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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 efficiency (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 affected by effi-
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.
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 configuration with a synchronous rectifier used to
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Figure 2: 40mA-to-4A load transient response in the experi-

mental converter of Fig. 1 at Vi = 5V. Top to bottom: induc-
tor current 27, output voltage vour, load switch control Vaq.

improve efficiency [1]-[3]. Our experimental power converter is
shown in Fig. 1. To maintain high efficiency 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 efficiency 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 efficiency. The pur-
pose of this paper is to describe a control method to accom-
plish operation in different operating modes for the purpose
of maintaining high efficiency 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 verification 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 verification are in Section 5 of
the paper.

2 Power Stage

Fig. 1 shows a schematic of the experimental 13W buck con-
verter with synchronous rectifier. The power stage converts a
battery voltage, Vin, to the desired regulated output voltage,
vour. Vin ranges from 4.5 to 8Vdc, while vour is regulated at
3.3Vdc. The DC load current is in the range 0 < Iroap < 4A.
The high side switch, Qu, is controlled by control signal cy.
The low side switch, @, which is the synchronous rectifier,
is controlled by control signal ¢;,. The inductor current, i1, is
sensed by resistor Rs and a differential amplifier to produce
control signal v;. The gain of the differential amplifier is cho-
sen so that v; is about 1 volt when ¢, is 1 amp. The desired
output voltage is set by Vrgr 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 vour, so that the ripple stays
approximately the same, and the transient response has no
overshoots or undershoots. The peak inductor current [, is
preset at a constant value so that the efficiency in DCM is
at maximum, as described in [4]. The controller operates as
follows: initially both switches are off. When capacitor C is

discharged by the load to the DC reference voltage Vrgr, Qn
is turned on. The inductor current i;, ramps up to /, and
then Qu is turned off. While ¢, ramps down to zero, (v, is
turned on. Switch @1 provides the synchronous rectification
and is turned off when ¢;, reaches zero amps. The current in
the inductor causes a pulse of charge which increases vour by
charging C. Capacitor C is discharged by the load, thus re-
peating the process. The converter operates in the DCM if
Toap < (1/2)1,.

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: @y is turned on when the inductor current reaches a
minimum, called the valley inductor current, I,, and off when
the maximum inductor current, called the peak inductor cur-
rent, I, is reached. The values of I, and [, 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 vour 1s followed by an optional switching noise filter
and then goes to an amplifier. The difference between the
desired output voltage Vagr and the actual output voltage is
multiplied by the voltage-loop error amplifier with gain A,.
The result passes through a limiter, LI M,, and the resulting
signal is control signal v,. A constant value Vgippi., 18 added
to vy. The result passes through a limiter, LIM,, and the
resulting signal is control signal v,. The v, signal cannot go
below Vypowm, thus providing a minimum peak current in the
DCM. The v, signal cannot go above Vi .., therefore the v,
signal cannot go above Vimax+ Vrippie, thus providing a current
limit protection.

The 11, signal develops a voltage across resistor Rs and this
is amplified by A; to get the v; signal. The compl output is
high when v; < v,, and will set the latch Ly and reset the
latch Ly. The ¢y, 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 cy signal will go high after a delay tam, causing the high
side switch to turn on and the inductor current ¢;, to ramp up.
This can occur in both the CCM and the DCM. In the DCM
the signal v; will be zero, ideally, when the compl output goes
high. Note that when v, =0, vour = Vrer.

The comp2 output is high when v; > v, , and will set Ly
and reset Ly. The ¢y signal will go low, causing the high side
switch to turn off and #;, to ramp down. The ¢ signal will
go high after a delay t4r,, providing synchronous rectification.
This can occur in both the CCM and the DCM.

The comp3 output is high when v; < Viiey and will reset
L1,. The signal ¢, will go low and the low side switch will
turn off. This occurs in the DCM and is necessary to prevent
11, from changing direction after it ramps down to zero amps.
The DC signal Ve 18 used to ensure that the synchronous
rectifier is turned off before i, changes polarity through the
synchronous rectifier Q..

Delays tan and t4r, 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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Figure 5: Modification of the controller circuit because of
DCM ringing due to parasitics.

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 modified to take
this into account. The modification replaces the compl out-
put which produces the signal Sety with the circuit shown in
Fig. 5. The peak amplitude of the v; signal due to the oscilla-
tion occurring after the inductor current crosses zero is called
Viosc. The comparator comp5 is implemented with hysteresis

Figure 6: Simplified power stage circuit for analysis of oper-
ation.

voltages Vi, and Vi where Vi, = 0 and V,osc < Vi < Vppowm.
The comp5 output goes low when v; < V4, and goes high when
v; > Vi. 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 compl so that v; < v, sets the
high switch, as before. The DCM signal is used to gate comp4
which goes high if 0 < v,, and then this signal sets the high
switch. Thus v, 1s 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 simplified 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, R.,, is
included in the model.

From Fig. 6 we get the control signals v; and v,:

vi = A; Rs iy, (1)
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Figure 7: Controller waveforms v, v; and v, 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 amplifier is 100kHz, and the capacitor equivalent
series resistance is R.., = 5m$Q. Top to bottom: waveforms in

the DCMcr, DCMvr, CCMcr and CCMvr modes.

v, = Ay (VREF - ’UoUT) . (2)

The load current is I1,oap = , and the capacitor cur-
rent is 1¢ = i1, — [roap. The output voltage waveform is then
given by

VREF
R

vour(t) = (1¢)Ress + vc(0) +/ (ic)dr. (3)

Because v; = v, when the high switch turns on and v; = v,
when the high switch turns off and the low switch turns on,
Eq. (1) gives the following for the inductor valley current,

I, = ﬂ (4)
the inductor peak current,

v (tp)
I, =22 5
P A; Rs’ (5)

and the inductor current ripple is defined by Iippe = Ip — Lo.

4.1 Discontinuous Conduction Mode

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

by:

Ip

Ly o<t<t,
P
() =4 L—2(t—t), t, <t <t (6)
0, t.<t<T
The times t, and t. are:
I,L I,L
tp=— P =i, + . 7
r ‘/IN_VREF r VREF ()

The values for vour(0) , I, and I, 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,

I,=0. (8)

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

’UOUT(O) = Vker . (9)
From Egs. (3), (6), and (9), we find vour(t) in the three
subintervals:
I I,.? I
’UOUT(t) = Veer + (it)Resr + thp - LEAD s
0<t<t,, (10)
It I t
’UOUT(t) = Veer + _219019 - 7L08D ?
I
I,— —2 —(t—t,))Rea
+ ( P (tz _ tp)( P)) +
Ip 2 (Ip — ILOAD)
- t—1 = (t—t
2C(t2 _tp)( P) + C ( P)’
t, <t <t (11)
and
It 1
’UOUT(t) = Vmer+ ZPC - LEADt,
t,<t<T (12)
Because vour(0) = vour(T),
ILOADT Iptz
—_— = 13
= Yol (13)

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

_ _ ZVREF(VIN - VREF)
fs = 1/T—ILOAD IgL‘/IN . (14)
>

The DCMcr mode occurs in the DCM when V,pem
vy (tp) + Vrippre. In this case, v,(ty) = Vipeum and from Eq. (5)
we have

_ Vobem
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The DCMvr mode occurs in the DCM when Vipom <
vy(tp) + Vrippe- In this case, v,(tp) = vy(tp) + Vrippe and
from Eq. (5) it follows that

I, = (vv(tp) + Vrippre) (16)
A; Rs

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 Vagr because the controller turns
on the high switch Qg when vour = Veer. The maximum
output voltage occurs on or after ¢, depending on the R...C
time constant, where R.., is the equivalent series resistance
of the output filter capacitor C. For the peak-to-peak output
voltage ripple in the DCM, we get:

Ipts CRegr)?
Avour = 2P_C (1 + t(z(tz—t)p)) s CR... < (tz - tP)
Rely (14 522—) , CR.. >t — 1

2C Resr

(17)

4.2 Continuous Conduction Mode

In the CCM, the load current is given by

L+ 1,
2 b

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

I
I, 4+ =Z2ele g <t <t
z’L(t):{ - = F

(18)

ILOAD =

tp
Iripple
Iy — 2t —tp), tp <U<T

(19)

The high switch on time ¢, and the switching period 7' are
given by

Liippre L Liippre L

4 = _Arivpie T =1, 4 Luerts

P ‘/IN - VREF P REF

From Eq. (2), we have

(20)
v, (0)
A, (21)

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

’UOUT(O) = Vrer —

Love p 1 g Vi — 210

vour(t) = tp A,

Lippre [t

— | —=1]t, 0<t<t 22

+ 20 (tp ) ) = = 'p> ( )
and
t—1

v ) = Lippe|1— 52 ) R +
OUT() pp1< T—tp)

v, (0)

+  Veer — A, +
Iripple t— tp
+ 20 (1_T—tp (t_tp)a

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

LippteT esr)®
A Iérg (1 + Si(“ff—tp)) ) P ORewe < (T - tP)/Z
VoutT =
RewTupnre (14 3575 ) L C Rt > (T = 1,)/2
(24)

The worst case 1s at the DCM-CCM boundary where I, =

21LOAD~
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
I’u = ZILOAD - Ip

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

(25)

’UV(O) = 2ILOADA1'RS — IpAiRS . (26)

The CCMvr (variable-ripple CCM) mode occurs in the
CCM when Vipom > v4(tp) + Vaippre. In this case, v,(t,) =
Vipenm and from Eq. (5),

Ip _ Vobem

ARs (27)

The CCMcr (constant-ripple CCM) mode occurs in the
CCM when Vipom < 04(tp) + Vaippre. In this case, v,(t,) =
vy (tp) + Vrippie and from Eq. (5),

_ ve(tp) + Vripple

I = A;Rs (28)

Assuming the voltage-loop error amplifier and switch noise
filter bandwidths do not significantly affect the v,(t) signal,
vy (tp) can be obtained from Eqgs. (22) and (2):

0y (tp) = 04(0) — Lippre Res Ay (29)

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

4.3 DC Voltage Regulation Analysis
In the DCM, from Eq. (9), the DC value of vour will be Vigr

plus some additional voltage due to the voltage ripple on vour.

In the CCM, the DC value of vour depends on Vrer, ILoap,
A, AiRs, and Iippie.

In the CCMvr, Egs. (21), (26), and (27) can be used to
determine the DC value of vour.

In the CCMecr, Egs. (21), (26), and (28) can be used to
determine the DC value of vour. If the ripple on v, is signifi-
cantly smaller than the ripple on v;, then Eq. (28) becomes

Ve (0) + Vripple

I, =~
P AiRs

(30)
This simplifies Eq. (26) to
Vaippie
’UV(O) = lioapAiRs — _2 s (31)

which can then be used in place of Eq. (26) to determine vour
and the DC voltage regulation.
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Figure 8: Inductor current waveform in the zero-load-to-full-
load transient.

4.4 Transient Voltage Regulation Analysis

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

_ Llioap max _ Limax

ty = = . 32
‘/IN - VREF f VREF ( )

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

_trlioaD M

2
2C (1 + (C}_:;sr) ) ) CResr S tT
_ReerLOAD MAX, CResr Z tr

Avoyur =

(33)

for the zero-to-full-load transient, and

2C

2
trIMax (1 i (CJ—‘:;SI) )  CR.. <ty
Avour = I
Relomax, CRe: > 15

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 Vypom, and the inductor ripple current in the continuous
conduction mode using the parameter Vgi,p.. These two pa-
rameters are found so as to maximize the converter efficiency
throughout the load range.

Fig. 9 is a plot of the converter efficiency versus the peak
inductor current in the DCM with input voltages of 5Vdc and
8Vdc. Fig. 10 is a plot of the converter efficiency 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 efficiency
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
Vipem and Vgyippe controls to give the 2A inductor peak and
ripple current.

Fig. 11 is a plot of converter efficiency versus load current
with input voltages of 5Vdc and 8Vdc. The efficiency is over
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Figure 9: Efficiency of the experimental converter as a func-
tion of the peak inductor current [, in the discontinuous con-
duction mode at Ioap = 40mA load Vin = 5V and Viy = 8V.

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

The maximum load current was specified 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 A; Rs was chosen to be approximately 1V/A, so
v,(0) = 3V at the maximum load current. From Eq. (21)
it is seen that a voltage-loop error amplifier with a gain of
A, = 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 = T0kHz for the maximum load current and Viny = 8V.

Figs. 2, 13 and 14 show the transient response of the power
converter in various modes of operation. A squarewave sig-
nal, Vaq, 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 11, ac- coupled vour, 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 rectifier is described in
this paper. The controller is constructed so that the output
voltage is well regulated and high efficiency 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 efficiency. At higher loads, the converter is op-
erated in the continuous conduction mode where the inductor
current ripple is selected to maximize efficiency. 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: Efficiency of the experimental converter as a func-
tion of the inductor ripple current [,,.. in the continuous-
conduction mode at Ioap = 4A for Vin =5V and Viy = 8V.
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Figure 11: Efficiency of the experimental converter as a func-
tion of the load current for Vix = 5V and Viy = 8V.

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 specified 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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