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Abstract

This paper proposes a modulated hysteretic current control (MHCC) technique to
improve transient response of DC-DC,_boost converters, which suffer from low bandwidth due
to the existence of right-half-plane (RHP) zero. The MHCC technique can automatically
adjust the on-time value to rapidly inerease the inductor current to shorten the transient
response time. Besides, based on the characteristic of right-half-plane (RHP) zero, the
compensation pole and zero are deliberately adjusted to achieve the system has an ultra-fast
transient response in case of load transient condition and an adequate phase margin in steady
state. Experimental results show the improvement in transient response is higher than 7.2
times when load current changes from light to heavy or vice versa compared to the

conventional boost converter design. The power consumption overhead is merely 1%.

Keywords—modulated hysteretic current control (MHCC), transient response and

right-half-plane zero.
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Chapter 1
Introduction

The light emission diode (LED) backlight becomes more popular in today’s green power
mainstream. LED backlight has better colour gamut and consumes less power than cold
cathode fluorescent lamp (CCFL) backlight [1] [2]. Besides, the start-up time in LED
backlight is smaller than that of CCFL backlight. As a result, today’s LCD backlight system
gradually uses LED backlight to enhance display quality and power consumption. However,
one of serious disadvantages in LED backlight is worse uniformity since LEDs hardly operate

at fairly matched light output level due to variations in semiconductor design and technology.

Generally speaking, one of characteristics that may affect image quality is mainly
determined by the backlight uniformity. Therefore, the boost converter is widely utilized for
LED backlight display systems:to"step up.-low input voltage to a high output voltage for
driving a number of LEDs in series. The brightness‘of the LEDs can be easily adjusted by the
digital dimming control method to achieve a precise backlighting control. In order to provide
a good driving capability for controlling the brightness of LEDs, the boost converter needs to
handle large instant load variation in order not to affect the image quality. The design of boost
converters depends on the modulation and compensation methods. Owing to low power
consumption requirement, the hysteretic current control (HCC) technique is selected as the
modulation method for LED backlight [3]. However, the voltage regulation performance of
the HCC technique is worse than that of the pulse width modulation (PWM) method [4]. Thus,
in the new proposed HCC technique, an error amplifier is utilized to form the voltage loop in
order to improve regulation accuracy as illustrated in Fig. 1(a). Besides, a pre-defined current

hysteresis window, Vj, can limit the inductor current within it to guarantee a restricted output



voltage ripple as expressed in (1). As a result, the regulation performance and power

consumption can be ensured by the new HCC technique.
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Fig. 1. (a) The new proposed HCC technique uses an error amplifier to enhance the

regulation accuracy. (b) The waveforms of the HCC technique.



Furthermore, the new HCC technique has fast transient response since the trailing and
leading edges can rapidly react to the output load variation. As shown in Fig. 1(b), the on time
of the pulse width signal adaptively increases or decreases when the load current suddenly
increases or decreases, respectively. Similarly, the off time can be modulated to improve the

transient response time due to the HCC window controlled by the error amplifier.

Unfortunately, unlike the design of buck converters, the transient response of the boost
converter is limited by the existence of a right-half-plane (RHP) zero in the continuous
conduction mode (CCM) since the RHP zero remains the same in the design of voltage-mode
or current-mode PWM and the HCC technique [5]. In conventional boost converter design,
the discontinuous conduction mode (DCM) is widely used in order to get a simple
compensation since the RHP zero appears at high frequency in DCM operation. But, the slow
response can’t meet the requiremient of theslkED backlight. Thus, the better solution is to
speed the transient response without being affected by RHP zero. Hence, the MHCC
technique is proposed to improve transient response of DC-DC boost converters in this paper.
The MHCC technique can automatically adjust the on-time value to rapidly increase the
inductor current to shorten the transient response time. The MHCC technique deliberately
adjusts the compensation pole and zero to achieve an ultra-fast transient response in case of

load transient condition and an adequate phase margin in steady state.

The organization of this paper is as follows. Chapter 2 shows the small-signal analysis of
the HCC technique to propose the compensation method to ensure the system stability.
Chapter 3 describes the operation of the proposed MHCC technique. The comparison of
transient response is also shown to demonstrate the performance. The deliberated adjustment
of pole and zero is shown Chapter 4 to achieve the ultra-fast transient response. Experimental
results are shown in Chapter 5 to prove the performance and correctness of the proposed

MHCC technique. Finally, a conclusion is made in Chapter 6.



Chapter 2

The Small-Signal Analysis and
Compensation in the HCC Technique

In the chapter 2, the topologies and principle of MHCC presented. In section 2.1, the
small signal modeling of the HCC technique is introduced including. The closed-loop with the

PI compensation is introduced in the section 2.2.

2.1 Small Signal Modeling of the HCC Technique

As depicted in Fig. 2, the HEC technique senses: the inductor current and limits it within
a hysteresis window, which defies the upper and lower current bands. The inductor current
rises to reach the upper band of ‘hysteresis window when the low-side MOSFET turns on
during ¢,, period [7]. On the other hand, the inductor current falls to reach the lower band of
hysteresis window when the low-side MOSFET turns off during #, period. This HCC
technique is simple and has fast dynamic characteristics except for electromagnetic

interference (EMI) issue.
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Fig. 2. The inductor current waveform is limited with the hysteresis window defined by the
HCC technique.

The switching period ; as expressed in.(2) is equal to the summation of on-time ¢,, and
off-time #,5 in the CCM operation. The _valuerof ¢ can be written as (3) according to the

waveform in the sub-interval 2.

ts = ton + toﬁ (2)

t —L (3)
g _(vo—v. )

m

The peak inductor current, #,, can be expressed as (4) by #,, and the average inductor

current <i;>.
V.
i, =(i,)+-=t, (4)
p < L> 2L

Considering the small signal analysis, the value of each variable can be written as the

summation of the DC term and its perturbation as shown in (5). The duty cycle, d, and its

complementary value, d’, also are defined in (6)

ts:T;_'_ts’ ton:7:)n+t +t0ﬁf

on’

and to_ff =T

" =d't, (5)

d=D+d and d =1-d=D —d (6)



Hence, (2) and (3) can be re-written as (7) and (8), respectively.

(T+2)=(T, 8, ) + (T +iy) )
P J—L ®

T+, -V, =7,)

124

Keeping the first-order ac terms, the small-signal equations can be derived in (9).

S S Vi U SN U, SRR o
N = on off ? = —, an 0 - o vin
’ T, )
Similarly, [ ,and t:m are expressed in (10).
A ° (V;nfon + T;m{;[n) N 2L 2 2 I, A
i, =i, + 5 and 0n=—(lp—lL)—;" v, (10)

in in

Therefore, the small-signal duty eycleis'derived as (11).

. (2L;» s\ I, . LHD . . -
d:D(V_(lp—zL)— ]+W<—) (1) (1)

in in

(11) can be simplified as (12)*through the use of the DC equivalent equations.

d=F,(bc =R, )+k, -0, +k -5, (12)
Fo=2PD oL anak =2 (13)
ur ", 7,

As a result, the small-signal model of the boost converter with a hysteretic current mode
control is illustrated in Fig. 3 and the control-to-output transfer function is shown in (14). R is
the output impedance. Ry is the current sensing gain. Rgsr is the equivalent series resistance of

output capacitor, C,,.
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where G, = %, o, = %
J ’ (17)
D*R 1

and @, =—,0 =—
(RHP) I Z(ESR) R.C
ESR™ 0o

It is obvious to find that the system contains one dominant pole, ®,;, and two zeros,
which include one RHP zero, w.zxp), and one LHP zero, w.zsg). The frequency response of
the HCC technique is similar to that of the current-mode PWM technique. In other words, the
proportional-integral (PI) compensation is suitable. Basically, the PI compensator has a
transfer function as shown in (18). w..; is used to cancel the effect of w;. w,.; forms the new
dominant pole to determine the system bandwidth. The role of w,.. is used to decrease the

high-frequency gain due to the existence of w.rup).

c c0 : (18)
1+ |1+ 22
a)pcl a)pc2

Furthermore, the HCC technique doesn’t need slope compensation like that in the
current-mode PWM technique. In other words, the compensation in the HCC technique is
much simpler than the current-mode PWM technique. However, in both techniques, the

existence of the RHP zero seriously affects the system bandwidth.

As illustrated in Fig. 4(a) and (17), the effect of the RHP zero becomes worse at heavy
loads. The crossover frequency, w,, is generally designed to be smaller than the 10~20% RHP
zero, which is the RHP zero at heavy loads, as the illustrated in Fig. 4(b). The output voltage,
V,, has no dip voltage in case of load current variation since the RHP zero is far away from
the crossover frequency. That is, the RHP zero has little effect on the dip output voltage.
However, the transient response is too slow and thus the output voltage has a large dip voltage
due to small bandwidth. On the other hand, an increasing crossover frequency may have a

8



large dip voltage due to the existence of the RHP zero. However, a large bandwidth can
shorten the transient response and get a small undershoot voltage. There exists an optimum
ratio between the w. and w.rpp) in order to get a smallest dip output voltage, which is labeled
as A Vogopiimumy at point C. But the phase margin at this optimum dip voltage is not good due
to w.ksy and one high-frequency pole from the compensator. Therefore, the system
bandwidth needs to be extended to compensate the dip voltage due to the RHP zero and not be
limited by 10~20% RHP zero. The designed value is set at point B, which is about 30% of the

RHP zero in this paper for better PM value.
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Fig. 4. The effect of the RHP zero. (a) The step response of the duty may cause a dip output
voltage and current due to the existencesof the.RHP zero. (b) The dip output voltage vs. the

ratio of the w. and w.rup).

2.2 The Closed-loop Analysis with the PI

Compensation

A closed-loop diagram of the boost converter with the HCC technique is shown in Fig. 5.
The loop gain is 7(s) as shown in (19). H(s) is the sensor gain, which is equal to R»/(R;+R>).
G.(s) is the compensation transfer function. Generally, G.(s) is composed of an error
amplifier and a PI compensator. The PI compensator contributes one low-frequency

pole-zero pair, (wpci, -c1), and one high-frequency pole, wp.>.

T(s)=G,(s)-H(s) -G (s) (19)

10
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Fig. 5. The simplified feedback system of the HCC regulator.

Therefore, T(s) can be illustrated in Fig. 6 at light and heavy loads. Owing to the
decrease of the RHP zero w.rup) at heavy loads, the compensation zero, f..;, in the PI
compensator is designed to cancel the effect of the system output pole, w,;, in order to extend
the system bandwidth. However, at-heavyroads; thecrossover frequency is limited by w.rup),
which is represented by a solid dash line-in Fig. 6(a). Thus, it is hard to have a good
cancellation of the system output'pole. According to-Fig. 4(b), the ratio of w. and w.rup) has
an optimum value when the dip output‘voltage is the major concern. That is the compensation
zero is decided at heavy loads.

On the other hand, the bandwidth becomes worse due to the decrease of w,; at light loads.
As depicted in Fig. 6(b), the compensation zero can be adaptively adjusted within a stable
region. The maximum value of w,.; is determined by the phase margin since there are two
poles at low frequencies when the compensation zero is moved toward high frequencies. On
the other hand, the minimum value of .., is determined by the minimum value among . r#p)
and w,., since the decrease of w..; also causes the decrease of w,.,. As a result, the minimum
is no longer decided by w.rpup) since w,,> is smaller than w.zxp) at light loads. In order to get
a better phase margin at light loads, w..; needs to be adaptively moved toward the origin at

light loads. Consequently, an adaptive compensation zero locates high frequencies and low

11



frequencies at heavy loads and light loads, respectively. However, an adaptive compensation

zero can ensure a good phase margin but the transient response is still not improved due to the

limitation of low-frequency RHP zero. Thus, the MHCC technique includes an ACC

technique to get fast transient response and good phase margin in steady state.
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Chapter 3

The Proposed MHCC Technique for Fast
Transient Response

The proposed MHCC architecture is shown in Fig. 7. It can ensure a limited output
ripple and adjust the trailing and leading edges for fast transient response. Besides, the ACC
technique can rapidly regulate the output of the error amplifier to speed up the transient
response and guarantee a good phase margin in the steady state. The difference voltage
between the upper band Viy and the lower band Vj; forms the hysteresis current window,
which is product of I, and Ry, Vi is equal to the output voltage Ve, of the error amplifier
for improving the accuracy of load regulation’ The adaptive compensation control technique
is composed of the adaptive resistance -and' capacitance, which are controlled the ACC
controller. As a result, the compensation poles and zeros can be adaptively adjusted during

load transient and steady state.
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Fig. 7. The system architecture of the proposed boost converter with the proposed MHCC

technique.
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3.1 The ACC Technique

As depicted in Fig. 8(a), the PI compensator is connected at the output V., of error
amplifier. Since only small on-chip capacitor is allowed in IC fabrication, the small feedback
voltage Vrp may cause a large voltage variation at V,,, since high-frequency compensation
zero contributes insufficient phase margin. Therefore, a pseudo large capacitance can be
generated through a mirrored ac current, K*i., connecting to ground as illustrated in Fig. 8(b)
[11] [12]. As a result, V.4, can have a stable settling behavior since a large transient current
can be re-directed to ground. Similar to the off-chip compensation zero, a pseudo
low-frequency compensation zero is used to cancel the effect of the output system pole. As
mentioned above, the bandwidth is small due to the RHP zero.

In Fig. 8(c), the ACC technique modifies:the pseudo compensation poles and zeros to get
a small dip output voltage and fast transient résponse time. According to Fig. 4(b), the ratio of
o, to w-rpp) can be increased for.a short period to get a higher bandwidth and the dip output
voltage will not be increased too much whenithe operation point from B toward higher ratio
of w. to w.rup). That is the fast transient period will push the operation point from point B to
C, and to D. After the fast transient period, it is pushed back to point B, again, to ensure better
PM value. The fast transient period only occupies one fraction of the transient period. The dip
output voltage can be smaller than that without the ACC technique. Therefore, the value of
Veao can be rapidly settled to its stable level and thus the MHCC technique can achieve a fast

transient response and small dip output voltage without being limited by the RHP zero.
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()
Fig. 8. The PI compensator (a) withyassmall on-chip capacitor, (b) with the pseudo
capacitance, and (c) with the ACC technique.

The operation of the ACC technique needs to carefully control compensation poles and
zeros during the fast transient period. Basically, the fast transient period contains two stages,
which are the transient 1 and the transient 2 stages. At the transient 1 stage, the mirrored ac
current is fully re-directed to the small on-chip capacitor to rapidly recovery the voltage level
of V... After the transient 1 stage, the transient 2 stage needs to detect the valley point of the
dip output voltage in order to pull back the compensation poles and zeros to the position that
ensures the system has a better PM value. The compensation poles and zeros controlled by the
ACC technique are shown in Fig. 9 (a) and (b) when load current changes from light to heavy

and vice versa.
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Fig. 9. (a) The compensation poles andizeros: controlled by the ACC technique when load
current changes from light to heavy. (b) The compensation poles and zeros controlled by the
ACC technique when load current changes from heavy to light. (c) The load transient
waveforms controlled by the MHCC technique.

3.2 The Compensation of the Modulation Techniques

The switching frequency of PWM mode is fixed and the switch has to turn on and off
every switching cycle. The recovery time takes a longer time as shown in Fig. 10(a) when
the output current changes from light to heavy. On the other hand, the inductor current in the
HCC technique is controlled within two boundaries i,, which is determined by the error
amplifier, and i, +Al as depicted in Fig. 10(b). Al is the current hysteresis window. The
recovery time can be shortened since the on-time value will not be limited by the maximum
on-time value in the PWM control technique. The switching period can be extended and thus
the inductor current can be rapidly increased to the regulated level. The current of ij s gets
more time to reach the boundary i, +Al. The system frequency of the boost converter
becomes slow when load current changes from light to heavy. This is the reason why the
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recovery time of the HCC technique is faster than that of the current-mode PWM technique.

The fast recovery of i, can speed up the transient response time. Therefore, the proposed
MHCC technique rapidly regulates the output of the error amplifier in order to shorten the
transient response time. However, the system bandwidth is limited by the RHP zero in the
boost converter. The MHCC technique utilizes the characteristics of the RHP zero to cause a
large control signal due to worse phase margin to rapidly recover the voltage level at the
output of error amplifier. However, the worse phase margin can’t ensure the stable operation
in the steady state. The MHCC technique can adaptively adjust the compensation poles and
zeros to low frequencies to guarantee the system stability. During the transient response, if i,
can rise and fall as soon as possible, the recovery time will be shortened as shown in Fig.

10(c).
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Fig. 10. Recovery time during light load to heéavy load: (a) The waveforms controlled by the
PWM technique. (b) The waveforms controlled only by the new HCC technique. (c¢) The
waveforms controlled by the proposed MHCC technique.
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Chapter 4

The Circuit Implementation

The proposed MHCC technique contains two main blocks. One is the HCC circuit and the
other one is ACC circuit. The current sensor and the fixed hysteretic current window circuit
constitute the HCC circuit. The adaptive compensation resistance and capacitance circuits and

the ACC controller constitute the ACC circuit.

4.1 Current Sensor

The HCC technique needs to sense the, full-range inductor current. Thus, an accurate
current sensor is required. As depicted, imFig: 11;.a small value of sensing resistor Ry is
connected in series with the inducter to sens¢ the full:range inductor current. It may cause a
little reduction in the power cofiversion efficiency -but it is a simple implementation. The
transistors M; and M, are biased by the 'same current /;. Thus, Vsg;=Vsc2. According to the
current values labeled in the figure, (20) can be derived and simplified as (21) if R;=R, under

a good layout matching result.

VSG1+(10+11)RI:VSGZ+(IL+11)RS+11R2 (20)
R
I :]L?S (21)

1

As a result, the sensing signal Vsgysg can be expressed in (22) and used to represent the
full-range inductor current. Easily, the value of Vsgyse can be scaled by the ratio of (Rs*Ry) to
R;. According to the operation of the HCC technique, the value of Vsgyse is limited within the

hysteresis window, which is controlled by the fixed hysteretic window circuit.

24



IR =1,V o], (22)

Power Stage

Current sensor

Fig. 11= The schematic.of current sensor.

4.2 Fixed Hysteretic Current Window Circuit

In Fig. 12, the fixed hysteretic current window circuit is designed to accurately control
the output ripple for ensuring the regulation performance. The low band of the fixed hysteretic
current window is controlled by the output of the error amplifier, which is V,,. Thus, a
unity-gain buffer used to filter out the switching noise can generate the low band V. The
hysteretic window is easily generated by adding an IR-drop to the low band Vj;. The value of
IR-drop is derived by a constant current flowing through a hysteresis resistor Ry, As a result,
the upper band ¥y can be expressed by (23). The cascaded current mirror My and M; can

suppress the channel length modulation effect to get a higher accuracy.

Vig =V +1y xR (23)

hys
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Fig. 12. The fixed hysteretic current window circuit.

4.3 The Adaptive Capacitance and Resistance Circuits

and the ACC Controller

The fast transient mechanism is triggered by the threshold detector in Fig. 13(a). Once
the feedback voltage Vrp is higher or lower than Vy or Vi, respectively, the ACC controller
starts to control the fast transient procedure. The ACC technique can speed up the transient
response by two transient procedures. One is transient 1 stage and the other is transient 2 stage.
The transient 1 stage is simply decided by a one-shot circuit to rapidly increase the voltage of

Veao- As depicted in Fig. 13(a), the one-shot period can be determined by (24).

Cy-V,,
= e (24)

T;me—shot V

I +%_gm Wim = Vim
s

The one-shot period is inversely proportional to the input voltage since the one-shot
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value should be shortened under a large input voltage. Besides, a bigger overshoot output
voltage and undershoot output voltage need a longer one-shot value. The time constant RsCy

can be adjusted by the trimming process to ensure the system stability at any loads.

The adaptive resistance is shown in Fig. 13(b) and equal to the value of two resistances
in parallel. That is, Rz/= Ryicur||Run #eavy. The maximum equivalent value of Ry; is designed
to Ricur at light loads since the transistor My pr4py Operating in cut-off region causes
Run Heavy large to be ignored. The adaptive capacitance in Fig. 13(b) contains the voltage
follower designed by the low-voltage operational amplifier to ensure the accurate current
mirror constituted by the transistors M;~M,. The input common mode range can be set from
0.4V to 1.9V. The current mirror array can determine the value of the pseudo capacitance
Cpseudo- The ratio of the current mirror array, is 1:M:N:(100-M-N). In this paper, M=65 and

N=30. During the transient 1 stagejthe switchesiin Fig. 13(b) are set by the table in Fig. 13(c).

Thus, Cpseuqo changes from (1+K)Cz; to the valuesas shown in (25).

c _(Hloo-M—Nj Zl_( 10065 -30

_ « 2 pF ~ 2.1 pF 25
preudo I+ M+ N 1+65+30j P P (25)

That is, 95% of the mirrored current is directed to the small capacitor Cz; to rapidly
increase the voltage level of V4. As a result, the system bandwidth can be extended and the
drop voltage can be reduced. However, the phase margin is not enough to ensure a stable

operation. Thus, the one-shot timing control in (24) depends on V;, and ¥, to avoid oscillating.

After the transient 1 stage, the transient 2 stage is determined by the valley of the output
voltage. Thus, a peak detector in Fig. 13(a) is required to decide the period of the transient 2
stage. As illustrated in Fig. 13(d), the feedback signal Vs can be filtered by two low-pass
filters, which are (R.p;, Crp;) and (Ryp;, Crp2), to generate two output signals V;p; and Vip,. In
the transient 2 stage, the switches in Fig. 13(b) are conservatively set to increase Cpseudo to the
value as shown in (26).
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C

pseudo

100— N 100-30
= 1+——|C, =| 1+ ———— |x2pF ~ 6.5pF 26
( 1+NJZI( 1+30]p p (26)

During the transient 2 stage, the compensation poles and zeros are pulled toward the
origin to get a higher PM value. Once Vp, is higher than Vp,, the transient 2 stage is ended.
After the detection of the peak value, the compensation poles and zeros are set to the positions
that can guarantee an adequate PM value. Cpgeuds 15 equal to (1+K)Cy;, again.

One-shot circuit
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Initial state

Final State

Transient 1

(d)
Fig. 13. (a) The schematic of the ACC controller. (b) The adaptive capacitance circuit. (c)
The controlling table of the switches. (d) The waveforms of the peak detector.

In Fig. 14(a), the Bode plot is-shown when load current changes from light to heavy.
Besides, the position of all pole‘s"c‘md zeros 1s listed-in Fig. 14(b). The value of f. is set to
about 30% of the value of 1. zup) ‘a‘t heavy loads. It has been mentioned in Fig. 4(b). Similarly,
the Bode plot is shown in Fig. 15(5) Wﬁen load curréht changes from heavy to light. Fig. 15(b)
lists the relationship of the poles and zeros. At light loads, the value of £ is set to about 30%
of the value of f,.>. The adaptive resistance moves both f..; and f,., toward the origin. Thus,

Jre2 1s smaller than fzxp) at light loads. In other words, f,.> determines the position of £;.
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70mA to 270mA Bode Plot
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Fig. 14. (a) The Bode plot when load current changes from light to heavy. (b) The position

of all poles and zeros.
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270mA to 70mA Bode Plot
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Fig. 15. (a) The Bode plot when load current changes from heavy to light. (b) The position
of all poles and zeros.
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4.4 The Start-up Circuit and the Protection Circuits

The flow chart as depicted in Fig. 16(a) includes the start-up operation, the protection
functions, and the MHCC operation. When the power is turned on, the chip begins the start-up
procedure. As a result, it is necessary to have the under-voltage lockout (UVLO) circuit as
shown in Fig. 16(b) to determine whether the power supply is greater than 2.5V or not. If the
supplying voltage is not high enough, the closed-loop is not adequate to be established in
order to avoid oscillating. Before the supplying voltage approaches the pre-defined voltage

level, the value of UVLO is high and can be expressed as (27).

UVLO =1when V, <V, - Zut Rus

o 27
ref R ( )

U2

In this paper, the supplying voltage should be larger than 2.5V to guarantee a stable
closed-loop operation. Before the closed-loop ‘operatton, the output is connected to the input
supplying voltage through the inductor..Once the power supply is greater than 2.5V, the
start-up circuit takes over the operation. That is the switching converter will begin to boost the
output to a higher output voltage level. During this start-up procedure, the maximum inductor

current 17 max siarup 1S limited below 1.13A.

In the implementation of the start-up circuit, it is easy to divide the resistor Ry in Fig. 11
into three small resistors, Ry;~Ry; in Fig. 16(b). Good layout matching can guarantee the
accuracy the current sensing and the protection function. According to (21), the divided
voltage Vsrat node X can be used to limit the inductor current during the start-up period. Thus,

the value of 11 yax siarap can be expressed as (28).

R
I o =V 1 B
L _max _startup ref RS . (RVI + RVZ) ( )

When the output voltage V, approaches to 12V, the feedback voltage Vs will be greater
than V... The signal ST _OK at the output of the D flip-flop will be set to high to enter the
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MHCC operation. The maximum inductor current will be raised to a higher level to avoid the
overloading condition during the MHCC operation. The voltage Vocp at node Y is used to
compare with V., to detect the over current protection (OCP) condition and thus the
protection current of the OCP protection is higher than that of the start-up period. The
expression of OCP is shown in (29). When the OCP condition occurs, the ST OK will be set
to 0 and the high voltage (HV) N-MOSFET, HN24G5, will be turned off to let the system

return to the start-up operation.

OCP=1whenl,xR,,>V,,

(29)

Current limited
Ilaad=1° 134

No
Yes

MHCC operation [«
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Fig. 16. (a) The flow chart includes the start-up operation, the protection functions, and the
MHCC operation. (b) The start-up and protection circuits.
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Chapter 5

Experimental Results

The proposed boost convert with the MHCC technique was fabricated by TSMC 0.25
um CMOS process. The threshold voltages of nMOSFET and pMOSFET are 0.477 V and
-0.596 V, respectively. The off-chip inductor and output capacitor are 6.8 pH and 10 pF,
respectively. The output voltage V, is 12V to drive 3 white LEDs in series. The specification

is listed in Table I. The chip micrograph is shown in Fig. 17 and the chip area is about 1480

Ll i i i L i L
i
: - r— ey

T

ks za,v- |||
1 kgl

HN24GS

Ezinim

| 2780um |

Fig. 17. Chip micrograph.

TABLE I THE DESIGN SPECIFICATION

Characteristics Typ. Unit
Supply Voltage (Vi) 3.5~4.5 V
Output Voltage (V,) 12 V
Output Current (11,,q) 70~270 mA

36




Input Inductor (L) 6.8 wH

Equilibrium series Resistance of
. 45 me)

the inductor (DCR)

Output capacitor (Cyp) 10 uF

Equilibrium series resistance of
. 50 me

the output capacitor (Rgsg)

Operation temperature 0~100 C

Experimental results of conventional boost converter are shown in Fig. 18. The input
voltage is 4V. The load current changes from 70mA to 270mA. The slew rate of load current is
200mA/us. The undershoot voltage and overshoot voltage are 338mV and 308mV,
respectively. The recovery time is 141us when load current changes from light to heavy load
or heavy to light. And the load regulation is 0.16mV/mA. It is obvious to see that the

bandwidth is limited by the existence of the RHP zero. Under the low-bandwidth design, the

o5, | ]

transient response can’t be speedeg}jﬂn_” 'ThT, théi" élgw-response output voltage may cause the

LEDs in series have a little of luminance variation when the dimming control is applied on the

LED brightness control.
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Fig. 18. Waveforms in conventional boost converter with hysteresis control when load current
changes from 70mA to 270mA within 2ps.

Compared to the slow-response of the conventional design, the experimental results of
the proposed boost converter are shown in Fig. 19. The test setting is the same as the
conventional design. The undershoot voltage and overshoot voltage are 300mV and 234mV,

respectively. The recovery time of light load to heavy load is 19.5us and the recovery time of
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heavy load to light load is 18.8us. Experimental results show the improvement in transient
response is higher than 7.2 times when load current changes from light to heavy or vice versa
compared to the conventional boost converter design. The improvement comes from the new
HCC and the ACC techniques. The output of the error amplifier can be settled rapidly by the
ACC technique to define the low band of the hysteresis window. Besides, the new HCC
technique can adaptively adjust the on-time and off-time values to speed up the transient
response time. The load regulation, which is 0.1lmV/mA, is also better than that of the

conventional design due to the ACC technique.
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Fig. 19. Waveforms in the proposed boost conyerter with the MHCC technique (a) when load
current changes from 70mA to 270mA w1th1n 2us -and (b) when load current changes from
270mA to 70mA within 2ps. 5 H: J )

The experimental results of;_the prbpo‘sgc?l:boos:t c(;nverter are shown in Fig. 20 when the
load current changes from 70mA t0220mA or-vice "{/ersa. The fast transient performance can
be easily seen since the MHCC technique can speed up the transient response over a wide
load current range. Certainly, the fast transient performance has its limitation. The load
current step decreases to about 100mA and 50mA as shown in Fig. 21 (a) and (b),
respectively. The transient response time has a little improvement compared to that of the
large load current step since the ACC technique has only a little effect on the whole system.
Fortunately, the ACC technique consumes a little power since it works only when the output
voltage has a large variation. Fig. 22 shows the power conversion efficiency. It demonstrates
that the power conversion efficiency is nearly not influenced with or without the ACC

technique. The power consumption overhead is merely 1%. The maximum power conversion

efficiency is about 90%. The start-up waveforms are also shown in Fig. 23. The comparison
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summary between the conventional and the proposed MHCC techniques is listed in TABLE

II.

File Vertical Tim ggel Jisplay Curso easure  Math Litilities Help

vV, | E !
our le—Recovery Time=15us—~! 11.859v
11.880V I |

Y | H
Undershoot voltage l —HH !
=194mV | !
--------------- i --;---I-.----w---w‘........
! 1 I
IL l /.-_»/AI'I"E /{l'l\.l 'f [FA /‘f/f/ -/'f-/-/rl
. I// IV
A (L W] 10 N W f1f -'J’
AVAVAVATAVAYAYAYA AN Y |
SERRSRNSERS & Ll bl g
¢ (L 0 A Rt e A
i Lpu=70mA>> 220m4 within 2us [
Measure P1.:freq(C1) ‘ PZmean(C2 P3--- P4--- Pg:--- PG---
value 962,3125 kHz 366 pv
£l v

imebase 8.6 i3 (Trigger AW

5.00 psidiv) Stop 1.75V
250kS 5.0GS/is|Edge  Positive
Ki= 145574 ps  &¥= -150316ps
Hi=  -4742ns 8= -BB.527 kHz

114472008 1:59:45 AM

File Vertical Timebase Trigger Displa sors  Meas W Analysis  Utilities H
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i
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. BWEEE h i
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value 840.19493 kHz 49.6 mV

status - v

Xi= 153078 p 15.7820ps
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(b)
Fig. 20. Waveforms in the proposed boost converter with the MHCC technique when load
current changes from 70mA to 220mA within 2ps.
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Vour A o

L Undershoot voltage= 140mV
® - Recovery time of heavy-to-light load =13us
®  Overshoot voltage= 142mV

Iload B ' ‘ 170mA
@ 70mA | AI=100mA L | ’
Measure P1:freq(C1) rFE:mean(CZ) P3--- P4:--- P5--- PB:- - -
value 933.215kHz 11,8411V
status A v
(a)
Vour

®  Undershoot voltage= 100mV
®  Recovery time of heavy-to-light load = 12us
®  Overshoot voltage= 88mV

¢

AI=50mA r

; e h H H H
Measure P1:freqiC1) P2Z:mean{C2) Faz-t P4--- P5--- PE---
value 945.94 kHz 11.8412v
status A v

Fig. 21. Waveforms in the proposed boost converter with the MHCC technique when load

current changes from light to heavy within 2ps.
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Fig. 22. Power conversion efficiency.

LeCroy

ov
c3
i
Measure P1.mean(C1) PZ:mean(C2) P3mean(C3) P4:freq(C1) P5:freq(C4) PE:freq(C2)
value 21 mv 7796V 334V 7472 kHz

status v v i

10.0 ms/div
1.0 MSis

2.00 Vidiv 5.00 Vrdh 500 mVidiv
-6.000 Y ofst -15. st -520 mV ofst

100 kS

Fig. 23. The start-up waveforms when the input voltage is slowly ramped up and the output
loading is 70mA.
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TABLE II THE SUMMARIES OF THE CONVENTIONAL AND MHCC TECHNIQUES

Characteristics Conditions MHCC Technique | Conventional Technique
Supply Voltage -- 4V 4V
Output Voltage -- 12V 2V
Output Current 200mA 200mA
- m m.
Variation
1,.a=270mA=>70mA
Overshoot Voltage hin 2 234mV 308mV
within 2us
1. =70mA=>270mA
Undershoot Voltage hin 2 300mV 338mV
within 2us
R time of L1oaa=270mA—>70mA
ecovery time o
Y @ 0.1% rated 18.8us 141us
heavy-to-light load o
voltage within 2us
1,,..=70mA>270mA
Recovery time of
. @ 0.1% rated 19.5us 141us
light-to-heavy load o
voltage within 2us
Load Regulation -- 0.11mV/mA 0.16mV/mA
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Chapter 6

Conclusion

This paper proposes a modulated hysteretic current control (MHCC) technique to
improve transient response of DC-DC boost converters, which suffer from low bandwidth due
to the existence of right-half-plane (RHP) zero. The new HCC technique can adaptively adjust
the on-time and off-time values of the PWM waveform to speed up the transient response.
Besides, the ACC technique can settle the low band value of the hysteresis generated by the
error amplifier to further improve the transient response. Thus, the low-bandwidth and large
overshoot and undershoot voltages dueito the RHP zero can be improved. The proposed boost
converter with the MHCC technique fabricated by TSMC CMOS 0.25 um process can
demonstrate the fast transient performance to verify its advantage in the driving capability of
the LEDs in series. A good driving capability and aecuracy can be guaranteed by the proposed

MHCC technique according the fast transient performance in the experimental results.

6.1 Future Work

The MHCC technique also minimizes the external components and thus it has the
advantage of small footprint. But the MHCC has the same disadvantage of the complex

design the EMI filters. Therefore, the improvement of EMI issue is important in the future.
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