).

ResrCO + I—esICO > TON
Ton 2

(20)

Generally speaking, as the ESL of output capacitor is not sufficient large, the criterion of

system stability is decided by the time constant, R,.Cop, and it can be derived in Eq. (21).

R...Co >T% 21)

esr

That is, the time constant, R,,Cp, must be larger than half of on-time period to ensure
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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. 17. 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.

I L minimum

off-time

Ist TON anTON

/ ESL effect

=0 t=T0N

Fig. 17. Large ESL caused double-pulse problem.

Considering the noise causes the variation of reference voltage as shown in Fig. 18, the
rising edge of the power MOSFET switching signal is perturbed to induce a large jitter. The
time deviation of #, indicates the jitter caused by the noise. Unfortunately, the switching
frequency can’t be kept constant and thus the system suffers from the electromagnetic

interference (EMI) problem. The performance of system is seriously deteriorated. Thus,
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small jitter and constant switching frequency are also demanded in the constant on-time

control.
N noise
Vier 27 — . ——y time(s)
on-time period =} : 1
=" L I P
Power MOSFET 1! |
switching signal | | | |
T y » time(s)

inaccurate switching timing
Fig. 18. The noise effect on feedback voltage and power MOSFET switching signal.

Fig. 19 shows the enlarged waveform of Vp with a negative slope of a when the
inductor current decreases. If the slope becomes more sharp and has a value of a’, the new
waveform of V'’ decides another switching period. Onee the noise perturbs the reference
voltage from Vs to V,.’, the-variation of switching period can be decreased from #; to #
due to the sharp slope. Basically, the slope can be.expressed as Eq. (22), which is
proportional to the value ESR. Eq. (22) is under the assumption of neglecting the voltage
across ESL and capacitor. In other words, the ESR value can determine the system stability
in the constant on-time control. Thus, the conventional design uses a large ESR value to
suppress the jitter problem. A lower jitter effect can be derived by a larger ESR value. But, a

large ESR value will cause the increase of output ripple and transient dip voltage.

-R., xV, R
Slope — esr X out X RFBz oC esr (22)

L RFBI + RFBZ L
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Fig. 19. Enlarged waveform of feedback voltage and reference voltage that affected by

noise.

A large ESR is usually selected to avoid the double-pulse problem. In other words, the
ripple content at the output voltage should have a. minimum value to maintain the system
noise margin. The larger ESR-value causes the larger output voltage ripple. For the purpose
of solving the dependence of ESR value, the proposed. constant on-time control DC-DC
converter provides sufficient noise margin without using large ESR capacitor so that the low

jittery behavior can be attained to eliminate the double-pulse problem.

32



3.2 Topology of the Proposed System

V: | LX | L V
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Loop Comparator "~/

Fig. 20. Topology of preposed constant on-time control DC-DC buck converter.

Fig. 20 shows the proposed constant on-time control DC-DC converter without ESR
compensation. The V,,, is regulated by the loop comparator through the voltage divider,
Rpg; and Rpg;. The V, from the zero ESR compensation circuit and the feedback voltage Vg
are compared by the loop comparator. The output of loop comparator is used to decide the
timing to store energy in the inductor. The minimum off-time signal V4 is used to provide a
minimum off-time period to ensure a minimum off-time during startup interval and extreme
duty condition. Besides, the zero current detector signal, V.4, is used to avoid the reverse

inductor current. The deadtime control circuit is used to avoid the short-through current.

The output stage of converter can be viewed as an integrator. As a result, the output
voltage ripple can be recognized as an integration of the inductor current ripple. Therefore,
the inductor current information can be derived by differentiating the output voltage. As

shown in Fig. 21, the proposed zero ESR compensation technique generates a differential
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signal Vs to get the inductor current information. Vs can be viewed as a ramp signal,

providing good noise immunity for system operation [19]. However, the ESL, L.y, on

output capacitor Cop will distort the differential signal of the conventional differentiator. The

output voltage V.

contains high frequency component caused by L,g. It will deteriorate the

system stability due to the double-pulse problem. Afterwards, the V; goes through the

reflector, which produces the reflective signal V,. Once the inductor current rises up, V,

starts to fall. Fortunately, the V. can generate a sufficient noise margin at the input node of

loop comparator.

voutI -

|
-
| | | . . .
Vout | | equivalent series inductor effect
| [\

\_}(_N(}_/_\_/\ crooked curve due to small ESR

Output voltage ripple
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1 !
| |
| | |
\ 7
( 2
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Compensation | : | * leferen tiator
| | |
Vi 0 20 Gl small ESR effect
A R A
y T T Differential signal
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off-time period/l/ﬁ)k—v—h' * ReﬂeCtOI’
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. I I i g

Fig. 21. The concept of the proposed technique.
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Fig. 22. The operational scheme of the proposed technique.

At the beginning of the inductor charging period, the control signal V., clears the
on-time timer in order to recount on-time period. As on-time period ends up, the signal Vs
goes from low to logic high. The high-side power MOSFET SWp turns off to start the
inductor discharging period to release the stored energy. When the V, rises above the Vp,
the high-side power MOSFET SWp turns on and the on-time timer is cleared, again, to
restart the inductor charging period as shown in Fig. 22. The Vp is compared with the V,,
which represents the opposite shape of the differential signal V. The ripple of Vg, is much
smaller than V,. That is, ¥, can be regard as the feedback voltage in the original constant
on-time control and the Vp, can be regard as the reference voltage. In other words, the Vp,
can be viewed as the peak voltage of the V,. When the V starts to decline from the level of

Vs, the slope of ¥, is sufficient steep and thus it can provide good noise immunity. That is,

a sufficient noise margin is proposed to avoid the double-pulse problem.
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Chapter 4

Circuit Implementation

In this chapter, the sub-circuits of the proposed constant on-time control DC-DC buck
converter are introduced. In section 4.1, zero ESR compensation circuit is presented. It
consists of differential circuit part and reflection circuit part. In section 4.2, the on-time

timer is presented. It generates one on-time pulse each switching cycle to control switches.

4.1 Zero ESR Compensation Circuit

The proposed zero ESR compensation circuit is depicted in Fig. 23. The differentiator
is composed of M;-M,, C;-Cz;and OP;, Differentiating feedback voltage Vp through the
capacitor Cy, the inductor current can be derived. ¥ is composed of ESR and inductor
current ripple information. However, ¥, has unwilling distortion due to equivalent series
inductor effect of output capacitor. The expressions of Vg and ¥, are shown in Eq. (23) and

Eq. (24), respectively.

A di
V, = k[ResrlL +§J.|Ldt + Ly d_tLj (23)

Vd =Vfb' = Tk Resr Vin _VOUt + IL + Lesl 2
L G, dt

(24)

k is the feedback ratio and 7 is a constant generated in the procedure of differentiation.
The unwilling ESL effect caused by L.y is a high frequency component, which will result in

a surge on the differential voltage V. To avoid this problem, a capacitor C; is introduced at
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the gates of transistors Mg and M. Therefore, the current I; flowing into M7 is filtered by
C;. That is, the high frequency component of ¥, has been eliminated. Then, the equivalent
series inductor effect can be reduced. After that, the current Iy flowing into My is mirrored
to My, and I is the deduction of Iy, about I;. That is, Iy contains high frequency
component of V. The low frequency component current I; can be obtained by deducting Iy
from Iy;. The voltage Vs would therefore contain low frequency component only,
eliminating the equivalent series inductor effect of output capacitor. The expression of ¥V is

shown in Eq. (25).

Fig. 23. The proposed zero ESR compensation circuit.

V. -V |
in out + L (25)

V, =7k| R,
L C,

The shape of the V. is the reflection of the V. M;4, M;7, the resistors R; and R;, and the
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operational amplifiers OP, and OP;, constitute the voltage-to-current converter. R;, R; and
R; are the conversion factors of the voltage-to-current converter. The V. decides the DC
level of the V,, which affects the DC level of the V,,. The expression of V. is shown in Eq.

(26).

Vre V
L _ )R, (26)
Rl RZ

V, =(

4.2 On-Time Timer

M; % Comp>O Voot
1,, out
Vclr
[, [ =C.
M 1 M 2 M, 6

Fig. 24. The on-time timer.

Fig. 24 shows the on-time timer circuit. The transistors M;-M, and the resistor R,,
generate a current /1,, to charge the capacitor C,,. Variable current 1,,, depends on the Vi,. I,

is given by Eq. (27).
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V'n _VG31

on R

on

(27)

The transistors Ms-Mg and V. are used to decide the on-time capacitor, C,,, to be
charged or discharged. At the beginning of first switching period, ¥ is high and C,, is
charged by I,,. Then, V,, is raised. As the V,, reaches the V,,,, the V.. becomes high to
decide the on time period. As a result, the time 7,, required to reach V,,, is inversely

proportional to the V;, and proportional to the V. T, is expressed in Eq. (28).

C, V., C.V..R,

— on out __ on " out
Ton - | - V V (28)
in ~ VGS1

on

The switching frequency is relatively constant.as the duty ratio D as expressed in Eq.

(29).

D=2t (29)

4.3 Control Logic Circuit and Flow Chart

Fig. 25 shows the detailed control logic circuit of the proposed constant on-time
control DC-DC converter. The circuit consists of one inverter, two AND gates, two OR
gates and two SR-latch. The purpose of the control logic circuit is producing the pulse width
modulation (PWM) switching signal Vgpp and Vs to control power MOSFET SWp and
SWh. Vg and V4 are the minimum off-time timer signal and zero current detector signal,
respectively. ¥V, when the minimum off-time period gets through, it will go from logic low
to logic high. V.4, goes from logic low to logic high as the reverse inductor current appears,

and is used to turn off the power MOSFET SWi. Vg and V,, as mentioned before, are

39



feedback voltage and reflective voltage of differential signal V. Vieser, produced by on-time

timer, resets the SR-latch in order to turn off the power MOSFET SWp.

Loop > VS wp
Comparator

5 Do—Is o>V
s 0 N3
i [: Q—DER
—
—

Fig. 25. The control logic circuit.

Fig. 26 shows the flow chart of control logic circuit, it can be divided into two parts,
on-time period and off-time period. The logic level of inner nodes in the control logic
circuit is shown in the flow chart, which interprets the operational procedure of proposed

converter.
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0 Flow chart of control logic
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Fig. 26. Flow chart of control logic circuit.
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Chapter 5

System of Reduction of Equivalent
Series Inductor Effect in Constant
On-Time Control DC-DC Converter
without ESR Compensation Simulation

Results, Conclusions.and Future Work

In this chapter, the simulation results are shown in section 5.1. The conclusions are

made in section 5.2. Finally, the future work is'shown in section 5.3.

5.1 Simulation Results

The circuit was fabricated in TSMC 0.25um CMOS process. The chip layout is shown
in Fig. 27 The filter components contain L=4.7uH, Co=4.7uF, Res=0mQ and Leg=2nH. The
input voltage ranges from 3V to 4.5V and output voltage is 2V. The switching frequency is

designed as 1IMHz.
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Fig. 27. Chip layout.

Fig. 28 shows the output waveforms at different load current condition when the
converter operates in the CCM and DCM. Fig. 28(a) and (b) show that the proposed zero
ESR compensation technique adjusts the switching frequency of the buck converter
dynamically according to the load current condition. When the load current is about 30mA,
the switching frequency is about 377kHz. As the load current increases to S0mA, the
switching frequency increases to 660kHz. On the other words, when the converter operates
in the DCM, the switching frequency is proportional to the load current condition. Besides,
the noise margin between Vp and V is not less than 80mV. Fig. 28(c) shows the converter
correctly operates in the CCM without the double-pulse problem when 2nH of ESL and no
ESR exist at output capacitor. The output voltage ripple is about 2.6mV due to small ESR.
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Furthermore, the switching frequency reduces for power saving when the load current

decrease in the DCM.
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Fig. 28. Waveforms of the output voltage and inductor current at different load current

condition. (a) lipag =30mA (b) dioad=50mA (c) ljoad =L00mA.

As shown in Fig. 29, simulation results of the output voltage and the inductor current
demonstrate the CCM operation during load transient response. The recovery times are
about 9us and 10us when the load current changes from 100mA to 600mA and vice versa,
respectively, if Vi, = 3.3V. The zero compensation circuit provides good noise margin for
constant on-time control system to operate correctly with no ESR exist at output capacitor.
Besides, constant on-time control can achieve fast transient response since the system is not

need frequency compensation. The specifications are listed in Table II.
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Fig. 29. Transient response (a) when load current changes from 100mA to 600mA and

(b) from 600mA to 100mA.
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TABLE II. DESIGN SPECIFICATIONS.

PARAMETER VALUE | UNIT
Supply variation (Vi) 3-45 A"
Output voltage (Vour) 2 Vv
Switching frequency 1 MHz
Undershoot voltage recovery time
@ lout changes from 100mA to 600mA ’ "
Overshoot voltage recovery time
10 us
@ lour changes from 600mA to 100mA
Maximum load current 800mA | mA
Inductor (L) 4.7 uH
Output capacitor (C,) 4.7 uF
ESR on-output capacitor (Resr) 0 Q
ESL on output capacitor (Leg) 2 nH

5.2 Conclusions

exists at output capacitor both in CCM and DCM.

47

A reduction of equivalent series inductor effect in constant on-time control DC-DC
converter without using ESR compensation is proposed to eliminate equivalent series
inductor effect of output capacitor and remove the dependency of output ripple induced by
ESR. Besides, the noise margin at the comparator input node has been increased.
Furthermore, although the ramp compensation is applied at feedback point, the system still

presents a good transient response. The system can operate correctly even that no ESR




5.3 Future Work

The proposed zero ESR compensation technique not only removes the need of
conventional ESR compensation but also aims to eliminate ESL effect of the output
capacitor. Besides, fast transient response and small dip voltage variation can be achieved.
The noise margin at the loop comparator input nodes can also be extended. Therefore, the
SNR of the constant on-time control system is increased. However, the phase delay caused
by zero ESR compensation circuit will reduce the noise margin and deteriorate the transient
response. In addition, the output voltage DC level is not accurately defined. On the other words,
the output voltage accuracy will be affected by parasitic component, such as ESR and ESL.
Finally, the experimental result should be presented to prove simulation result of whole system

is matching.
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