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Abstract { The paper describes a control method

for operating a variable switching frequency buck con-

verter, designed to convert an input battery voltage

of 4.5 to 8Vdc to an output voltage of 3.3Vdc with

a maximum load current of 4Adc. The advantages

of the control method are that the output voltage is

tightly regulated and that high e�ciency (over 90%)

is maintained over a very wide range of load cur-

rents (40mA to 4Adc). The output voltage ripple,

DC and transient voltage regulation (for 100:1 load

transients) are within�1% of the nominal output volt-

age. These advantages are particularly important for

battery-powered systems with power management.

1 Introduction

In recent years, much attention has been given to various as-
pects of low-power electronics design because of numerous and
widespread applications in wireless communication systems,
portable computers, implantable medical devices etc. For a
given battery charge, the system operating life, which is one
of important performance criteria, is directly a�ected by e�-
ciency of power converters used to distribute regulated supply
voltages. As a result, power converter design has become an
important component in the design of low-power electronics
[1].
Unique aspects of the power-converter design for battery-

powered and other systems with power management include
the requirements to maintain a tightly regulated, low-ripple
output dc voltage (3:3V or less) for a very wide range of loads,
and subject to zero-load to full-load transients. Similar re-
quirements are imposed by the new generation of high-speed
microprocessors [2].
For the task of regulating a low dc voltage from an un-

regulated dc source (battery), we consider the standard buck
converter con�guration with a synchronous recti�er used to
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Figure 1: Schematic of the 13W power stage.

Figure 2: 40mA-to-4A load transient response in the experi-
mental converter of Fig. 1 at VIN = 5V. Top to bottom: induc-
tor current iL, output voltage vOUT, load switch control VSQ.

improve e�ciency [1]-[3]. Our experimental power converter is
shown in Fig. 1. To maintain high e�ciency at very light loads,
switching losses must be reduced by reducing the switching
frequency, and the converter is operated in the discontinuous
conduction mode (DCM). An analysis of power losses and the
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Figure 3: Inductor current waveform in the discontinuous-
conduction mode (left) and the continuous-conduction mode
(right).

selection of the peak inductor current to optimize e�ciency in
DCM have been described in [4]. As the load increases, the
converter moves into the continuous conduction mode (CCM)
and the inductor current ripple (or the switching frequency)
can be used as a parameter to optimize e�ciency. The pur-
pose of this paper is to describe a control method to accom-
plish operation in di�erent operating modes for the purpose
of maintaining high e�ciency in a very wide range of loads
and fast large-signal transient response, as illustrated by the
experimental waveforms of Fig. 2.
The power stage used in experimental veri�cation is de-

scribed in Section 2. Section 3 described the proposed con-
trol method and its implementation. Analyses of the con-
verter/controller operation, the output voltage ripple, as well
as DC and transient voltage regulation are presented in Sec-
tion 4. Results of experimental veri�cation are in Section 5 of
the paper.

2 Power Stage

Fig. 1 shows a schematic of the experimental 13W buck con-
verter with synchronous recti�er. The power stage converts a
battery voltage, VIN , to the desired regulated output voltage,
vOUT. VIN ranges from 4.5 to 8Vdc, while vOUT is regulated at
3.3Vdc. The DC load current is in the range 0 < ILOAD < 4A.
The high side switch, QH, is controlled by control signal cH.
The low side switch, QL, which is the synchronous recti�er,
is controlled by control signal cL. The inductor current, iL, is
sensed by resistor Rs and a di�erential ampli�er to produce
control signal vi. The gain of the di�erential ampli�er is cho-
sen so that vi is about 1 volt when iL is 1 amp. The desired
output voltage is set by VREF which is 3:3Vdc in this case.

3 Control Method

The converter operates in the discontinuous conduction mode
at light loads and in the continuous conduction mode at higher
loads. Typical inductor current waveforms in the two modes
are shown in Fig. 3.
In the DCM, the output voltage regulation is based on sens-

ing the output voltage ripple on vOUT, so that the ripple stays
approximately the same, and the transient response has no
overshoots or undershoots. The peak inductor current Ip is
preset at a constant value so that the e�ciency in DCM is
at maximum, as described in [4]. The controller operates as
follows: initially both switches are o�. When capacitor C is

discharged by the load to the DC reference voltage VREF, QH

is turned on. The inductor current iL ramps up to Ip and
then QH is turned o�. While iL ramps down to zero, QL is
turned on. Switch QL provides the synchronous recti�cation
and is turned o� when iL reaches zero amps. The current in
the inductor causes a pulse of charge which increases vOUT by
charging C. Capacitor C is discharged by the load, thus re-
peating the process. The converter operates in the DCM if
ILOAD � (1=2)Ip.
In the CCM, the output voltage can no longer be regulated

based on the output voltage ripple only. The sensed induc-
tor current is used to accomplish a hysteretic current-mode
control: QH is turned on when the inductor current reaches a
minimum, called the valley inductor current, Iv, and o� when
the maximum inductor current, called the peak inductor cur-
rent, Ip, is reached. The values of Iv and Ip are determined
by the control circuit, as discussed in the following section on
implementation.

3.1 Controller Implementation

Fig. 4 shows a block diagram of the control circuit. The output
voltage vOUT is followed by an optional switching noise �lter
and then goes to an ampli�er. The di�erence between the
desired output voltage VREF and the actual output voltage is
multiplied by the voltage-loop error ampli�er with gain Av.
The result passes through a limiter, LIMv, and the resulting
signal is control signal vv. A constant value VRipple, is added
to vv. The result passes through a limiter, LIMp, and the
resulting signal is control signal vp. The vp signal cannot go
below VpDCM, thus providing a minimum peak current in the
DCM. The vv signal cannot go above Vvmax, therefore the vp
signal cannot go above Vvmax+VRipple, thus providing a current
limit protection.
The iL signal develops a voltage across resistor Rs and this

is ampli�ed by Ai to get the vi signal. The comp1 output is
high when vi < vv, and will set the latch LH and reset the
latch LL. The cL signal will go low in the CCM or stay low in
the DCM, causing the low side switch to go low or stay low.
The cH signal will go high after a delay tdH, causing the high
side switch to turn on and the inductor current iL to ramp up.
This can occur in both the CCM and the DCM. In the DCM
the signal vi will be zero, ideally, when the comp1 output goes
high. Note that when vv = 0, vOUT = VREF.
The comp2 output is high when vi > vp , and will set LL

and reset LH. The cH signal will go low, causing the high side
switch to turn o� and iL to ramp down. The cL signal will
go high after a delay tdL, providing synchronous recti�cation.
This can occur in both the CCM and the DCM.
The comp3 output is high when vi < Voffset and will reset

LL. The signal cL will go low and the low side switch will
turn o�. This occurs in the DCM and is necessary to prevent
iL from changing direction after it ramps down to zero amps.
The DC signal Voffset is used to ensure that the synchronous
recti�er is turned o� before iL changes polarity through the
synchronous recti�er QL.
Delays tdH and tdL are used to prevent both the high and low

switches from being on at the same time, a condition known
as shoot-through.
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Figure 4: Block diagram of the control circuit.
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Because there is some parasitic capacitance at the switch-
ing node, the inductor will exchange current with the parasitic
capacitance, and the inductor current will have a small oscil-
lation around zero amps for some time after the inductor cur-
rent crosses zero. The control circuit may be modi�ed to take
this into account. The modi�cation replaces the comp1 out-
put which produces the signal SetH with the circuit shown in
Fig. 5. The peak amplitude of the vi signal due to the oscilla-
tion occurring after the inductor current crosses zero is called
VpOSC. The comparator comp5 is implemented with hysteresis
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Figure 6: Simpli�ed power stage circuit for analysis of oper-
ation.

voltages VL and VH where VL = 0 and VpOSC < VH < VpDCM.
The comp5 output goes low when vi < VL and goes high when
vi > VH. If the comp5 comparator output is high it indicates
the CCM and if the output is low it indicates the DCM. The
CCM signal is used to gate comp1 so that vi < vv sets the
high switch, as before. The DCM signal is used to gate comp4
which goes high if 0 < vv, and then this signal sets the high
switch. Thus vv is compared to 0 in the DCM.

4 Analysis of Operation

The purpose of this section is to analytically describe vari-
ous controller/converter operating modes and to derive results
needed for the design: expressions for the output voltage rip-
ple, DC and transient voltage regulation.
Fig. 6 shows the simpli�ed circuit used in the analysis. The

analysis assumes the output voltage ripple is small and can be
neglected in the calculation of the inductor current waveform
and load current. Also, the MOSFET resistance, inductor se-
ries resistance, and the current sense resistance are considered
negligible so that the inductor current waveform increases or
decreases with a constant slope for given input and output
voltages. The capacitor equivalent series resistance, Resr, is
included in the model.
From Fig. 6 we get the control signals vi and vv:

vi = Ai Rs iL ; (1)
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Figure 7: Controller waveforms vv, vi and vp in various oper-
ating modes as obtained by simulation using the component
values given in the power stage of Fig. 1. The bandwidth of
the voltage ampli�er is 100kHz, and the capacitor equivalent
series resistance is Resr = 5m
. Top to bottom: waveforms in
the DCMcr, DCMvr, CCMcr and CCMvr modes.

vv = Av (VREF � vOUT) : (2)

The load current is ILOAD = VREF
R

, and the capacitor cur-
rent is iC = iL� ILOAD. The output voltage waveform is then
given by

vOUT(t) = (iC)Resr + vC(0) +

Z t

0

(iC)d� : (3)

Because vi = vv when the high switch turns on and vi = vp
when the high switch turns o� and the low switch turns on,
Eq. (1) gives the following for the inductor valley current,

Iv =
vv(0)

Ai Rs
; (4)

the inductor peak current,

Ip =
vp(tp)

Ai Rs
; (5)

and the inductor current ripple is de�ned by Iripple = Ip � Iv.

4.1 Discontinuous Conduction Mode

The inductor current in the DCM, as shown in Fig. 3, is given
by:

iL(t) =

8><
>:

Ip

tp
t ; 0 � t � tp

Ip �
Ip

tz�tp
(t� tp) ; tp � t � tz

0 ; tz � t � T

(6)

The times tp and tz are:

tp =
IpL

VIN � VREF
; tz = tp +

IpL

VREF
: (7)

The values for vOUT(0) , Ip, and Iv will depend on the mode
that the converter operates in. There are two DCM modes:
the DCM constant ripple mode, DCMcr, with the typical con-
troller waveforms shown in Fig. 7(a), and the DCM variable
ripple mode, DCMvr, with the typical waveforms shown in
Fig. 7(b).
In both DCM modes,

Iv = 0 : (8)

From Eqs. (2), (4), and (8), it follows that

vOUT(0) = VREF : (9)

From Eqs. (3), (6), and (9), we �nd vOUT(t) in the three
subintervals:

vOUT(t) = VREF + (
Ip

tp
t)Resr +

Ipt
2

2Ctp
�
ILOAD

C
t ;

0 � t � tp ; (10)

vOUT(t) = VREF +
Iptp

2C
�
ILOADtp

C
+

+ (Ip �
Ip

(tz � tp)
(t� tp))Resr +

�
Ip

2C(tz � tp)
(t� tp)

2 +
(Ip � ILOAD)

C
(t� tp) ;

tp � t � tz ; (11)

and

vOUT(t) = VREF +
Iptz

2C
�
ILOAD

C
t ;

tz � t � T (12)

Because vOUT(0) = vOUT(T ),

ILOADT

C
=

Iptz

2C
; (13)

and using Eq. (7), we �nd that the switching frequency in the
DCM is proportional to the load current:

fs = 1=T = ILOAD
2VREF(VIN � VREF)

I2pLVIN
: (14)

The DCMcr mode occurs in the DCM when VpDCM �

vv(tp)+VRipple. In this case, vp(tp) = VpDCM and from Eq. (5)
we have

Ip =
VpDCM

Ai Rs
: (15)
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The DCMvr mode occurs in the DCM when VpDCM <

vv(tp) + VRipple. In this case, vp(tp) = vv(tp) + VRipple and
from Eq. (5) it follows that

Ip =
(vv(tp) + VRipple)

Ai Rs
: (16)

Because the output voltage ripple changes with load current
in the DCM, the peak inductor current changes with load
current in the DCMvr mode. All other parameters are the
same as in the DCMcr mode.
Analysis of the output voltage waveforms allows calcula-

tion of the peak-to-peak output voltage ripple. In the DCMcr
mode, the maximum ripple will occur at the lowest load cur-
rent. Assuming that the load current is very close to zero, the
minimum output voltage is VREF because the controller turns
on the high switch QH when vOUT = VREF. The maximum
output voltage occurs on or after tp depending on the ResrC

time constant, where Resr is the equivalent series resistance
of the output �lter capacitor C. For the peak-to-peak output
voltage ripple in the DCM, we get:

�vOUT =

(
Iptz

2C

�
1 + (CResr)

2

tz(tz�tp)

�
; CResr � (tz � tp)

ResrIp
�
1 +

tp

2CResr

�
; CResr � tz � tp

(17)

4.2 Continuous Conduction Mode

In the CCM, the load current is given by

ILOAD =
Ip + Iv

2
; (18)

and the inductor current, as shown in Fig. 3, is:

iL(t) =

(
Iv +

Iripple

tp
t ; 0 � t � tp

Ip �
Iripple

T�tp
(t� tp) ; tp � t � T

(19)

The high switch on time tp and the switching period T are
given by

tp =
IrippleL

VIN � VREF
; T = tp +

IrippleL

VREF
(20)

From Eq. (2), we have

vOUT(0) = VREF �
vv(0)

Av

; (21)

and the output voltage waveforms in the two subintervals are
given by

vOUT(t) =
Iripple

tp
Resrt+ VREF �

vv(0)

Av

+

+
Iripple

2C

�
t

tp
� 1

�
t ; 0 � t � tp ; (22)

and

vOUT(t) = Iripple

�
1�

t� tp

T � tp

�
Resr +

+ VREF �
vv(0)

Av

+

+
Iripple

2C

�
1�

t� tp

T � tp

�
(t� tp) ;

tp � t � T ; (23)

Using the expressions for the output voltage waveform, the
peak-to-peak output voltage ripple can be calculated for the
CCM:

�vOUT =

8<
:

IrippleT

8C

�
1 + 8(CResr)

2

T (T�tp)

�
; CResr � (T � tp)=2

ResrIripple

�
1 +

2tp�T

8CResr

�
; CResr � (T � tp)=2

(24)
The worst case is at the DCM-CCM boundary where Ip =
2ILOAD.
There are two CCM modes as illustrated by the waveforms

of Fig. 7(c) and (d). In both CCM modes, from Eq. (18), we
have

Iv = 2ILOAD � Ip (25)

and from Eqs. (4) and (25),

vv(0) = 2ILOADAiRs� IpAiRs : (26)

The CCMvr (variable-ripple CCM) mode occurs in the
CCM when VpDCM � vv(tp) + VRipple. In this case, vp(tp) =
VpDCM and from Eq. (5),

Ip =
VpDCM

AiRs
: (27)

The CCMcr (constant-ripple CCM) mode occurs in the
CCM when VpDCM � vv(tp) + VRipple. In this case, vp(tp) =
vv(tp) + VRipple and from Eq. (5),

Ip =
vv(tp) + VRipple

AiRs
: (28)

Assuming the voltage-loop error ampli�er and switch noise
�lter bandwidths do not signi�cantly a�ect the vv(t) signal,
vv(tp) can be obtained from Eqs. (22) and (2):

vv(tp) = vv(0)� IrippleResrAv : (29)

Using Eqs. (21), (22), (23), and (26), and the above equa-
tions for Ip the output voltage waveform can be obtained.

4.3 DC Voltage Regulation Analysis

In the DCM, from Eq. (9), the DC value of vOUT will be VREF
plus some additional voltage due to the voltage ripple on vOUT.
In the CCM, the DC value of vOUT depends on VREF, ILOAD,

Av, AiRs, and Iripple.
In the CCMvr, Eqs. (21), (26), and (27) can be used to

determine the DC value of vOUT.
In the CCMcr, Eqs. (21), (26), and (28) can be used to

determine the DC value of vOUT. If the ripple on vv is signi�-
cantly smaller than the ripple on vi, then Eq. (28) becomes

Ip �
vv(0) + VRipple

AiRs
(30)

This simpli�es Eq. (26) to

vv(0) = ILOADAiRs�
VRipple

2
; (31)

which can then be used in place of Eq. (26) to determine vOUT
and the DC voltage regulation.
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load transient.

4.4 Transient Voltage Regulation Analysis

Fig. 8 shows the inductor current transient waveforms where
the load current goes from 0 to ILOAD MAX and back to 0. The
inductor current rise and fall times are:

tr =
LILOAD MAX

VIN � VREF
; tf =

LIpMAX

VREF
: (32)

The inductor current waveform can be used to �nd the change
in the output voltage:

�vOUT =

(
�

trILOAD MAX

2C

�
1 + (CResr)

2

t2r

�
; CResr � tr

�ResrILOAD MAX; CResr � tr

(33)
for the zero-to-full-load transient, and

�vOUT =

(
tfIpMAX

2C

�
1 + (CResr)

2

t2
f

�
; CResr � tf

ResrIpMAX; CResr � tf

(34)

for the full-to-zero-load transient.

5 Experimental Results

The controller allows for the setting of the peak inductor cur-
rent in the discontinuous conduction mode using the parame-
ter VpDCM, and the inductor ripple current in the continuous
conduction mode using the parameter VRipple. These two pa-
rameters are found so as to maximize the converter e�ciency
throughout the load range.
Fig. 9 is a plot of the converter e�ciency versus the peak

inductor current in the DCM with input voltages of 5Vdc and
8Vdc. Fig. 10 is a plot of the converter e�ciency versus the
inductor ripple current in the CCM at input voltages of 5Vdc
and 8Vdc. From these plots it was determined that operating
the converter with a DCM peak inductor current of 2A and
an inductor ripple current of 2A would give good e�ciency
results over a wide range of loads without causing excessive
output voltage ripple. Therefore the converter was adjusted
to operate in the DCMcr and CCMcr modes by adjusting the
VpDCM and VRipple controls to give the 2A inductor peak and
ripple current.
Fig. 11 is a plot of converter e�ciency versus load current

with input voltages of 5Vdc and 8Vdc. The e�ciency is over
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Figure 9: E�ciency of the experimental converter as a func-
tion of the peak inductor current Ip in the discontinuous con-
duction mode at ILOAD = 40mA load VIN = 5V and VIN = 8V.

90% for both input voltages over the entire range of load cur-
rents, from 40mA to 4.0A.

The maximum load current was speci�ed as 4Adc. With
a 2A ripple current, the inductor valley current at full load
is 3A and the peak current is inductor current is 5A. The
current gain AiRs was chosen to be approximately 1V/A, so
vv(0) = 3V at the maximum load current. From Eq. (21)
it is seen that a voltage-loop error ampli�er with a gain of
Av = 100 gives a dc regulation of about 1%. Fig. 12 is a plot
of the output voltage versus load current. The output voltage
changes about 40mV, giving good agreement with theory. The
maximum switching frequency in the experimental converter
was fs = 70kHz for the maximum load current and VIN = 8V.

Figs. 2, 13 and 14 show the transient response of the power
converter in various modes of operation. A squarewave sig-
nal, VSQ, is used to cause the load current to change from a
maximum value, when the squarewave is high, to a minimum
value, when the squarewave is low. The time varying wave-
forms iL, ac- coupled vOUT, and VSQ are shown. All three sets
of waveforms show that the output voltage stays within �1%
of the nominal value, which includes ripple, transient and DC
voltage regulation.

6 Conclusions

A control method for low-voltage dc power supply based on
the buck converter with synchronous recti�er is described in
this paper. The controller is constructed so that the output
voltage is well regulated and high e�ciency is maintained for a
very wide range of loads, including large-signal load transients
from almost zero to full load. At light loads, the converter is
operated in the variable-frequency, discontinuous conduction
mode where the peak inductor current is set to the value that
maximizes the e�ciency. At higher loads, the converter is op-
erated in the continuous conduction mode where the inductor
current ripple is selected to maximize e�ciency. To illustrate
the controller and the power-stage design, an experimental
converter is constructed to regulate the output dc voltage at
3:3V from an unregulated dc input in the 4:5V to 8V range,
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Figure 10: E�ciency of the experimental converter as a func-
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Figure 11: E�ciency of the experimental converter as a func-
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and with the load current from 40mA to 4A. The output volt-
age stays within �1% of the nominal value for all input volt-
ages and all loads in the speci�ed range, including large-signal
100:1 load transients. These characteristics are particularly
important for battery-powered systems with power manage-
ment.
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Figure 12: DC load regulation in the experimental converter.

Figure 13: 40mA-to-100mA load transient response in the
experimental converter at VIN = 5V. Top to bottom: inductor
current iL, output voltage vOUT, load switch control VSQ.

Figure 14: 2:9A-to-4A load transient response in the experi-
mental converter at VIN = 5V. Top to bottom: inductor cur-
rent iL, output voltage vOUT, load switch control VSQ.


