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A Novel Adaptive Quasi-Constant On-Time
Current-Mode Buck Converter

Chin-Fu Nien, Dan Chen, Sheng-Fu Hsiao, Le Kong, Ching-Jan Chen, Wei-Hao Chan, and Yen-Liang Lin

Abstract—There have been a variety of constant on-time (COT)
controllers for dc power converter applications reported in recent
years [1]-[5]. In this paper, a novel adaptive quasi-constant on-time
current-mode control scheme is proposed and implemented in buck
converters. While preserving the advantages of the conventional
COT current-mode converters, this scheme allows fast transient
response to step-load that is a critical requirement of a computer
load with smart management. A small-signal model of the proposed
circuit is also developed. Experimental results are also provided.
This scheme is well suited for the next-generation dc converters for
power management central-processor-unit devices.

Index Terms—Buck converter, constant on-time current-mode
(COTCM), describing function (DF), voltage regulators (VRs).

I. INTRODUCTION

N THE past several years, the dc power converters us-
Iing the constant on-time current-mode (COTCM) control
scheme has been adopted for many computer central-processor-
unit (CPU) applications. There are three advantages of using
this scheme for such an application. First, the current-mode
scheme is well suited for the multiphase interleaved convert-
ers commonly employed for low-voltage high current appli-
cations [6], [7]. Second, it allows easy adjustment of con-
verter output load line for achieving adaptive voltage position-
ing (AVP) feature commonly required for such an application
[8]-[14]. And third, constant on-time scheme allows high con-
version efficiency for both the heavy-load and the light-load
conditions [15], [16].

However, there is a drawback for a conventional COTCM
scheme in general, that is, the converter step-load transient is
poor. The output voltage overshoot or undershoot caused by a
step load is often exceedingly high. There is usually a stringent
requirement placed for an acceptable over/undershoot voltage.
To alleviate the problem, a large number of costly and bulky
output capacitors are often required that increases the cost and
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volume of the converter. There is a fundamental reason why this
problem exists in using the conventional COTCM scheme, that
is, the ON time duration remains fixed during the step-load tran-
sient regardless of input/output conditions. For example, when
the load is suddenly reduced after the initiation of the on-time,
the switch continues “ON” until it expires at the end of a prede-
termined fixed ON time. As such, energy is continually pumped
into the output while the load demand is already reduced that
causes unnecessarily high output voltage overshoot. There were
papers reported [5], [17], [18] to change the “ON” time to alle-
viate problems that the fixed on-time may give rise to. In [17],
a scheme was proposed to adjust the on-time duration to im-
prove the circuit performances in steady-state operation. Yet it
does not help the overshoot problem mentioned earlier, though
with the name “adaptive on-time” in current-mode control. In
[18], a high-frequency filter circuit is added to sense the output
voltage at the load transience and change the on-time duration
dynamically with current-mode constant on-time (COT) con-
trol. However, the addition of the filter complicates other circuit
performance such as the circuit stability. The filter circuit param-
eters need tuning according to power stage parameters. That is
not only troublesome but also impractical due to the fact that the
filter cannot be integrated in the controller chip. In [5], the ramp
pulse modulation scheme is presented, which focuses on simi-
lar issue, also aimed to solve this issue by changing the on-time
dynamically. However, since it is the ripple-based COT control,
making it hard to do the current-sharing in multiphase convert-
ers. Furthermore, no existing model is presented concerning this
kind of control scheme. In this paper, a novel adaptive quasi-
constant on-time current-mode (AQCOTCM) scheme will be
proposed to improve the transient behavior while preserving the
advantages of a basic COTCM.

In this paper, a dynamic on-time current mode (DOTCM)
scheme will be proposed first. By analyzing the DOTCM
scheme, it can be seen that while the step-load transient per-
formance improves, there is a serious drawback of the DOTCM
scheme. That is, the converter switching frequency varies widely
with load condition even in CCM condition. So, the DOTCM
scheme will then be modified to remove the drawback while pre-
serving the fast-transient characteristic. This newly proposed
scheme, the main focus of this paper, is the adaptive quasi-
on-time current-mode scheme abbreviated as AQCOTCM. A
small-signal model will also be developed for this scheme, and
can be extended to multiphase structure. Simulations and exper-
imental results will be given to verify the proposed AQCOTCM
control scheme.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. (a) Circuit diagram of the proposed control schemes, (b) on-time
generator, where COTCM: all color lines removed; DOTCM: only the dashed
line removed; AQCOTCM: all lines connected.

II. PROPOSED AQCOTCM CONTROL SCHEME FOR BUCK
CONVERTERS

As mentioned, a description of the DOTCM scheme will be
given first, followed by the discussion of the circuit drawback.
From the discussion, the proposed AQCOTCM scheme will
be given.

A. Description of the DOTCM Circuit

Fig. 1(a) shows the circuit diagram of a buck converter with
the proposed DOTCM control scheme when the colored solid
lines are connected and dashed line is removed. If all the colored
lines are removed, then it is the conventional COTCM circuit. It
was mentioned earlier that the on-time 7, is fixed regardless of
the load change in a conventional COTCM circuit that accounts
for the slow output voltage response to step-load change. In
the diagram, the colored solid line path provides a path for the
control signal V, to directly affect the initiation and the duration
of the ON time. Any change in the output voltage is quickly
reflected to V,,, which is amplified through a constant gain kg,
to become Vg, ; then added Vi, a dc threshold voltage shown
in Fig. 1(b), to become V},,q signal that directly affects the
generation of 7},,. As shown in the diagram, the inductor cur-
rent is sensed to achieve PWM current-mode operation with the
control signal V... And V;a.,, signal is an external ramp signal
for increasing noise margin [19], so can be used for stabiliz-
ing current loops in multiphase case [20]. Fig. 1(b) shows the
circuit diagram of the on-time generator of a DOTCM circuit.
The sawtooth waveform V7., is generated when the current
source Iy, is charging the Cp,, capacitor during the main
switch “ON” time, and is set to zero when the Cr,,, is shorted
during the “OFF” time. As a comparison, the on-time generator
of a conventional COTCM is shown in Fig. 1(b), with the red
line removed. It can be seen that in DOTCM (with the red line
connected) the V},,,q signal, which is directly affected by V,, is
involved in the on-time generation. For example, if V, suddenly
rises due to a step-down load, then V},,q would be reduced that
immediately leads to a smaller duty cycle during the transience.
This would cut down the amount of energy being pumped to
the output in accordance with the load demand during the tran-
sience, and that would reduce the output voltage overshoot. For
the conventional COTCM scheme, that is not the case. Fig. 2(a)
shows simulation waveforms of a step-load transient response
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Fig. 2. (a) DOTCM result (V401 = 387.53 mV), where kge, = 12.5. The
encircled ON time is shortened from 2.76 to 2.41 s when the step-down load
occurs. (b) COTCM result (Vinoot = 465.57 mV). Notice the encircled ON
time remains at 2.76 ps.

TABLE I
CIRCUIT PARAMETERS/CONDITIONS FOR SIMULATED VERIFICATION

Input voltage Vi, 12V
Output voltage V,, 33V
Inductor Lg 10 nH
DCR of inductor Ry, ¢ 1 mQ)
Output capacitor C, 44 uF
ESR of capacitor R, 5 mS)

On-time generator modulation gain kg ¢, 12.5

Current sensing gain R; 100 mQ2
Switching frequency at 7 A f; 1 100.0 kHz
Current load step I, TA-5A
DC threshold voltage V1, 5V

when the DOTCM scheme is used. As can be seen, right af-
ter the load-releasing step, the output voltage V,, increases. So,
V. and Vj,,q both decrease. Therefore, the “on-time” pulse is
immediately shortened, reducing the amount of energy being
delivered to the converter output capacitors. As a comparison,
one can see from Fig. 2(b) for the case when a conventional
COTCM scheme is used, the reaction of the “on-time” pulse du-
ration stays unchanged, causing a delayed control reaction and
longer “off-time” also due to excessive energy delivered to the
output capacitors. Table I lists the converter component values
and working conditions. In this particular example, a significant
improvement of overshoot voltage from 465.57 to 387.53 mV
was observed by using the DOTCM scheme. Similar conclu-
sion can be made for undershoot voltage when a step-up load
current is encountered. DOTCM scheme does improve the con-
verter dynamic load transient. However, notice in the figure that
the steady-state switching frequency of the DOTCM scheme is
highly dependent on the load current level, unlike the case of
the COTCM scheme. This is a serious drawback for the for-
mer because significant switching frequency variation hurts the
overall converter efficiency. It can be proved that the switching
frequency fs can be expressed in terms of circuit components
and conditions as

o STon . D+kgell : (S€+O5 ) Sf) ) (l_D)

fs kgcn : Rz : Ia + ‘/th

(for DOTCM)
ey

where S, is the slope of the external ramp, Sy is the falling
slope of the Vg waveform, and S+, is the rising slope of the
Viron waveform. s, is equal to (I, / C'1,,,)- Equation (1) is
obtained under the assumption that the converter is operated in
CCM, with V, ripple much smaller than its dc value, and all the
slope parameters mentioned are regarded as constant values.
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Fig. 3.  AQCOTCM waveform during load transient (Vg 00t = 337.55 mV),
where kgenn, = 12.5. The encircled on-time is shortened from 2.76 to 2.19 pus
when the step-down load occurs, but recovers to 2.76 s in steady state.

B. Description of the Proposed AQCOTCM Scheme

While the transient response of a DOTCM converter improves
dramatically as shown in Fig. 2, the steady-state switching
frequency is also altered significantly. From (1), one can see
that the steady-state switching frequency f; is inversely related
to the load current /, when operated even under a continuous
conduction mode. This is a significant drawback of the DOTCM
scheme because it is difficult to optimize the converter design, in
terms of converter size and conversion efficiency, if the switch-
ing frequency varies over a large range. In the DOTCM scheme,
the V},,,q signal is used to modulate the on-time. When the load
current level is decreased, V.. is reduced that makes V,,,q smaller
also. And, therefore, the on-time 7, is decreased from 2.76 to
2.26 us, as shown in Fig. 2(a). This is the mechanism for a fast
load transient response. Under the steady-state condition, same
mechanism applies. Therefore, Ton value varies with load cur-
rent level. Since the duty cycle remains essentially the same un-
der a continuous conduction mode, the switching frequency also
varies with load current level under steady-state condition. It is
desirable to remove this drawback while preserving the fast tran-
sient feature of the DOTCM scheme. This can be accomplished
by the proposed V},,,q signal set by (2) in which Vg is subtracted
from V.. Since V. tracks the V(g level in steady state by the
current loop, the steady-state load current effect on V.. and Vg
cancel out each other, and therefore, removes the load-dependent
effect of the switching frequency. During the step-load transient,
V. reacts quickly, while Vg cannot change quickly due to the
existence of the inductor. So, the V},,,q signal reacts quickly and
causes a quick T}, change to speed up the transient response.
To implement (2), a proposed circuit diagram is given in Fig. 1,
with all the dashed and solid colored lines connected. This
is the proposed AQCOTCM scheme. The word “adaptive”
is used to describe the fact that the ON time Ton during the
transience is adaptive to load change, and the word “quasi” is
used to describe the fact that it is still essentially a constant
on-time operation during the steady-state condition independent
of load level

Umod (t) = kgen [U(:(t) - UCS(t)] + Vin. 2)

Fig. 3 shows the simulated waveforms for the case of a buck
converter using the AQCOTCM scheme. The same parameters
listed in Table I were used in the simulations. As can be seen
from the waveforms, the steady-state on-times are indistinguish-
able for different load current level. And the first on-time pulse
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right after the load change is adaptively shortened from 2.76 to
2.19 us.

Fig. 4 compares the overshoot and the undershoot for dif-
ferent k., values, where the component values and working
conditions are listed in Table II. The transient behavior of the
COTCM scheme is given for comparison purpose. In fact, one
can consider COTCM scheme is a special case of AQCOTCM
in which kg, is zero.

1) Derivation of the Steady-State Switching Frequency of
a Buck Converter Employing the AQCOTCM Scheme: Fig. 5
shows the theoretical waveforms and the mechanism that deter-
mine the “ON” time and the “OFF” time of the T, generat-
ing circuit. Fig. 5(a) shows the on-time modulation waveforms
and Fig. 5(b) shows the off-time modulation waveforms. In
Fig. 5(a), point X is the point that Vr,, touches Vj,,q, thus
(3) can be obtained. In Fig. 5(b), point Y is the point that Vg
touches (Vamp + V), thus the relation of (4) can be obtained,
assuming that V, ripple magnitude is negligible compared to its
average value. By substituting the V.. of (4) into (3), one can
obtain (5). From (5), one can see that f, is independent of I,
unlike the case for the DOTCM scheme

X STonTon = Umod (t - Ton)

= kgen . [V( - 'UCS(t = Ton)] + Vin (3)
Y : V; + SeToﬁ‘ = UCS(t = Ton + Toﬁ)
= UCS(t = Ton) - SnTon (4)

STon + kgen Sn (1 + %)

s T

- D (for AQCOTCM). (5)

III. EXPERIMENTAL AND SIMULATION RESULT
A. Experimental Platform

Fig. 6(a) shows the photo of an experimental chip die of
the controller IC with both COTCM and AQCOTCM control
functions embedded. Fig. 6(b) shows the experimental setup
in which there is a CPU emulator, which can be controlled
by the users to interface with the controller IC through I>C
communication link to interchange between the COTCM and
the AQCOTCM controllers. It can also be used to change the
converter output load current level for a step-load transient test.
The circuit parameters/conditions are listed in Table II.

B. Single-Shot Transient Experiment Results

Fig. 7 shows the waveforms associated with single-shot step-
load tests for both the AQCOTCM scheme and COTCM scheme.
Both the step-up load (from 1 to 11 A) and the step-down load
(from 11 to 1 A) were conducted. For a converter, the overshoot
or undershoot depends, among other conditions, on the timing
of the occurrence of the load step with respect to the on-time
pulse. The results obtained in Fig. 7 are the worst scenario, i.e.,
the load step occurs exactly at the leading edge of the on-time
pulse. From the figures, the output voltage overshoot Vg and
undershoot Vijg are in favor of the AQCOTCM case. Notice that
in this particular controller, AVP function is embedded. This can



NIEN et al.: NOVEL ADAPTIVE QUASI-CONSTANT ON-TIME CURRENT-MODE BUCK CONVERTER

COTCM(Vos = 20.65mV)

&0 AQCOTCM W/ Kgep = 1 (Vos = 16.43mV)

810 AQCOTCM W/ Kgen = 2.5 (Vos = 9.80mV)
800
790 l
0 10 20 30 0 (b)
(@)

Fig. 4.

8127

Vo (mV)

790

780 COTCM(Vys = 7.98mV)

770 AQCOTCM W/ kgen = 1 (Vys = 5.30mV)
760 AQCOTCM W/ kg = 2.5 (Vys = 2.44mV)

750

740

730)

(b)

(a) Overshoot comparison (/,: 11 A—6 A): COTCM—20.65 mV; AQCOTCM (with kge, = 1)—16.43 mV; AQCOTCM (with kgen = 2.5)—9.80 mV,

(b) undershoot comparison (I,: 6 A—11 A): COTCM—7.98 mV; AQCOTCM (with kge, = 1)—5.30 mV; AQCOTCM (with kgep, = 2.5)—2.44 mV.

TABLE II
CIRCUIT PARAMETERS/CONDITIONS FOR SIMULATED VERIFICATION

Input voltage Vi, 19V
Output voltage V,, 09V
Inductor Ly 470 nH
Output capacitor C, 220 uF
ESR of capacitor R, 0 mS2
On-time generator modulation gain kg ¢\, 1
Current sensing gain R; 75.936 mQ2
External ramp slope S 111 kV/s
DC threshold voltage Vi, 1.2V
On-time generation voltage rising slope Ston 6.5 MV/s
Switching frequency at 11 A f; 413 kHz
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Fig. 5. CCM Waveforms determining (a) on-time and (b) off-time.
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(a) Die photo of controller IC, (b) experimental platform of the test
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Fig. 7.  Single step-load transient tests (a) overshoot (COTCM), (b) overshoot
(AQCOTCM), (c¢) undershoot (COTCM), and (d) undershoot (AQCOTCM).

be seen from the figure that the steady-state V, level is increased
slightly as the load level is decreased. For this reason, the steady-
state switching frequency varies slightly, in accordance with (5)
due to the change of duty cycle D.

It should be noted that the advantage of the AQCOTCM
scheme increases with the steady-state ON time requirement.
For the same frequency of operation, the larger the ON time,
the larger the duty cycle. In this particular example, a 19-0.9 V
conversion, the duty cycle is very low, approximately 5%. The
improvement is already apparent. For the cases with higher duty
cycle requirement, normally the improvement should be even
more pronounced.

C. Dynamic Load Experiment

For CPU V-core applications, there is a stringing requirement
imposed by INTEL Corporation on dynamic load test [21]. In the
test, the load current excitation waveform is a periodical square
wave of varying frequency from 1 kHz to 1 MHz, with the mini-
mum load /, ;i and the maximum I, 1, €Xcitation specified.
As pointed out earlier, the overshoot/undershoot depends on the
timing of the step-load occurrence with respect to the on-pulse,
and on the load current magnitude and frequency. The worst
sum of Vs and Viyg under this condition must stay within a
specified limit. The test results listed in Table III was obtained
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TABLE III
DyNAMIC LOAD RESULT COMPARISON OF COTCM AND AQCOTCM CIRCUIT

COTCM  AQCOTCM  Improvement Total Improvement AQCOTCM

(12MLCC) (12 MLCC) in AQCOTCM  in AQCOTCM (11 MLCC)
Worst
Overshoot  170.95mV  163.42 mV 7.53 mV 168.75 mV
Vos. max
10.39 mV

Worst
Undershoot 59.05mV ~ 56.19 mV 2.86 mV 58.09 mV
VUs. max

| R

| i

| Al

W, (5)- FE, () v.(s)- DF, (s | NOI)

! FB,,(s), | | °

! |

N, = ______° = __ .\

(®

Fig. 8. (a) Complete open-loop model, (b) open-loop equivalent circuit; both

are for current-mode control.

under the condition of [, i, = 1 A and I, pax = 11 A. The
worst overshoot/undershoot results were recorded in a storage
scope while the exciting frequency varies from 1 kHz to 1| MHz
as mandated. In the table, it is indicated in the first two columns
that there were 12 Multi-Layer Ceramic Capacitors (MLCC)
used. Each MLCC is a 22-uF capacitor. One can see the im-
provement by using the AQCOTCM scheme, compared to the
conventional COTCM. The total improvement of (Vog + Vig)
is 10.39 mV. The result indicated in the last column of the table
were obtained by removing one output MLCC capacitor.

As it can be seen, by using the AQCOTCM, the total number
of the output capacitors can be reduced from 12 to 11, and still
perform better than the COTCM in the dynamic load tests. As
mentioned in Section III-B, the improvement can be even more
pronounced for the cases of lower voltage conversion ratio.

IV. SMALL-SIGNAL MODEL FOR AQCOTCM CONTROLLED
BUCK SCHEME

For the design of a buck converter using the proposed AQ-
COTCM scheme, it is desirable to develop a control model.
Fig. 8 shows the general control block diagram of a converter
using current-mode control [21]. For a buck converter using
the AQCOTCM scheme, the block diagram is applicable except
that the transfer function DF,.(s), FB,, (s), and FF,;, (s) must
be derived according to AQCOTCM scheme. Using the derived
DF,.(s), FB,, (s), FF,i, (s), and the block diagram, the ultimate
goal is to obtain the control (v, )-to-output voltage (v, ) transfer
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Fig.9. (a) Adding a perturbing small-signal .. to V. for deriving the DF, .. (s).
(b) Perturbed waveforms(dotted waveforms) for on-time calculation. (c) Per-
turbed waveforms(dotted waveforms) for off-time calculation.

function Gy.(s), which serves as the basis for the voltage loop
compensator design to ensure stability. In this section, deriva-
tions of DF,.(s), FBy,(s), FF,i, (s).and Gy, (s) will be given.
The complete open-loop model in Fig. 8(a) can be modified as
an equivalent circuit model, as shown in Fig. 8(b).

A. Derivation of DF . (s) (= ir, /v, Control-to-Inductor
Current Transfer Function)

Transfer functions DF, (s) will be derived using the describ-
ing function approach [22]-[27]. A standard procedure is given
below to obtain the DF,.(s).

Step 1: Calculating the Perturbed ON-Time and OFF-Time

To derive DF,.(s), it is required to perturb a signal 9. of
frequency f;,, to the control voltage V,, as depicted by Fig. 9(a). It
is much more difficult to derive the D F (s) for the AQCOTCM
scheme than that of the COTCM scheme, because the perturbed
signal in this case affects both the on-time and the off-time, as
shown in Fig. 9(b) and (c). The perturbed on-time difference
AT, ; and off-time difference AT.g ; in the 4, period, are
expressed by (6) and (7)

k ren ~ .
~ sTfkgs{Q’U cos (27rfm [(z ~ DT

Ton . Ton
+ 5 } —9> sin (27rfm 5 >}
B kgenSe
STon + kgenSn

S, Se
_n AT Pl
(Sf + Se) b

ATon,i

ATog i1 (6)

AToff,i ~

- ﬁ .. cos [27Tfm ((Z - 1)Tsw
f e

+ T2> - 9] sin (27r fm Tz‘”) 7
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Step 2: Performing Fourier Analysis of the Duty Function

Since both the perturbed on-time and off-time are found in
Step 1, the perturbed duty cycle function can also be found. The
perturbed duty cycle function can be found with the relation-
ship of the perturbed on-time and off-time given in (6) and (7).
The perturbed control signal v.(t) = V. + 0. sin(27 f,,t — 0)
is hidden in the perturbed duty cycle function d(t¢). The Fourier
coefficient c,, (7) of duty cycle function can be expressed as

,]27Tfm 2 7‘]27Tfm i—1)Tsw +Ton |

i=1

i—1
[(ZATOH E+ ZATOH k) (]_ — 6_127rfm off)

e_j27rfm Torr ATOﬂlﬁi (8)

where N and M shows the commensurability of f,, and f;,
which can be defined as the smallest positive integer-pairs to
make N/M = f,./fs.

Step 3: Obtaining DF.(s)

The inductor current iy, (¢) can be expressed as

t
Vin V:)ut .
i () = —d (t) — dt . 9
= [ [2a0 -2 atrim O
Fourier coefficient of the inductor current then can be found
by applying Fourier series into (9) as

1 Vin
Cm = — ——
J2m f Ly

Substituting (6) and (7) into (9) and (10), DF,.(s) can be
expressed as (11)

Cm(d)- (10)

ir(s) Cm
Df,.(s) = N
©=06) it e
L‘:(s)f()
Vgnfs NF (S)
- Lys 1 — e sTsw an
where
k en (& — — —
Np(s) = i;g 5 (1—esTomyemsTon 4 (1 — e #Tom)
TN
M kgen 1 —sTort) (1 —5Ton
(o) + B (1 oty (1 ot
—S kgen Sn -8 —5
M) = L) 2 T (e e
Sre(s)
STon —sTy
SFE(S)E(Sf+Se)—Se e v
STN

STN = STon + kgen Sn-
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Step 4: Simplifying the Model using Padé Approximation
Equation (11) can be simplified by using Padé approximation,
and the result is given as follows:

iL (S) ‘/infs kgcn
DFy.(s) = e (s) in(s)=0 ~ L.s S
c vin (5)=0 s TN
v, (8)=0
{ g ( STy sTon )
¢ s 52 B s s2
1+ Qrwswi + Wsw1? 1+ Qrwon1 + Won1?
STN STon
+ i 1 . pS) MFﬁPade(S)
gen + Q1won1 + Won1?
STOff STon
i T =
Qiworr wom Worf1 2 Q1won1 Won1?
STy STy 2
I 1+ 4= (12
Q1wswi Wsw1? Q1wswi Wsw1?
where
0 2 us s us
1= —,Wswl = ;Wonl = , Woffl =
s Tiw Ton Ton
MF,Pade(S)
STon sTsw Egen Sn T
S s 52 Stn 52
— ™ 1+Q1‘”'sw1 +w5w1‘ ™ 1+Ql“’off1 offl “
EyenSn STon 5Ty
Sf + 5. SN + S STN 14— 52
Qiwswl ' wgy1?

B. Derivation of FF i, (s) and FBy,(s)

Not only does control voltage affect inductor current, but
also input and output voltage. Feed-forward gain FF,;,(s) is
the input voltage-to-inductor current transfer function, while the
feedback gain FBy, (s) is the output voltage-to-inductor current
transfer function. Both FF,;,(s) and FB,,(s) can be derived
following the basic approach as described in the derivation of
DF,.(s). The results are shown in (13)—(16)

ir(s)
FF,in (s) = S
vin iy (s)=0
vm(s) Vo (8)=0
v (s)=0
1 fs 1- e—sTo,, STon
= D + ‘/ill S on
LsS SF(S) 55‘%*’ STN {[ T
1 — e sTor
— kgen (S + Se )}7 — STon (13)
25,
Ton ( S ) STon
~ =) (14)
2LS STon + kgenSn + kgenSeT
ir(s) 1
FByo(s) = PRI
vo io(5)=0
Yo (S) Viy (8)=0 Lys
ve(s)=0
Is Nr(s)
Vin -1 15
<|odmr e 19
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25, -D)\?
Ton (1 + S; %) STon + kgenSe (%)
2Ls STon + kgenSn + kgcnsrz %

(16)

C. Derivation of Gy¢(5)

From Fig. 8(b), the control-to-output transfer function G (s)
can be expressed by

G _
Grels) = ve(s) i.,)((s'))::oo =Dfc(s)Z,(s) (7
where
_ U(s)
ZO(S) = io(S) in (8)=0 = ZF(S)HZP(S)
ve(8)=0
_ Zy(s)
T1-2,(5) fBu(5)
ZF (S) = fB::(S)

and Z), (s) is the load impedance parallel to the converter, which
is serial impedance of the C, and R,. Using (12) and (16),
G () can be obtained. Through this equivalent circuit, a mul-
tiplication relationship between Gy.(s), DFy.(s), and Z,(s)
can be obtained. This is exactly a picture for all current-mode-
controlled circuit, showing that the a current-mode-controlled
circuit transforms the inductor into a current source in paral-
lel with a feedback impedance Zp (s), making current-mode
control behave differently from the conventional voltage-mode
control.

Gy () is akey transfer function based on which the voltage-
loop compensator design can be determined. However, it is a
complicated transfer function from which important informa-
tion such as poles and zeros cannot be easily determined for
compensation design. A simplified Gy, (s) model will be devel-
oped in the following sections.

D. Derivation of Simplified G.(s) Model

Several assumptions are made in the derivation: 1) the duty is
less than 0.2; 2) the load is “current load,” rather than “resistive
load;” and 3) The ESR of the power-stage capacitors is much
smaller than (1 / |[FB,,|). The assumptions are valid for most dc
converters for CPU applications.

The result is shown in the following equation, where
Glye sim (8) is the simplified G (s) function:

Vol S
GVC,siIII(s) = Uogsi i (s)=0
¢ Vin (8)=0
s 5*
~ K 1 . LT Q- aqw:.aq * w:.40°
AQ 1+ s 14+ s 52
Wp.AQ Qe,AQWsw1 W1
1+ —
. _ W, ESR S (13)
1+ QlUJ()nl m
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Fig. 10. Bode plots of “AQCOTCM?” controlled buck control-to-output using
simplified Gy (s) model and its pole-zero-location with comparison to the one
using the Padé approximated model.
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Fig. 11.  Plots of loop gain function for verification.
where
Kaq = ! |FByo|
AQ_R@"|FBV()|, vo
28, 1 1-D )2
T, (1 + 5 5) Ston + kgenSe (*57)
2LS STon + kgenSn + kgen Se # ,
w AQ: ‘FBvo| w ESR:i w AQ
" Co T / R(,OOO7 -
o STN + %kgensf + kgense% w
o kgenSn swi
Sty + kigon Sy + hiyen Se - (4525 + D)
@1
QF’,‘AQ - 95, STou an‘AQ
¢ STN
5 s B
o STN + %kgensf + kgensﬁ% Wsw1
= . Tyl
STN + kgen Sf + kgen Se Wz AQ
™ 71'
STN = STon + kgcnSn,Ql = ;vwswl = anonl = Ton .

In (18), all the poles and zeros are easily identifiable. Fig. 10
gives plots of the theoretical Gy (s), Gy sim () and simulated
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(©)

Circuit diagrams of n-phase AQCOTCM controlled buck based on (a) pulse distribution structure; (b) PLL structure; (c) bode plots of two-phase

“AQCOTCM” controlled buck control-to-output Gy (s) based on pulse distribution structure.

result based on parameters listed in Table II. They all agree well
with one another up to half switching frequency. From the plot,
there are poles and zeros. Starting from the first pole (1) from
the left, it is the low-frequency pole of w, aq, which would be
affected by C, and |F By,|. Then, the next two poles are (2)
and (¥), which are a pair of poles splitting from half switching
frequency w1, and their splitting extent is affected by their Q
factor ()., Aq, which has a lot to do with external ramp slope
Se. The larger s, results in smaller (). Aq, thus further splitting
apart. There are still a pair of complex zeros (3) on the location
of w; aAq which is around wyy, ;1 With Q factor Q). Aq. Finally,
a pair of complex poles (5) on half on-time frequency woy 1.
There is an ESR zero w, gsg (6), that is too high frequency to
be marked on this plot. Its dc gain, which can be identified in
the low-frequency part of the plot, is K5, which is the inverse
of its | F By, | and R; product.

E. Voltage Loop Gain Bode Plot Measurement With
AQCOTCM Control

Measurement of G\ (s) cannot be done because the termi-
nal for injecting ¥, signal is inside the IC and is not acces-
sible. However, the loop gain function, that contains G\ (s)
and compensating network, was measured. The circuit parame-
ters/conditions are listed in Table II. The loop gain measurement
result, along with the simulation result and the model prediction,
is shown in Fig. 11. They all agree well. This proves that the
model developed can be used for designing the compensating
network.

V. EXTENSION TO MULTIPHASE CIRCUITS

In a CPU application, large output current and low output
voltage are usually required. Therefore, multiphase interleaving
is usually required to achieve such purpose. The concept de-
scribed in this paper can be extended to the case of multiphase
circuit. Fig. 12(a) and (b) shows the diagrams in which the dotted
boxes are added to make them function as AQCOTCM.

In Fig. 12(a), which is called the pulse distribution structure,
there is only one current sensor, and the “distributor” box is
to distribute its output signal to one of these phases [20]. In
Fig. 12(b), which is called the phase-locked loop (PLL) struc-
ture, each phase current is sensed and fed back to both the
comparator and the PLL-embedded on-time generator [28].
The former is simpler and less costly but the performances of
the transient response are not as good as the latter. Also, there is
an instability issue, but it can be alleviated by using an external
ramp [28].

The pulse distribution structure is more popular among
commercial products because of its simplicity. The model
for the n-phase circuit model can be obtained simply by
replacing the L,, the Ty, and the Vi, in (18), respec-
tively, by (Ls/n), (Tsw /1), (Vin /n). Fig. 12(c) gives a
plots of the Gy.(s) result of a two phase (ie., n = 2)
AQCOTCM controlled buck. It agrees well with simulation
result.

VI. CONCLUSION

A novel AQCOTCM control scheme is proposed and im-
plemented for the buck converters. This scheme was verified
by simulations and hardware experiments. A small-signal con-
trol model is also developed using a describing function ap-
proach. The model can be used for the design of the control
circuit. Extension of this concept to multiphase structure is also
presented.

The proposed scheme combines the advantages of a current-
mode control, a COT operation, and fast step-load transient
response, and is particularly suitable for next generation smart-
power CPU load.
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