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Accurate Loop Gain Model of Ripple-Based Constant
on-time Controlled Buck Converters

Danzhu Lu
and Zhiliang Hong

Abstract—Ripple based constant on-time (RBCOT) control has
been widely used in dc—-dc buck converters over past years. How-
ever, there has been no accurate loop gain model to link the property
of RBCOT controlled buck converter to existing knowledge about
basic feedback control principles like crossover frequency (Fc) and
phase margin so far. The previously reported stability criterion for
the output capacitor’s equivalent series-resistor, i.e., Ton/(2C), is
insufficient to avoid subharmonic oscillations over all duty cycle
values. This article presents a new accurate loop gain model for the
RBCOT control. Without simplification, the proposed model can
accurately predict the system response even beyond the switching
frequency. The proposed modeling approach has been extended to
two types of external ramp compensation schemes (for solving the
subharmonic oscillation issue) and optimum ranges of ramp com-
pensation amplitudes have been derived accordingly. The modeling
results are verified by the SIMPLIS simulations and experimental
results.

Index Terms—Constant on-time control, design guideline
modeling, external ramp compensation, ripple-based control
modeling.

I. INTRODUCTION

IPPLE-BASED constant on-time (RBCOT) control
Rscheme has been widely applied in point-of load buck
converters and voltage regulator modules due to the increasing
demands for fast transient response and simple compensation
[11, [2], [3], [4], [5], [6], [7], [8], which are critical for proces-
sors and computer system applications. As shown in Fig. 1(a),
an integral cell composed by an error amplifier (EA) and a
compensation capacitor (Cc) is added in V> RBCOT control
to introduce an outer integral loop and then eliminate the dc
error caused by output ripple [2]. However, the RBCOT control
using equivalent series-resistor (ESR) ripple as the pulsewidth
modulation (PWM) ramp may suffer from the subharmonic
oscillation instability when ceramic capacitors with small ESR
is employed.

External ramp compensation has been preferred to alleviate
the subharmonic oscillation and guarantee the system stability
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Fig. 1. Architecture of the RBCOT control with (a) V2 control, (b) fixed slope

ramp, and (c) IL related ramp.

even with small ESR ripple. As shown in Fig. 1(b) and (c), major
ramp compensation methods can be divided into two categories:
Fixed slope ramp compensation [1], [2] and inductor current (IL)
related ramp compensation [3], [4], [5], [6], [7]. For fixed slope
ramp compensation methods, external fixed slope ramp Sr is
added to V. and compared with the output voltage to trigger the
PWDM signal. Since the slope is fixed, no inductor current sensing
is required. However, for large duty cycle applications, the fixed
slope ramp compensation cannot achieve proper damping for the
control loop, which may lead to instability and poor transient
performance [9]. To solve this problem, the IL related ramp
compensation S7 can be added to the output ripple and their sum
is compared with V. to trigger the PWM signal. If the dc value
of IL is included in V}.41,p,, the dc value of V. need to be changed
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during load transition, which will result in an undesirable output
voltage droop. Therefore, it is preferred to use only the ac portion
of the IL ripple for compensation. The output capacitor current
ripple is a kind of the ac IL ramp, but the impedance of the
current sensing network must be proportional to the impedance
of output capacitor to achieve proper compensation [3], [4], [5].
The ac IL ramp compensation could also be generated by adding
a RC filter to the SW node [6], [7].

The small signal modeling of V2 controlled buck converter is
not straight forward due to the complexity of the nonlinear PWM
modulator. Since the output switching-frequency ripple voltage
is directly involved in the duty-cycle modulation of RBCOT con-
trol, the traditional continuous-time (CT) small-signal average
model [10] which neglects the effects of output ripple becomes
less effective here. To overcome the limitation of the average-
time model, other modeling methods like sample-date modeling
[11], [12], [13], [14], Krylov—Bogoliubov—Mitropolsky (KBM)
method [15], and discrete-time (DT) modeling [16], [17], [18],
[19], [20] were proposed one after another. In the early days, the
ripple-based control was considered as a simplified implemen-
tation of current mode control saving a discrete current sens-
ing resistor. Therefore, the sampled-data modeling techniques
[11], [12], [13] were employed to derive the stability criterion.
However, it has been proved that the sample and hold concept
is not applicable to variable frequency modulations [21], and
thus the analysis results were not satisfactory. Although all the
side-band components of the feedback signal are included in
the sampled-data modeling [14], the final stability criterion is
the same as that in [13] and no design guideline can be provided
with a certain stability margin. The KBM ripple estimation tech-
nique [15] has been utilized to predict the influence of the capac-
itor voltage ripple and the effect of the external ramp in constant
frequency V2 control, but the tedious algebraic calculations is
a challenge to the engineers trying to extend it to variable fre-
quency controls. DT models based on Jacobian matrix analysis
[16],[17],[18], Bifurcation analysis [17], [18], [19], and Floquet
theory [20] were applied to RBCOT buck converters with ESR
ramp or IL related ramp compensation to derive the accurate
stability boundary and complex dynamical behaviors. However,
most DT analyses provide very little physical insight since they
are based on numerical analysis and no symbolic expression
can be extracted. Moreover, an absolute instability boundary
does not fully characterize the frequency domain behavior of a
ripple-based controlled converter, such as phase margin (PM)
and crossover frequency (Fc) of the loop gain. Therefore, a
design-oriented model in the conventional frequency domain
is highly desired for engineers to design the RBCOT controlled
converters and compare them with converters employing other
control schemes, such as the current mode or the voltage mode
controls.

Describing function (DF) method based on time-domain
waveform is one successful CT model for small-signal analysis.
It provides a good model for nonlinear current-mode modulator
in constant on-time current mode (COTCM) control [22], [23]
and an accurate transfer function from the control signal to the
output voltage is obtained. However, when applying the DF
method to the V2 control, only the transfer function from the
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control signal (Vc) to the output voltage (Vout) was obtained
in previous works [2], [24], [25], which is difficultly verified
because the point of measurement is usually not physically
accessible due to integrated circuit implementation of the con-
trol circuits [26]. Moreover, the control to the output transfer
function could not provide sufficient physical insights since all
building blocks including power stage and the PWM comparator
are lumped together. Therefore, previous DF analyses fail to
relate the properties of V? control to the loop gain, which is
defined as the product of the small-signal gains in the forward
and feedback paths of the feedback loop. The properties of loop
gain like Fc and PM have been widely used in voltage mode
[10] and current mode [27] controlled buck convertors to predict
their stability and their behavior of load/line transient response.
However, no analytical expressions are available for Fc and PM
in RBCOT controlled buck converter so far.

Furthermore, in previous reported simplified control to output
transfer function as shown below [24]

Vout (5) _ (1+5Rcc> _ T (5)
v (9) (HlewﬁfT;) (HQLJ%) 14T ()
(H

where 7(s) is the loop gain of the control loop. The dc gain of (1)
is equal to one, which indicates the dc value of the loop gain is
infinite even ESR is very large, which is not reasonable because
the output accuracy is poor for such case.

Some design-oriented models [28], [29], [30] have also been
proposed, which apply familiar loop gain concepts for the V?
inner voltage loop by separating the ESR ripple and the output
capacitor voltage ripple. The ESR ripple was treated as IL
sensing, and then the previous small signal analysis results for
the COTCM [31] control can be applied to the V2 control with
lots of simplification. However, the switching ripple of the output
capacitor could not be ignored since it will also affect the PWM
comparator, in the same way as the ESR ripple, especially near
the critical stable point when the output capacitor ripple and
ESR ripple have similar amplitudes. Fig. 2 compares the loop
gain of the ESR ripple and the IL sensing. They are different
even with the same Rc. Therefore, the modeling concept based
on the separation of the two kinds of ripples is not practical.

Another questionable assumption of the previous V2 control
modeling efforts with DF method is that the effects of different
types of external ramp compensation schemes are treated in the
same way. Thus, the stability criteria for the external ramps are
assumed to be equivalent as the ESR ramp [24], [25]. However,
the loop gain properties of the ESR ripple, the fixed slope ramp
compensation and the IL ac ramp compensation with an SW
filter are totally different as shown in Fig. 3. It can be seen that
both the Fc and PM are different though the PWM ramp slope
are the same. Moreover, in the previous small-signal model for
the V2 control the effect of outer integral loop was not discussed
in detail. Although the integral cell is included in the small-
signal model in [26], no design-oriented analysis is applied to
the integral cell.

In the context of RBCOT control modeling, the primary
objectives of this article are the following.
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1) To derive a design-oriented loop gain model, which is
accurate even beyond the switching frequency, for the
RBCOT control.

2) To predict the transient response for RBCOT control ac-
cording to the Fc and PM in loop gain model.

3) To apply a design-oriented analysis for an integral cell
based on the loop gain model including an outer integral
loop.

4) To extend the loop gain model to the RBCOT controlled
converters with the fixed slope ramp compensation and
the IL AC ramp compensation.

5) To derive the design guidelines for the external ramp
compensation amplitude.

The remaining of this article is organized as follows: In Sec-

tion II, the RBCOT control with the ESR ripple will be used as
an example to illustrate the modeling process. The relationship
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between stability and the ESR will be revealed in the proposed
model. Then, Section III describes the influence of the outer
integral loop to the proposed loop gain model. In Section IV, the
extensions of this model to the fixed slope ramp compensation
and the IL ac ramp compensation are presented. Simulations and
experiments are used to verify the proposed model in Section V.
Finally, a brief conclusion is given in Section V1.

II. PROPOSED LOOP GAIN MODEL FOR RBCOT CONTROL

As shown in Fig. 4, the RBCOT controlled buck converter
composed of the switches, the inductor, the output capacitor,
the comparator, and the on-time generator is used to exemplify
the proposed modeling approach. The integrator represented by
EA and Cc in Fig. 1(a) will be neglected firstly in this section.
The assumptions of DF method [24] are listed as following to
simplify the calculation: the magnitude of the inductor current
slopes during the on- and off-periods stay constant separately;
the magnitude of the perturbation signal is very small; and the
perturbation frequency fin and the switching frequency fs are
commensurable, which means that N x fs = M x fin, where N
and M are both positive integers.

First, the perturbation rg + 7sin(w,,t — ) is added to the
output of the EA V., where 7 is the amplitude of the perturbation.
Based on the duty cycle and the output voltage waveforms shown
in Fig. 5, it is found that

AVvESR_ripple + AVvCalpacitor_ripple
(AIL - AIload) Rc + A VCapacitorfripple

A Vzotal_output_ripple =

= (SnTon - SfToff(i))
Ve (ti+Totrciy) —ve (tia+Tommii))

R
Ry, ¢
ti+Tom(i . v, (1)
+ -/'ti—l“l’g—‘fvff)(i—l) (ZL (t) B TL> dt
Co
= e (ti + Tomrs)) — Ve (tic1 + Tori—1)) -
(2)
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where Tof(;) is the ith cycle OFF-time, S,, = R X (Vin-Vout)/L,
S¢= RcxVoui/L, ir(t) is the inductor current, and V,(?) is the
output voltage.

Since the Vi, perturbation is neglected here, V,(f) = Vout
where Vg, is the steady-state value of the output voltage.
Assuming that Togr;y = Togr + ATofr(s), where Togr is the steady-
state OFF-time and AT;) is the ith cycle off-time perturbation,
then based on (2), the steady-state relationship between Vout and
IL can be

Ty
s A4 (1 + QRfé > — sy ATs(i-1) <1+

Toff_ 2Tsw
2R.C,

R,
= (1 + RL) (Ve (tim1 + Tog(i-1)) — ve (ti + Togca)

— (ve (timz + Tog(i—2)) — ve (tic1 + Toi-1)))) (3

where Ty, is the steady-state switching period which could be
expressed as Tq,, + Tofr. Based on (3) and the results in [24], the
Fourier coefficient of the duty cycle c,,(q) at the perturbation
frequency f,, can be expressed by

O ) R O o))
“)
The Fourier coefficient at the perturbation frequency f,, for
Vo(t) is 7e? 4 /2j; therefore, the transfer function from the
control signal to the duty cycle can be calculated as

et Fu (1meenta) (1—eionTon) (14 fi
Cm(d) =

d(s) _ Cm@
F = =
dx (3) Ve (8) Con(oe)
—sTon —8T 5w R,
g ety (1t ) (1+£2) s
51 Fa 4 (14 B2 ) (1 — e Tow)

Second, the perturbation 7 + 7sin(w,,t — ) is added to the
output voltage V,(t) and the V. perturbation is neglected. Based
on the duty cycle and the output voltage waveforms in Fig. 6, it
is found that

ti+Tom(s) . Vo (1)
ftifl‘i’,rnff(i—l) (ZL (t) B TL) dt =0

Co

Sn'Ton — szoff(z') +

Based on (6) and the steady-state relationship between Vi
and IL, one can get (7), shown at the bottom of the next page.
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A similar Fourier analysis is performed on duty cycle again
and the DF from the output voltage to d(s) can be calculated as
d(s)

Foaz (5) = vo (s)

R.
(T+ R;co>
S

(1= eTon) (1= e Pow) | oo+
_f
Togr—2Tsw _
i e+ (14 Bgflen ) (1—emsTow)

®)

From (5) and (8), it is clear that the transfer functions from
the two inputs of PWM modulator (V. and V,) to duty cycle
d(s) are different. Therefore, the F,qx(S) can be separated to
two parts: one part is the same as F g, (s) which is related to
the PWM modulator, the other part F,,(s) including the output
ripple directly influencing d(s) according to the control scheme.
Therefore, F,,(s) can be expressed as

Fom (5) - *Fodz (5) - Fdz (S) . (9)

Based on above assumptions, the small signal model for the
V2 RBCOT controlled buck converter can be shown as Fig. 7.
Different from previous DF models [26], one additional internal
transfer function F,,(s) exists from V ,,t(s) to duty cycle d(s).

F,(s) is transfer function of the power stage from the duty
cycle to Vot It could be expressed as

1+ sR.C,

F, (s) =V, 1—|—S(RCCO+RLL> + s2LC (1+ g;)

. (10)

Then, the loop gain of the model from the broken point in
Fig. 7 is
Faz (s) X Fp (s)

Foop (s) = 1+ F,, (s) X F, (s)

Y

where Fou(s) = —Fodq(s) —F 45(s). The exponential term ¢ 7
can be simplified using the Padé approximation [32] which is
valid up to fs/2

STy

=Ty __ 1_
- sT T2, "
1+ 25w S

&

Then, Fio0p(s) can be simplified as

Ag (1 + wiz)
EOOP (S) - 1 s s2 1 s s2 (12)
( + Qawp2 + 7;2,2) ( + Qiwp1 + TIZ)I)
where

T

Ao= 10, (1+4i2) /[() ()" + T

w, = 1/R.C,
Wp1 = 1/\/LCO (1 + RC/RL)
Qp1 = 1/Wpl/ (CoR.+ L/Rr)
Wpa = 7r\/ 1472 (ReCy/2/Ton — 1/4) + (Tsw/Ton)*/ Tsw
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Qu = /1 + 72(ReCo/2/Ton — 1/4) + (Teu/Ten)? /7
(RcCo/Tsw - Ton/Q/Tsw + Tsw/2/Ton)'

The zero w. and the double pole w),; are generated from the
power stage. wpo is related to the duty cycle D which could
be expressed as D = Ton/Tsw = Vour/Vin. When duty cycle
is relatively small, which means V,; is much lower than Vi,
wypo 1s higher than switching frequency and its influence on the
stability is ignorable. As shown in Fig. 8, a small Rc will push
w, to high frequency and make the system unstable, while a too
large Rc will increase the PM, but introduce large output ripple.
Therefore, an optimum Rc exists for the system. Assuming
that around the optimum Rc, w, does not influence the Fc

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 6, JUNE 2023

Gain(dB)
Gain(dB)
3

—Rc=10m of|==Rc=10m | ¥
20 P
*#+'Rc=3.2m *#»#'Rc=3.2m i Tia®
“fl= =Rc=0.5m ®M= -Re=0.5m| .|
——Fsi2) \ —Fs/2)
-60 40
10° 10 10° 10° 10° 10* 10° | 10°
Frequency(Hz) | Frequency(Hz)

(b)

Phase(deg)

Frequency(Hz) Frequency(Hz)

Fig.9. Loop gain for different ESR (Vi = 12V, Vot = 1.2V, fs = 400 kHz,
C =250 pF, L = 660 nH). (a) Without approximants. (b) With approximants.

significantly, the Fc and the PM of Fj,,,(s) can be simplified
as

we = 2mF. = /Ay wp1
= - - ! (13)
V) + (B + 5 (RO - )
PM =~ arctan (w./w.) (14)

where w, is the angular frequency of Fc. Assuming that PM >
45° is needed for stable operation, if the duty cycle is less than
20%, the optimum Rc could be obtained as R, = :é“’ according
to (14). w, is equal to w,. for this optimum R, which meets the
above assumptions. If the duty cycle is larger than 50%, w2 will
close to w, so a larger Rc is required to guarantee enough PM.
The optimum Rc is then around 45&.

The bode diagrams of proposed looop gain model with different
Rc are shown in Fig. 9. We can find that the Padé Approximants

can guarantee the modeling accuracy up to half of the switching

Tost

s ATofr(iy (1 + 2R('Co) — s ATi(i—1) <1 +

R, 1
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frequency. When Fs = 400 kHz and duty = 0.1, the minimum
ESR is % = 0.5 m{2 according to the critical condition given
in [15]. However, the PM is less than 1° with the proposed loop
gain analysis for such ESR. Therefore, the critical condition
for ESR in [15] is insufficient to guarantee stability. With the
optimum R, = Zscw = 3.2 mf), the PM is close to 45° and
the Fc is about half of Fs, which is compatible with previous
analysis.

The load transition responses of RBCOT buck converter with
different Rc are shown in Fig. 10. Smaller IL overshoot could
be observed with larger Rc for better PM. The load transient
recovery time is reduced with larger Rc since the Fc is increased
with Rc according to previous analysis. It is proved that the
correlation between loop gain properties (Fc and PM) and system
stability for RBCOT control is the same as that of voltage-mode
or current-mode control. Therefore, loop gain model can predict
the transient response well for RBCOT control.

III. MODELING OF OUTER INTEGRAL LOOP

The effect of the outer integral loop on the main regulation
loop should be analyzed to guide its design. Assuming that the
transconductance of the OTA in Fig. 11(a) is g,,,, and its output
resistance iS Ry, the transfer function from the difference
between Vit and Vi to V. could be expressed as:

V. (3) _ ngout
Vl:ef - V;)ut (5) 1 + SRout int

where Ciy is the integral capacitance. The unit gain band width
(UGBW) of Fy.(s) iS gm/Cint. Fig. 11(b) shows the proposed
small signal model which includes the effect of outer integral
loop. The loop gain of the proposed model from the broken point
is

EOOp,all (S) = (1 + ch (3)) EOOP (5)

ngout (1 + %) Adc (1 + wsd )
~ i F S) = -~ e/ F S
1 4+ 5RoutCint 1oop ( ) (1 + =2 ) IOOP( )
Wpde

Fue (s) = (15)

(16)
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where Ag. is the dc gain of the OTA and Fip(s) is the loop
gain given in (12) without the outer integral loop. The pole-zero
doublet w, 4. = % are generated by the
outer integral loop. In order to make sure that w.4. and w4
do not affect the system stability, the w,4. should be much less
than the w, of the proposed loop gain model. Since the UGBW

of Fdc(s) should meet the inequality as

1
and wpdc - Rou!cim

9m wc_loop
UGBW = — <
Oim ].O
where w,_j00p 1 the angular frequency of the system crossover
frequency which is given in (13). The loop gain including the dc
error integral block with different Cint is illustrated in Fig. 12,

which shows the influence of the UGBW of F4.(s). Since the

amn
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internal loop Fcieop is close to fs/2, the maximum UGBW of
Fqc(s) is fs/20 = 20 kHz. When gm = 1 uS, the minimum Cj
without deteriorating PM significantly is about 8 pF. A smaller
Cing Will make the system unstable, so (17) could be a design-
oriented guidance for the dc error integral block.

IV. EXTENSION TO EXTERNAL RAMP COMPENSATION

The proposed model strategy can be extended to external
ramp compensation structures, including the fixed slope ramp
compensation and the IL ac ramp compensation with an SW
filter. Detailed analyses for these two compensation methods
are presented in this section. ESR is neglected when ramp
compensations are applied to simplify the modeling process.

A. Fixed Slope Ramp Compensation

Following the same modeling methodology, the perturbation
ro + 7sin(w,,t — 6) is added to the EA’s output Vc while the
Vout perturbation is neglected first. Based on the duty cycle and
the output voltage waveforms in Fig. 13, it is found that

Ve (tie1 + Togi(i-1)) + 5r (Ton + Tofr(i-1))

ti+Tofe(s . oot
Tt T (u (t) — Ri(l‘)) di
Co
=ve (t;i + Tois)) + v (Ton + Totri))

+

(18)

where S, is the rising slope of the fixed slope ramp. Based on
(18) and the steady-state relationship between V,, and IL, we
can get

AV (Sr+ Sélig;“) — AT, (1) 28

+ sfl(%ﬁc—fTSw))_’_STATO“(i_z)

=ve (tic1 + Tomri—1)) — Ve (ti + Tofi(s)) (19)
— (ve (tiz2 + Tomri—2)) — ve (tim1 + Tofri-1)))

where Sg = Vout/L is the falling slope of the inductor current.
A Fourier analysis can be performed on the duty cycle and the
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Fig. 14. Waveforms with V, perturbation with the fixed slope ramp
compensation.

DF from the output voltage to d(s) can be calculated as

de_s (5) -
fs (1,e*jw7n Ton ) (176*‘7“«%@ Tsw )
(STer),e—jmem (25T+M>+Sre*2_7‘wm,Tsw

(20)

Then, the perturbation rq + 7sin(w,,t — ) is added to the
output voltage V,(¢) and the V. perturbation is neglected. Based
on the duty cycle and the output voltage waveforms in Fig. 14,
it is found that
ti+Tofr(4)

. _ Vo+vo(ﬁ>)
o /t'i—1+7—1vff(i—1) (ZL(t) Ry, dt

sr (ATogr(iy — AToge1)

’ @1)
Based on (21) and the steady-state relationship between V4
and IL, one can get (22), shown at the bottom of the next page.

A Fourier analysis can be performed on the duty cycle again and
the DF from the output voltage to d(s) can be calculated as

Fodz_s (S) =

1
—j T - T 1 R Co
fs(lfe Jwm ““)(176 Jwm sw) (mel)cho_;’_ T :|

T s (T p—2Ts ’
<Sr+752chZ“) —edwmTsw <2sr+ bf( oj;éu éw) ) +s5.e 2iomTsw
(23)

The small signal model is the same as that shown in Fig. 7
and the transfer function is the same as (11) except the Rc is
zero for F,(s). According to (9), (20), and (23), Fioop(S) can be
simplified with the Padé Approximants as following:

Aoy (L4 gt +27)
s 52 s 52
(1 + Qps2Wps2 + @) (1 + Qps1Wps1 + nyﬂ)
(24)

F‘loopfs (3) =

where

2 2 2
A — (Tsw> N (T) B <T>
™ T 2

AO?S - LCO/ [A;E + SrTstoL/vout]
Wzs = 77/T€w
st = 2/7T
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Wpsl = 1/\/ LCO
stl = RL V CO/L

Sy TsuwCoL

Vout

Sy TswCoL
Wpsa = 7r\/AI + /\/T3w X Ay + T2,

Uout
Qoo (T2, X Aot T3, 2TuCoL ) (4, 4 SLaCol )/

Vout Vout

T A, + Tn S:TonCol

Vout

The double Zero w, is fixed to half of switching frequency
and the double pole w,,41 is generated of power stage. wys2 is
higher than wy,, /2 and will be pushed to ws,, /2 when the duty
cycleis close to 1. Assuming that w,; and w2 do not affect the
Fc significantly, the angular frequency of the Fc of Fiop s(s)
can be expressed as

We s ~ V AO?S wpsl

1 s
VET () - () B T

Vout
where Viope is the amplitude of the slope ramp in one cycle
which can be expressed as S,-x Tsy. The previous assumption is
reasonable since the w,._, isless thanw. s and w2 , and w,_¢ will
decrease when Vo, increasing. Considering the phase shift of
wWzs and wpeo at we_g, the PM of Fioqp 5(s) can be expressed as

GBWS/WZS/QZS )
1 — (GBW,/w.s)?

— arctan GBWS/“)PSQ/QP% '
1-— (GBWS/WpSQ)

(25)

PM, = arctan (

(26)

As shown in Fig. 15, too small Ve Will push wy,g2 and the
Fc to f5/2 and make the system unstable, while too large Viope
will push the Fc to low frequency and the phase lift by w, is
attenuated. Thus, the control system will change to voltage mode
without compensation with large Viiope, so the system will also
be unstable. Therefore, an optimized Vjjope could be obtained
by searching the maximum value of (26). If the duty cycle is
much less than 100%, the optimized slope could be expressed
as

T V:)ut

Sw

m2LC

V;lope_best (27)

With the optimized Vjjope, the best PM is 35° and the Fc is
close to 77— according to (25) and (26). Therefore, PM is poor if
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Wes2/ (1),
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T
<« ,—>
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i)

«—| —

Re «

Wsw
2

wps1
Wzs
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Fig. 15.  Root locus diagram of the loop transfer function with the fixed slope
ramp compensation.
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Fig. 16.  Fc and PM versus Vgjope in different Duty.

only the fixed slope ramp compensation is applied, which leads
to oscillatory load transient performance with any slope value
of the compensation ramp [2]. When V;,, = 12V, fs = 400 kHz,
C = 250 pF, L = 660 nH, the relationship between Ve and
PM is plotted in Fig. 16 for different V. It is found the Fc will
decrease with Viope increasing and the optimized Vgope €Xists
for different duty cycles according to PM curves. The best PM
is 35° when duty cycle is smaller as previously analyzed and it
will decrease when duty increases, which means the fixed slope

sr (ATops) = ATops-1) = $r (AToppi-1) = Alogyi-2))

Yo (t'i"l‘Toff(i)"Fﬁ) —vg (ti—1+Toff(i—1)+ﬁ) —vg (ti—1+Toff(i—1)+ S

)—Uo (ti—z F+Topg(i-2)+ ﬁ)

RLC Won,

seT,
— L AT py) — E TowATof (1) +

UU(ti"'Toff('i)“"wLm)

(’L 1+Toff(L 1>+W¢n) (UU (tiil+T°ff('i*1)+w7: )

LI AT, 1)

( i2+Top s (i- 2>+wm))

SLIC, (22)
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400 kHz, C = 250 pF, and L = 660 nH). (a) Without approximants. (b) With
approximants.
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400 kHz, C = 250 pF, and L = 660 nH). (a) Vsiope = 6.8 mV. (b) Vsiope =
10 mV. (¢) Vsiope = 20 mV.

ramp compensation could not guarantee the loop stability when
duty cycle is close to 1.

The bode diagrams of the proposed loop gain model with
different slope ramps are shown in Fig. 17. When Fs = 400
kHz and duty = 0.1, according to the optimized slope amplitude
in (27), the optimized Vjjope is about 10 mV. With optimized
Vslopes the PM is close to 35° and the Fc is about 1/4 of Fs,
which is compatible with the analysis above.

The load transition responses of RBCOT buck converter
with different Vgope are shown in Fig. 18. Compared with
the recommended external ramp in [2] which is about 6.8 mV

(Vitope = 2212LVouy when Fs = 400 kHz, duty = 0.1 and

Rx
Cx I DC
~ | cancel
Vramp
_H_ On time _L_ \{/
control + Ve
Fig. 19. RBCOT control with the SW filter ramp compensation.
Viamp
+
Vo
Vemp-
Ve
IL

t1 t2 ti

Fig. 20. Waveforms with V. perturbation with the SW filter ramp.

Rc = 0, the smaller V,,; overshoot and more stable IL transient
waveform could be observed with proposed optimized Vijope
which is 10 mV. Therefore, the loop gain model can achieve
more accurate design guidance and analysis than conventional
control to output transfer function.

B. IL AC Ramp Compensation With SW Filter

As shown in Fig. 19, Rx and Cx are used to generate the IL
AC ramp compensation to exemplify the proposed modeling
approach. The rising and falling slope of V; could be expressed
as Spp = % and sy, = Ve C , respectively. The dc value
of V is the same as V, and it could be cancelled to generate a
ramp signal Vi.;mp,. Following the same modeling methodology
as above, a the perturbation ro + 7sin(w,,t — #) is added to
the EA’s output Vc while the Vi, and V, perturbations are
neglected first.

Based on the duty cycle and the output voltage waveforms in
Fig. 20, it is found that

Ve (tifl + Toff(i—l)) + snaTon — Sfa:Toff(i)

(i () 242) at
Co

ti+Tofr(i)
tic1+Tosi-1)

=ve (t; + Tofe(s)) -
(28)

Based on (28) and the steady-state relationship between V.
and IL, we can get

T
AToff(i) <5fm+ flLoff

spt Lofr —2T5u)
20,

) - AT‘off(i—l) (sf:v + 20,
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Fig. 21.  Waveforms with V,, perturbation with the SW filter ramp.

= e (tic1 + Tomri-1)) — ve (i + Tofr(ay) (29)

— (ve (ti—2 + Totri—2)) — ve (ti-1 + Tofri-1)))

where Sy = Vout/L is the falling slope of inductor current. A
Fourier analysis is performed on the duty cycle and the DF from
the output voltage to d(s) can be calculated as

fé( e*jw'mTon)(1_6*meTsw

1 Tott . N s 1 (Tofr—2Tsw )
(Sfr+ Lo ) e JwmTsw (Sfm+fT

Fdz_r (S) =

(30)
Then, the perturbation ¢ + 7sin(w,,t — @) is added to output
voltage V,(#), and the V. and V, perturbations are neglected.
Based on the duty cycle and the output voltage waveforms in
Fig. 21, it is found that
ot (12 (0 = %)
SnaLon — SfxToff(i) ++ =0

€Y

Based on (31) and the steady-state relationship between V
and IL, one can get expression (32) shown at the bottom of this
page. A Fourier analysis is performed on the duty cycle again
and the DF from the output voltage to d(s) can be calculated as

Fodr_r (5) -

1
Fo (1= e7domTon) (1 — edomTou) [(jw,,jzmu + ’jgjf}

SAToir \ G Teuw S (Toi—2Tsw)
(Sfﬂﬁ+ 2co> e (Sff+ 25,

(33)
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Fig. 22. Small signal model for the RBCOT controlled buck converter with

the SW filter ramp.

those in Fig. 20. It is found that

ti+Togr(i) . v, (t)
‘[tz 1+ Tom(i-1) (ZL (t) T Rp )dt — 0

Co

SnaLon — SfaTofr(i) +

(34)
Based on (34) and the steady-state relationship between V
and IL, we can get

TO ' 0 w.
Ty (310 + 350 542) ~ Moy (sgooba ogdon

1
= (ﬁw (ti+Toff(i) + ﬁ) — g (tH +Tosii-1) +ﬁ)) :
(35)

The similar Fourier analysis is performed on the duty cycle
again and the DF from the V, to d(s) can be calculated as

d
Fro (s) =~ ((52)
fo (1= e7donTn) (1 = ¢ donTor) x ToCa

(s ot %) _ e—dwmTou (s fo + %)
(36)

Then, the loop model for RBCOT buck converter with SW
filter ramp compensation is shown as Fig. 22. Compared to
previous loop model in Fig. 7, one more internal loop is included
which is contributed by V. F,,(s) is the transfer function from
the duty cycle to V. According to the V, generator in Fig. 16,

Finally, V,u; and V, perturbations are neglected and we only it could be expressed as
consider the influence of the V, perturbation to S, and Sg,. v
When the perturbation 7o + 7sin(w,,t — 0) is added to V,, the Fp (8) = —=——. (37)
duty cycle and the output voltage waveforms are the same as L+ sR.Cy
1
T To - QTGw o ~ 7T
AToff(i) (Sfl, + Spi~ 2, ) A,Toff(z 1) <5f.'c + S#1 ff2CO ) = PZS <Uo <ti + Toff(i) + 2wm)
™ ™ s
_Ao 1— To i— - Ao tif To i— PR B Ao tif To i— o, .
v < 1+ dogpii-1) + wm> (U ( 1+ Logs( 1)+2wm> v ( 2+ dofri 2)+2wm))>
N (0 (ti + To(iy) — Do (tic1 + Toppi-1))) — (90 (tim1 + Totwii-1)) — Yo (ti—2 + Totri—2))) (32)

w2 LC,

m
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Therefore, the loop gain for the model in Fig. 22 is

B Fiz  (s) X Fy (s)
L+ Fop i (8) X Fy(8) — Fra (8) X Fup (8)
(38)
According to (9), (29), (32), and (35), Fioop(s) can be simpli-
fied with the Padé Approximants as

Ao r (1 + w‘;)

Eoop_r (3)

EOOP_T (S): s s2 s s2
(Hm+m) <1+Q—w+wT>
39
where

o (T L (Lo, (LCo T Ton
o s ™ R,C, 2 2

g — (T (ECo T, T2,
T R,C, 2 272

Ao = LC,/[LC, + A,],
War = 1/Rxcm’7
Wprl = 1/\/ LCO,

Qprl = RL V CO/L7
Wpr2 = \/Lco /\/RZL’CCEB{IH
Qp'r'Z - \/LOOBQ: /\/RxCxAx

The zero w., is introduced by the SW filter R, and C,, and
the double pole wy,; are generated by the power stage. wp,2 is
around fs/2 and will be pushed to a lower frequency when R,,C,,
increases. Assuming that w,,. is much lower than w,. (the angular
frequency of Fc) and w2 will not affect the w, significantly,
the w, and the PM of Fi,q;, () can be expressed as

AOWQT Rmcz
Fc
“p2
PM = 90° — arctan %
- (£2)
Wp2
2
~ arctan (Az (ix_é?x) ) . 41)

As shown in Fig. 23, too small V., with large R,C, will
push ws towards the w,. and make the system unstable, while
the w, will decrease and the system response becomes slow if
Vramp 18 too large with small R, C. Therefore, optimized virtual
IL ramp amplitude is required for the system.

In order to keep arelatively fast system response, the Fc should
be higher than 1/10 of the switching frequency. According to
(40), R, C,, should satisfy the inequality as

nLC,

R,.C, .
7 BTow

(42)
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Fig. 23.  Root locus diagram of the loop transfer function with SW filter ramp
compensation.
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(b) With approximants.

Assume that PM > 45° is necessary for stable operation, the
maximum R,C, could be obtained from (40)

O_F)]\411'1in
R.C, < \/tan (90 )LCO

1 43)
Based on (42) and (43), the optimized range for R, C, can be
concluded as follow:
LC, LC,
ZT ° < R,C, < - ° =
sw qu Ton
(F22)" + (%)

T T

(44)

The bode diagrams of the proposed loop gain model with
different SW filters are shown in Fig. 24. These diagrams confirm
that Padé Approximants could guarantee the modeling accuracy
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Fig. 25. Loop gain verification for the ESR ripple compensation.

(a) R, = 1 mQ2. (b) R, =4 m{2.

up to half of the switching frequency. When Fs = 400 kHz, duty
= 0.1, and Rx = 1 M(Q, the optimum value for C, is from 40 to
200 pF according to (44) The PM is close to 45° when C,, takes
the upper limit and the Fc is about 40 kHz when C,, reaches the
lower limit, which is compatible with above analysis. If V;amp
is less than the optimized value with 800 pF C,, the PM is less
than 10° and the stability could not be guaranteed.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

The SIMPLIS simulation tool has been extensively used to
verify the proposed model for the RBCOT control. The param-
eters of the buck converter under verification are as follows: Vi,
=12 V; Voue = 1.2 V; fs = 400 kHz; C = 250 pF; and L =
660 nH. The bode diagrams of the loop gain of the RBCOT
controlled buck converter with the ESR ripple compensation
are shown in Fig. 25. The accurate model is (11) without the
Padé Approximants. The simple model is (12) after the Padé
Approximants. It could be found the accurate model can accu-
rately predict the system response even beyond the switching
frequency. The accuracy of simple model is limited to below
1/2 fs, nevertheless the Fc and the PM match well with (13) and
(14).

The two external ramp compensation approaches to guarantee
the stability independent of the ESR in RBCOT controlled buck
converter are also verified through SIMPLIS simulations. For
the case of adding the fixed slope ramp compensation, the loop
gain is shown in Fig. 26(a) and (b). The best PM lift is achieved
with optimized Vjope according to (27). For the case of the IL
ac ramp compensation with SW filter, the results are shown in
Fig. 27(a) and (b). All these results show the validity of the
proposed model even beyond the switching frequency, which is
achieved by the proposed modeling approach.
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The proposed loop gain model is also verified by the hardware
measurement results. A prototype of a constant on-time buck
converter is built based on the controller MPQ8632 from Mono-
lithic Power Systems. Fig. 28 shows the circuit diagram, and the
detailed specifications are listed as follows: Vin = 12 V; Vout =
1.2 V; Fs = 600 kHz, L = 1 uH; and RL = 0.4 ). The ceramic
capacitor C1206X5R226M350NT (22 pF/16 V) manufactured
by SANYEAR is used as the output capacitor with 7 m{2 ESR
according to datasheet. The actual capacitance of this capacitor
is 14 uF considering the dc bias influence, which is measured
according to output voltage ripple and IL ripple with following
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Fig.29. Steady-state output voltage (Vout) and switching node voltage (Vsw).
(a) Rc =7 m2. (b) Rc =22 mQ.
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expression:

AILT‘sw
8 (V;)utiripple - AILESR)

where AT, and Viu_sipple are the IL ripple and output voltage
ripple in one period, respectively.

The time-domain waveforms with different ESR are shown
in Fig. 29. Subharmonic oscillations occur in case (a) even Rc
is larger than the critical condition for ESR which is Ton/(2C).
While, with the proposed loop gain model, the PM is less than
10° for this case.

The loop gain is measured by inserting a perturbation signal
V,, into the feedback loop with the network analyzer OMICRON
Lab Bode 100 as shown in Fig. 28(b). The loop gain transfer

Cactual = (45 )
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function Fioop(s) is the ratio of the returned signal V- to the
perturbation input signal V4. Transfer function measurements
with different values for Rc are shown in Fig. 30. The proposed
model can accurately predict the dc gain, Fc, PM and double
pole of power stage. With the optimized R, = % = 37 m),
the PM is about 50°, which agrees with the model results well.

Measured 6 A load transient waveforms with different values
for Rc are shown in Fig. 31. Faster response speed and smaller
IL overshoot could be observed with larger ESR, which is
corresponding with Fc and PM results in loop gain model and
measurement.

When the output capacitor is changed to GMK316BJ106KL-
T (10 uF/35 V) manufactured by TAIYO with 7 uF actual
measured capacitance according to (45), the modeling results
could also match well with transfer function measurements as
shown in Fig. 32.

VI. CONCLUSION

This article has presented a new modeling approach for the
RBCOT control. By applying basic principle of the DF method,
an loop gain model for the RBCOT control which is accurate
even beyond the switching frequency is proposed. This model
can accurately predict the relationship between stability and the
ESR ripple with more details than previous works. Two types
of the external ramp compensation schemes including the fixed
slope ramp and the IL ac ramp with an SW filter are modeled
and analyzed to solve the instability issue when the ESR is very
small. The pole-zero movements of the loop gain models have
been identified in both types of the external ramp compensation
schemes and the best range of ramp compensation amplitudes
are also given as a design guideline. SIMPLIS simulation and
experimental results verify the proposed model.
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