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Abstract—The predicting correction technique (PCT) is pro-
posed to achieve an adaptive on-time control for ripple-based buck
converters. The switching frequency fsw variation is suppressed
when the PCT technique considers complete parasitic resistances
of the components and devices. Even without extra clock-controlled
circuits and current sensing circuits, the buck converter operates
with a nearly constant fsw over a wide load range. Parasitic re-
sistances almost cause no influence and restriction on fsyw . Only
input voltage is used to predict the adaptive on-time. Measure-
ment results show only 0.32% in A fsw /fsw and 5.7 kHz/A in
A fsw /AILoap in case of 1.4 A load current change and fsw is
2.5 MHz. Consequently, a pseudo-constant fsyw with well-defined
noise spectrum strongly benefits the solution of electromagnetic
interference (EMI) for system-on-a-chip (SoC) applications.

Index Terms—Adaptive on-time control, de—dc converter, direct
current resistance, on resistance, on time control, predicting cor-
rection technique (PCT), switching frequency.

I. INTRODUCTION

UE to the progress of advanced nanometer scaling down

process in Fig. 1, drastic increase in transistor density for
system-on-a-chip (SoC) results in that power density obviously
increases although the supplying voltage is scaled down from
5Vin 0.5 gmto 0.85 V in 10 nm. The trend follows and even
may be beyond the Moore’s law. Consequently, power manage-
ments or named as smart power converters, which feature high
power and high performance, are urgently demanded for today’s
consumer electronics.

Table I concludes the performance of three common control
methods for de—dc buck power converters. Ripple-based on-time
control (RBOTC) [1]-[24] for buck converters is a superior con-
trol method to meet the requirements for SoC because it features
best performance in comparison with pulsewidth-modulated
(PWM) current-mode control (CMC) and PWM voltage-mode
control (VMC) [14], [25]-[32]. For the RBOTC, the constraint
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Fig.1. Trendinsupply voltage and power density with the evolution of process
technology.

TABLE I
CHARACTERISTICS OF THREE COMMON CONTROL METHODS FOR DC-DC
BUCK CONVERTER

PWMCMC PWM VMC RBOTC
Efficiency enhancement at Complex Complex Excellent (Inherence)
light loads
Rejection of frequency Excellent Excellent Poor

variation at CCM

of output capacitor with large equivalent-series resistance (ESR)
is successfully overcome so that output ripple can be further re-
duced by using multilayer ceramic capacitors (MLCCs) [5]-[7],
[91-[13], [32]. However, the RBOTC is a clock-free architec-
ture owing to its ripple-based control architecture. It reveals
that the RBOTC suffers from severe switching frequency varia-
tion (A fsw ) if any disturbances from input voltage Vix, output
voltage Vour, and loading current I1,0Ap occur.

In other words, power converter with the RBOTC, which
becomes a frequency interference source in the range of
fsw £ 0.5A fgw, is an obvious disadvantage. Analog circuits,
such as RF, audio system, analog-to-digital (ADC) convert-
ers, digital-to-analog (DAC) converters, and phase-locked-loop
(PLL) circuits, are sensitive to certain variation of switching
frequency (fsyw ) because the frequency variation degrades the
performance of those analog circuits as shown in Fig. 2. Further-
more, if considering the frequency interference to surrounding
circuit through electromagnetic interference (EMI), expected
noise spectrum, from a constant fgw switching converter and
even with a small A fgw, can be utilized to design the filtering
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Fig. 2. Frequency interference cause by switching power converter makes the
performance limitation of analog circuits at fgyw is £0.5A fsw .

circuits for low EMI. Therefore, frequency variation of RBOTC
power converter needs to be suppressed to improve the SoC
performance.

If the output voltage provided by power converters is scaled
down below 1 V for the circuits in advanced process, fsw also
increases to several mega-Hertz for compact size and small
output ripple. Fig. 3 shows the characteristics of switching fre-
quency and load condition when conventional on-time control
is used. Ideally, the switching frequency is constant and inde-
pendent of load conditions. In reality, A fgw greatly increases
if Vour and fgw become lower and higher, respectively, at
different load conditions. When the target fgw is 600 kHz and
load current change is 1.5 A, 2.5 Vand 1 V of Vouyr cause
88 and 200 kHz variations in fgy, respectively. In contrast, 2.5
and 1 V of Vour cause 290 and 700 kHz variations in fgw,
respectively, when the same load current change occurs and the
target fsw is 2 MHz.

Fig. 4 shows conventional architecture of dc—dc buck con-
verter with the on-time control. The pre-regulator converts in-
put voltage (Vix) to core voltage (V.ore), Which supplies the
controllers designed by core devices. The feedback controller
monitors the feedback voltage (Vrp) by the voltage divider to
regulate Vout. The feedback controller is mainly consists of a
comparator (CMP), on-time control, SR latch. The on-time con-
trol generates a pulse to determine the on-time period (Ton).
The operation during Toy refers to the charging path for in-
creasing inductor current (I1,). Toy starts if Vg falls below the
reference voltage (Vrpr). According to the input voltage Vix
and the output voltage Vo u, the duty ratio (D) is determined.
Consequently, fsw of on-time control can be determined cor-
respondingly by the predefined Thx and its corresponding D
[3], [25].

Because of the clock-free architecture of RBOTC, several
techniques in previous literatures proposed the technique to al-
leviate the variation. Extra external clocks or PLLs are utilized
at the cost of circuit complexity, silicon area, and cost [14]-
[16], [26]-[29]. In contrast, the techniques use Vix and Vour
information to generate adaptive on time to maintain constant
fsw at different Vix and Voyr [10], [20], [32]. However, the
performance is still constrained, and these works have no abil-
ity to ensure constant fgyw at different load conditions because
practical parasitic resistances are not taken into consideration.
Even though the load current information is applied by replacing
Vin by Vix, the improvement of A fgw is not effective [10].
Besides, one previous technique applies load information to
revise the on-time period but the compensation values amounts
lack of analysis. It is hard to decide the amount of compen-
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sation accurately [20]. Once over compensation occurs, A fgw
even becomes worse. Furthermore, it’s not complete to derive
the quantitative analysis for A fsw, Vour, Vin, and I, oap be-
cause of the assumption conditions [20]. Tsai et al. [32] utilized
the RC network to sense /7, and to adjust the adaptive on time
for getting output voltage droop as the well-known adaptive
voltage position (AVP) technique. However, the assumption of
equal on-resistance value at both high-side and low-side power
MOSFETs is necessary. Unfortunately, it is hard to maintain
this assumption. Besides, many resistors and direct current re-
sistance (DCR) of inductor should be matching exactly, so the
design difficulty is increased.

Reduction of A fgw needs to suitably control the on time and
alleviating A fgw also reduces EMI problems. Consequently,
this paper induces the complete quantitative analysis and pro-
vides proposed predicting correction technique (PCT) to modu-
late an adaptive on time for constant fgw under possible differ-
ent conditions, including Vin, Vour, and wide-range I1,0aD,
especially. Complete parasitic resistances of each component are
taken into consideration without any assumption or simplifica-
tion. Besides, only the driving signal of power MOSFET (Vip)
is needed to achieve constant fgw in the proposed on-time cir-
cuit. It greatly reduces the complexity compared to the previous
works which need additional Vix, Vour, Vix, current sensing
circuit, and parasitic resistance of components of power stage.

This paper is organized as follows. Frequency variation anal-
ysis of the on-time control is explained in Section II. The pro-
posed PCT is illustrated in Section III. Circuit implementation
is shown in Section IV. Experimental results are reported in
Section V. Finally, conclusions are made in Section VI.

II. ANALYSIS OF SWITCHING FREQUENCY VARIATION

A. Operation of On-Time-Controlled Switching Converter

Fig. 5 illustrates the timing diagram of on-time-controlled
buck converter according to Fig. 4. The inductor current I, con-
forms to voltage—second balance for stable regulation. Switch-
ing cycle begins at the rising edge of Toy that is triggered by
VseT and terminated by Vrgsgr. Vsgr is the output of CMP
and reflects the output voltage situation. On the other hand,
Vst can switch on-time operation into off-time operation. The
Ton in steady state charges the inductor and, in turn, I, rises
to a corresponding level. At the end of the switching cycle, I,
falls back to the value equal to the value of the beginning of
Ton, and the CMP triggers Vgg again to start next switching
cycle. As a result, the off-time (Torr) and the switching period
(Tsw) are correspondingly determined.

B. Full Analysis of Switching Frequency Variation

for On-Time Control

The switching frequency of buck converter in CCM can be
expressed as follows:

1
sw =D —. )
fsw Tox
Ideally, the slope of I}, is proportional to “Vin — Vout” and
“—Vour” during on-time and off-time periods, respectively.
The ideal duty ratio (D;qea1) is equal to the ratio of Voy to Vix
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Fig. 3. Characteristic of A fgw and I1,0ap with conventional on-time control. (a) Target fsw = 0.5 MHz. (b) Target fgw = 2 MHz.
Vin Vix mt Therefore, fsw can be expressed as
(o Vour
1
Jsw = Dideal - 77— )
, TON (ideal)
Load
B g S -6 \= On the other hand, (5) expresses the actual duty ratio Dyctyal,
! 5 ! which is defined as the ratio of the actual on-time period
1 3 - ] :
: S SRelatch CMP Ton(: nd Tsw in
! ) S peac-Time e +—OVrer | | ON(actual) & d Tsw (©)
| [ Control Q R _| |
i VReser ! TON(actual)
1 - Vour i Dactual = Ti = TON(actual) : fSVV (&)
Vi On-Time Control |<— : SW
where
Fig. 4.  Architecture of dc—dc buck converter with conventional RBOTC.
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Fig. 5. Timing diagram of on-time-controlled buck converter.

in a lossless ideal case

V .
Dideal = “j;f : @)

Similarly, the ideal on-time period T(x (idea1) in conventional
method should be proportional to Vour /Vix in (3) for keeping
constant fgw

Di ea
Tsw = Didgeat - Tsw = =2 (3)
fsw

Vour
Vin

ToN(ideal) =

In practical, D;¢tya 1S larger than D;q4..1 because more energy
is derived from the power source if taking all parasitic effects
into consideration. Besides, fgw is drastically perturbed by dif-
ferent Vix, Vour, and loading current I1oaq since ToN (ideal)
in (3) has no ability to compensate the change of D,ctyal-
To analyze completely the influence on A fgy , parasitic resis-
tances are included in Fig. 6(a). The parasitic resistances include
Rpcr of inductor and on-resistances R, p and R, y of power
MOSFETs Mp and My, respectively. Fig. 6(b) shows the com-
plex model of power stage in a practical buck converter by
considering parasitic resistances. Fig. 6(c) and (d) illustrates
the energy-delivering paths, path I and path II, during Tox and
Torr,respectively. Parasitic resistances cause the voltage drops,
Von,P» Von,n, and Vpcr, dependent of Itoap.

Fig. 7 illustrates the frequency variation caused by parasitic
resistances. Vi, p, Vou, v, and Vpcor lead the voltage variation
across the inductor L. The waveform shows the voltage of nodes
Vi x1 and V7 xo, affect the cross voltage of Liqca), and subse-
quently causes gradual steep rising and falling slopes with extra
term, “-(Von,p + Vbcr)” and “V, v + Vpcor”, respectively.
In other words, the cross voltage of inductor is decreased and
increased as I flow through path I and path II, respectively.
The voltages of V7 x1 and V xo in the cases with and without
considering parasitic resistance effect are listed in Table II. That
is, even Vin and Vo y are not changed, the constant Ty at dif-
ferent load conditions results in the frequency variation because
different slope of I} occurs at different load conditions.

According to voltage—second balance in steady state, (7)
and (8) are obtained by assuming that I; raises and falls lin-
early during Ton and Torr, respectively, where Al is the
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TABLE II
VOLTAGE ACROSS THE INDUCTOR W/I AND W/O CONSIDERING
PARASITIC RESISTANCES

Actual Case w/i parasitic
resistance effect

Idea Case w/o parasitic
resistance effect

Vixi Vixe Vixa Vixe
Path I Vin Vour Vin = Vou,p Vour + Vper
Path IT 0 Vour ~Von,N Vour + Vber

peak-to-peak ripple current of I,

AT
[(Vin—=Vout) — (Von,p+Vbcr)] = Lideal - —L
D - Tyw
AT
Vour + (Von,N +Vber)] = Lideal - m
(8)

The actual duty cycle in (9) can be derived from (7) and (8),
respectively, during Ton and Torr, respectively

Vour + (Rou,n + Rpcr) - Ioap
VIN = (Ron.p — Rou.n) - ILoAD

Digeal + ((Ron,n + Rocr) - Inoan)/Vin
1 — ((Ron,p — Ron,n) - ILoan)/Vin

Dactual

&)

By substituting (9) into (1), the switching frequency in prac-
tical is derived as

Dideal + ((Ron,n + Rpcr) - Inoan)/Vin
1= ((Ron.p — Ron,n) - ILoap)/Vin
1

ﬂ)N(actual)

fsw =
(10)

Comparison of (4) and (10) reveals that the switching fre-
quency depends on several parasitic factors. Fig. 8 provides
four cases to depict A fgw at different Voyr, Vin, and ILoaD,
according to (10). The desired fsw is 800 kHz in case (a) and
case (b), and the desired fgw is 2.5 MHz in case (c) and case
(d). In all of these cases, the change in I1,0ap results in more
significant A fgw when Vi u is at lower values. In comparison
of case (a) with case (b), A fgw in case (b) is worse because of
serious parasitic effect. Similar result is also shown in case (c¢)
and case (d). Besides, by comparing the desired fgw of 800 kHz
with 2.5 MHz, the case with a higher desired fsw suffers from
worse A fsw in case of load change from 0.3 to 1.7 A. Fig. 9
depicts A fgw with certain load changes versus the desired fgw
and Voyr. This characteristic can be also got by (10). Consid-
ering that Vouyr, Vin, and parasitic resistances remain constant,
AD,ctua1 With certain load change remains constant. However,
higher desired fsw represents shorter Ton (actual)> and A fsw
is amplified from D, (.1 by a larger value of 1/TON(aCtual).

In conclusion, A fgw should not be neglected. Conventional
ToN(idear) in (3) has no ability to compensate the variation of
Dgctnar in (10). Furthermore, (10) also reveals that designing
a proper Ton to compensate completely parasitic effects is the
challenge for on-time control if keeping a constant fgyy .
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Relationship between fsw, Ioap, and Vouyt when Viy = 3.3 V. (a) The desired fsw is 800 kHz. R, p = 150 m2, R,, y = 100 m2, and

Rpcr = 30 mf2. (b) The desired fsw is 800 kHz. R,y p = 300 m2, Ry, n = 200 m{2, and Rpcr = 30 m€2. (c) The desired fsw is 2.5 MHz. Ry, p =
150 mQ, Ry, v = 100 m2, and Rpcr = 30 m€2. (d) The desired fsw is 2.5 MHz. R, p = 300 m$2, Ry, n = 200 mS2, and Rpcr = 30 mS2.

C. Proposed Algorithm for an Adaptive On Time

To compensate completely A fgw by the proposed approach,

(11) is derived by rearranging (7) and (8)

VINDactual = VOUT + Dactual . (Ron,P 'ILOAD)
+ (1 - Dactual) : (Ron,N : ILOAD)

+ Rpcr - Iroap-

An equivalent output voltage VouT_eq is defined in (12)
where AV,,, in (13) represents the voltage variation when
parasitic effects are taken into consideration. Parasitic effects
refer to the series parasitic equivalent resistance R, as is

expressed in
Vour_eq = Vour + AVpar

where

Avi)ar = Rpar : ILOAD and Rpar = Dactual : Ron,P

+ (1 - Dactual) : Ron,N + RDCR-

Here VouT_ceq 18 therefore expressed by Djciyal as
VOUT_cq = Dactual - VIN. (14)

The average model for power stage of buck converter is il-
lustrated in Fig. 10. All the parasitic resistances are taken into
consideration. Consequently, instead of using Vo yr in conven-
tional design, VouT _q can be synthesized by the proposed PCT.
This paper utilizes Viny and Vouyr_eq to generate an optimum
Ton according to (1) and (14). The solution for effectively al-
leviating A fow can be realized at different Vin, Vour, and

I, 0ap conditions.

III. PROPOSED ADAPTIVE ON-TIME BUCK CONVERTER WITH
PREDICTING CORRECTION TECHNIQUE

The proposed architecture is shown in Fig. 11 where the PCT
includes a fully linear voltage-to-current generator (FLVCG),
an equivalent output-voltage synthesizer (EOVS), an on-time
modulator (OTM), and a voltage clamper.

Without the need of Vour, Vin, Vi x, and the sensing sig-
nals, only Vip is needed for proposed PCT circuit to achieve
a pseudo-constant fgw . Basing on (1), the optimum 7 x must
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Reoap

be the value proportional to D, tya1. Although D, ¢tya1 in (9) is
determined by many factors, the proposed PCT circuit can use
Vin and Vzp to generate optimum Ty to compensate D ctyal-
According to (14), the FLVCG converts Viy to the current (o),
which is linear to Vix. The EOVS modulates the equivalent out-
put voltage (VouT_cq) by Vin and the driving signal Vop. The
OTM then determines Ton by ion and VouT _eq-

When Vour_eq is directly realized by (12) and (13), the
complex current sensing circuit is needed because VouT_eq
includes many parasitic on resistances. To reduce the com-
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Fig. 12.  Variable fgw with fixed TN and fixed fgw with optimum Ty at
different load current.

plexity, Vour_eq 18 synthesized by Viy and Vgp according
to (14). Consequently, Ton is expressed as (15) to achieve a
pseudo-constant fgw

VOUT,eq Da‘ctual . ‘/IN Dactual
T 'TSV\' = 'TSVV =~ -
VIN

Tox ViN Jsw
(15)
In comparison of the fixed Thy and with the proposed op-

timum 7o, Fig. 12 explains that variable D,y at different

load conditions has some effects on A fgw. m ; and my 1, are

raising slope and falling slope at light loads, respectively. m; g

and my y are rising slope and falling slopes at heavy loads,

respectively. Increasing I1,oap causes m;_py smaller than my 1,

and mo g larger than my . As a result, at heavier load con-

ditions, Tonis required to increase adequately to keep fsw
constant at heavier load conditions owing to the expanding duty
ratio, and vice versa.

Fig. 13 illustrates that the PCT can modulate the adequate
VouT_eq and Ton . Different load conditions reflect the corre-
sponding D, .yta1 With certain Voyr and Vix because of par-
asitic resistance effects. This figure includes three cases with
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Fig. 13.  Operation of the proposed on-time control with the PCT.
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Fig. 14.  Operation of the on-time control with the PCT.

the load conditions, I1,0AD,s» {.0AD,»» and I;oaD,., Where
Ioap.e < ILOAD,b < IL()AD,(:~ Larger I, 0Ap makes the duty
ratio expanded as shown in (9). In turn, the PCT predicts and
generates the higher Vo yr _q to generate alonger T n . Contrar-
ily, lower Vo uT_cq generates shorter Ton when Dya1 shrinks
at smaller I1,oap.

Fig. 14 explains how to recover the constant fgw during the
load transient. In light-load steady state, the values of D, fgyw,
and Toy are Dy, fsw,r,and Ton, 1, respectively. In heavy-load
steady state, the values of D, fsw,and Ton are Dy, fow g, and
Ton, u , respectively. In comparison of light load and heavy load,
the expected result is to achieve that fsyw 1, isequalto fsw g for
getting a constant switching frequency. Now, observe the change
of D, fsw, and Tpy if using a light-to-heavy load transient as
an example. When load current changes from light to heavy,
fsw increases temporarily, that is, fsw; is larger than fsw r,,
because D decreases, that is, Dy is less than D, and Tyy
is not changed yet. Meanwhile, the PCT circuit adjusts Tox
for getting a larger value, that is, Ton, g is larger than Toy 1,
according to the increasing duty Dy . As a result, the shorter
Ton can modify fs, back to fsw g from the increasing value
fsw .1, where fgw 1 is larger than fgw p. Finally, the system
enters into heavy-load steady state. According to (5) and (14),
Ton adjusted by PCT circuit can achieve that fgw 1 is equal to
fsw .z - In contrast, the procedure is similar even when the load
current changes from heavy to light.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 5, MAY 2016

Besides, the voltage level of VouT_oq Would be very high or
low during the start-up period, extremely load transient or DCM
operation occurs because VouT_cq is synthesized by Vigp. Ac-
cording to (12) and (13), this range of the window is designed to
tolerate VouT _eq. Consequently, the voltage clamper in Fig. 11
is used to ensure the voltage level of VouyT _oq Within the ade-
quate range.

Consequently, the proposed technique achieves pseudo-
constant fgw in CCM. The on-time period is adjusted to a small
value when the decreasing loading current results in D, t,a1 be-
coming larger. In DCM, the proposed voltage clamper can limit
the minimum on-time period so that the inherent advantage of
reducing fgw can be maintained for high efficiency.

IV. CIRCUIT IMPLANTATION OF PROPOSED PCT

This paper proposed two types of PCT circuit, and the struc-
tures are illustrated in Fig. 15. The type-1 PCT realize the circuit
implementation directly based on the analysis in Section II and
(15). Besides, the type-II PCT removes the matching require-
ment in type-I PCT so that the performance can be further
improved.

A. Type-1 PCT With Vour _eq

The proposed PCT includes the FLVCG, the EOVS, and the
OTM. Fig. 16(a) shows that the FLVCG implemented by low-
voltage core devices is supplied by Voorg. Although Viy is
higher beyond the voltage level for core devices, the structure
of resistor R; and diode-connected MOSFET M, benefits the
avoidance of using high-voltage MOSFET. ¢; and i, are gener-
ated by Vix as shown in (16), but 7; is not completely linear to
Vin because of the term Vg g 371, which represents the gate-to-
source voltage of MOSFET M,

L Vin — Ves mi

il = <12 R1 (16)

To compensate the unexpected term Vi g ar1, M5 forms the
source-generation structure to generate compensated current i3
as expressed in (17). Vizs a1 and Vg g 75 can be nearly equal
by setting M; and M; with the same aspect ratio and removing
the body effect. In turn, ¢3 is composed of Vz 5 /5 and derived
in (18)

Go = Vi B VGSJIS _ ile . VGS,]\JB
3 s o
RoVin = (Bi + Ro)Vgs

R Ry

A7)

iz = (18)
By conducting i3 and ¢3 into the node by opposite directions,
ton 1s generated as shown
loN = 12 — 13
(2R3 — Ry) Vin + (R1 + Ra — 2R3) Ves.u

= . 19
R R, 19)

With equal value of 2R, 2R, and R3, the current iy is in
turn obtained as shown in (20). Consequently, ¢on is converted
from Vixy by FLVCG and ipy is proportional to Viy. Current
ion then is used to charge into Con so that Vyanp iS raising



CHEN et al.: PSEUDO-CONSTANT SWITCHING FREQUENCY IN ON-TIME CONTROLLED BUCK CONVERTER WITH PCT

Dactual
O

Fig. 15.

Vcore

= Ver T . =
|<€= On-Time Modulator =9>|<€&==Equivalent Output-Voltage ====p>|
(0TM™) Synthesizer (EOVS)
(®)
Fig. 16. Implementation of type-I PCT circuit, including the (a) FLVCG and

(b) OTM and EOVS.

voltage and the raising rate is proportional to Vix

. 3 Vin
ioN = 5 R (20)

In contrast, Fig. 16(b) shows implementation of proposed
EOVS and OTM. All devices are implanted by low-voltage
except that Mypr and Mynr are the high-voltage MOSFETS
because of Vixy and Vgp. The right portion is EOVS and is
structured by Mypr, Munr, Rr, and Cr. The signals Viy and
Vap control EOVS to produce Vour _eq. Signal VouTt _eq can
be express as shown in (21), because Vgp is driving signal to
control high-side power MOSFET Mp, and the duty of Vgp is
equal to the ration of Ton and Tsw

VOUT,eq = VYIN ' Dactual- (21)
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VReseT
O

Structure of (a) type-I PCT with Vou T _eq and (b) type-Il PCT with Vpyry.
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Fig. 17. Implementation of type-II PCT circuit, including the OTM, the
EOVS, and the FLVCG.

By comparing Vg avp and VouT _eq, Ton can be determined
by OTM according to the duration when Vi onp is below than
VouT_eq- Consequently, Ty can be proportional to Dycyals
which is derived as in (22) by VouT _eq» Con, and ion

Con - VouT_eq VIN * Dactual

T =
ON VL\'

2
=-Con - Ry -
10N 3

08 Dactual- (22)

Substituting (22) into (1), Tsw is thoroughly constant by
the independence of Vin, VouT, Dactual> ILoAD, and parasitic
resistances. Besides, the ripple of VouT_eq can be derived ap-
proximately in (23). To ensure this ripple is small enough, Cr
is 1 pFand Ry is 5 M2 when Vi is 3.3V, Vour is 1.05V, and
fsw is 2.5 MHz in this paper

Vin

VOUT,eq,pp = TON . m (23)

B. Type-1I PCT With Vputy

In addition, Fig. 17 provides another circuit implementation
to realize the optimum 7o . The complexity of the new FLVCG
can be reduced, and the new EOVS can remove the necessary of
using high-voltage MOSFETs. Furthermore, only one control
signal Vgp is needed. VRgr_on is a reference voltage with a
constant value, and Vp is a voltage to bias Mys and Miy,. In
the FLVCG of the right portion, M3 is the voltage follower to
determine Von1 from Vigr _on. The Ry and M;3-M,; struc-
tured by negative feedback then determine the current of M7
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ing frequency in steady state.

as given in

~ Vrer.on + Vasmis
= 7 .

In the EOVS of the middle portion, M, is the voltage
follower to determine Vyno from Vigr_on. The MOSFETSs
Msy1—Ms,, structured by negative feedback, then provide the
driving capability to regulate Von2 as shown

ioN (24)

(25)

Here, R5 and M are used to bias My, and to assist the
regulation, respectively. Vqp then utilizes Mpy, My, Rpo,
and C'p» to generate Vpyry as shown

Von2 = Vrer_on + Vs, ara1-

Vouty = Vonz - Dactual- (26)

Consequently, the OTM in the left portion can use VpyTy and
1oN2 to determine Ty as derived in (27). That is, the optimum
Ton proportional to D,.t,a1 can be obtained because VRgr_oN,
Vasa1, Vasis, and Con are constant

Con - Wury
Toxn = ———

TON2
(Vrer_on + Vas21) - Dactual
(Vaer_ox + Vasis) - (1/Ry)

Fig. 18 illustrates the timing diagram of the PCT circuit in
case of any load current change. At light loads, the EOVS circuit
modulates VpuTy as Vpury,. and Ton as Ton,,. When the
load current changes from light to heavy, Tsw decreases because
Ton is too short to provide adequate energy to handle heavy-
load condition. In this period, the switching frequency is not
constant temperately. Instantly, the PCT circuit processes the
predicting calibration to adjust adaptively TpHn. According to
Vin and a larger D,y value that reflects the information of
parasitic effects and loading condition, the EOVS circuit can get
a large Vpuyry corresponding to an optimum value Vpyry ..
Subsequently, Ton is expanded by the OTM circuit to increase
effective value of Tgw. That is, fgw is regulated back to its

= Con - X Dactuar- (27)
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Fig. 19.  Voltage clamper.

value equivalently equal to that at light loads. Finally, fgw is
nearly constant without being affected by any disturbances.
Fig. 19 shows the voltage clamper including lower bound
clamp and upper bound clamp. When Voyr _¢q is lower than
the lower bound voltage Vrgr, 1, M3 and Ms; can drive M3o
to clamp Vour_eq at the voltage level of Vrgry. On the other
hand, when Vour _q is higher than the upper-bound voltage
VREF, 1, M35 and M3g can drive M37 to clamp Vour _eq at the
voltage level of Vrgr x. That is, the swing range of VouT _cq
can be ensured in the window between Vrgr 7, and VRgr i . Be-
sides, the MOSFETSs Msy, M3o, Mjsg, and Ms7 can be off and
make no influence on Voyt_cq When Vour _eq is in the window.
Table III concludes the characteristic of various on-time con-
trollers. The type II only needs the controlling voltage Vg p and
supplying voltage Veorg. The parameters of A fgw /AVin,
Afsw /Vour, and Afsw /AlLoap represent the frequency
variation influenced by different Vix, Vour, and Ipoap, re-
spectively. The fixed Ton has no ability to compensate any
variation. The adaptive Tpy in both [8] and [10] try to com-
pensate D;gqa1, but the performance is limited. Even though the
adaptive Toy in [10] further utilizes V7 x to obtain load infor-
mation, the information of parasitic effects are still not complete.
The proposed optimum 7y, which is implemented by type I
and type II, compensates D,ctau1 SO that the information of
parasitic effects can be obtained and the frequency variation
can be compensated with excellent performances. Besides, the
proposed optimum 7y implemented by type II reduces the
needed information of Voyr and Viy. Type-1I PCT can release
the strict design considerations, which include the matching de-
sign of resistor and current mirror, high linearity between Viy
and charging current, and the usage of high-voltage devices.

V. EXPERIMENTAL RESULTS

The proposed on-time control with type-II PCT was fabri-
cated by UMC 28 nm CMOS technology. The specifications
include VvIN =33 V, ‘/()UT =1.05 V, L=1 /J,H, COUT =
4.7 pF, and fsw = 2.5 MHz. In measured results, R,, p and
Ron. n are 300 and 200 mS2, respectively. Rpcg of the induc-
tor is 30 mQ2. Fig. 20 shows the waveforms of conventional
on-time controller when I1,oap changes from 1.7 to 0.3 A and
vice versa. The on-time period keeps constant at different load
conditions in conventional design. However, the slope of I, and
D,ctual change obviously due to the parasitic effects. The fgw
is 2.5 and 3.4 MHz when I1oap is 0.3 and 1.7 A, respectively.
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TABLE III
COMPARISON OF DIFFERENT ON-TIME CONTROLLER
. Basic Adaptive | Adaptive Toy P-roposed P_roposed
Fixed Ton Tow 8] with ¥y [10] optimum 7oy optimum 7ox
oN LY
[type-1] [type-11]
Vv Vix Viv
Needed information Vep Vour Vour Vour Vep
Vop Vor Vor
¢ Matching issue should be designed carefully.
. * Charging current is necessary fully linear to Vpy.
Design issue e . - .
igh-voltage devices are needed because of the
usage of Viy.
Afsw INVin Poor Good Good Excellent Excellent
Afsw Vour Poor Good Good Excellent Excellent
N IAlLoap Poor Poor Good Excellent Excellent
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Fig. 20. Frequency variation in conventional COT controller when 1,0 p

changes (a) from heavy to light load and (b) from light to heavy load.

The fsw variation is approximately 0.9 MHz in case of 1.4 A
change at I1,oap. In contrast, Fig. 21 demonstrates the function
of PCT. Fig. 22 provides its zoom-in waveforms in steady state.
Although the slope of I;, and D,.¢ya1 still change obviously
at different load conditions due to the parasitic effects, fgw
maintains nearly constant at 2.5 MHz during adjustable on-time
periods. Ton is 170 ns and duty cycle is 0.35 at light loads
while Ty is adjusted to 210 ns and duty cycle is 0.52 at heavy
loads. A fgw is approximately 8 kHz when the It oap change

is 1.4 A.

Table IV shows the comparison with prior arts. The per-
formance of fgw variation is indicated by A fsw /fsw and
Afsw/AlLoap. The designs in [14], [15], and [28] achieve
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Pseudo-constant frequency in proposed PCT controller when 1,0 A p

changes (a) from heavy to light load and (b) from light to heavy load.

good performance at A fgw / fsw and A fsw /AILoap, but the
extra clock signal and complex PLL-based loop should be em-
ployed. Besides, the design in [20] reduces the complexity of
controller, and the designs in [16] and [32] remove the need
of extra clock signal and achieve adaptive on time but the per-
formance of A fgw of these designs are withdrawn. Fig. 23
concludes the performance, which includes [16] and [32]. The
design in [16] using current sense performs A fgyw / fsw 0of 9.5%
and Afsw /AlLoap of 129 kHz/A. The design in [32] uti-
lizes the RC network but fgw changes from 600 to 800 kHz
when load changes from 200 to 900 mA, according to the
measured transient waveforms. The A fsw /fsw is 25% and



3660

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 5, MAY 2016

TABLE IV

COMPARISON TABLE

[28] [15] [14] [16] [20] [32] Conventional Proposed
Control method PLL-based  PLL-based  PLL-based DADC Load Sensing SLCC Constant on-time PCT
Vin 3V 2745V 25V 27-33V 33V 2.7-3.6 33V 33V
Vour 1.8V 2V 0.7-1.8V 0.9-2.1V 12V 1-1.2 1.05V 1.05V
L 4.7 pH 4.7 uH 1-5 pH 22 uH 4.7 uH N/A 1 pH 1 pH
Cour 4.7 uF 10 uF 10 uF 4.4 uF 8.9 uF N/A 4.7 uF 4.7 uF
Ron.P,Ron N-RpCR N/A N/A N/A N/A N/A N/A 300 m£2, 200 mS2, 30 mQ2 300 m£2, 200 mS2, 30 mQ2
fsw 1 MHz 1 MHz 1 MHz 3 MHz 750 kHz 800 kHz 2.5 MHz 2.5 MHz
Afsw 15 kHz 2 kHz 5kHz 100 kHz 84 kHz 200 kHz 900 kHz 8 kHz
Afsw lfsw 1.5% 0.2% 0.5% 3.3% 11.2% 25% 36% 0.32%
AlLoap 025A 04 A 0.6 A 0.45A 0.65 A 700 mA 14 A 14 A
Afsw /AlLoap 60 kHz/A 5 kHz/A 8 kHz/A 222.2 kHz/A 129 kHz/A 285.7 kHz/A 642.8 kHz/A 5.7 kHz/A
Extra Vo Need Need Need Need No need No need No need No need
Max. efficiency 95% 95.5% 93% 93% 87% 88.2 89% 89%
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Fig. 22.  Steady state of the buck controller with proposed PCT. (a) I,oap =
1.7 A, (b) I,oap = 0.3A.

Afsw/Aloap of 285.7 kHz/A. In contrast, the proposed
PCT ensures fsw variation is lower than 8 kHz, when fgw
is 2.5 MHz. The fsw is nearly constant even when para-
sitic effects are more serious, that is, R, p and R, ny are
300 and 200 mS2, respectively. The proposed PCT has good
performances of A fsw / fsw = 0.32% and A fow /AlLoap =
5.7 kHz/A at fsw = 2.5 MHz. In this paper, the peak effi-
ciency is 89%, which is dominated by the on resistance of
power stage. The values of these on resistances are designed
larger than that of general design for the purpose to demonstrate
the performance of proposed PCT. Consequently, although the
power stage contains serious parasitic effect, the proposed PCT
can achieve pseudo-constant fgw, which has competitive per-

Fig. 24.

Die photo.

formance to the design applied by PLL. Fig. 24 shows the die

photo fabricated by 28 nm process.

VI. CONCLUSION

The proposed PCT modulates the optimum on-time for
rippled-based controlled buck converter to guarantee fsw
is constant over wide load ranges. This paper completely
analyzes the facts causing fgw variation by considering Vix,
Vour, Iroap, and effect of parasitic resistances. The PCT
thoroughly solve the effect of parasitic resistances with only
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information comparing to the prior arts with complex PLL-base
and load sensing method. Pseudo-constant fgw is realized
without any sacrifice in regulation and efficiency performance.
Experimental results demonstrate 0.32% A fsw/fsw and
5.7 kHz/A Afsw/AIL()AD, when VIN is 3.3 V, VOUT is
1.05 V, and fsw is 2.5 MHz. Consequently, the proposed
on-time control buck converter with the PCT is suitable for
nowadays SoC requirement for a wide load range operation
with a nearly constant switching frequency.
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