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Abstract: A current-mode DC-DC buck converter with high stability is presented. The loop gain’s expression of

the current-mode converter is derived by employing an advanced model of a current-mode control converter. After

analyzing the loop gain’s expression, which illustrates the method of selecting suitable frequency compensation for

the control loop,a novel pole-zero tracking frequency compensation is proposed. Based on theoretical analysis,a

DC-DC buck converter with high stability is designed with 0. 5,m-CMOS technology. The simulated results reveal

that the stability of the converter is independent of the load current and the input voltage. Moreover, the convert-

er provides a full load transient response setting time of less than 5us and overshoots and undershoots of less than

30mV.
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1 Introduction

Current-mode DC-DC buck converters are
widely used in battery-operated portable electron-
ic systems,such as cellular phones, personal digital
assistants ( PDAs ), and other palm-sized de-

vices! ™%

.In these mobile applications,the stabili-
ty requirements are becoming more stringent as
the dynamic ranges of input voltage and load cur-
rent increase. Thus, the trend is to focus on low-
power, low-cost, fully integrated CMOS convert-
ers, which are stable over a wide loading current
range and any normal input voltage.
Recently,some new methods to improve the
stability of current-mode DC-DC converters have
been proposed''~°'. By introducing zeros and poles
in the compensator to cancel poles and zeros in
the control-to-output function, the converter in
Ref.[1] obtains a sufficient phase margin. But the
predictions are not confirmed by experiment or
simulation. Theoretical loop analyses for current-
mode converters have been made for stability op-
timization”*!. However, the analyses are mostly
interested in the model itself and cannot directly
guide circuit design. The design methods in
Refs.[4,5] focus on the circuit topology of the
power stage, so they are not suitable for a low-

cost, fully integrated CMOS power module for
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battery-operated applications. Kwok et al.™ pro-
posed pole-zero tracking frequency compensation
(PZTFC) for a low-dropout (LDO) line regula-
tor. This compensation scheme, however, is not
suitable for a pulse-width modulated (PWM) con-
trol-loop due to different control schemes.

In the present work, the detailed theoretical
derivation of the loop gain of a current-mode DC-
DC buck converter is described. Based on theoret-
ical analysis,a novel PZTFC designed for a PWM
control-loop is proposed. This method makes the
stability of the converter independent of the load
current and the supply voltage. Moreover, the suf-
ficient loop-bandwidth that results from the meth-
od improves the dynamic responses of the con-
verter.

2 Modeling and theoretical analysis

The structure of the PWM buck converter
with peak current-mode control is shown in
Fig. 1. The converter is composed of an on-chip
control loop and an off-chip output filter. The er-
ror amplifier (ERRAMP) compares the V. crea-
ted by the bandgap with the feedback voltage
Vs . generating a voltage error signal that is fed
to the PWM comparator and compared with a
voltage signal created by current sense and slop
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compensation. The output of the PWM compara- the on-time and off-time duration of the power
tor passes through control logic and a driver block transistors Sp and Sy. The output filter consists of
to define the duty ratio. The duty ratio controls an inductor L and a filtering capacitor C, .
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Fig.1 Structure of a current-mode buck converter

In order to obtain loop gain of the current- system is shown in Fig. 2, where the meanings of
mode converter,a full small signal model””’ of the the symbols in Fig.2 are given in Table 1.

K()I)

Voltage-control loop

Fig.2 Small signal of a current-mode buck converter

Table 1 Meanings of symbols in Fig.2

Symbol Meaning
Ii,ic The dc and ac components of the average inductor current
D,d The dc and ac components of the duty cycle
Tei=iL/d The open-loop duty cycle-to-inductor current transfer function
Vins Vin The dc and ac components of the input voltage
Vosve The dc and ac components of the output voltage
Tr=v,/d The open-loop duty cycle-to-output voltage transfer function
Viefs Ves Ve The ac components of the reference,control and error voltages
Tc=ve/ve The transfer function of the control circuit in the voltage loop
T,=1/fs The period of the switch frequency
B The voltage transfer function of the feed-forward network
H.(s) The transfer function of the sample-data effect
Twum The transfer function of the control voltage-to-duty cycle
Kop The output feed-forward gain
Ao The open loop input voltage-to-output voltage transfer function
Zo The transfer function of output current to output voltage
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After closing the current-control loop, the %[1 + s(Rgsg + RO CL]
transfer function of control to output is simplified Tw(s) = L
] L 2 R + Rese
as a control block VOC (s). Figure 3 shows the LA s(pmt Resn C) 4 57 LCL (0
simplified small signal model,and VOC(s) is giv- (1
en by ]
Vo Tp TM TM = T s (5)
= Yo _ M, + M) T,
VOCs) = = TS T R.H.(s) Ty — Ko T (M, )
(D Ho(s)~1-2 (6)
where R; is the current sensor gain. In the DC-DC hS) A 2fs
converter,the ac component of the reference volt-
age is zero,so the loop gain is equal to Kop = D 7

Ty(s) |y i -0 = fTc(s)VOC(s) (2
by making use of the result derived in Refs.[2~
4,6,7],which is accurate enough for most practi-
cal converters. Tps Tpi» Tus H. (5),and Kop are
given by

Vin (sSCLRgsg + 1)

Tp(s) = I
14+ s(CLRgsr +R—) + 5" LC..(
L

3

R+ RESR)
Ry

My
(= 3V = Vo)

Here M1 =(V, = Vo)/L M;=0.5Vou/L,CyL is
the filtering capacitor, R, is the load resistor,and
Rese 1s the equivalent series resistance (ESR) of
the filtering capacitor. With the assumption that
R > Rk »the loop gain is derived as

BTC(S)kl[SCLRESR + 1]

Ty (s) |vm:<>.i0:o = L R
1+ 5CCLRpsn + ) + s°LC + 5k (1 + sRL.CO = 25 = ky (sCLRpse + 1)
RL RL ng
(8
where
__ Vulfi

ki = Vi — 0.5V, )
VOC(s) Vo

K, = Vo (10)

Vin - 0. ‘5V0max - VO

In order to simplify the derivation, the output
voltage is fixed, and the input voltage changes
from 2.5 to 6V.

The stability of the converter is studied in
two cases: o =0A and I,#0A. When I,=0A,

BTC(S)kl[SCLRESR + 1]

Disturbances result from
line and lod change ‘/

2]

Fig.3 Simplified small signal model of the current-
mode buck converter

Equation (8) can be simplified as

To(s) | o0 = - (1
1_k2 +S(k1RSCL—k2RESRCL)+SZ(LCL—k1RSC]_ ﬁ)
When I,70A.it can be simplified as
TV(S) |Vin:0~i0:0 = R L HI‘C(S)klESCIQLRESR; 1] 1 (12)
1+ zkl -k, + S(R7L + kiR, C, — R—ikl 2fs) + s*(LC. — k,R,C, 2705)

Equations (11) and (12) illustrate that the high
stability of the converter can be obtained by selec-
ting an appropriate frequency compensation
Tc(s) and clearly show that the poles of VOC(s)
are heavily dependent on the load resistor R, and
the input voltage V, ,so the strategy of compensa-

tion is to obtain a sufficient phase margin for all
possible changes of load resistor and input volt-
age.

In Egs. (11) and (12), T¢ (s) can be ex-
pressed as
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1+ s L 100 Bode diagram
Te(s) = Ay T (3 I natadessatadastn
d+s—UT+s—) =
Wp1 Wp2 = ok —_— V=25V heavy load
. . & — —¥,=2.5V light load
where Ay is the DC gain of Tc(s),and w,swp » § -+ ¥,=6.0V heavy load
. -50f = - "Vi=6.0V light load |
and w,, are the zero,low-frequency pole,and high- 0

frequency pole, respectively. Then, if the zero w,
can track and cancel the lowest possible pole of
VOC (s), while the high-frequency pole wy is
placed at the frequency of the zero caused by the
ESR of the filtering capacitor in VOC (s), the
low-frequency pole w, of T¢ (s) becomes the
dominant pole. Therefore, there is only a domi-
nant pole w, below the unit gain frequency
(UGPF) ;and a sufficient phase margin is obtained.
Furthermore, this frequency compensation ensures
enough UGF at any possible load resistor and thus
provides a fast dynamic response. This method,
which introduces a dynamic zero to track and can-
cel the dynamic pole.can be called PZTFC™" .

Figure 4 shows a Bode plot of T¢ (s),
VOC(s),and Ty (s) in the worst case,in which,
V. and R. are set to their largest possible val-
ues” . The result shows that the phase margin is
61.9° in the worst case by using PZTFC. The loop
gains in four extreme cases:(a) Vi, =2.5V, [, =
1A;(b) Vi, =2.5V, I, =1mA;(c) Vi, =6V, 1,
=1A;and (d) V,, =6V, I,, = 1ImA are shown in
Fig. 5. The phase margins of four cases are 77.5",
76.5°,61.9°, and 63", respectively. The UGF is
larger than 200kHz for all cases.

Bode diagram
P,=61.9°(at 1.48x10°rad/s)
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Fig.4 Simulated frequency response at worst case u-
sing MATLAB

3 Circuit implementations

3.1 ERRAMP with PZTFC

The PZTFC for a PWM DC-DC converter

45| N
|_——V,,=2.5V heavy load\.

— —V;,=2.5V light load \'u Plen
-135F -+ + ¥,,=6.0V heavy load

Phase/(°)
o
(=]
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-180 : ' ' :
10° 10? 10 10° 108
Frequency/(rad/s)
Fig. 5 Simulated frequency response of Ty (s) at

four cases using MATLAB

can be implemented in the ERRAMP. As illustra-
ted in section 2, the key of PZTFC is to obtain a
zero that can track the changes of the load resis-
tor. In a current-mode PWM DC-DC converter,
the sensing-voltage signal V is proportional to
the average inductor current I, ,which is domina-
ted by the load resistor R, . Thus the following re-
lationship is given:

1
Ry
Equation (12) indicates that a zero controlled by
Vs is dependent on the load resistor R, . The cir-
cuit implementations of the pole-zero track fre-
quency compensation are shown in Fig. 6. The

(14)

Visoc I oc Igoc

transistors M1 to M9 constitute a folded cascode
operational transconductance amplifier (OTA),
which has high gain and only one dominant
pole'’ . In Fig.6, V,, I, and transistors MB1 to
MB5 compose the bias current. The PZTFC is
made of pMOS transistor MR, compensation ca-
pacitor C¢,and a source follower, which includes
pMOS transistors MS1 and MS2. The source follo-
wer shifts the Vi level to ensure that MR operates
in the linear region and the drain source resistance
R\ is equal to

RM: 1

/lpcox(W/L)MR(Vis + Vis =

VTHN )

15
where Vs is the value of level shifting through
the source follower.If V =~V .from Eqgs. (14)
and (15), Ry is proportional to the load resistor
R, . Thus,the zero caused by Ry and Cc can track
and cancel the lowest possible pole that is depend-
ent on R, and the filtering capacitor C.. The
transfer function of the error amplifier with fre-
quency compensation is given by
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Tc(s) = guRo

L+ sRuCe (16)
1

(1 +sRoCeH(1 + s —)

wp2
where g, is the transconductance and R, is the
output resistance of the OTA. The pole wy is the
mirror pole, which is placed at the frequency of

zero caused by the ESR of the filtering capacitor
in VOC (s). Therefore, the open-loop response
Ty (s) only has one dominant pole w, =1/RoCc
below the UGF, and then a sufficient phase mar-
gin and bandwidth are obtained.

Frequency compensation

Vaa

|[ms1

Bias current Folded cascode
mdl| it
md]l—{[bs
Lo
®* on—|| Ml M S
" I
PY L I | N
MB2| MB3
=k —,
MB4 MB35 M8 M9

gnd

!

Fig.6 Schematic of error amplifier with pole-zero track frequency compensation

3.2 Integrated power transistors

In conventional converters, the power tran-
sistors are off-chip. This method is expensive and
has an clectromagnetic interference (EMI) prob-
lem; morecover, off-chip power transistors have
huge size and are not suitable for mobile applica-
tions. In this work, the power transistors are fully
integrated by using a ring MOS structure. Figure 7
shows the layout of the power transistors. The W/
L ratios of the nMOS and pMOS are 24000p,m/
1pm and 60000pum/1um,respectively. The total ar-
ea of the power transistors is 860,m X 350p.m. Fur-
thermore,the on-resistances of the p-channel and
n-channel MOSFET transistors are 0.53 and
0.67Q, respectively. The low on-resistances im-
prove the efficiency of the DC-DC converter.

3.3 Efficiency considerations

The power dissipation of the PWM DC-DC
converter mainly includes conduction loss and
switching loss. The conduction loss is dominant

Fig. 7
structure

Layout of power transistors using ring MOS

under heavy load conditions while switching loss
is dominant under light load conditions™''. The
two terms are related to the size of the power
transistors and the switching frequency. In this
work,due to the integrated power transistors and
optimized buffer of the power transistors, the
maximum efficiency is up to 92%.
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. . . . = 905 I,=1mA
4 Simulation results and discussion 2 soF
= C
, : : 5 10F .
In order to verify the theoretical analysis,the < : V‘"T2'5 or 6Y | . .
current-mode buck converter with PZTFC is sim- '38 —x
ulated using Spectre,created by Cadence Compa- o~ N sz% or 6V
ny,and CSMC (Central Semiconductor Manufac- b1 _60;_ I —imA
< - out
turing Corporation. Wuxi, China) 0.5,m-CMOS = -120p V,=2.5 or 6V
technologv. 180t v v i i )
g}_] . 18010“ 10! 10? 10° 10¢ 10° 100
The simulated loop gain when V;, =6V and Frequency/Hz
I, =1mA is shown in Fig. 8. From the result, the
Fig. 9  Simulated loop gain frequency response of

introduced zero and high frequency pole of Tc¢(s)
cancel the lowest pole and zero of VOC(s), re-
spectively. Figure 9 shows the simulated loop gain
T+ (s) with the proposed frequency compensation
in four cases:(a), (b), (c),and (d),as shown in
section 2. The phase and UGF are (a) PM =
70. 3", UGF = 177. 3kHz; (b) PM =72.7", UGF =
152. 4kHz; (¢) PM =59. 7", UGF = 174. 9kHz; and
(d) PM = 61.6", UGF = 159. 1kHz; respectively.
The simulated results denote that the proposed
converter with PZTFC provides a phase margin
greater than 60°,and UGF more than 150kHz un-
der any possible conditions. Furthermore, the DC
gain of the frequency response is more than 60dB
in all cases,and this performance is beneficial for
improving the accuracy of regulation.

70
50
30
10
-10

Magnitude/dB

Phase/(°)
%
(=]

1
180100 10! 10? 10° 104 10 106
Frequency/Hz

Fig.8 Simulated loop gain frequency response at V;,
=6V and I, = 1mA using Spectre

The simulated load transient responses are
shown in Fig. 10 when V;, = 2.5V and Fig. 11
when V,, = 6V, respectively. The load current
changes from 0 to 500mA. The results show that
the converter can recover to the present output
voltage within 5us with overshoot and undershoot
of less than 30mV. The excellent load transient
response is due to sufficient phase margin and
UGF, which result from using the proposed PZT-

Ty (s) in transistors level using Spectre

T 600F
£ 400F
e F
g 200
ER:
8 _200: PR S S R | PR ST ST TR N T S S T | PR T S T N SR S
2 E
3
v—o' . E
o E
= 1.75F
o E o 0 0 0 b b
300 320 340 360 380

Time/ws

Fig.10 Simulated load transient response in transistor
level when Vi, =2.5V, Vo, = 1.8V, [, changes from
0 to 500mA,and di/d¢ is 500mA/ps

Ouput voltage/V  Output current/mA

L1 1
750 775
Time/us

1 | -

700 725
Fig. 11
sistor level when V;, =6V, V,, = 1.8V, [, changes
from 0 to 500mA,and di/d¢ is 500mA/ s

Simulated load transient response in tran-

FC in the control-loop.

The simulated line transient response is
shown in Fig. 12. The supply voltage V;, changes
from 2.5 to 5V. The converter responds immedi-
ately and recovers the output voltage.

Comparisons of simulation results are summa-
rized in Table 2. The loop gain of this work has
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Fig. 12
sistor level when [I,, = 300mA and V;, changes from
2.5t0 4.5V

Simulated line transient response in tran-

the largest UGF and the seemliest phase margin.
Consequently, the dynamic response of the pres-
ented converter provides a setting time of only Spus
and overshoots and undershoots of less than
30mV. The comparisons show that the design
methods of the control loop and the proposed fre-
quency compensation are beneficial for improving
the performances of a current-mode buck convert-
er.

5 Conclusion

A current-mode DC-DC buck converter with
high stability is presented. The loop gain’s expres-
sion of the current-mode converter is derived by

Table 2 Comparison of current-mode buck converters

Ref.[6] Ref.[10] This work
Technology 0.5pm CMOS 1P3M 0.5,m CMOS 2P2M
Converter style Current-mode boost Current-mode buck Current-mode buck
Phase margin ~60° 60°~72°
UGF ~10kHz — 150~180kHz
Setting time 250ps ~200pus Sps
Overshoots and undershoots 100mV 70mV 30mV
Changes of load current 0~50mA 100~400mA 0~500mA
Switch frequency 1MHz 1.4MHz 1MHz
Load regulation ~0.3mV/mA ~0.2mV/mA ~0.22mV/mA
Line regulation ~17mV/V ~5mV/V ~10mV/V
Filtering capacitor 33uF or 40p.F 100pF 20pF
Efficiency 89% 94% 92%

employing an advanced model of a current-mode
control converter. After analyzing the loop gain’s
expression, which illustrates the method of selec-
ting suitable frequency compensation for the con-
trol-loop, a novel pole-zero tracking frequency
compensation is proposed. Based on theoretical a-
nalysis,a DC-DC buck converter is designed with
0. 5um-CMOS technology. The simulated results
reveal that the stability of the converter is inde-
pendent of the load current and the input voltage.
Moreover.the converter provides a full load tran-
sient response setting time of less than 5ps and
overshoots and undershoots of less than 30mV.
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