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Abstract

The commercial possibilities of the LED are increasing gradually since the applications
of light-emitting diode are more and.miore prévalent in large scanning boards, vehicle-used
light-emitting systems and backlighting-used display systems. Considering the cost of light
source in the panel of notebook.computer, the: cost of light-emitting diode is 2.5 times than
that of the cold cathode fluorescent lamp(CCFL). That is, it costs more than 70% of the
original design. However, there”are-some-important advantages by means of LED as a
backlight module. Especially, energy.saving imptoves the battery lifetime longer than 40% of
the original design by means of CFFL backlight module. The LED backlight module can
reduce the thickness of panel module. Thus, the weight is light and the color saturation is
better than before. The impeding of liquid crystal display technique expending to the liquid
crystal television is the developing of the digital display technique. After scaling up the size of
the liquid crystal television, it should lower the cost to compete with the conventional
television and plasma television. Besides, the liquid crystal display is a non-self-luminous
technique and thus it leans on the backlight source to display the image. In the applications of
the LCD panel, the backlight source usually needs large amount of light-emitting diodes to
provide enough brightness. Therefore, if the driver circuit has high efficiency and good
driving capability, the cost of the LED system can be reduced.

This thesis proposes a LED driver with current Balance control circuit for the backlight
of LCD display. This driver circuit design was simulated and fabricated in VIS 0.5um
embedded high voltage 5V/40V CMOS technology. The input voltage is 12V and the output
voltage is 40V. The boost voltage regulator uses a pulse width modulation (PWM) and a
reference tracking circuit according to the variation of forward voltage of LEDs. The

advantage of the proposed method is to offer high reliability to the LED backlight system.
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Chapter 1

Introduction

1.1. Background

In the past, the back light module of liquid crystal display (LCD) was mainly consisted
of cold cathode fluorescent lamp (CCFL). However the CCFL does not have a good color
space and its lifetime is just about 15000~50000 hours. Furthermore, there are some
environmental issues in CCFL backlighting because it has hazardous material inside the lamp
[1] [2] [3]. For the reasons, technology has been going through a transition which LED
substitutes for CCFL as LCD backlight material. Furthermore, the red, green and blue (RGB)
LEDs produce a color spectrum-that is larger.than net only the NTSC color space but also
CCFL [4]. Due to the advances in thestechnology of EED, the benefits for LED backlight has

become evident.
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Fig. 1. LED backlight driving block diagram



The common LED backlight structure is usually like Fig. 1. It is composed of two parts.
Firstly, boost DC/DC converter is to offer a sufficient voltage to overcome the LED forward
voltage. Secondly, current balance unit is to regulate the current flow through each LED string
and also have PWM dimming circuit to change the illumination through averaging the driving
current. The current regulator also includes a minimum voltage detector and open loop
detector for boost converter to dynamically regulate the output voltage, thus it can reduce

unnecessary power loss.

1.2. The Basic Concepts of Current Regulators

The LED I-V curve is shown in Fig. 2. [5]. The forward voltage variation of LEDs is
expected. LED can be manufactured with smaller mismatch, but it will increase the cost.
Beside, the forward voltage also varies with temperature and time. In order to get high quality
image for LCD TV, it is imposgsible torchange the backlight brightness through forward
voltage. In other words, the luminance is proportional to the level of driving current. The
higher driving current will cause.the-higher brightness. As a result, by using the current to
dimming the LEDs can prevent the variation of forward voltage and increase the brightness

uniformity of LED backlight. Therefore, a high quality image of LCD TV can be obtained.
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Fig. 2. I-V curve characteristic of LED



The most common method to drive LED current is shown in Fig. 3. A simple current
regulator is implemented for LED strings. This circuit includes operational amplifier, a
reference voltage, Vggr, and the external resistor, Rgxr. The LED current can be determined by
the external resistor. It uses the constant-current source to regulate LED strings [6] [7]. The
constant-current source eliminates LED current changes due to variations in forward voltage.
The constant-current source produces the constant LED brightness and strings uniformly. In
this configuration LEDs can be connected in series and parallel to keep an identical current
flowing in each LED, due to the LED current Iy gp;~ I gpn are produced by the value, Vggr
/Rext. Therefore, if the external resistances are matched, this circuit can increase the current

matching ability between channels.
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Fig. 3. A simplified current regulator for LED driver.

ILED1

Another important issue is LED dimming control. LED dimming control is needed in
many applications. In application of LCD backlighting, dimming provides brightness and
contrast adjustment. In general, two types of dimming methods can be achieved, analog and
pulse width modulation (PWM) [4]. In analog dimming, the changing of LED’s forward
current can change the brightness. For example, if an LED is at full brightness with 20 mA of
forward current, then 50% of the brightness is achieved by applying 50% of the maximum

current to the LED. However, the drawback with analog dimming is that changes in forward



current cause LED’s color shift. This color shift may become unacceptable in displays
requiring a true color representation. On the other hands, PWM dimming is achieved by
applying full current to the LED at a modulated duty cycle. The LED brightness is controlled
by adjusting the relative duty cycle. For example, 50% brightness level is achieved by turning
the LED on time at full current for 50% of each period. The advantage of PWM dimming is
that the forward current is always constant, so we just have to decide the maximum current for
all the LED strings. Instead of analog dimming, by using this method, LED color does not
vary with brightness. In order to keep the human eyes from seeing the LED turn on and off,
the switching speed must be above 100 Hz. Therefore, the proposed method also includes the
PWM dimming control circuit to maintain the benefits of PWM dimming. In order to
eliminate the inrush current occurred at the instance of string turn on, we also proposed a
delay method to reduce it. By using the delay method, the on time of all the strings will be
split into several parts. In other words, turning.on the-strings gradually can reduce the charge
current at the moment. The propesed eircuit-not-only balances the current for LED strings but

also is suitable for PWM dimming control.

1.3. Voltage Regulators Classifications

General power supply circuits can be classified into three kinds of regulator, such as
linear regulators, switched capacitor circuits, and switching regulators. The technologies will
be briefly introduced and described as following subsections. Furthermore, we will make a
comparison for why we choose boost converter as the power supply unit of LED driver. The
considerations of voltage regulators include low quiescent current consumption, low noise,

high conversion efficiency, low cost, and so on.

1.3.1. Linear Regulator

The linear regulators use a pass element between input supply voltage and regulative



output voltage. The basic architecture of linear regulator is presented in Fig. 4 [8]. The low
dropout voltage regulator provides a regulative voltage between input and output is about
100mv to 400mV. The linear regulator includes an error amplifier to reflect the output and
input difference, a power MOSFET to supply the load current, and the resistive feedback
network to sensing the output voltage variation. Due to the control circuit of LDO is the
simplest one, so the chip size is smaller than other regulators. Furthermore, LDO circuit have
no inductors, it can not only reduces the PCB space but also saves the cost.

Besides, it is more suitable to operate at the light-load condition than to operate in the
heavy load. The other benefits of linear regulator are low noise and no output ripple. It’s
because that it just uses resistive feedback and error amplifier to build the feedback network
but not switching signal based. In conclusion, the linear regulator can be used for analog and
RF circuit application. The conversion ratio of the LDO is step-down only because of without
storage element. The load ability becomes"the direct ratio to the size of power MOSFET.
Finally, the efficiency of LDO is:propertional to-output voltage, so the lower drop out voltage

between input and output, the higher efficiency-will be arrived.
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ReF Analog signa
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Error Amplifier
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Fig. 4. The basic structure of linear regulator.



1.3.2. Switching capacitor Voltage regulator

The basic architecture of two-phase switching capacitor voltage doubler is shown in Fig.
5 [9]. The basic structure consists of capacitors and switches and it is also known as charge
pump. The switching capacitor voltage doubler can generate a dc voltage higher or lower than
the supply voltage or inverting voltage to the supply voltage. The operation principle is
described briefly as follow: In the first interval of switching period, clock CK/ is high and
CK2 is low. The switch, SWI and SW2, turning on and the switch, SW3 and SW4, turning off.
The capacitor, CI is being charged to the supply voltage VDD. In the second interval of
switching period, clock CK/ is low and CK2 is high. The switch, SWI and SW2, turning off
and the switch, SW3 and SW4, turning on. The capacitor, C/ is being charged to twice of the
supply voltage VDD.

In order to maintain the output voltagej-there’.are many ways to modulate the output
voltage of the switched capacitor circuit to the desired Value. To regulate the output voltage by
a control circuit and an error amplifier-is. the-meost straightforward method. The error amplifier
senses the variations of output voltage,“and the control circuit controls switches, SWI~SW4,

from the signal of error amplifier to regulate output voltage to the stable value.

VDD
T  swi SW3 v,
_—o —o Py

SW2 i
\ — | Load
——o
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Fig. 5. The basic structure of switching capacitor voltage doubler



The efficiency of switching capacitor voltage regulator is poor at heavy load condition
because the load ability depends on the output capacitor. As a result, the larger output
capacitor can increase the load ability. However, when the output voltage is a multiple of

input voltage, it will have the best efficiency above 90%.

1.3.3. Switching Regulator

The switching regulator includes the boost converter, the buck converter, and the
buck-boost converter. The buck-boost converter combines the step-up mode and step-down
mode. The conversion ratio of buck-boost converter is depending on the switching duty cycle.
They are widely used in power supply design Fig. 6 [10] shows the basic architecture of
switching regulator which is a boost converter. The switching regulator consists of power
MOSFET, diode and resistor to feedback the output voltage variance. The error amplifier is
utilized to reflect the output error,and generatethe error signal. The comparator is utilized to
compare the error signal and the ramp signal to generate duty cycle depends on the error
between output voltage and referencevoltage. Therefore, controller will control the timing of
switches. Driver is utilized to drive the huge'power MOSFET so that it can regulate output
voltage to expectative level.

The operation principle can be described as follow: In the first interval of switching period,
the switch is closed and the input delivers the energy to the inductor. In the second interval of
switching period, the switch is opened and the energy of the inductor delivers from the
Schottky diode to output. By through this operation cycle by cycle, the circuit can provide the
step-up voltage to the output. Besides, the output voltage is dominated by the reference
voltage (Vger) and the feedback resistances. The buck converter is achieved by changing the
positions of the inductor, switch, and Schottky diode.

Because of the switching operation, noise and EMI are critical issues for the output

voltage in switching regulator design. The efficiency of switching regulator is good in heavy



load, but poor in light load. The detail description of the switching regulator will be

introduced in chapter 2.

VIN

Buffer

Error Amplifier -
— VRer
VramP +H——o°

+H——5
VW

Fig. 6. The basic architecture of switching regulator.

Comparator

1.3.4. Comparison of voltage regulators

In this section, we list the advantages and disadvantages of the three kinds of voltage

regulator, shown in TABLE I [11].

TABLE I
Comparison of voltage regulators
. Switching capacitor Lo
Linear regulator Switching Regulator
Voltage regulator
Regulation Buck/Boost/Buck-Boost/
Buck Buck/Boost/Inverter
Mode Inverter
Cost Low Medium Highest
Complexity Low Medium Highest
Output ripple Lowest Medium Medium
Footprint area smallest Medium largest
Load ability Medium Low Highest
Efficiency Low Medium Highest

According to the table, we can realize that not only charge pump but also boost converter
can boost the input voltage to higher than output voltage. However, in the application of high

8



brightness and large number LED driver, high power characteristics should be concerned.
Based on the consideration of the higher efficiency, smaller power consumption, wilder output
range for more LEDs in series and stronger loading capacity for more strings connect in
parallel. Boost converter is more suitable than charge pump to be a power supply in LED

backlight application.

1.4. Motivation

Due to the advances in the technology of LED, the benefits for LED backlight has
become evidently. Therefore, this thesis is focus on the entire LED driving circuit for high
brightness LED or R, G, B LED backlight system.

For LED backlight in LCD TV application, LED driving circuit have two topics. Firstly,
boost converter is to offer sufficient voltageito-overcome the LED forward voltage. And offer
a high load current ability, high efficiency for the LEDs in series and parallel. Secondly,
current regulator is to regulate the current-flow through each LED string and have PWM
dimming circuit to adjust the illumination through averaging the driving current. This thesis

proposes a new kind of LED driver to fit the application of LED backlight system.

1.5. Thesis Organization

This thesis is organized as follows. The basic current mode DC-DC converter is
introduced in Chapter 2. The design and implementation for proposed LED driver are
described in chapter 3. Chapter 4 shows the system implementations and simulation results
based on the proposed technique. Finally, the conclusions and future works are presented in

Chapter 5.



Chapter 2

Basic concepts of Switching Regulator

2.1. Basic Switching Regulator Topologies

The basic topology [10] and modulation technology of switching regulators will be
introduced in this section. There are three basic switching regulators as shown in Fig. 7 to Fig.
9. They are the buck, boost, and buck-boost converter respectively. These converters consist
of storage element, such as inductor and capacitor to store and deliver energy to regulate the
output voltage. The power MOSFET is controlled by the control signal and the duty ratio is
depends on the error between output:voltage and reference voltage.

The fundamental operations of.the three.Kinds' of regulator are described as follow. In
Fig.7, it shows the basic structure of asbuck converter.-The buck converter can generate output
voltage smaller than its’ input voltage. Due to the property of conversion ratio it is also called

a step down converter.

Power MOS . Y Vo

v | L
I JUL
Vin C01:1trol ZS D C Load]

Signal

T I

Fig. 7. The basic structure of buck converter

Fig. 8 shows the basic structure of a boost converter. The boost converter can generate
output voltage larger than its’ input voltage. Due to the property of conversion ratio it is also

10



called a step up converter.

VIN

Fig. 8. The basic structure of boost converter.

Fig. 9 shows the basic structure of a buck-boost converter. The buck-boost converter has
both the characteristic of buck and boost converter. Thus, it is also called a step up-down

converter.

Power MOS
X !
I JUe

Vi Control L Co— E)a
Signal

Fig. 9. The basic structure of buck-boost converter.

2.2. Modulation Technologies

There are two mainly kinds of modulation technologies in switching regulator. Firstly,
PWM (Pulse Width Modulation) modulates the switching signal by a fixed switching
frequency. Secondly, PFM (Pulse Frequency Modulation) uses a hysteretsis window to

generate a switching signal. Both of the technologies modulate the on and off time of switches

11



to control the energy transfer to output.

2.2.1. Pulse Width Modulation (PWM)

In PWM control, the switching regulators are regulated by PWM signal with a constant
switching frequency as shown in Fig. 10 [10]. The duty ratio is decided according to the
control signal and ramp signal. When the ramp signal is smaller than the control signal, PWM
signal is high and vice versa. Therefore, the duty ratio of PWM signal depends on the trend of
the control voltage and regulates the output voltage to the expectative level. However, PWM

modulation has poor light-load efficiencies because of higher switching losses.

/

Ramp Signal/_\ig

Control Signal/‘

>
PWM Signal

Fig. 10, Pulse-width'modulation Signal.

2.2.2. Pulse Frequency Modulation (PFM)

In PFM control, it is uses a hystersis window to generate the switching signal as shown
in Fig. 11 [12]. In other words, it controls the switch of switching regulator by an alternative
frequency. In Fig. 11 the PFM signal will be generated when the output voltage is smaller than
lower threshold voltage of the hystersis window. The PFM signals are strings of pulse with
fixed frequency to regulate the output voltage. The PFM pulse will stop when the output
voltage reaches to the upper threshold of hystersis window. By using this modulation
technology, there is more efficient at light loads because the switching frequency and

associated switching losses are scaled down with load current.
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ut Voltage

Hystersis
Window

ad
PFM Signal

Fig. 11. Pulse-frequency modulation Signal.

2.3. Analysis of current mode Boost Switching

regulator

In current mode control technique thejoutput voltage of converter is not only controlled
by the voltage feedback loop but also the peak transistor switch current. The duty cycle of
power transistor is controlled by velfage-loop, inductor current of converter, capacitor

voltages and power input voltage.

2.3.1. The Operation Theorem of Current Mode Control

The block diagram of current mode boost converter is shown in Fig. 12. There are two
operation modes for switching converter, which are voltage mode and current mode.

In voltage mode controlling, the converter only uses a voltage feedback loop to regulate
the output voltage. The duty ratio of pulse-width modulation is produced by output signal of
error amplifier and the original ramp signal.

In current mode controlling, it includes both voltage and current loop. The advantages of
current mode are simpler dynamics and wide-bandwidth. The inductor and capacitor of power
stage offer only one low frequency pole. Otherwise, current mode control should use the

current sensing information during the normal operation to obtain simpler dynamics.
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In Fig. 12 the PWM signal is generated by clock generator with a pulse of small duty
ratio. The output of the SR latch should be set to high when the output signal of clock
generator is high. In this state, the power MOSFET is turned on and diode off. The inductor
current increases with a positive slope which depends on the input voltage and the value of
inductor. The artificial ramp is added to the current sensing signal to avoid unstable problem
when duty ratio is larger than 0.5. The error signal, the sum of ramp and current sensing are
compared by the analog comparator. When the sum of ramp and current sensing is larger than
error signal, the output of comparator is high to reset the SR latch. Besides, it can turn off the
power MOSFET. Therefore, the duty cycle of power MOSFET is controlled by feedback

voltage and inductor current.

L Boost Converter D

RL

<
Z
1l
|

L . . . e Yy
| Ramp Curr_ent
: Generator Sensing
Clock
Generator

Compensator

Current -programmed Controller Conventional Output Voltage Controller <

Fig. 12. Diagram of current mode boost converter.

2.3.2. Oscillation for D>0.5

The current mode controller is unstable when the steady-state duty cycle is larger than

0.5. The reasons of oscillation caused by D>0.5 is described as follow.

14



In current mode controlling, the inductor current changes with the rising and falling

slopes for boost converter are as:

V. V. =V
m o __ — m out 1
7 (1

m, =—",—m,

L

Steady-State
Waveform

1,,+i.(0)

" Perturbed

LO
Waveform

0 (D+d)T, DT, T, t

Fig. 13. Perturbed. inductorcurrent waveform
Fig. 13 [10] [13] shows: the inductor current waveform without artificial ramp

compensation in steady-state. The'valtie* 7, ,{(0)"1s the perturbation inductor current. From Fig.
14 we can use the slop and interval length to derive £, (0) and i, (7). The value of i, (0)
and i, (T;) is shown in equation (2) and (3) respectively.

fL (O) = —mlc,l\TS 2)
i, (T,) = m,dT, 3)

In order to realize the relationship between slope and duty ratio, we consider the steady
state inductor current without perturbing in first and second intervals. In first interval the

inductor current is shown as equation (4).

I (dTS) =i = iL(O)+mldTS 4)
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When it operates in the second interval, inductor current is shown in equation (5).
i, (Ty) =i, (dTy) = m,d 'Tg =[i, (0) +mdT,]1-m,d Ty o)
Because of i, (0)=i,(Ty), d=D, m=M,, and m,=M, in steady state, the

relationship between slope and duty ratio can be derived as equation (6).

M,_D
M, D'

1

0=M DT, —M,DT,, (6)

By combining equation (2), (3) and (6) the change in inductor current perturbation over

one switching period can be obtained in equation (7).

P (1) =1, (o)(—ﬂ,j )

D

By the same analysis the changes’in inductor current perturbation over two switching

period can be derived.

i, (2T, ) =i, (T, )(—2) =1 (0)(—2)2 (8)

D

Therefore, the perturbation becomes as equation (9) after n switching period.

P (nTy) =1, (=T, )(-%j 7 (o)(-ﬂjﬂ ©)

In equation (9), the inductor current magnitude is tending down over several switching
period when the duty cycle is smaller than 0.5. The inductor current is stable in this condition.

Reversely, instability occurs when duty cycle is larger than 0.5. In briefly, in order to let the

perturbation fL (nTS ) tends to zero, the value of —D/D’ should has magnitude less than one or

A

D<0.5. Reversely, the perturbation i, (nTS) becomes large as the magnitude of the

value —D/D’ has larger than one or D>0.5. Therefore, we can derive the equation as (10) and

(11).
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‘fL (nT, )‘ — 0, when

1

<1 (10)

'

‘fL (nT, )‘—)oo, when >1 (11)

The inductor current waveform in stable and unstable situation without compensation
ramp is shown in Fig. 14. Therefore, current mode controller adds an artificial ramp and

inductor current to avoid the unstable problem.

D<0.5

Stable

| | | >
P 2Ty

Fig. 14. Inductor waveform in stable and unstable situation without compensation ramp.

2.3.3. Ramp Compensation

The sub-harmonic oscillation is a well-known problem of current-mode converter. It is

independent on the converter topology. In Fig. 15 [10] [14], the artificial ramp generator is

17



added to the switching current sensing loop to avoid unstable oscillation. The compensated
ramp can reduce the gain of the inner current sensing loop to prevent the oscillation problem

of the current mode converter.

Steady-State

1,,+i.(0)

I P i ______> _ Perturbed
w | | Waveform
(e |
T,
dT, |
| | |
| | | >
0 (D+d)T; DI T, t

Fig. 15. Perturbed inductor current waveform with ramp compensation

From Fig. 15, the perturbations 4, (0)-and 7, (Ty;) can be derived as equation (12) and

(13).
i, (0)=—mdT, —m dT, (12)
i, (T,) = —m,dT, +m, dT, (13)

By combining equation (12) and (13) the change in inductor current perturbation over

one switching period with ramp compensation can be obtained in equation (14).

P(T,) =1, (O)L‘uj (14)

ml+ma

From equation (14), the change in inductor current perturbation over several switching

periods as:

i (nT,)=((n —m;)[-MJ =7 (0)[—w] =i (0)a" (15)

m1+ma
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In equation (15), when the value n trends to infinite the perturbation fL (TS) becomes to
zero just as the characteristic value & has magnitude less than one. Reversely, the
perturbation 7, (T;) becomes infinite when the characteristic value @ has magnitude

greater than one. Therefore, we can derive the equation as (16).

m, 0 when|a|<1
oaQ=—"—",
m +m,

(16)

o when|a| >1

gmgﬂe{

Thus, the common choice of the slope m, of compensation ramp is as shown in
equation (17). Furthermore, the slope of compensation ramp should be larger than the slope of

second subinterval period, as shown in equation (18). By the condition of equation (18) can
make 1, (T,) trends to zero for any i, (0). It also lets current-mode controlled DC-DC boost

converter stable for all possible duty:cycle.

m, =Em2 17)
m, = m, (18)

2.3.4. Continuous Conduction Mode (CCM)

In the CCM operation the inductor current has a minimum level above zero and operates
continuously. Therefore, there are only two subintervals for switching converter in CCM
operation [10]. The two equivalent circuits of first and second subintervals are as shown in
Fig. 16.

Fig. 16 (a) shows the first subinterval operation in CCM. When converter operating in
first subinterval the low side NMOS turns on and inductor current increasing. During this
subinterval the inductor voltage and capacitor current can be derived as equation (19) and

(20).
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di,

v, (2) il (19)
dv -V

i (t)=C—C=—uw 20

e (1) dt R 20)

Fig. 16 (b) shows the second subinterval operation in CCM. When converter operates in
first subinterval the high side PMOS turns on and inductor current delivering to output.

During this subinterval the inductor voltage and capacitor current can be derived as equation

(21) and (22).
v, (1) =L%=Vm V., @21)
ic()=C d;c =i, - You (22)

+V, (1) - io( +V, (1) - ic(t)j_
Vv TC R, AL C R,

=

(a) (b)
Fig. 16. (a) Equivalent circuits of the first subinterval in CCM. (b) Equivalent circuits of

the second subinterval in CCM

By inductor voltage second balance, equation (23) can be derived. The output voltage
increases when D rises. In the ideal case, the conversion ratio tends to infinity when D trends

to 1.

V, DT +(V, =V,,)-(1=D)T, =0, <=~ 23)

out

By capacitor charge balance, the steady-state current in the switching converter can be

calculated as shown in equation (24).
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() or -t 1) 1y =0, = e = o

The inductor current in equation (24) is equal to the input current of converter. Its’
magnitude is greater than the load current. By combining the equation (19) and (20) the

inductor current ripple and output voltage ripple can be calculated as equation (25) and (26)

respectively:
1%
Ai, =" DT, 25
) A 2
V
Av=——-DT, 26
2RC 20

2.3.5. Discontinuous Conduction Mode (DCM)

In the DCM operation, the inductor currentrhas a minimum level equal to zero. Therefore,
the operation region will be defined| as three subintervals for switching converter in DCM
operation [10]. However, the first and second subinterval are as the same as CCM operation.
Thus, the equivalent circuit in Fig:. 17 has justshows the third subinterval. In the third
subinterval the power MOSFET and diode are both turn off, the energy store in output
capacitor to discharge to load. Owing to the three subintervals in the DCM operation, one
switching cycle has divided into three parts, DTy, D,T, and D.T,. The operation waveform

of boost converter is shown in Fig. 18.

VIN

Fig. 17. Equivalent circuits of the third subinterval in DCM
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i, (1)

Fig. 18. Operation waveform of boost converter in DCM.

In the DCM operation, the inductor voltage, capacitor current of first and second
subintervals are the same as equation (19) (20) (21) (22). The relative equations of the third

subinterval are shown in equation (27) and (28).

v, =0 27)

=0 (28)

By inductor voltage second-balance,-equation (29) can be derived. The conversion ratio

is relative to the duty ratio of the first and second subintervals.

‘/out_D1+D2
D

in 2

‘/in .DlTv + (‘/m _V

out

)'Dsz + 0-DT; =0,

(29)

By capacitor charge balance, the steady-state current in the switching converter can be

calculated as shown in equation (30).

: D D,T
:%:i‘{l(%DlTsj'Dsz}:—vm 727 (30)

out

T, |2 2L

S

By replacing equation (29) into (30) the output voltage can be obtained as:

1+,/1+4D2
| K 2-L 31)

= , where K =
V. 2 RT;

1143

As mentioned in 2.3.4 the conversion ratio in CCM operation only depends on input
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voltage and duty cycle. However, in DCM operation the voltage conversion ratio depends on

the inductor, load resistance, switching frequency and input voltage.

2.3.6. Current Mode Controller Model

In order to have accurate model of current mode controller for DC-DC converter, the
analysis is combined with the controller small signal model [15] [16] [17] [18]. For CCM
operation, the relationship between control signal and inductor current are illustrated in Fig.

19, where m; and m;, are the slope of inductor current, m, is the slope of compensation ramp.

A mdTly  mdT, myd 'T

_—~ <$(;)M(t )

(i Oz 400 D) 4 (1) 1,

: : |
0 DT T t

Fig. 19. The relationship between the average inductor current and control voltage

From Fig. 19 the average inductor current can be expressed as equation (32)

d’T, o VT,

<1L (t)>TS = <zc (t)>TS —m,dT, —m, ST (32)
Where the slope m; and m;, are shown in equation (33)
v, vV =V
m = g = 2o Vin (33)
R L

Therefore, solution for d(z) yields:
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" 1 |» A 2D-1_ |- D"T; |~

d(t)= i (t)=1, ()= | —=—T§ |vin (2) - = v(r 34

O 010222 - 22 i o
Finally, to make d(¢) as a functionof i, (¢),i,(r),v, (1)and v(r), equation (34) can

be rewritten as equation (35). Where the parameters F, , F’ o F, are as the function in equation

(36).

(35)

12
F = 1 F=2D 1 D"T,

s s Ly, T 36
MT ¢ 2L ° 2L (30

By combining the controller block and power stage small signal model the model of

current mode dc-dc boost converter can be obtained, as shown in Fig. 19.

F,
— ¢ %ﬁ F‘v -
Z iL
%S
L

Fig. 20. Small signal model of current mode dc-dc boost converter
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From Fig. 20 the transfer function of current mode dc-dc boost converter can be derived

as follow. The control-to-output and line-to-output transfer functions are shown in equation

(37) (41), respectively.

Control-to-output transfer function:

L
[l—s D')ZRJ
= 'out :G (

Y
Gvc n c0 1
! 1+ s( )+ 57 (—)°
Ca)C a)C
Where
F
GO — V()Mf m
‘ D' 2FmV0ut FvaV()ut
14 oot 4
(D) R D'
a) — D’ 1+ 2FmV0ut + FvaV()ut
c /LC (D v)ZR D '
2FmV0ut FmElvout
C 1+ Dv2 R * Dv
Oc = RD'\p FV_ “FFV
L (1+RC m_out " m LV outj
L D'
Line-to-output transfer function:
. (1 + SJ
w
L L
" 1+ s[ J +5° [J
(R 28
Where
GCO = ( )

D 1_{_2FV +FvaV

m_ out

(D")’R D'

out

.. = 1+ 2FmV0ut + Fvavout
c /LC (Dv)ZR Dv
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s | 1-F,FV,  +—mo
_(DYR (D)R

G FEV )
m* g out
2FmV()M[ Fm FV V()ut
C b (D')’R i D'
Oc = D'R\E FV_ FFV 45)
(1_’_ RC m’ out _ m V' out j
L D'

Based on the above analytic the current mode dc-dc boost converter can be constructed

and designed.

2.4. Compensator Design for DC-DC Converter

In general, the feedback loop of converter always comprises error amplifier. However,
the error amplifier without compensatingrcauses the stability problem to make this system
unstable. In order to solve the: stability problem, a® compensator for current mode boost
converter is needed. Therefore, a“pole.-zero.cancellation technique is used. The compensation
network comprises one resistance and ene capacitor to generate one pole and one zero [10]

[19].

Vo

NGy Compensation Network

Vi,

Rem2

Fig. 21.The compensator of current dc-dc converter
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The compensation theorem is as follow. The relationship between feedback signal Vp,

and error amplifier output V¢ of transfer function is shown as equation (46)

(I+s5-C, 'Ry
(1+s-C, -R,)

V, 1 .
VO =g, [R,/I(R, +T)] =g,.'R, Jif R, >>R,, (46)

) SCz
Where g, is the transconductance and Ro is the output resistance of the error amplifier.

Therefore, the pole and zero contributed by the compensation network are as follow.

1

zero s, =———, pole:sp =— 47
z1 Bz 21'R

(]
In this kind of compensation technique the pole which is smaller than the system pole
and becomes the dominate pole to make sure the stability of the system. Furthermore, the unit

gain frequency of the loop is determined by the compensation resistance. Thus, the frequency

response of the system can be improved by choosing an optimal compensation resistance.
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Chapter 3

LED Driver with Current Mode DC-DC
Converter

3.1. The Proposed LED Driver with Current-Mode

Boost Converter

=== Vo
| Reference tracking,
| with Soft-start
| Up LED

VrEeF ! Strings

C R,

i Controller | | | 1' I

7 ’ | '

Boost Converter < : - :
Load depended | L I

ry MinimumDrain | . | — L~ = T T -

LED Feedback Lo op Constant Current Sink

with PWM Dimming

Fig. 22.The proposed LED driver with current-mode boost converter

Fig. 22 illustrates the proposed LED driving circuit with current-mode dc-dc boost
converter which can drive up to 11x6 white LEDs. This white LED array has 6 chains which
consists of 11 series LEDs. Besides, it has six precision current sink channels, up to 30mA per
channel. The driving circuit includes four parts as shown in Fig. 22. There are current-mode

boost converter, reference tracking circuit, PWM dimming with constant current sink and load
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dependent minimum drain circuit.

The power stage includes an internal power NMOS to charge a 10uH inductor L and the
inductor current is discharged by an external Schottky diode to a 4.7uH filtering capacitor, C.
The internal resistor Rj.s 1s utilized to sense the inductor current by current sensing
technique. The feedback resistances Rpp; and Rpp, are utilized to scale down the output
voltage to compare with the reference voltage Vger before feeding into the comparator. Then
the comparator compares the output signal of error amplifier and sums up ramp signal and
current sensing signal. The output signal of comparator is utilized to decide the duty cycle of

the PWM signal.

3.1.1. The Design Theorem

Vour~ ourporof BoosT CONVERTER Vour —» Vout+AV

N N N N

Ve Ve

— 44 i VAV

v N / Y \j RN N
\‘V(}w -V R Vour +AV-Vf N Vour -VFFAV
Vour- Vf
(a) (b)

Fig. 23. (a) Case I: Two LED strings having the same forward voltage. (b) Case II: Two
LED strings having different forward voltage.

The most important issue in design of a LED driving circuit is forward voltage variation,

which will be unreliable when temperature and time vary. Although we can choose similar
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LED of forward voltage manually, the cost is too expensive. Moreover, in order to get
sufficient luminance, the backlight requires many LEDs to be connected in series and needs a
constant current supply to maintain stable light illumination [20] [21] [22]. Therefore, to
supply a sufficient voltage lager than the forward voltage of LEDs is needed and important.
Fig. 23 shows two different cases of forward voltage. In Fig. 23 (a), if the forward voltages of
two LED strings are the same and sufficient high, the output voltage level of boost converter
is enough equals to Vout. Consider the forward voltage of one of the strings increases AV
when the other stays in constant. If the output voltage of boost converter still maintain at Vout
and the head room of constant current sink might be compressed. Therefore, the output
voltage of boost converter should be rose up equal to the variation on the forward voltage of
LEDs. In other words, if forward voltage of LED increases the amount of AV, the output of
boost converter should also raise .the amount of*AV. Therefore, the constant current sink
circuit has the head room equal to Vout —Vf as the forward voltage of LEDs changing before.

By the analysis above, a LED drivershould have a feedback loop according to the head
room of constant current sink circuit to regulate-the output voltage to a sufficient level.

Although the higher head room can contribute a more accurate current for LEDs, it will
cause dispensable power dissipation. Therefore, the head room of the constant current sink
circuit should be keep at the minimum value to prevent unnecessary power loss on it.

The detail description will be introduced in following sections.

3.1.2. Operation Principle of Soft-Start and Reference

Tracking

The operation principle of soft-start and reference tracking circuit can be divided into
two parts as shown in Fig. 24. At the first stage, the reference voltage level can rise gradually

[23] by only executes the charging action. At the second stage, the adjusting of reference
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voltage only depends on the channel voltage drop. If the head room of constant current sink

circuit is too small the reference tracking circuit will execute up tracking and via versa.

v A '

S@:mge I
/C;c::e/Discharge depends

on channel voltage drop

>
»((time)

A
Y
A

First Stage Second Stage

Fig. 24.The proposed LED driver with current-mode boost converter

3.1.3. PWM Dimming Consideration

Consider the PWM dimming and constant current sink circuit in Fig. 25 [4]. Owing to
the current matching is the most important issue for EED strings as a backlight system. The
constant current sink circuit to enstre.the current matching is needed. Otherwise, High-quality,
full-color video requires hundreds or thousands of gray levels from 0% to 100%. Therefore,
the adjustment of gray level can always achieved by the dimming method. As mentioned
before, the dimming method can be divided into two types, analog and digital dimming. The
LED current and brightness which adjusted by changing the forward voltage of LED is called
analog dimming. On the other hands, PWM dimming is achieved by applying full current to
the LED and adjusted by modulating duty cycle. In analog dimming, if an LED is at full
brightness with 30 mA of forward current, then 50% of the brightness is achieved by applying
50% of the maximum current to the LED. In digital dimming, the 50% brightness is
controlled by adjusting the relative duty cycle for 50% of each period. Both of these two
methods are illustrated in Fig. 25. Thus, the average current in PWM dimming can be written

as equation (48). The parameter D represents the duty cycle of the PWM dimming signal.
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Iavg = Ipeak XD (48)
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Fig. 25. (a) Analog dimming for LED current. (b) Digital dimming for LED current.

The differences between the analog dimming and digital dimming are as follow. Because
of the brightness control method of analog dimming which will cause the color shift with
changes in forward voltage. However, the forward current of LED is always constant in PWM
dimming, so color of LED does not vary with brightness. The switching frequency of PWM
dimming must be above 100 Hz to avoid the human eyes seeing the LED turned on and off.

The other important issue for PWM dimming is inrush current. Turning on all LED

strings simultaneously requires a large current and caused inrush current with relative large
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spike to the purpose current value. Therefore, a delay method is needed to solve the problem
of inrush current. The delay method which uses the time delay to turn on the LED strings

gradually. Therefore, the inrush current can be improved as shown in Fig. 26 [4].
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i I t(time) t(time)
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Fig. 26. (a) Inrush current control'method. (b) The LED current with and

without inrushrcontrol method

3.1.4. Load Dependent Minimum Drain with Constant

Current Sink

The load dependent minimum drain circuit is utilized to determine minimum drain
voltage according to the situation of the current through LED stings as shown in Fig. 27. The
main idea is to save unnecessary power loss in the constant current sink circuit.

In Fig. 27, it shows that in different current condition the head room of constant current
sink circuit will be claimed to different voltage level. For example, when LED current is
20mA and 30mA, the head room of constant current sink circuit equals to 0.7V and 0.9V

respectively.
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Fig. 27.The proposed LED driver with current-mode boost converter

3.2. The Proposed Soft-Start and Reference

Tracking Implementation and Simulation Result

The proposed soft-start and reference tracking circuit is shown in Fig. 28. The voltage
level of reference to do up and down tracking.is achieved by the charge and discharge path.
The charge and discharge action.can be-divided.into/two parts and controlled by the signal of

soft-start or not.

CLK O—
CKI14AO—

CONTOUT o—— }
EN o——

SS END o——

CLK O—D |

Up Tracking O——

CKI4A o—
EN o—

SS ENDB 0—I

CLKO—
Down Tracking O——
CKI14 0—:>f

EN o—
SS ENDBo——I

?S{)ﬁ—Start

——0 s

Reference Tracking

Fig. 28.The proposed LED driver with current-mode boost converter

The soft-start part operates just when the signal SS_END and SS_ENB equals to digital
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VDD and digital GND respectively. At the same time, the reference tracking part is in the idle
mode. The clock signals CLK, CLKIA, COUTOUT are several kind of period to determine the
charged and discharged operation duration. Therefore, the operation of this circuit can be
summarized in TABLE II. The internal blocks of this circuit will be introduced in the

following sections.

TABLE II

State table of soft-start and reference tracking circuit

Signal Operation
SS_END=1,SS_END=0 Soft-Start
SS_END=0, SS_END=1 Referencing Tracking

COUNTOUT is utilized to setup the step of soft start

3.2.1. Detection Clock Generator
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Fig. 29.The one period detection clock generator circuit
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Fig. 30.The two periods detection clock generator circuit

The clock generator circuit is utilized to generate the clock for detection of the voltage

drop on the constant current circuit. Due to the PWM dimming signal for each channel has a
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short time delay, that’s the reason why this kind of clock is needed. Therefore, the detecting

action can not do at the same time.
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Fig. 32.The simulation result of CK12A ~ CK16A

The clocks CK1A to CK6A are signals with 6us period and sixth of one duty cycle. The
circuit implementation is shown in Fig. 29. The clocks CK12A to CK16A are signals with 6us

period and third of one duty cycle. The circuit implementation is shown in Fig. 30. Both of
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the circuits in Fig. 29 and Fig. 30 are utilized to generate six phase shift clocks to do voltage
detection for all the channels. Thus, the simulation results are shown in Fig. 31 and Fig. 32,

respectively.

3.2.2. Voltage Drop on Constant Current Sink Detection

Circuit

The voltage drop detection circuit for one of the LED strings is shown in Fig. 33. This
circuit is utilized to detect the voltage drop on the constant current sink and delivers the
signals to reference tracking circuit to do up or down tracking. The reference voltage Vy and
V. are the expectative window for the voltage drop on the constant current sink circuit. The
voltage drop on the constant current sink circuitrwill be called V¢y following. The comparator
is utilized to compare V¢y which is higher.or lower than the reference voltage Vy and Vi
respectively. The clock signals: CK12A,-€K2A,  CK4A are generated by detection clock
generator. The pin S/ is utilized to'set the detection-dction should be enabled or disabled. The

pin PWM1 is the PWM dimming of the first LED string.

ENB POR
S S
PWM]I } R LR o/— ) VOUT cyck row
.Eiﬁ' [
Tv TV L CK24 o—JcLk Q-
Veri o } .
COMP
— ENB _POR
CLR 8[— VOUTcueck High
Vi )
D

CKI124
CK44 o—CLK O

Fig. 33.Voltage drop on constant current sink detection circuit

The operation principle of this circuit is described as follow:

The compare operation will do low reference level check first. When the CK72A is at
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digital VDD, the multiplexer will select the voltage V to the negative input terminal of the
comparator. Therefore, the comparator compares the Vg and V; to produce a digital signal
output and latch it by the D type flip-flop. The compared result latched by D type flip-flop
will be delivered to the output when the clock CK2A at digital GND transforms into digital
VDD. Thus, the signal VOUT cyeck row is formed.

Consider to the signal CKI2A translates to digital GND; the multiplexer will select
voltage Vyto the negative input terminal of the comparator. Then the output of comparator
will be generated according to the voltage level of Vg and V. The output signal generated by
the comparator is also latched in the D type flip-flop and waits for the CK4A. When CK4A is
at digital VDD the data which latched in D type flip-flop will be delivered to output. Thus, the
signal VOUT cyeck micr 1s formed.

Summing up the statements mentioned before;.this detection circuit will be used in every
channel. All of the detection. circuits will produce the signals VOUTcheck row and
VOUT cueck_micn to reference tracking eircuitto.do up or down tracking. And the simulation
result is shown in Fig. 34.

The simulation results are shown in Fig. 34 (a) and (b). In Fig. 34 (a), it shows the
detection clock for first sting. In Fig. 34 (b), it shows the reference voltage of the comparator,
the output voltage of the comparator, the test signal as the voltage drop on the constant current
sink, the detection results VOUT cyeck micn and VOUT cyeck row- Note that the voltage levels
of Vyand V; is 1.1V and 0.9V, respectively.

The simulation results can be divided into three regions. There are the times before 30u
seconds, 30u seconds to 60u seconds and after 60u seconds.

In the first region, the voltage Vg is set between Vyand V;. This Vg level is in the
purposed voltage window and the reference tracking circuit will stay in the idle mode.

In the second region, the voltage V¢y is set to be higher than the upper bound V. This
Ven level is over the purposed voltage window. And if the Vy of six LED strings are exceed
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the upper bound, the reference tracking unit will do down tracking to scale down the reference
voltage.

In the third region, the voltage V¢y is set to 0, which is smaller than both Vyand V. This
Ven level is under the purposed voltage window. Therefore, this detection circuit should

generate the signal for reference tracking circuit to do up tracking.
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Fig. 34.(a) Detection signal for the first LED sting (b)Output signals of the detection circuit

In a brief conclusion, the entire signal states mentioned above are list in TABLE III

TABLE III shows the relationship between input and output signals.
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TABLE III

The relationship between input and output signals

Vcu VOUTcneck_nicH VOUTcneck Low Reference Tracking
VL<Vcu< Vy 0 0 idle
Va < Vcu 1 0 Down tracking
Veu < Vi 0 1 Up tracking

3.2.3. Reference Tracking Circuit

Fig. 35 shows the reference tracking decision circuit to adjust the reference voltage level

according to the voltage drop on the constant current sink unit.

VCH] O
Vi o—— Voltage Drop on VOUT rck 1ow
Vi o——] oot g\ N\ UP Tracking

CLK O——

Vern o : |
Vi & Voltage Drop on |3 Down Tracking
VH . Constant Current [ 2%

C L}( oO—— Sink Detection Tm(IZA—H/ ]

Fig. 35.Voltage drop on constant current sink detection circuit

In Fig. 35, the left side signals are the same as defined in section3.2.2. The CLK signal
includes CKI12A, CK2A and CK4A. The up and down tracking will be generated by copy the
voltage drop on the constant current sink detection cell. However, the condition of up and
down tracking is a little different. For up tracking it is triggered by one of the VOUTcueck row
equals to digital VDD. If one of the head rooms of constant current sink circuit has been
suppressed, it means that the forward voltage of LED of the corresponding string is too large.
And the output voltage of boost converter should be rose up rapidly to offer a sufficient

driving voltage to all the LED strings. After increasing the output voltage of boost converter,
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the LED string can operate normally again. For down tracking, it will execute when all of the
VOUT cueck_micn equals to digital VDD. 1t is because that all the voltage drops on the constant
current sink circuit is enough and unnecessary. The higher voltage drop on the constant
current sink circuit will cause a dispensable power loss. However, before executing the down
tracking action, it should make sure that all the head room of constant current sink circuits are

high enough. Therefore, the down tracking can be done. The operations can be summarized in

TABLE IV.
TABLE IV
The operations of reference tracking
One of . To charge to capacitor of
Up tracking =1

VOUTCHECK_LOW =1 reference

All of . To discharge to capacitor

Down'tracking =1

VOUTCHECK_HIGH =1 of reference

3.2.4. Soft-Start End-Point Detection

The soft-start end-point detection”is ‘important for the switching of soft-start and
reference tracking. This circuit is utilized to detect the reference voltage to determine when

the soft-start duration should be finished. The circuit is composed as shown in Fig. 36.

Tooo

SS_END
o—oJ-o<}<}—H2 D
) ———ovV BG, 2
o— Q CK REFB ( f) V)
LB +——o0 Vrerr (output of
I——O POR reference tracking)

Fig. 36.Soft-start end-point detection

The operation principle can be stated as follow:

During the power on stage the signal POR is at digital VDD to clear the D type flip flop
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and SS_END equals to digital VDD. When the signal SS_END is at digital VDD, the reference
tracking circuit do up tracking for soft-start. After the power on stage the flip flop will be
triggered by the state of Vggrp and Vggrg. The signals Vgerp, Vrerr are the output of bandgap
and reference tracking circuit respectively. At the soft-start stage the voltage Vggrr will be rose
gradually. The target of the end-point of soft-start is when the reference voltage attains to 2V.
And through the virtual ground characteristic of the input terminal of error amplifier, we can
regulate the output voltage of boost converter by reference voltage level. In order to make the
feedback voltage equals to 2V as the output of boost converter reached to 40V, it can be
achieved by selecting the appropriate feedback voltage. Therefore, the end-point of soft-start
is decided when the output of reference tracking circuit arrives to 2V. And the output of
comparator changes to digital VDD to trigger the D type flip flop. The output of D type flip
flop rises from digital GND to VDD.and SS_ENDequals to digital GND. Thus, the reference

tracking circuit executes both up-and down tracking again.
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Fig. 37.The simulation result of soft-start end-point detection

Fig. 37 shows the simulation result of soft-start end-point detection circuit. From the

simulation result we can realize that after the soft-start stage the output of D type flip flop will
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be latched regardless of the variation of Vggrg. Therefore, the soft-start will not do again to

avoid a wrong action.

3.3. Load Dependent Minimum Drain Circuit

For a LED driver, current matching is an important issue. In order to regulate the current
of each string the constant current sink circuit is needed. However, the head room of constant
current sink circuit is a key point for design. In conventional design, the head room of
constant current sink circuit is claimed and fixed for different LED current applications [24].
However, over large head room of constant sink circuit will cause unnecessary power loss and
poor efficiency. Inversely, over small head room will result in an incorrect current through
LED string. Therefore, an appropriate head. room of constant current sink circuit for different
current application is significant. In this thesis, we proposed a load dependent minimum drain

method to adjust the head room automatically:

3.3.1. Constant Current Sink Current

Fig. 38 [25] [26] shows the constant current sink circuit to regulate the LED currents.
The external resistance R,,;is an off-chip element to determine the LED current. The practical
current through LEDs is the current /,.; amplified by the current mirror. The LED current can
be written as equation (49) where the parameters N and K are the proportional current of the
current mirrors. And the operational amplifiers in this circuit are utilized to claim the Vpg

voltage drops on the current mirror to get a precise mirror current.

Lpp = Tppp XNXK (49)
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component

Fig. 38. Constant current sink circuit

3.3.2. Load Dependent Mlmmum Drain Circuit

The head room of constant cu{reﬂtj%mk mropit i1s an important issue for design. In

lLlr.
n

Al =
conventional design, the head r@dm of con an{ curﬁept sink circuit is claimed and fixed for

-.-",-. " 1896 e

different LED current apphcatlons,- For example {fa%he minimum head room is fixed at 0.9V

for 10mA, 20mA, 30mA current of LED‘ strmgs and the power loss on the constant current
sink are 9mW, 18mW and 27mW per strings respectively.

From the I-V characteristic of MOSFET we can know that, for a small current
application the gate-source voltage is relative low and the drain-source voltage can be scaled
down, too. Therefore, this thesis proposed a load dependent technique to save unnecessary
power loss on the constant current sink circuit.

In Fig. 41, there are two added parts to do voltage adjustment for the constant current
sink circuit. Both of the added circuits modulate the voltage by current sensing method. The
current mirror NMOS (called low-side NMOS) can be observed that the gate-source voltage
has a 0.1V variation with per-10mA current change. Therefore, the first current sensing loop

for Vpg will generate 0.3V, 0.4V, 0.5V voltage level for 10mA, 20mA and 30mA current
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conditions. The second current sensing loop is to do the same operation as the first loop. Due
to the adjustment of voltage Vyz includes both the low-side and cascade NMOS, thus the scale
is two times of Vpg. Therefore, for 10mA, 20mA, 30mA current conditions the corresponding
voltage level of Vg are 0.5V, 0.7V and 0.9V respectively. The voltage level Vyy is as the
upper bound of the voltage drop on the constant current sink circuit. It is 0.2V higher than the
lower bound V7;. By these two voltage levels the range of the voltage drop on constant
current sink circuit can be determined. And the voltages V7 and V7, form the window for the

detection circuit in 3.2.2.

2V ‘ T
RSIT Rs2
| lJ |
L L
External _Q_Q—‘_Q
component icz 0.3V

For low-side NMOS For cascode NMOS

Fig. 39. Constant current sink circuit with load dependent minimum drain technique

The comparisons of power consumption of constant sink circuit with and without load
depend adjustment circuit are shown in TABLE V, TABLE VI respectively. Considering the
condition of 20mA LED current, the power difference is 4mW for each sting. Therefore, if
there are six strings parallel at once, 24mW power loss can be saved. In conclusion, by using

a load dependent Vpg circuit can help saving the power loss in low current application.



TABLE V

The constant current sink circuit without load depend minimum drain circuit

Current Vs Power Consumption
ILED= 10mA VCH,MIN =0.9V ImW
ILED=20mA VCH,MIN =0.9V 18mW
ILED=30mA VCH,MIN =0.9V 27mW

TABLE VI

The constant current sink circuit with load depend minimum drain circuit

Current Vbs Power Consumption
I gp=10mA Veuyn = 0.5V SmW
I gp=20mA Veuun= 0.7V 14mW
I1 gp=30mA Veamw= 0.9V 27mW
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Chapter 4

The system implementations and
simulation results

In this chapter, the simulation results and detail description of each sub-circuit mentioned
in Chapter 3 are presented. The Simulation conditions for each circuit are shown in TABLE

VIL
TABLE VII

The conditions of simulations

Power supply of control circuit
4.5 5 5.5
Temperature Range
-20~ 120

Process Corner
TT FF SE SS FS

4.1. Bandgap Reference and Bias Circuit

The bandgap reference [27] circuit is important in integrated circuit to generate a fixed
voltage level, Vgzgr. The reference voltage which generated by bandgap reference circuit is
independent of power supply Vpp, process variations and temperature.

The bandgap voltage reference involves the bandgap core circuit, bias circuit, trimming
circuit and startup circuit, which are shown in Fig. 41. The core circuit is composed of current
generator and operational amplifier. The current is generated by the bipolar Q;, 0>, and the
resistance R;, R, and R;. The reference voltage can be obtained as equation (50), where the
base-emitter voltage of bipolar transistor is a negative temperature coefficient (TC) and Vr is

the positive TC. The zero TC for voltage reference Vgzgr can be obtained by selecting the
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appropriate resistors R;, R, R, and the ratio of bipolar Q;, Q.

%
Veer = |:VT In(x) + :|X R, (50)
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Fig. 40. The circuit structure of bandgap reference

The power on sequence of the proposed.start up-circuit is describe as follow. When the
circuit is at enable state EN =1, W:O, the MOSFET Mg pulls the gate voltage of NMOS,
M;3sand My, to a relative high level. Therefore, the gate voltage of PMOS will be pull to a
relative low level to avoid an incorrect steady state. After the start up operation, Mg turns off.
And the gate voltage of My, returns to the regular level.

The bias circuit in Fig. 40 is to generate the bias voltage level for other sub-circuits such
as comparators, operational amplifiers and so on.

The trimming resistance R, is utilized to modify the voltage Vggr for attaining the
precise voltage level under the variations from the process. The control signals X, ~ Xsare
digital codes to adjust the voltage Vggr. Therefore, by setting the switch X, on and others off
to get the voltage Vggr to expectative level in simulation, the best trimming range can be
obtained.

The simulation results are shown in Fig. 41. The typical reference voltage is 3.0V and the
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ranges of supply voltage are 4.5V ~ 5.5V. The temperature coefficient (TC) under all corner

and supply voltages can be calculated as.
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Fig. 41. The simulations for the bandgap voltage reference circuit that varies supply voltage,

operating temperature and process variation.

4.2. Ramp and Clock Generator

The ramp and clock generator is utilized to offer the one-shot clock and artificial ramp.

The simulation result of one-shot clock and the compensated ramp are shown in Fig. 42. The

one-shot clock is the switching frequency of the converter. The ramp signal is to avoid
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oscillation of the current mode DC-DC converter when the duty cycle larger than 50%.

AVDD Trimming Circuit
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Viave
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_DO__DO_O reset
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Fig. 42. The cireuit structure of ramp and clock generator.

The operation principle canbe ‘described as follow:

When the output of comparator is pulled-low, the reference voltage of comparator equals
to Vy. The switch transistor M; is turned on"and the switch transistor M, is turned off.
Therefore, the capacitor is charged by the designed current to generate the rising up signal.

When the voltage of the capacitor reaches to the upper bound voltage Vy, the output of
the comparator is pulled high to turn off the switch M; and turn on the switch M,. The
reference voltage of the comparator is returns to V;. Therefore, the capacitor is discharged by
the designed current through My M;s to generate the falling down signal. The signal reset,
oneshot are pulled to high and low respectively.

During the discharge state, the output of comparator is pulled low when the voltage of
capacitor fall to the lower bound V;. The signal reset, oneshot are pulled to low and high
respectively. Therefore, the ramp and clock signal can be formed by repeat above operation.

As mentioned above, the oneshot clock is provided when the output of comparator is
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pulled high. Owing to the omeshot clock should be designed as small as possible; the
percentage of the period is 10% normally. However, the rising slop of the ramp signal must be
corresponding to the compensation principle. In conclusion, the compensation slope is
determined by equation (52), where m, is the slope of ramp current, m; is the down-slope of

sensed inductor current.

m, 2 l X m,
2
- \% -V
(‘)/I;X‘;f > %X( OUT,MAXL IN,mlanRSENsE (52)
. s

The boundary voltage Vy and V; are designed as 3V and 1.2V. Furthermore, the charging
current / is 6.5 uA and the capacitor C; is 2.8pF. The simulation result of the ramp signal is

shown in Fig. 43.

Voltage (V)

Voltage (V)

Time (s)
Fig. 43. The simulation result of the ramp and clock generator.

4.3. Voltage to Current Converter

In current-mode converters, the compensation ramp needs to add with the sensing current
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signal to avoid sub-harmonic oscillation. However, it is difficult to add the signals in voltage
domain and accurately. Therefore, a voltage to current converter is needed and shown in Fig.
44 [14]. Then the ramp signal and sensing signal can be converted into currents and add by

passing through the same resistor.

i

llout*[['IQ

Fig. 44. Voltage to current converter.

The circuit consists of two identical non-ideal V-I converter. The reasons for using two
identical parts will be described as follow. The current /; can be derived in equation (53).

Vi =Veanrr +Vser

:L: gmVeni __ & i
"y, V. +IR, 1+g, R

gsll

R
Il = VA ><Gmll = VRAMPR+ VSG7 = VRAMP + VSG7
S

(53)

Owing to the extra term of Vg, the identical non-ideal converter is needed to eliminate it.

Therefore, the current /> can be derived as

[, =3¢ (54)
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By combining the equations (53) and (54), the unwanted term can be eliminated. The

total current I, is as follow, the simulation result is shown in Fig. 45.

V V V
I :Il_lzz( R£MP+ Is{m}_ ;;6 :VRI,;MP
s s

N S

< Veamp (55)
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=
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Fig. 45. Simulation result of voltage jto current converter.

4.4. Error Amplifier

The error amplifier is utilized to amplify the error of feedback and reference voltage. The
error amplifier is as the operational transconductance amplifier (OTA).The high current
driving ability is the characteristic of OTA. Therefore, the OTA is suitable for the boost
converter with large compensate capacitor. The circuit structure of the operational
transconductance amplifier is shown in Fig. 46. The transistors Mp;-Mp;o produce the biasing
current to bias the error amplifier. The transistors Mp; and Mp, form the input differential pair
with cascode-mirror loads that are constructed by the transistors My;-Mys and Mps-Mps.

The simulation result of the operational transconductance amplifier is shown in Fig. 47.
The dc gain of the error amplifier in this design is about 60dB for all corners. The unity gain

frequency is 2.27MHz and the phase margin is 88" with capacitive load 10pF.
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Fig. 46. The circuit structure of error amplifier.
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Fig. 47. The simulation result of error amplifier.

4.5. Level Shift Buffer

Owing to the power MOSFET of the boost converter is NMOS and it is a high voltage

device with large V. The efficiency of switching converter is relative with the on-resistance
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of the switching power MOSFET. Therefore, the smaller on-resistance of power NMOS for
better efficiency of voltage regulator is needed. In conclusion, the level shift circuit is needed
for boost converter to convert the control signal from the lower supply voltage DVpp to the
higher input voltage V;y. The circuit structure of level shift is shown in Fig. 48 [28]. The
transistors Mp;-Mp, and My;-My, are as the buffer stage between Vjy to level shift. The
transistors Mp3, My3, Mprsi-Mprs> and Myrs;-Mpyrs» forms the level shift coil circuit. The

transistors Mpg;-Mpys and Myg;-Myys are utilized to offer a high driving ability for the large

power MOSFET.
DVDDT T Vin
Mp4 Mps IIIAP?; MPL?I MpLs2 Mp1 Mpi2 Mephs Mpha Mphs
Vin Vour
IVIN1 MNZ E’I"B MNLS1 \_—I MNLSZ\__‘ ‘MNH1 MNHZ MNH3 MNH4 MNH5
GND —l_ = PGND
————————————————— p SRS M T ___p
Buffer Level Shifter N Buffer

Fig. 48. Level shift buffer.

The simulation of level shift circuit is shown in Fig. 49, in which the rise time delay is

14.9 nano-seconds.
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Fig. 49. The simulation result of level shift buffer.
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4.6. Compensator Design

In order to allow an optimization loop dynamics of the switching converter, the design of
compensator is important [19]. The current-mode boost converter produces an undesirable
right-half plane (RHP) zero in the regulation feedback loop. Therefore, it requires
compensation network to the regulator such that the crossover frequency occurs below the
frequency of the RHP zero.

The right-half plane zero and one dominant pole of the conventional current-mode boost
converter are determined by the following equation, where f;,, is the system dominant pole,

Jzrup) 1s the right-half plane zero.

2X1 1 oup 2 R
_ , — (1— D) x Deoan 56
Saomy 27XV, X Copr Jatwiry = (1= D) 27X L (36)

In order to stabilize the regulator, thesregulator crossover frequency should be less than
or equal to one-fifth of the right=half plane zero and l€ss than or equal to one-fifteenth of the
switching frequency. However in-heavy load-condition, the frequency of RHP zero will be
most close to low frequency position. Therefore, the compensator design should be
considered in heavy load condition.

For the proposed boost converter, the pole and the RHP zero in the heavy load condition

can be calculated as 338Hz and 900 kHz dividedly.

4.6.1. The concept of compensation resistance

Owing to the frequency response of the boost converter will be unstable without
compensation. Therefore, the compensation resistance and capacitor is added to create the
new dominate pole and the LHP zero to increase the stability.

The close loop gain of the switching converter can be written as:
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A = Ves X(A=D)XGyy oy X|Z X#X‘ZOUT‘ (57)
our nXRCS

Where A; is the close loop gain, Gy ga is the error amplifier transconductance gain,
Zcomp 1s the impedance of the series compensation RC network, n is the current sense
amplifier gain, Rcg is the current-sense resistance, and Zpyr is the impedance of the load and
output capacitor.

Due to the compensation impedance Zcoyp is dominated by the resistor and the output
impedance Zoyr is dominated by the impedance of the output capacitor at crossover frequency.

Therefore, for solving the crossover frequency, the equation (57) is simplified as follow.

A, =‘Yix(1—D)><GM,EAx Z |

our X RCS

X|Zpyr| =1 (58)

The compensation resistance Rgonp can be written as:

27X fXCppp XN X R gX V)

ur
comp (59)
i Vg X(U0—=D)x g

The right-half plane zero of this work at-maximum output current equals to 200mA is
900 kHz. The value of one-fifth of the right-half plane zero is 180 kHz and the value less than
or equal to one-fifteenth of the switching frequency is 66 kHz. Thus, the crossover frequency

of the converter f, is selecting at 60 kHz. Therefore, by replacing the design values into

equation (59) the compensation resistance Rcopp can be determined as 700 KQ.

4.6.2. The concept of compensation capacitor

Owing to the compensation pole is determined by the compensation capacitor and the
output resistance of the error amplifier. However, the output resistance of the error amplifier is
usually much larger than the compensation resistance. Thus, the compensation pole must

become the dominant pole of the converter.
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Due to the compensation zero is dominated by the compensation capacitor. In order to
make the system be stable, the compensation zero is select to be twice or triple frequency of
the initial converter pole in the heavy load. Therefore, the compensation zero is set to be 1

kHz and the compensation capacitor can be determined by equation (60) and it is 16pF.

~ 2
X f.XR

(60)

COMP

Moreover, the compensation pole is 50 Hz to become the dominant pole of the system.
Therefore, the phase margin of the converter is near 90° according to this design even if the

proposed boost converter operating in the light load condition.
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4.7. Soft-Start Simulation

The simulation result of the proposed soft-start technique for the designed boost
converter is shown in Fig. 50. The operation principle had been mentioned in 3.1.2 and 3.2.4.
In Fig. 50, the soft-start signal is controlled by the signal, SS_END. When the signal is at logic
“1”, the reference voltage, Vger, will be charge gradually until 2V. Therefore, the reference

voltage will be rose slowly during soft-start operation period.

2
15 Vier

2
3]

SS_END

Voltage (V) Voltage (V)

[ = B USSR S =1

[

I

=1

Current (A)

2m 3m 4m 5;11 B;n ?;'n 8;
Time (S)

Fig. 50. Soft-start waveform.

4.8. Whole Chip Simulation

The whole chip simulation results of the designed LED driving circuit are shown in Fig.
52 to Fig. 59. In Fig. 52, it shows the relationship between output voltage and inductor current
of the LED driving circuit. The output voltage of the boost converter (V,,,) is tends to about
40V at steady state to offer a sufficient voltage to overcome the forward voltage of LEDs. In
Fig. 52, the voltage drop of each LED string (V¢g) will be detected while the PWM dimming
signal is at logic “1”. And the head room of constant current sink circuit can be corrected into

the load dependent window which mentioned in 3.3.2.
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Fig. 51. The waveform of Voyr and I, with PWM dimming.
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Fig. 52. The waveform of V¢y, Vg, and Vy with PWM dimming.
In Fig. 53, it shows the LED current of each string under PWM dimming frequency
which is 20kHz. Owing to obtain 30mA current for each string the external resistor should be

set to 67KQ. During the on time of each sting, the current of LEDs are as the value what we

defined.
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Fig. 54. The LED current with PWM dimming.

string and inductor

LED current of 1%

b

In Fig. 55 it shows the output of boost converter

current without PWM dimming. The output voltage of boost converter is at 40V. The LED

current is 30mA per string by an external resistor which is 67kQ.
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Fig. 55. The output of boost, LED current and inductor current without PWM dimming.
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Fig. 56. Zoom in for 3.71ms to 3.8ms of Fig.53.

In Fig. 57, it shows the simulation results of Vg, Vi, Ve and Vggr. The voltage levels
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Vi and V7 are load dependent signal. In LED current of 30mA condition, the voltage level
of Vg, Vypare 1.1V and 0.9V respectively. From the simulation result, it can realize that the

minimum drain voltage, Vcy, has been corrected to the expectative window.
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Fig. 57. Simulation results of VgV, Ve and Viggp.

4.9. Load regulation, Line regulation

The performance of the proposed current mode boost converter, load regulation and line
regulation will be shown as follow. The simulation results are shown that discuss the load

regulation, line regulation respectively.

4.9.1. Line Regulation

The simulation result of line regulation is shown in Fig. 58. The supply voltage variance
between 11V and 13V and the normal supply voltage is 12V. The line regulation is 18mV/V
for 12V to 11V and 11V to 12V conditions of the design converter. The line regulation is
13mV/V for 12V to 13V and 13V to 12V conditions of the design converter. The line
transition response time is 80 us and 70us for 11V to 12V and 12V to 13V conditions
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respectively.
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The load condition transforms minimal load condition 60mA into maximal load
condition 200mA. Therefore, the load regulation is 0.928mV/mA. The recovery time of the
load transitions for heavy load to light load, light load to heavy load are 100us and 116us
respectively. The recovery time for each condition is very close because the phase margin and

the crossover frequency are almost the same for the different load conditions.

4.10. Die photograph

The proposed LED driving circuit with constant current sink circuit is implemented by

the VIS CMOS 0.5 um process. The die photograph is shown in Fig. 60.

Fig. 60. The die photograph.

The chip size of the designed driving circuit is 3660 um * 2725 um. The power

MOSFET must be large enough to reduce the on-resistance and endure the large inductor
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current during heavy load condition. Another power MOSFET is for the LED strings to
regulate the LED currents. In order to minimize the voltage drop on the constant current sink
circuit and sustain the LED current, the power MOSFET should be large enough to reduce the
gate-source voltage, Vis. The sub-circuits are divided into four parts, such as reference
tracking circuit, bandgap and oscillator circuit, controller and pre-regulator. The functions of
each block are as mentioned in previous sections. The controller comprises ramp generator,
voltage to current converter, current sensing, error amplifier, on-chip compensator and

constant current sink unit.
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Chapter 5

Conclusions, Experiment Results and
Future work

5.1. Conclusions

The proposed circuit is a WLED backlight driver with an integrated 40V HV process to
drive up to total 66 white LEDs. The regulator provides six-channel precise control of LED
current with boost converter topologies.The circuit is simulated and fabricated by VIS 0.5um
2P3M 5V/5V and 40V/40V CMOS techiiologyiThe chip size is about 3.6 x 2.7 mm?>.

The output voltage of the boest converter can bereached to around 40V. The power stage
is designed by asynchronous rectification-with an off:chip Schottky diode. The on-chip soft
start technique can prevent the using of a large off-chip capacitor. The proposed soft-start
technique is implemented by the digital circuits as mentioned in Chapter 3.

The constant current sink circuit is designed with a load dependent minimum drain
circuit. It is utilized to determine minimum drain voltage according to the situation of the
current through LED stings. Through a load dependent minimum drain circuit can save
unnecessary power loss at the constant current sink circuit.

The propose boost converter runs from an internally generated clock. The brightness of
the LED strings is controlled by an external low frequency PWM control via the PWM pin.
The normal operation temperature range is over -20°C to 120C.

In conclusions, the proposed driving circuit is suitable for the application such as display

backlighting, LCD monitor, Notebook displays and LED accent lighting.
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5.2. Measurement Module

The measurement module of the propose chip is as shown in Fig. 61. The proposed
circuit and external elements are illustrated together to show the entire testing method. There
are some key points should be concerned: The output capacitor should use low ESR capacitor
to reduce the output voltage ripple. The low DCR inductor on the DC-DC converter is better
to minimize switching current ripple and increase efficiency. The selection of Schottky diode

should be fast switching and low forward-voltage to minimize power loss.
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Fig. 61. The measurement module.

The power supply is utilized to offer the request voltage level. The electric load is as
total LED string current and for load regulation measurement. The oscilloscope is to show the

output voltage and output current waveform respectively.

5.3. Future Work

In this thesis, the proposed circuit only operates in PWM mode. The efficiency of
converter is relative poor at light loads. Therefore, by means of the hybrid PFM/PWM

operation the efficiency over a wide load range may be raised quite substantially. Furthermore,
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the constant current sinking circuit is composed of a cascode structure in this thesis. However,
a cascode structure suffers from a poor efficiency due to its’ large voltage headroom.
Therefore, the improvement of a better constant current sinking circuit is important in the
future to enhance the efficiency. Finally, the fault detection is a critical issue in design of LED
driver in order to enhance the reliability of the LED backlight system. Thus, the fault
detection circuit such as open-loop, short circuit, over voltage, and over temperature should

be added to the LED backlight system in the future.
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