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Abstract—This paper proposes a modulated hysteretic current
control (MHCC) technique to improve the transient response of
a DC-DC boost converter, which suffers from low bandwidth due
to the existence of the right-half-plane (RHP) zero. The MHCC
technique can automatically adjust the on-time value to rapidly
increase the inductor current, as well as to shorten the transient
response time. In addition, based on the characteristic of the RHP
zero, the compensation poles and zero are deliberately adjusted to
achieve fast transient response in case of load transient condition
and adequate phase margin in steady state. Experimental results
show the improvement of transient recovery time over 7.2 times in
the load transient response compared with the conventional boost
converter design when the load current changes from light to heavy
or vice versa. The power consumption overhead is merely 1%.

Index Terms—Boost converter, hysteretic current control
(HCC), load transient response, right-half-plane (RHP) zero.

I. INTRODUCTION

IGHT emission diode (LED) backlights have become
L increasingly popular in the recent green power main-
stream. LED backlights have better color gamut and consumes
less power than the cold cathode fluorescent lamp (CCFL)
backlights [1], [2]. In addition, start-up time is shorter than that
of the latter. As a result, recent liquid crystal display (LCD)
backlight systems have gradually shifted to LED backlight to
enhance display quality and power consumption.

One of the main characteristics that may affect image quality
is backlight uniformity. Therefore, a boost converter is widely
utilized for LED backlight display systems to step up low-input
voltage to high-output voltage for driving a number of LEDs in
series. The brightness of the LED can be easily adjusted by the
digital dimming control method and by the constant current sink
circuit [3]-[5], thereby achieving precise backlighting control.
Additionally, the voltage across the current sink circuit must be
minimized to reduce power consumption. As a result, using a
minimum output voltage of the boost converter to activate the
LED strings can enhance the efficiency of the LED driver. To
provide good driving capability for controlling the brightness
of LED, the boost converter is required to handle massive in-
stant load variation to maintain the image quality. Therefore,
the transient response is also an essential design issue because
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Fig. 1. Proposed HCC technique uses an error amplifier to enhance the regu-
lation accuracy.

the large output voltage drop on the boost converter may result
in the insufficient driving voltage for activating the LEDs.

Due to its low power consumption, the hysteretic current con-
trol (HCC) technique is selected as the modulation method for
the LED backlight [6]. However, the voltage regulation perfor-
mance of the HCC technique is inferior to that of the pulsewidth
modulation (PWM) method [7] because the inductor current
level varies under the different load conditions. Thus, in the pro-
posed HCC technique, an error amplifier is utilized to form a
voltage loop to improve regulation accuracy, as illustrated in
Fig. 1. In addition, a pre-defined current hysteresis window,
V1w, can limit the inductor current within it to guarantee a re-
stricted output voltage ripple, as expressed in (1) [8]. Vggr is the
voltage across the equivalent series resistance (ESR) and V¢, is
the voltage across the capacitor Co. The regulation performance
and power consumption can therefore be ensured by the pro-
posed HCC technique

Av, = Vesr + Ve, (D

Furthermore, the proposed HCC technique has fast transient
response because the trailing and leading edges can rapidly react
to the output load variation. The on-time of the pulsewidth signal
adaptively increases or decreases when the load current sud-
denly 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 tran-
sient response of the boost converter is limited by the existence
of the RHP zero in continuous conduction mode (CCM) because
the RHP zero remains in both of the PWM control (in either
voltage- or current-mode) and the HCC technique [9], [10]. In
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Fig. 2. Inductor current waveform is limited with the hysteresis window de-
fined by the HCC technique.

a conventional boost converter design, the discontinuous con-
duction mode (DCM) is widely used to obtain simple system
compensation due to the existence of the RHP zero at high fre-
quencies. However, the load transient response in DCM hardly
meets the requirement of the LED backlight. As a result, elimi-
nating the effect of the RHP zero is a proper solution in a boost
converter to speed up the load transient response. The MHCC
technique is proposed to improve the transient response in the
DC-DC boost converters in order to automatically adjust the
on-time value and rapidly increase the inductor current, thereby
shortening the transient response time. Moreover, it can delib-
erately adjust the compensation poles and zero to achieve fast
transient response in case of load transient condition and yield
adequate phase margin (PM) in steady state.

The paper is organized according to the following sections.
Section II shows the small-signal analysis of the HCC tech-
nique indicating the system compensation for ensuring stability.
Section III describes the operation of the proposed MHCC tech-
nique to achieve the fast transient response. A comparison is
also shown to demonstrate the performance. Circuit implemen-
tations are illustrated in Section I'V. Experimental results are dis-
cussed in Section V to prove the performance and precision of
the proposed MHCC technique. Finally, a conclusion is made in
Section VI.

II. SMALL-SIGNAL ANALYSIS AND SYSTEM COMPENSATION
WITH HCC TECHNIQUE

A. Small-Signal Modeling of the HCC Technique

As depicted in Fig. 2, the HCC technique senses the inductor
current and limits it within a hysteresis window, defining the
upper and lower current bands. The inductor current rises
to reach the upper band of the hysteresis window when the
N-MOSFET turns on during t,, period [11]. In contrast, the
inductor current falls to reach the lower band of the hys-
teresis window when the N-MOSFET turns off during the
tor period. This simple HCC technique exhibits fast dynamic
characteristics.

The switching period ¢, as expressed in (2), is equal to the
sum of the on-time ¢, and the off-time ¢,g in the CCM oper-
ation. The value of {,¢ can be written as (3) according to the
waveform in Sub-interval 2

ts = ton + toff (2)
L-H
toff = ———. 3)
(/Uo - Uin)
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The peak inductor current, 7,, can be expressed as (4) by o,

and the average inductor current (ir,).

. . v

ip = <ZL> + z_zton (4)
Given the small-signal analysis, the value of each variable can
be written as the summation of the DC term, whose perturbation
as shown in (5). The duty cycle, d, and its complementary value,
d’, also are defined in (6)

ty =T, + isv ton = Ton + ton,
toff = Toff + Eoff = dlts (5)
d=D+d and d'=1-d=D"—d. (6)

and

Hence, (2) and (3) can be rewritten as (7) and (8), respectively

(Ts + tAs) = (Ton + Eon) + (Towr + £0ff> O
LH
(Vo + 0o — Vin — in) ®

Toff + f/;oﬁ' =

Keeping the first-order AC terms, the small-signal equation
can be derived in (9)

By 4 by, d= =Dl

s — ton off - Ts

. LH

toff = — 75— Ao_ Ain . 9
=, = vyE o T fin) ®

Similarly, EP and fon, are expressed in (10) as
A n (Vvinfon + Ton@in>
lp =1L + 5L

; 2L (A, A ) Ton .
fon = iy — 1) — — Vin-
Vi 7 H TV,

and

(10)
Therefore, the small-signal duty cycle is derived as (11)
7 2L s - Ton N
d = (D/ <W(2p — ZL) — W’Um)
LHD

" ~ . 1
+ m(vo - vln)) (TQ) - (11)

Giventhat DTs = H/(Viy/L) and 1/(V,—Viy) = 1/(DV,),
(12) can be derived from (11)

s (2D'D . . D
d= <T('LP — ’LL)) + V(’Uo)

T LHD
- BD+ ——= | (bw)| (Tt 12
<‘/in (I/o _ Vvin)2> ( ) ( ) ( )
Due to the equation shown in (13), d is shown in (14)
LHD D’
— (T, == 13
((V<>—Vin)2> T =y ()
.~ 2DD’ . . 1, D",
d= T (’Lp—’LL)— Vovin—FVO’Uo. (14)



TSAI et al.: MODIFIED HYSTERETIC CURRENT CONTROL (MHCC) FOR IMPROVING TRANSIENT RESPONSE OF BOOST CONVERTER

Fig. 3. Small-signal model of the boost converter under the hysteretic current
mode control.

Because of the DC equivalent equations above, (15) and (16)
can be derived as follows:

d = Fo(bc — Rpir) + kg - oin + ke -9 (15)
N 2DD’
e =i,Rp, Fp = ,
P HRy
1 D’
kf:—vo, and krzvo (16)

The HCC technique can determine the inductor peak current
by the intersection of the error signal and the current-sensing
signal. The small-signal model [12]-[14] of the boost converter
with a hysteretic current mode control is illustrated in Fig. 3.
The control-to-output transfer function is shown in (17), where
R is the output load impedance, ¢ is the current sensing gain,
and Rgsg is the equivalent series resistance of the output ca-
pacitor, C,

Goe =2 = Fon o a7
Ve 1—]€T-Grud+Fm'Gid-Rf
where
Gd:i :E‘(l_sﬁ)(l‘i'SRESRCo)
Y dl— D 1+ sphr + 52552
and
a g _ 2V, (1+sf5e) -
“Td| T DPR 1tsghe + 525G

Formula (17) can be simplified as (19) because F,, G4
Ry > 1 — k. G,q in the proposed design, according to the
design values

Iel :@: Fm'Gvd :LGvd
e ’i)c Fm . Gi(i . Rf Rf Gi(i
(1+2)
where
D'R 2
Gvc = 3 =
°T 2R, “MTRC,
and
D?R 1
Wa(RHP) = T Wa(BSR) T oo (20)
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Fig. 4. Dip output voltage versus the ratio of the w. and w.(rup) for showing
the effect of the RHP zero.

The system contains one dominant pole, w1, and two zeros,
which include one RHP zero, w.(rup), and one LHP zero,
w.(EsR)- The frequency response of the HCC technique is
similar to that of the current-mode PWM technique. Thus,
the proportional-integral (PI) compensation [15] is suitable to
achieve system compensation in the proposed structure. The
transfer function of the PI compensator is shown in (21). Com-
pensation zero w,.1 is used to cancel the effect of the system
pole w,,1. Then, wy,.; forms the dominant pole to stabilize the
system, and w2 can help decrease the high-frequency gain to
eliminate the effect of w. rup)

(1+2=)
() (1 +as)

The existence of the RHP zero influences the system band-
width. As illustrated in (20), the effect of RHP zero becomes
worse at heavy loads. The crossover frequency, w., is generally
designed to be smaller than 10%-20% of the w_rup) when it
is under a heavy load, as shown in Fig. 4. The output voltage,
V,, has no dip voltage in case of load current variation because
w(rEP) is remote from the crossover frequency. In other words,
the RHP zero has minimal effect on the dip output voltage. How-
ever, the transient response is too slow, resulting in a large un-
dershoots voltage due to the small system bandwidth. Increasing
the crossover frequency can shorten the transient response and
obtain a small undershoot voltage; however, a large dip voltage
is also derived because of the existence of the RHP zero. As a
result, there exists an optimum ratio between w. and w,(rup)
for obtaining the smallest dip output voltage, which is labeled
as AV, (optimum) at Point C, as well as the shortest transient re-
sponse period. Nevertheless, the PM at this optimum dip voltage
is not desirable because of the existence of the w (gsr) and wpc2
generated from the PI compensator. Therefore, the system band-
width needs to be extended to ensure a stable transient response
that removes the restriction of 10%—20% RHP zero. The de-
signed value of this work is set at Point B, which is approxi-
mately 30% of the RHP zero aiming for a better PM.

G(‘ = GCO

1)

B. 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 T'(s) is illustrated in
(22). Here, H(s) is the sensor gain, which is equal to Ry /(R +
R5), whereas G.(s) is composed of an error amplifier and a PI
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Fig. 5. Simplified feedback system of the HCC regulator.

compensator that represents the transfer function of the compen-
sation network. The PI compensator contributes the compensa-
tion poles and zero, as described in (21)

Due to the decrease of the frequency of RHP zero w.(rup)
at heavy loads, the compensation zero, w..1, in the PI compen-
sator is designed to cancel the effect of the system pole, w1,
to extend the system bandwidth. However, at heavy loads, the
crossover frequency is limited by w. rup), resulting in an im-
proper system compensation, as depicted in Fig. 6(a). According
to Fig. 4, the ratio of w. and w_rpp) has an optimum value
when the dip output voltage is the major concern.

In contrast, the bandwidth worsens due to the decrease in wp;
at light loads. As illustrated in Fig. 6(b), the compensation zero
can be adaptively adjusted within a stable region. The maximum
value of w,.; is determined by the PM because there are two
poles at low frequencies once the compensation zero moves to-
ward high frequencies. In addition, the minimum value of w1
is determined by the minimum value between w. (rip) and wpc2
because a decrease in w1 also causes a decrease in wp.2 wWhen
using the PI compensator. However, the minimum value of w1
is no longer decided by w.(rup) because w2 is smaller than
W.(RHP) at light loads. To obtain a better PM at light loads, w1
must be adaptively moved to effectively cancel the effect of the
system pole w1 under the different output load conditions.

An adaptive compensation zero can ensure a good PM; how-
ever, improving the transient response is difficult because of
the limitation in the low-frequency RHP zero. Therefore, the
MHCC technique includes an adaptive compensation control
(ACC) to obtain a fast transient response and a good PM in
steady state.

III. PROPOSED MHCC TECHNIQUE FOR FAST
TRANSIENT RESPONSE

The proposed MHCC architecture, as shown in Fig. 7, can
ensure a limited output ripple and adjust the trailing and leading
edges for fast transient response. Moreover, the ACC technique
can rapidly regulate the output of the error amplifier to speed
up the transient response and guarantee good PM in the steady
state. The difference in the voltages between the upper band Vig
and the lower band Vir, forms the hysteresis current window,
which is the product of Is and Ryys. Here, Vip, is equal to
the output voltage Ve, of the error amplifier for improving the
accuracy of load regulation. The ACC technique is composed
of the adaptive resistance and capacitance, which are controlled
by the ACC controller. As a result, the compensation poles and
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Fig. 6. Compensated loop gain T'(s) (a) at heavy loads and (b) at light loads.

zero can be adaptively adjusted in the load transient and steady
state.
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A. Adaptive Compensation Control (ACC) Technique

As presented in Fig. 8(a), the PI compensator is connected at
the output V,,, of the error amplifier. Given that only a small
on-chip capacitor is allowed in the IC fabrication, the small
feedback voltage Vpp may cause a large voltage variation at
Veao When the compensation zero w,.; is located at high fre-
quencies, resulting in insufficient PM.

A pseudo large compensation capacitance is derived through
the adaptive capacitance Cc1, as shown in Fig. 8(b). The large
capacitance can be generated through a mirrored AC current,
K x 1., connected to the ground [16] that only allows a small
current to flow into the small on-chip capacitor C;. Thus, the
on-chip compensation can be achieved by the implementation
of the small capacitor C'z1. In addition, when the load tran-
sient response occurs, V,, would drop as well as Vpp, triggering
fast transient operation [17] with the ACC control. Here, S is
the control signal, indicating the period of the fast transient re-
sponse, for the auxiliary switches to return the large compen-
sation capacitance to the small on-chip capacitor C'z; in the
transient period. Consequently, the response at V., is acceler-
ated for rapid reaction to the output load variations in the boost
converter.

Moreover, V,,, can have a stable settling behavior due to the
large transient current, which can be redirected to the ground.
Similar to the off-chip compensation zero, a pseudo low-fre-
quency compensation zero is used to cancel the effect of the
output system pole. As mentioned above, the bandwidth is small
because of the RHP zero. Furthermore, the ACC technique can
deliberately control the switches .S and Sp to improve the tran-
sient response. This modifies the pseudo compensation poles
and zero to obtain a small dip output voltage and fast transient
response time, as shown in Fig. 8(b). Thus, the PI compensator
can generate two poles, wpc1 and wpc2, and one zero, w1, as
shown in (23), to compensate the proposed structure.

1
R0001 '

1
Rz1Cco’

1
Rz1Ccr”
(23)

Wpel ~ Wpe2 ~ Wzel N

According to Fig. 4, the ratio of w. to w_(rxp) can be in-
creased for a short period by the ACC technique to obtain a
higher bandwidth. Thus, the dip output voltage would not be
significantly increased when the operation points from B toward
a higher ratio of w. to w,(rup). That is, the fast transient pe-
riod will push the operation point from Point B to Point C, and
then to Point D. After the fast transient period, it is pushed back
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Fig. 9. The compensation poles and zeros controlled by the ACC technique
(a) when load current changes from light to heavy and (b) when load current
changes from heavy to light.

to Point B to ensure a better PM value. The fast transient pe-
riod only occupies one fraction of the transient period. The dip
output voltage can be smaller compared to that without the ACC
technique. The value of V,,, can be rapidly settled to its stable
level; thus the MHCC technique can achieve a fast transient re-
sponse and a small dip output voltage without being limited by
the RHP zero.

The operation of the ACC technique needs careful control of
the compensation poles and zeros during the fast transient pe-
riod. Basically, the fast transient period contains two stages, as
indicated by the signal S in Fig. 8(b): Transient 1 and 2. At the
Transient 1 stage, the mirrored AC current is fully redirected
to the small on-chip capacitor to recover rapidly the voltage
level of Viao. Then, the Transient 2 stage needs to detect the
valley point of the dip output voltage to pull back the compensa-
tion poles and zeros to the position that ensures that the system
has a better PM value. Moreover, to achieve the exact system
pole-zero cancellation, the compensation resistance Rz is ad-
justed according to the different load conditions. This ensures
the adequate system PM under different output load conditions.

The locations of the compensation poles and zeros controlled
by the ACC technique are shown in Fig. 9. When the load
changes from light to heavy [Fig. 9(a)], the ACC technique
activates the fast transient procedure. In the Transient 1 period,
the system bandwidth can be largely extended by moving wp.1,
Wpe2, and w..1 to the high frequencies. This is because the
adaptive capacitance circuit returns the compensation capaci-
tance to a small value, thereby triggering the fast loop response
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of the proposed structure. Additionally, the period of Transient
2 can pull back the compensation poles and zero to ensure
system stability. In the final status, the adaptive capacitance
is set to a steady-state value as the initial status. The adaptive
resistance circuit can also move the compensation zero w,.; to
cancel the effect of w,,; for yielding the adequate PM. A similar
operation is activated when the load changes from heavy to
light as depicted [Fig. 9(b)].

B. Compensation of the Modulation Techniques

The switching frequency of the 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. In contrast, the inductor
current in the HCC technique is controlled within two bound-
aries: 7., which is determined by the error amplifier, and .+ AT,
as depicted in Fig. 10(b) where AT is the current hysteresis
window [18]-[20]. The recovery time can be shortened because
the on-time value is not limited by the maximum on-time value
in the HCC control technique. The switching period can be ex-
tended; thus, the inductor current can be rapidly increased to the
regulated level. The current of 7;_gyp1 Obtains additional time to
reach the boundary, ¢. + AI. The switching frequency of the
boost converter slows when the load current changes from light
to heavy. Therefore, the inductor charging period is extended to
raise rapidly the inductor current level, shortening the transient
response period and minimizing the transient dip voltage. This
is the reason the recovery time of the HCC technique is faster
than that of the current-mode PWM technique.

The proposed MHCC technique rapidly regulates the output
of the error amplifier to shorten the transient response time.
However, the system bandwidth is limited by the RHP zero in
the boost converter [21]-[23]. The MHCC technique utilizes the
characteristics of the RHP zero to initiate a large control signal
due to the inferior PM to recover rapidly the voltage level at the
output of the error amplifier. However, the inferior PM cannot
ensure a stable operation in the steady state. The MHCC tech-
nique can adaptively adjust the compensation poles and zeros to
low frequencies to guarantee system stability. During the tran-
sient response, if 7. is able to rise and fall quickly, the recovery
time is shortened, as shown in Fig. 10(c).

IV. CIRCUIT IMPLEMENTATIONS

The proposed MHCC technique contains two main blocks:
the HCC and the ACC circuits. The current sensor and the fixed
hysteretic current window circuit constitute the HCC circuit.
The adaptive compensation resistance, the capacitance circuits,
and the ACC controller constitute the ACC circuit.

A. Current Sensor

The HCC technique needs to sense the full-range inductor
current. Thus, an accurate current sensor is required. As de-
picted in Fig. 11, a small value-sensing resistor Rg is connected
in series with the inductor to sense the full-range inductor cur-
rent. A slight reduction in the power conversion efficiency may
ensue in this simple procedure. The transistors M; and M, are
biased by the same bias current I7. Thus, Vsg1 = Vsga. Ac-
cording to the current values labeled in Fig. 11, (24) can be de-
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(c) Waveforms controlled by the proposed MHCC technique.
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Current sensor

Fig. 11. Schematic of current sensor.

rived and simplified as (25) if Ry = Rs under a good layout
matching result

Vsg1+ (Io+ 11)R1 = Vsge + (I + [1)Rs + 1R
(24)

I, =1, Rs/R;. (25)

The sensing signal Vg can be expressed in (26) and used to
represent the full-range inductor current. Hence, the value of

Vs can be scaled by the ratio of (Rg * Ry ) to R;. According to
the operation of the HCC technique, the value of Vg is limited

Unity-gain buffer

Fig. 12. Fixed hysteretic current window circuit.

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

VS:IORf:IL(R5~Rf/R1)OCIL. (26)

B. Fixed Hysteretic Current Window Circuit

The fixed hysteretic current window circuit is designed to
control accurately the output ripple for ensuring the regulation
performance, as shown in Fig. 12. The lower band of the fixed
hysteretic current window is controlled by the output of the error
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Fig. 13. (a) Schematic of the ACC controller. (b) Adaptive capacitance cir-
cuit. (c) Time diagram of the switch control signals. (d) Waveforms of the peak
detector.

amplifier, V... Thus, a unity-gain buffer used to filter out the
switching noise can generate the lower band V7. The hysteretic
window is easily generated by adding an IR-drop to V7. The
value of the IR-drop is derived by a constant current flowing
through a hysteresis resistor Ryys. As a result, the upper band
Vg can be expressed by (27). The cascaded current mirror Mg
and Mg can suppress the channel length modulation effect to
obtain higher accuracy

VIH = VIL + Ihys ' Rhys~ (27)

C. 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 Vg or Vi, the ACC controller begins to control
the fast transient procedure. The ACC technique can speed up
the transient response by two transient procedures: Transient 1

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 58, NO. 8, AUGUST 2011

and Transient 2 stages. The Transient 1 stage is simply decided
by a one-shot circuit to increase rapidly the voltage of V... As
depicted in Fig. 13(a), the one-shot period can be determined
by (28)

T _ CS . ‘/ref
one—shot — IS + 3;‘—? + Iadj
CS . ‘/ref

= . 2
Is + 7% + gm|Vir1 — Vipe| e
The one-shot period is inversely proportional to the input

voltage because the one-shot value should be shortened under a

large input voltage. Moreover, bigger overshoot and undershoot

output voltages need longer one-shot values. The adaptive re-
sistance is shown in Fig. 13(b), which is equal to the value of
two resistances in parallel (i.e., Rz1 = Ruigut|| Ry N _HEAVY)-

The maximum equivalent value of Rz is designed as Rpigur

at light loads because the transistor M y_pggpavy operating in the

cut-off region causes Rjsn_mppayy to be sufficiently large to be
ignored. The adaptive capacitance contains the voltage follower
designed by the low-voltage operational amplifier to ensure the
accurate current mirror constituted by the transistors M;—My.

The input common-mode range can be set from 0.4 to 1.9 V. The

time diagram of the switch control signals is shown in Fig. 13(c).

The control signal S, shown in Fig. 8(b), represents the fast tran-

sient period including Transients 1 and 2. During Transient 1,

the switches in the switch array of Fig. 13(b) are all enabled by

the detail control signals of .S and Ss from the ACC controller.

During Transient 2, the S5 is still on to derive the correct oper-

ation of the ACC technique.

Consequently, the current mirror array in Fig. 13(b) can de-
termine 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 = 65and N = 30. Thus, Cpseudo changes from (1+K) Czq
to the value, as shown in (29). Here, K is the enlarged factor

o (] J0-M-N
pseudo — 1+ M+ N Z1
= <1+ ) X 2pF = 2.1pkF.
(29)

100 — 65 — 30
1465+ 30

In other words, 95% of the mirrored current is directed to
the small capacitor C'z; to rapidly increase the voltage level of
Veao- As aresult, the system bandwidth can be extended, and the
drop voltage can be reduced. However, the PM is not sufficient
to ensure a stable operation. Thus, the one-shot timing control
in (28) depends on Vix and V,, to avoid oscillation.

After the Transient 1 stage, the Transient 2 stage is deter-
mined by the valley of the output voltage. Thus, a peak de-
tector in Fig. 13(a) is required to decide the period of the Tran-
sient 2 stage. As illustrated in Fig. 13(d), the feedback signal
Vrp can be filtered by two low-pass filters, (Ryp1, Crp1) and
(Rrp2, CLp2), to generate two output signals, V1,p1 and Vi,ps.
In the Transient 2 stage, the switches in Fig. 13(b) are conser-
vatively set to increase Cpseudo to the value, as shown in (30)

100 — N
Cvseuo: 1 1 . AT C
pseud <+ 1—|—N> z1
( 100 — 30
=11 _—

- 9pF =~ 6.5pF.
1+30) P P (30)
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TABLE I
LOCATION LIST OF ALL POLES AND ZEROS IN MHCC STRUCTURE WITH TRANSIENT FROM LIGHT LOAD TO HEAVY LOAD
Dominant- System- Zero High freq. pole | RHP zero ESR DC Gain Phase
Status pole pole (Fuet) (Fr2) (. ) zero (dB) UGF (deg)
) (1) zcl pe2 Z(RHP) (Ffuksk) 4
@Light Load (70mA) 25 273 916 191K 446K 468K 78.6 63K 71
Output load current changes from light load (70mA) to heavy load (270mA)
@Transient 1 1.7K 1.1IK 225K 700K 116K 468K 66.9 70K -9
@Transient 2 701 1.IK 73K 550K 116K 468K 66.9 45K 13
®Heavy Load
2 LLIK 1.8K 377K 116K 468K 9 34K 1
270mA) 6 8 77 6 68 66 7
TABLE II
LOCATION LIST OF ALL POLES AND ZEROS IN MHCC STRUCTURE WITH TRANSIENT FROM HEAVY LOAD TO LIGHT LOAD
Dominant- System- Zero High freq. pole | RHP zero ESR DC Gain Phase
Status pole pole (Fuet) (Fr2) . ) zero (dB) UGF (deg)
(Fre) (o) zcl pe2 Z(RHP) (Ffubsk) g
© Heavy Load
26 1.1IK 1.8K 377K 116K 468K 66.9 34K 71
(270mA)
Output load current changes from heavy load (270mA) to light (70mA) load
(DTransient 1 1.7K 273 88K 277K 446K 468K 78.6 70K 25
@Transient 2 692 273 28K 218K 446K 468K 78.6 61K 50
®Light Load (70mA) 25 273 916 191K 446K 468K 78.6 63K 71
70mA to 270mA Bode Pt (RZ1=860K,Co=10uF) 70mA to 270mA Bode Plot
10C
78605 10
2\
= magl.oop_h3(j) u‘;@
S magloop(j) g Ga Ml
..... 8 Wl
——— 270mA Final Status —— 270mA Final Statys
~23.509, il 70mA | e 270mA Transient 2
3 4 o 6 270mA Transient [
1 10 100 1x10° 1x10 1x10” 1x10 = = = Initial 70mA
4 £) 106 -5 : : -
‘ 1 10 100 1x10°  1x10* 1x10° 1xa10°
Frequency Frequency
Fig. 14. Bode plot of the proposed boost converter with the HCC technique (a)
only. 270mA to 70mA Bode Plot
10
During the Transient 2 stage, the compensation poles and i
zeros are pulled toward the origin to obtain a higher PM value. =~ ---- {9, Il
Once V1,p1 is higher than V7 po, the Transient 2 stage ends. After st M
the detection of the peak value, the compensation poles and
zeros are set to the positions that can guarantee an adequate PM
value. Thus, Cpseudo 1S again equal to (1 + K) Cz1. §
The Bode plot of the proposed boost converter with the HCC
technique only is shown in Fig. 14. The loop gain varies with
the different load conditions in the range of 65 to 80 dB. The || 7omA Pinal Statys
crossover frequency is fixed at 50 kHz. The Bode plot of the leﬂ_lfl\zT;Oans]i\em
. . . . - )
proposed MHCC technique is shown in Fig. 15. The ACC tech- _5 e
nique activates the fast transient response when load current 1 10 00 1x10° 110t 1x10° 1x10°
changes from light to heavy, as illustrated in Fig. 15(a). The Erequency
(b)

loop crossover frequency is extended to 80 kHz during the fast
transient period. The positions of all poles and zeros are listed
in Table I. The value of f. is set to approximately 30% of the

Fig. 15. Bode plot when load current changes (a) from light to heavy and
(b) from heavy to light.
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TABLE III
DESIGN SPECIFICATION OF THE PROPOSED MHCC STRUCTURE
Characteristics Typical value Unit
Supply Voltage (Vin) 3.5~4.5 \4
Output Voltage (V,) 12 \4
Output Current (Iipaq) 70~270 mA
Input Inductor (L) 6.8 pH
Equilibrium series Resistance of the inductor (DCR) 45 mQ
Qutput capacitor (Co) 10 uF
Equilibrium series resistance of the output capacitor (Rgsr) 50 mQ
Operation temperature 0~100 C
—i 1
S V.YV, 1 ’ﬂb 1p0i=50mA = 250mA
PR e e 1 A
AR ST U O M
= V()UT LA T . o L fi HNZGS
! Transient 1 Zﬁﬁ
FRER & SZ - »1- Transient 2 5 . — i
2 1 ; ; f ; p— 2780um _
—_— e Fig. 17. Chip micrograph.
. 2 =,
: " T1pai=250mA > 50mA
¢ WAWAMAMAMAWAAMAMM WMWY MMM
- A V. EXPERIMENTAL RESULTS
: R/ A
I o STTEVEPUUIVIVE W . .
2 FEETFTETTTRITTTTTErrTTTT The proposed boost converter with the MHCC technique was
. fabricated by the TSMC 0.25 pm CMOS process. The off-chip
g ; . .
;1 Sy [y Transient 1 Sus inductor and output capacitor are 6.8 pH and 10 uF, respec-
' i B tively. The output voltage V,, is 12 V to drive three white LEDs
TS, e Tronglent 2 . in series. The specification is listed in Table III. The chip micro-
[ oy ; : graph is shown in Fig. 17. The chip area is approximately 1480
12m 1.205m 121m 12150 Inﬂa.mnﬁ“é? 123m 1.235m 124m 1245m 125a) le X 2780 lllm’ including the test pads'
(b)

Fig. 16. Simulated results of the load transient response with the ACC tech-
nique (a) when load current changes from 50 to 250 mA and (b) when load
current changes from 250 to 50 mA.

value of f.(rup) at heavy loads, as presented in Fig. 4. Simi-
larly, the Bode plot when the load current changes from heavy
to light is shown in Fig. 15(b). The loop crossover frequency is
also extended to 80 kHz during the fast transient period. Table II
lists the relationship of the poles and zeros. At light loads, the
value of f. is set to approximately 30% of the value of f,.2. The
adaptive resistance moves both f..; and fj.2 toward the origin.
Thus, f,c2 is smaller than f, rup) at lightloads. In other words,
fpe2 determines the position of f..

Simulation results of the load transient response in the pro-
posed boost converter with the MHCC technique are shown in
Fig. 16. When the load changes from 50 to 250 mA, as shown in
Fig. 15(a), the ACC technique can ensure the system stability,
voltage regulation in steady state, and achieve fast transient re-
sponse with periods of Transients 1 and 2. Similarly, when the
load changes from 250 to 50 mA, as shown in Fig. 15(b), the
fast transient mechanism also works precisely to improve the
load transient response.

Experimental results of conventional boost converter are
shown in Fig. 18. The input voltage is 4 V. The load current
changes from 70 to 270 mA. The slew-rate load current is
100 mA/us. The undershoot and overshoot voltages are 338 and
308 mV, respectively. The recovery time is 141 ps when the
load current changes from light to heavy or from heavy to light.
The load regulation is 0.16 mV/mA. The bandwidth is limited
by the existence of the RHP zero. Under the low-bandwidth
design, the transient response cannot be speeded up. Thus, the
slow-response output voltage may cause the LEDs in series to
have a little luminance variation when the dimming control is
applied on the LED brightness control.

A comparison of the slow response of the conventional design
and the experimental results of the proposed boost converter is
shown in Fig. 19.

The undershoot and overshoot voltage are 300 and 234 mV,
respectively. The recovery time of light to heavy load is 19.5 ps,
and the recovery time of heavy to light load is 18.8 ps. Experi-
mental results show that, compared with the conventional boost
converter design, the improvement in the transient response is
7.2 times higher when the load current changes from light to
heavy or vice versa. The improvement comes from the proposed
HCC and the ACC techniques.
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Fig. 18. Waveforms in conventional boost converter with HCC technique
(a) when load current changes from 70 mA to 270 mA within 2 zs and (b) when
load current changes from 270 to 70 mA within 2 ps.

The fast transient performance can be easily noted because
the MHCC technique can speed up the transient response over
a wide load current range, as shown in Fig. 20. The load cur-
rent step decreases to approximately 100 and 50 mA, as shown
in Figs. 20(a) and (b), respectively. The transient response time
has only a slight improvement compared with that of the large
load current step because the ACC technique has only a min-
imal effect on the whole system. Fortunately, the ACC technique
consumes little power because it works only when the output
voltage varies significantly. The power conversion efficiency is
illustrated in Fig. 21. The power conversion efficiency is hardly
influenced with or without the ACC technique. The power con-
sumption overhead is merely 1%. The maximum power conver-
sion efficiency is approximately 90%. A summary of the com-
pared performances between the conventional and the proposed
MHCC techniques is listed in Table IV.

VI. CONCLUSION

This paper proposes an MHCC technique to improve tran-
sient response of DC-DC boost converters. 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 due to the RHP zero can be improved. The proposed
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Fig. 19. Waveforms in the boost converter with the MHCC technique (a) when
load current changes from 70 to 270 mA within 2 ps and (b) when load current
changes from 270 to 70 mA within 2 ps.
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Fig. 20. Waveforms in the proposed boost converter with the MHCC technique
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TABLE IV
COMPARISON OF THE CONVENTIONAL AND THE PROPOSED MHCC TECHNIQUES

Characteristics Conditions MHCC Technique Conventional Technique
Supply Voltage -- 4V 4V
Output Voltage -- 12V 12V
Output Load Variation — 200mA 200mA
Overshoot Voltage [4q=270mA—>70mA within 2ps 234mV 308mV
Undershoot Voltage L., =70mA->270mA within 2us 300mV 338mV
Recovery time of heavy-to-light load @Do. l{;:“‘gi?m:gg&?ﬁm 2us 18.8us 141ps
Recovery time of light-to-heavy load hou=70mA>270mA 19.5us 141ps
Y & Y @ 0.1% rated voltage within 2ys oK H
Load Regulation -- 0.11mV/mA 0.16mV/mA

Power conversion efficiency (1)

Fig. 21.

boost

0.95
Max.=90%
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0.8 \-
0.75 A -

=o— | Efficiency of the MHCC
e - Efﬁqiency of tIz‘e MHCC 1lvitlzout the ACC ‘
" 70mA 120mA  170mA  220mA  270mA
Load current (11p40)
Power conversion efficiency.

converter with the MHCC technique can demonstrate

fast transient performance to verify its advantage in the driving
capability of the LEDs in series. Good driving capability and
accuracy can be guaranteed by the proposed MHCC technique
according to the fast transient performance in the experimental
results.
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