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Abstract— This article shows the proposal of an current-mode
one-cycle control for linear-assisted DC/DC conveers. Linear-

assisted DC/DC converters are structures that allowto take

advantages of the two classic alternatives in theedign of power
supply systems: voltage linear regulators (classisPN topology

or LDO —low dropout-) and switching DC/DC converters The

current-mode one-cycle control technique is proposkin order

to obtain the duty cycle of the linear-assisted coerter switch.

The proposed structure can provide an output with sitable load

and line regulations. The paper shows the design drsimulation

results of the proposed current-mode one-cycle lime-assisted
converter.

. INTRODUCTION

Linear-assisted DC/DC converters (also known asalin
switching hybrid converters) are circuital struesirthat
present an increasing interest for the implemeoati power
supply systems that require
specifications: (1) high slew-rate of the outputrent and (2
high current consumption by the output load. Thigsithe
case of the systems based on the modern micropasesnd
DSPs, where both requirements converge [1], [2].

These linear-switching hybrid converters are abte

combine the well-known advantages of the two eaxigti

typical alternatives for the implementation of D@DMoltage
regulators or converters, diminishing as well
disadvantages. These two alternatives are knovgeliar(1)
the use of voltage series linear regulators (atastindard

NPN —or nMOS— topologies and LDO) have been widekH

used for some decades [3]-[5], and (2) the DC/D@céing

converters, thanks to which high current power Supp Vi

systems can be obtained [6]-[8]. Linear-assisted/DC
converters can be implemented on printed circugggl
discrete components. Nevertheless, they are alsdti@ttive
alternative susceptible to be integrated in on-chgwer
supply systems as a part of power management system
An important part of these converters is their ouidr.
Some alternatives are present [9]-[12].
nonlinear control technique known as one-cycle rabrf13],

[14]) is proposed in current articl@ne-cycle control takes

advantage of the pulsed and nonlinear nature ofcking

two demanding design - s 5 _
) converter is shown in figure 1 [11], [12]. This wtture

Howevere th

converters and achieves instantaneous dynamicatarfitthe
average value of a switched variable; more spediic it
takes only one switching cycle for the average eadti the
switched variable to reach a new steady state afteansient.
There is no steady-state error or dynamic errowéetn the
control reference and the average value of thechedt
variable. This technique provides fast dynamic oesp,
excellent power source disturbance rejection, rbbus
performance, and automatic switching error coroecti
Though one-cycle control has so many advantagess it
infirmness for load disturbance. However, the isima in the
linear-assisted converter of a voltage linear ragulprovides
the suitable load regulation thank to a second lnoluded in
the linear regulator block.

I BASIC TOPOLOGY OF ALINEAR-ASSISTEDDC/DC
CONVERTER

The basic scheme of a single output linear-assisted

consists, mainly, of a voltage linear regulatoparallel with

a step-down switching DC/DC converter. In this type
converters, the value of the output voltage, supgos
gonstant, is fixed with good precision by the vgéadinear
regulator. The current flowing through this lineagulator is
constantly sensed by the current sense eleRgriBased on

theils value, the controller activates or not the ottpf

comparatolCMP; that, as well, leads to the switch element of
the DC/DC switching converter. Therefore, noticattthe
rrent through the linear regulator constitutesesmsurement
of the error of the power supply system.

DC-DC Switching
Converter

Current

Sensing

Voltage Linear|
Regulator

Fig. 1. Block diagram of the proposed linear-assistonverter.



The power stage (that is, the switching conveitgects in
the output the necessary current to force to amini value
(not necessarily zero) the current flowing througa linear
regulator. As a consequence, it is obtained, altmge a
power supply system where the switching frequernmyes

fixed, among other parameters (such as the possible

hysteresis of the analog comparator), by the vafi¢he
current through the linear regulator. On the othand, the
output voltage value is fixed by the voltage linesgulator.

In the linear-assisted converter in figure 2, inickhthe
switching converter is a step-down type [11], [1BE linear
regulator consists of a push-pull output stagenglistorsQ.,
and Q). In this strategy, the main objective of the DC/D
switching converter is to provida@most all the load current
in steady-state conditions (to obtain a good efficy of the
whole system). Thus, in steady state, the linegulator
provides a little part of the load current, maintag the
output voltage to an acceptable constant value.
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Fig. 2. Basic structure of the proposed linearsaediDC/DC converter.

As a matter of fact, if the current demanded byldiael |,
is inferior to a maximum value of current, which well
denominateswitching threshold current, 1,, the output of
comparatoiICMP; will be at low level, disabling the DC/DC
switching converter and, thus, the current flowihgough

A
A lut
i®
iregl®)
/ ANE AN pd
! /. NE o N N2
N
Linear block enabledi  Both linear and switching Ton Tor
[Switching block disabfed ~ blocks enabled — >

Fig. 3. Principle of operation of the proposed dirassisted DC/DC
converter.

In this expression, the conduction collector-emitteltage
of transistorQ, is ignored.l (11 is the initial value of the
current through inductok, at the time instant in which,
starts conductionTpy). Considering that the output current
louelegtl, and is assumed to be constant (equal,t@R ),
the linear regulator currert.y will decrease linearly, until
becoming slightly smaller tham,. At this moment, the
comparator will change its output to low level, tmg the
transistorQ; and causing that the current trough the inductor
decreases according to equation (2)

. V.
Lt — _ _out
i (®) L

t+1,(7,) (2)

In this expression it is considered that the dibdés ideal
(with zero direct voltage)l (t,) is the maximum value
reached by the current flowing through the indudjost at
the beginning of the intervdlyee). When the inductor current
decreases to a value in whikh>1,, the comparator changes
its state to high level, repeating the cycle again.

Without hysteresis in the comparator, the switchognt
of the DC/DC switching converter is given by thwitching
threshold currentl,, of the linear regulator. This one can be
adjusted to a value thanks to the gain of the atirsensing
element,R,, and the reference voltadk., according to the
expression:

®3)

In case of a comparator without hysteresis, initidelays

inductor L, will be zero (figure 3). Therefore, the voltagef the electronic circuits determine a small hystes that
linear regulator supplies the lo&y, providing all the output limits the maximum value of the linear-assisted vester
current (req=loup- switching frequency. However, with the objective foding

IOEtlrgjis switching frequency to a practical value (inder not to

However, when the current demanded by the increase significantly losses by the switching pe®), it is

overpasses this current limlif, automatically the output of
the comparator will pass to high level, causingt ttize

current through the inductancelL; grows linearly

approximately according to:

. V, V.
L) =t (1, (1)
i (®) C ()

important to add the aforementioned hysteresis he t
comparatorCMP; (figure 2). DenotingVy and V_ as the
superior and inferior levels switching of this ccamator
(figure 3), the value of this frequency can be daieed as:

f =R Vou [kﬁ] (4)
L V-V .V

in



It is important to emphasize that, reducing theigadf the in either PWM or quasi resonant modes [15], [1&hrf then
power dissipated in the pass transistor of thealimegulator on, with one-cycle control, boost converter, Clknaarter,
increases the efficiency of the set, even with ifigint three-phase PFC converter and three-phase boasfierec
output currents. Therefore, it is important to fhe current have been presented. During this period, a geperglose

limit 1, to a commitment value between the minimufeedfodward one cycle controller was also advanced.
necessary to operate the linear-assisted conyadperly but

without penalizing its good characteristics of regon. One-cycle control theory is shown in figure 6, aitel
Thus, considering commercial model of voltage lne&Peratingvaveforms are shown in figure 7.

regulators, this value is around fewA What is more, with One-cycle controlled

the purpose of obtaining a good regulation of th#puot, constant frequency switch

withc_)ut significaqt ripple, it is mandatory thatettcurrent x(t)o o oy(t)

provided by the linear regulator does not reaclo.zkr fact, |

in figure 5 we can appreciate the output currerd &me

current flowing through the inductor and the lineagulator )/creset

when the switching threshold currdnts adjusted to 5A c
In this simulation the reference voltaye=5 V. Transient —| I'—
response of the converter can be observed Wj#10V. It is R
also shown the circuit response to a step of thevexter OA,

input voltage from 10/ to 13V att=20 ps, as well as the

transient from a reduction of the load resistarfcéh® 100%, Clock Vrer(1)

from 5Q to 2.5Q att=40 ps. Notice that the regulation of the
output voltage is excellent. Therefore, the switghturrent Fig. 6. Basic scheme of one-cycle control.
threshold must be a value such that:

— . . lock
® |t significantly does not increase the power digsgn hcoc

Controlle

=

Vint(t)

of the pass transistor in the linear regulator does not
diminish excessively the efficiency of the regutato |

® |t does not significantly deteriorate the regulatif the 40

output voltage. NN
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Fig. 5. Response of the converter shown in figunatR Vi,=10V. In
addition, it can be seen the circuit responsediep of the input voltage from
10V to 13V at the time instartt=20 s, and a variation in the load resistance L
from 5Q to 2.5Q att=40 ps. The switching threshold currehthas been
adjusted to 5@nA Fig. 7. Typical waveforms of one-cycle control.

Thus, we can denominate this type of control asategy The switch function(t), a binary function, can be described
control with nonnull average linear regulator current. After  by:
some simulations it can be concluded that, for loadents
lower than 10A, the suitable value df that fulfills the two deo) :{1 for 0<t <Toy ©)
previous conditions is found to be betweenri®and 50mA 0 forT,, <t<T,

approximately.
In each cycle, the switch is on for a time durafigqR and

is off for a time durationToer, Where TontTore=Ts iS the
One cycle control was proposed by Keyue M. Smeitiey switching period. The duty-ratio, equal to the ager value

1991 and realized initially in buck PWM convert&B[-[15].  of d(t), that isQ(t), is given by:

DC/DC switching converters with one-cycle contrefect

input perturbations in only one switching cycle doltbw the Q(t) =T (0/ T (7

control reference instantly. It is said that oneleycontrol is

universal and can be applied directly to switchiogverters

1. ONE-CYCLE CONTROL CONCEPT

From figure 6 and equation (6) we know:



y(t) = d() (1) (8)
The average of the switched variable is [14]:
-~ 1 TON TON
=], x(t)dt-s%) [™ dt= 08y ()

If the duty-ratio of switch is modulated such thae
integration of the switched variable at the switmltput is
exactly equal to the integration of the controlerefice in
each cycle, that is:

[™ xdt=]" ver (Dt (10)

Then:

~ _ 1 Ton _ 1 Ts _

Y= [ Anat= [ ve(@dt=ve() (@)
With one-cycle control, the effective output sigmdlthe

switch (i.e., the average value of the switchedatde) is:

V(D) = Veer (D (12)

The key component of one-cycle control techniquéhés
integrator and the resetter. The integration sthgsmoment
when the switch is turned on by the fix frequenlock pulse.
The integration value is given by:

v, (1) = kjt X1 dt k is constar (13)
0

When the integration value reaches the controlreefee,

the controller sends a command to the switch tangbait

from the on state to the off state. The duty-rafithe present
cycle is determined by the following equation:

K[ X0 dt= e (8

The average value of the switched variable at thiéck
output is guaranteed to be:

(14)

N |
y(t)—ijo A= 7 e () (15)

in each cycle. Figure 7 shows the operating wawe$oof the
circuit whenvgeg(t) is constant.

According to the one-cycle control the adjusting
completed in one switching cycle to reject the pos@urce
disturbance. So it is excellent to power sourceaudisnce
rejection. However, although one-cycle control icalent
for rejection the power source disturbance, infginness for

figure 8. In this figure we can observe the linesgulator, the
switching DC/DC converter and the control loop tfiaes
the duty cycle of the switch eleme®t.

Comparing figures 8 and 6, the basic idea of tltopased
control is to achieve an average inductor curramtng the

time interval Toy equal to the output current. Thus, having

into account that:
IL(t) +ireg (t) = l out

the average value provided by the linear regulbtock will
tend to be zero. In addition, notice that the ndifference
with one-cycle control is that the linear regulafixes the
output voltage. In fact, the output voltage is giand fixed)
by the linear regulator. Therefore, according tofole
detailed, the new proposed technique can rejectombt
power disturbances, but load disturbances too.

(16)
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Fig. 8.-Basic structure of a current-mode one-cycle liresmisted DC/DC
converter.

The main idea of the proposed control is to achtbaéthe

load disturbance. The paper proposes a new contigkrage value of the current flowing across theudtor

technique, improved one-cycle control techniquet tban
overcome this shortcoming.

V. TOPOLOGY OF THECURRENT-MODE ONE-CYCLE

LINEAR-ASSISTEDDC/DC CONVERTER

during the time intervaloy (:Q(t)TS) equals to the average

value of the current through the load during thmteival.
Therefore, considering that the output current iieery by

lou=lregtlL, the average current flowing through the linear

Based on the linear-assisted DC/DC converter, thegulator will tend to zero.

structure of the proposed linear-assisted DC/DCvedar
with current-mode one-cycle control strategy is vehoin



On the one hand, the low-pass filter extract theraye simulation results have been obtained from a systesn
value of the duty cycled(t), that multiplied by the output provides 5.0V at the outpu¥,. The value of the inductor is
currentlo, (considered constant), provides a measure of thg100 HH. Figure 10 shows the circuit the start-up trarisien

average value of the current flowing through thediauring Waveforms when the current-mode one-cycle lineaisted

the interval Toy. Thus, considering the gain factor of th&C/DC converter provides & at the outpul/o,. Notice that
current sensing elemeR§=1, we have: the one-cycle control loop assures a value of therame

current flowing through the linear stage near zero.

Ve (1) = €() 1, (17)

On the other hand, the analog integrator provides t
measure of the average value of the current flowergss the -
inductor during the time intervaloy, considering that the
time constant is given by: .

RG=T (18)

Therefore: e

/
out

Vu (D) =% [l (t)dt=%j; L Oct 19 -

K]
>

<
>

where the gain factor of the current sensing elerfgr—1 ] A/ X +
(the negative sign compensates the additional swer ey
provided by the integrator). IAAMAIAVY

100us. 15008 200us 250us 300us 350us. 400us

The average value of the switched variable at thigcks == ==

output is guaranteed to be: . _ .
Fig. 10. Start-up transient waveforms when theantrmode one-cycle linear-
1 cdn. assisted DC/DC converter provides 2t the outpuV,,. Notice that the one-cycle
_I iL (t )dt = a(t) |out (20) control loop assures a value of the average cufiesing through the linear stage
Tg 7o near zero.

in each cycle. Figure 9 shows the operating wavesoof the  Figure 11 shows the transient response of the rinea
circuit whenvgee(t) is constant. assisted DC/DC converter to a step when the referen
voltage increases from\bto 8V at 500 |s.
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> Fig. 11. Transient response of the linear-assiS&DC converter to a step

<
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) . . . ) when the reference voltage increases frovhtd 8V at 500 |s.
Fig. 9. Typical waveforms of the proposed lineasisted converter with

current-mode one-cycle control. On the other hand, in order to corroborate theablgtload
V. SIMULATION RESULTS OF THECURRENT-MODEONE-  egulation of the proposed structure, figure 12wshdhe
CYCLE LINEAR-ASSISTEDDC/DC CONVERTER transient response when the output current has@easing

) step from 2A to 3.33A (variation of 66.6%) at=350 |5 and
In order to validate the presented structure ofdiment- e versa at=700 5. It is interesting to notice that when the
mode one-cycle linear-assisted DC-DC converteigaré 8, |oad current increases, a transient current peakpglied by



the linear regulator. However, the current-mode-oywe
controller provides the suitable control action arder to
make the average linear stage current almost zero.

Finally, in order to corroborate the suitable liegulation
of the proposed structure, figure 13 shows the steant
response when the input voltage has an increasamgfiom
12V to 17V (variation of 41.7%) at=350 5 and vice versa
att=700 |s.
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Fig. 12. Transient response when the output cuh@san increasing step fronA2
3.33A (variation of 66.6%) at=350 5 and vice versa &t700 5.
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Fig. 13. Transient response when the input voltegean increasing step from

12V to 17V (variation of 41.7%) at=350 (s and vice versa &t700 (5.

VI. CONCLUSIONS

In the presented paper, the design and simulatioa o
current-mode one-cycle control
converter has been carried out. The article hasvishihat
linear-assisted DC/DC converters are suitable stras that
allow to take advantages of the two classic altires in the
design of power supply systems (voltage linear legts and
switching DC/DC converters). In addition, startifigm this
linear-assisted topology, and thanks to the geneed of

linear-assisted DC/D

one-cycle control, a current-mode one cycle liressisted
DC/DC converter has been proposed. As a whole, the
proposed DC/DC converter provides a good line g,
thanks to the excellent power source disturbangectien
shown by the one-cycle control loop, a suitabledloa
regulation thanks to the excellent load disturbasto@wvn by
the linear regulator and, finally, high efficiensigown by the
switching converter.
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