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Fast-Transient DC-DC Converter With On-Chip
Compensated Error Amplifier

Ke-Horng Chen, Hong-Wei Huang, and Sy-Yen Kuo, Fellow, IEEE

Abstract—A fast-transient dc—dc converter with on-chip com-
pensated error amplifier is presented in this paper. The error
amplifier uses three transistors and one voltage follower to imple-
ment the on-chip current-mode Miller capacitor. Not only on-chip
compensated error amplifier is implemented without off-chip
components and I/O pins, but also fast-transient response is
achieved. Moreover, we accurately decrease the transient response
time without suffering from the oscillation issue. Implemented in
a 0.35-um CMOS process, experimental results demonstrate the
stability of converters with a little area overhead about 5% larger
than that of conventional design. In case of load variations, there
is about four times reduction on the dropout voltage compared
to that of conventional design. Furthermore, transient speed by
our proposed technique is about five times faster than that of
conventional control, while the total quiescent current is only
increased about 3%.

Index Terms—Current-mode dc—dc converter, fast-transient re-
sponse, on-chip compensation.

I. INTRODUCTION

MONG the numerous requirements included in the ability

to build high-performance system-on-chip (SOC) sys-
tems, the imperative demand is to supply a dynamic voltage in
terms of the processing throughputs. It means that the dynamic
voltage scaling (DVS) technique is the most popular power
management technique for reducing power loss of SOC sys-
tems. Therefore, the design consideration for dc—dc converters
with fast-transient response is necessary to provide good dy-
namic performance and simultaneously ensure the regulator’s
stability. In other words, fast-transient response techniques
must make sure low supply voltage ripple and maintain a
reliable supply voltage to SOC systems.

Switching frequency of dc—dc converters limit the bandwidth
of switching dc—dc converters within 10%—-20% of switching
frequency. Thus, it is hard for us to design a switching de—dc
converter with high bandwidth. Besides, owing to the demand
of large compensation capacitor Cc connected at the output
of conventional error amplifier as shown in Fig. 1, the slewing
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problem seriously affect the response time of switching de—dc
converters. Thus, the limited bandwidth and slewing problem
deteriorate the load response of switching converters.

Therefore, most popular techniques [1], [2] are based on non-
linear control to source or sink recovery current within the lim-
ited bandwidth. However, these techniques are based on positive
feedback control and have the possibility of oscillation. Pseu-
docontinuous conduction mode (Pseudo-CCM) buck converters
[3] contain only one low-frequency single pole in the closed-
loop transfer function. With PI compensation, the bandwidth
can be extended but still limited within 10%—-20% switching fre-
quency. Thus, large time constant due to PI compensator still
slows transient response time.

One popular fast-transient technique named as adaptive
voltage position (AVP) [4] controlling technique modifies the
reference voltage of error amplifier to obtain good transient
response because of continuously maintaining constant output
impedance of converters. As we know, it reduces the transient
response time and output voltage ripple at the sacrifice of
efficiency and load regulation. In additional to speed up the
transient response of error amplifier, the skill of fast-response
double buck converters (FRDBs) [5] is presented to reduce the
recovery time of output voltage with an auxiliary converter.
This technique increases the driving ability at the output of
the dc—dc converters by nonlinear controlling techniques in
case of large voltage variation. However, it needs two external
inductors to implement double buck converters.

Recently, the end-point prediction [6] demonstrated fast-tran-
sient response when the reference voltage changes. In case of
load variation, this technique doesn’t have the ability to have
fast-transient response because it suffers from large compensa-
tion capacitor at the output node of error amplifier. It means that
it did not solve the slewing problem due to large compensation
capacitor when load current changes.

In Fig. 1, a novel error amplifier with on-chip reconfigurable
compensator substitutes for the conventional error amplifier
to achieve fast-transient response in case of load variations.
In other words, the proposed error amplifier not only contains
on-chip but also achieves fast-transient response. In Section II,
we describe the design of the proposed error amplifier. Exper-
imental results are shown in Section III. Finally, we make a
conclusion in Section IV.

II. DESIGN OF PROPOSED CIRCUITS

A. On-Chip Compensated Error Amplifier With
Fast-Transient Controller

The schematic of proposed error amplifier is shown in Fig. 2.
The current source is composed of transistors Mp; ~ Mpg
for biasing a cascade operational transconductance amplifier
(OTA), which is a single-stage amplifier with a high gain and
one dominant pole. The on-chip compensator is composed of
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On-chip compensated error amplifier with fast-transient technique substitutes for the conventional error amplifier in a buck converter.
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Fig. 2. Schematic of proposed fast-transient compensated error amplifier.

three transistors Mz1~3, on-chip components (R.1,C,;) and
a voltage follower Mj~14 [7]. According to theorem of cur-
rent-mode Miller capacitance, an equivalent current source con-
nected to the two terminals of the small capacitor has a current
k times that of flowing through the small capacitor. In Fig. 2,
voltage follower forces the voltage of node X to closely track
the voltage of node Y when switch S is off and switch S5 is
on. Three transistors Mz, Mz2, and Mzs, which operate in
linear-region and constitute two parallel on-resistances, have the
same large gate—source voltage and small drain—source voltage.
One on-resistance is decided by transistor Mz, and the other
on-resistance is decided by the parallel transistors M za..3. The
values of these two parallel on-resistances are inversely propor-
tional to their respective aspect ratios and shown as

1
(Vys

Tds N - 1
B i Cox (Ve — Vi) W

v

On-chip Compensator

In order to generate a current that is k times larger than the
current flowing through a small capacitor C. 1, the sum of the
aspect ratio of M 75 and M 73 is set k times that of M z;. Hence,
the equivalent driving current flowing through capacitor C',; is
boosted by a factor of (k + 1). In other words, the equivalent
capacitance is multiplied by a factor of (k+ 1) and is equivalent
to a large off-chip capacitor.

The output capacitor of the error amplifier needs to be charged
or discharged as fast as possible for sudden load variations.
Thus, when switch S is on and switch Sy is off the equivalent
current is divided into two parts. One part current I .o is uti-
lized to charge or discharge the small capacitor C.;. The other
part current I/, 3 is utilized to compensate the dc—dc converters.

The detector and fast-transient control circuit in Fig. 3 is used
to react to load current suddenly changing from low to high, or
vice versa. In order to accurately detect the load variation, the
fast-transient control circuit needs two one-shot circuits to get
optimum transient response time. The operation of the output
voltage detector (OVD) is described as following: Mg;..3 and
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Fig. 3. Detective and control circuit for fast-transient response.

Ip1,2 are in response to detect the condition that V5, is larger
than the desired voltage when load current suddenly changes
from heavy to light. Ms4.¢ and Ip3 4 are used to detect the load
current from light to heavy. In steady state operation, the current
Inrss(Insse) is larger (smaller) than the Ipo(Ip4) due to the
aspect ratio of transistor Mg3 is larger than that of transistor
Msg. The value of node Vi(V5) stay at a high (low) voltage
level if the variation of output voltage V, is not large enough
to trigger OVD circuit to generate one-shot pulse.

Once load current decreases (increases) rapidly and cause
Vout to pull high (drop down), then it results in decreasing
(increasing) gate—source voltage and increasing (decreasing)
threshold voltage for transistor Mg3(Msg) because of the
modulation voltage between body and source. According to
current equation of MOS transistor operating in saturation
region, current Iprs3(Iprs¢) drastically shrinks to a smaller
(larger) value than that of current Ipo(Ip4). Consequently,
voltage V7 (V5) is pulled down (up) to trigger a one-shot pulse
for switching the normal operation mode to the fast-transient
mode. Proper adjustment of bulk-source voltage Vpg can
eliminate the possibility of leakage current between source
and bulk nodes. When one-shot circuit switches the normal
operation mode to the fast-transient mode for a short time, the
proposed error amplifier in Fig. 2 has a large current to charge
or discharge the small output capacitor C,1; meanwhile, the
transconductance of the proposed error amplifier is increased
from gy, 1O g, ¢

The transconductance in the normal operation mode g,y, , is
shown as the following equation when the tail current of the
error amplifier is Ip:

w (7)
Jmn = 2.“’ )Oox<—) Ip x ¢. (2)
¢ PNL e 0+ D) ares

The transconductance in the fast-transient mode is increased
from gy, » tO gy, r, which is shown as

where m is the ratio of I;;.o to Ips.3 and k is the factor of
Miller multiplication. The steeper the slope gy, r is, the less
the recovery time of the on-chip error amplifier is. The appro-
priate values of m and k are set to 0.5 and 100 for this on-chip
compensated error amplifier. Larger value of the product mk
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Fig. 4. Timing analysis of signal waveforms: (a) with a positive and sudden
load current variation, and (b) with a negative and sudden load current variation.

may make the system unstable and oscillation may occur at the
output. Thus, a conservative value is selected for our implemen-
tation.

B. Timing Analysis of Fast-Transient Control

An appropriate Tope—shot time [8] can speed up the tran-
sient response and reduce the output voltage ripple significantly.
Fig. 4 shows the waveforms of the transient response when load
current [},,4 has a sudden load current change Al,,4. Within
the bandwidth smaller than 20% switching frequency, the av-
eraged model [9] is used to analyze the characteristics of tran-
sient response. For a sudden large load, the insufficient charge
between the current I opverter and Ijoaq from time #; to t3 is
supplied by the output capacitor C'.. The current I.opyerter in-
creases with a slow slope dIpc/dt in normal operation. Once
the fast-transient controller is triggered, it increases the slope of
Lconverter from dIpc/dt to dIgp/dt. The slopes dIpc/dt and
dIgp/dt are proportional to the transconductances g, ,, and
gm, ¢ of the error amplifier, respectively. The optimum duration
time of T, e—shot 1S determined when the value of I.qyverter 18
slightly larger than that of the load current because the energy
is sufficient to supply the load and V. stops dropping after
time ¢3. The duty of switching signal is rapidly increased by the
fast-transient controller. The new proposed technique can have
better performance than that of slew-rate enhancement (SRE)
[1] because the output capacitor C,; of the error amplifier is
a small capacitor, which needs short charging/discharging time
[10].

The fast-transient controller is started to speed up the in-
creasing rate of I onverter at time ¢o. From time ¢, to ¢3, the non-
inverting input terminator of comparator in Fig. 1 is expected
to rise to a stable voltage, which can be decided by the cur-
rent-sensing circuit and V- converter [11]. When the output is
stable, the voltage variation of the noninverting input terminator
of comparator is given by

VAV P Roense R
Aanoninvcrting = ]I\‘] d X R ! @

where N is current sensing ratio, Rgense 1S the current sensing
resistor, Iy, is the resistor for converting current to voltage, and
R, is the resistor in the V-1 converter [11].
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Once the fast-transient controller triggers a one-shot pulse,
the error amplifier only needs to raise the voltage of the inverting
input terminator to AV ontro1 described as (5). The second term
in (5) stands for the voltage drop corresponding to V4, before
starting the fast-transient operation. |T'(jw)]| is the magnitude of
error amplifier’s transfer function in normal operation mode

Viys [T(Gw)| Ry

5
Rt Ry &)

A‘/control = Aanon—inverting_

The small capacitor C',; is charged by an average current I,

for a period of T},,e—shot When the fast-transient controller in-

creases the transconductance from gy,  to gn,, ¢. The increasing

charge of the output capacitor C; and average current It are
given as

Czl X chontrol = Tonefshot X Ifast (6)

1 R>
I ast — S Vro V s) >, p Idm,f- 7
fast 2(dp+ hy)R1+R29,f @)
According to (3), the period of Tpe—shot for fast-transient
operation can be derived as

2021A‘/c0ntro](R1+R2)
gm,n(l + mk)(Vdrop + Vhys)R2

’_ 2C(zlA‘/controll(-Rl + RQ) (8)
gm,n(l + mk)(‘/;ise+vhys)R2 .

Tone—shot! 1s the case of large negative load as shown in
Fig. 4(b) for fast-transient operation. Before time ¢4/, the output
voltage level is slightly lower than the desired voltage because
the de—dc converter is working in the heavy load. Thus, it needs
to wait more time than the case of Fig. 4(a) for triggering the
fast-transient controller. In other words, T(’mefShot is smaller
than Tonefshot .

Tonefshot =

Tonefshot

C. Analytic Pole—Zero Pair of the On-Chip Compensated
Error Amplifier

The equivalent resistances of two parallel resistances gener-
ated by three transistors Mz1.3 working in triode region are
modeled as two resistances R and K R. R is the equivalent resis-
tance of transistors Mz, and K R is the equivalent resistance of
parallel transistors M zs and M z3. A careful effort on symmet-
rical layouts of M 713 can improve the mismatching problem.

Due to the switch frequency of the dc—dc buck converter is
designed at 500 kHz, the unity gain frequency is designed below
20% switching frequency. Thus, we model the voltage follower
as a transfer function with only one dominant pole at wp;. The
transconductance of this voltage follower is g,,0. As aresult, the
transfer function of the voltage follower is shown as (9)

Gon(s) ~ HQ(LO) ©)

Furthermore, the output equivalent impedance of voltage fol-
lower can be derived as

_ ( Rc1 + 701 1
out 1 + Im5To1 SCCl(l + Ims5To1

)) 7 (10)

where C1 and R are the Miller compensation capacitor and
resistor, respectively. g,,,5 is the transconductance of the second
stage in the voltage follower. Besides, the output impedance of
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TABLE I
SPECIFICATIONS OF BUCK CONVERTER
Technology TSMC 0.35-um process
Input Voltage 33V
Output Voltage 20V
Switching frequency 500 kH=
Output Current Range < 400 mA
Output Ripple Voltage <10mV
Output recovery time <25 pus
L 4.7 uH R; 300k Roonse 400 Q
Cr 10uF R; 100 k2 R 50 k2
Rzsr 30 mQ R, 1MQ Ry 95 kQ
Vier 05V Ci 20 pF K 100
M 0.5 N 1000

Fig. 5. Micrograph of the on-chip compensated error amplifier for fast-tran-
sient response dc—dc buck converter.

first stage and second stage of this operational amplifier are 7o
and ro9.
The transfer function of on-chip compensator is written as

1+sKC.1R

T(s)~ —g, R, .
(5) % =9 1+ sKCo1(R.1+R,)

(11)

Because the value of R, is such larger than R 1, the value of
low-frequency pole is lower than that of the low-frequency zero
by this proposed on-chip compensator and they are described as

Zero =~ and Pole ~

# # . (12)
KClezl KCZIRO

Obviously, the proposed on-chip current-mode Miller capac-
itor can work correctly as a large off-chip capacitor. The analytic
results show the correctness of the equivalent low-frequency
pole—zero pair and implementation of the proportional-integral
(PI) compensation in dc—dc converters.

III. EXPERIMENTAL RESULTS

The fast-transient response dc—dc converter with on-chip
compensated error amplifier is implemented with TSMC
0.35-um process. Specifications of the dc—dc converter are
listed in Table I. The micrograph of proposed circuit is shown
in Fig. 5.

For demonstrating the fast-transient response, the load cur-
rent changes from 100 to 400 mA and back to 100 mA with
rising time and falling time of 4 ps. In Fig. 6, curve (a) illus-
trates the conventional error amplifier with external compen-
sation resistor and capacitor. This curve needs about 100 s
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is 141 mV by on-chip compensated error amplifier without fast-transient con-
troller. (c) Dropout voltage is 40 mV and overshoot voltage is 47 mV by on-chip
compensated error amplifier with fast-transient controller.
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Fig. 7. Enlarged waveforms of transient response with proposed error ampli-
fier.

to stabilize the large load current variation from low to high,
or vice versa. Curve (b) is the result of the on-chip compen-
sated error amplifier without fast-transient controller. Owing to
the same compensated pole—zero pair, the transient response is
nearly the same as that of curve (a). Curve (c) shows the result
of the on-chip compensated error amplifier with fast-transient
mechanism. It has the minimum recovery time and the enlarged
waveforms are shown in Fig. 7. The proposed amplifier only
needs less than 25 us to recover the output voltage to a stable
voltage level when load current changes. The reason why the
output voltage level of error amplifier can be recovered rapidly
is benefited from an auxiliary current that is mk times the value
of original current.
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Moreover, experimental results also prove the correctness of
timing analysis of fast-transient control. By (8), Tone—shot and
Tone—shot! are 2.65 us and 2.23 ps, respectively. From Fig. 7,
Tone—shot and Tone—shots are 2.85 and 2.28 us, respectively.
The error percentage for load suddenly changing from low to
high and high to low are only 7.23% and 2.54%, respectively.
These values slightly deviate from analytic values because of
process, temperature and supply voltage variations. Thus, in
order to avoid the converter from oscillating, we use conserva-
tive value of one-shot timing values to make sure the stability of
the system.

IV. CONCLUSION

A novel dc—dc converter with on-chip compensated error am-
plifier and fast-transient mechanism is presented in this paper.
The error amplifier uses an on-chip reconfigurable Miller capac-
itor to improve the transient response at an accurate one-shot
time. Experimental results demonstrate the transient speed by
our proposed technique is faster than conventional control by
about five times, and there is about four times reduction on the
dropout voltage compared to that of conventional design. With
the proposed error amplifier, the transient response of dc—dc
converters is improved significantly.
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