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Abstract—V'? control has advantages of simple implementation
and fast transient response and is widely used in industry for point-
of-load applications. This control scheme is elegant when output ca-
pacitors with large RC time constant are employed, such as OSCON
capacitors. However, in most cases using capacitors with small RC
time constant, such as ceramic capacitors, instability problem will
occur. Previous modeling methods including sampled-data model-
ing, discrete-time analysis, time-domain analysis, and describing
function are all very mathematical and difficult to apply for practi-
cal engineers as little physical insight can be extracted. Up to now,
no equivalent circuit model is proposed which is able to predict the
instability issue and serve as a useful design tool for V2 control.
This paper proposes a unified equivalent circuit model which is
applicable to all types of capacitors by considering the effect of ca-
pacitor voltage ripple. The equivalent circuit provides the physical
insight of V2 control as a nonideal voltage source, a dual concept
of previous nonideal current source for current-mode control. The
equivalent circuit model is a simple yet accurate complete model
and is very helpful for design purpose. Optimal design guidelines
for point-of-load applications are provided. The proposed equiva-
lent circuit model is applicable to both variable frequency modu-
lation and constant frequency modulation. The equivalent circuit
model and design guidelines are verified with Simplis simulation
and experimental results.

Index Terms—Equivalent circuit model,, optimal design guide-
lines, ripple-based control, V2 control.

I. INTRODUCTION

V2 control architecture, and its variety named ripple-based
control, as shown in Fig. 1, has been widely applied in point-
of-load buck converters [1]-[11]. Compared with the traditional
voltage-mode control and current-mode control, this control
structure has the following three features: 1) No current sensing
network is required. 2) Fast load transient characteristics with
direct output voltage feedback. 3) The outer-loop compensator
is much simpler; usually a simple integrator with low bandwidth
is adequate. The outer-loop compensation is shown as the green
dash line in Fig. 1 since the integrator can be further eliminated
in many applications, which is called ripple-based control in the
literature [12], [13].

V2 control concept can be implemented as constant frequency
modulation (including constant frequency V? peak control

Manuscript received June 1, 2014; revised February 24, 2015; accepted April
14,2015. Date of publication April 21, 2015; date of current version September
29, 2015. Recommended for publication by Associate Editor C. Fernandez.

The authors are with the Center for Power Electronics Systems, the Bradley
Department of Electrical and Computer Engineering, Virginia Tech, Blacksburg,
VA 24061 USA (e-mail: tianshuilinpe @ gmail.com; fclee @vt.edu; Iqvt @vt.edu;
yanyingyi@ gmail.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2015.2424913

YrYy 2

/.
d

Vin T¢Co
Pulse -
Width —— H-'-
Modulato Ve ~ v,
|

Fig. 1. Structure of V% control (with outer-loop compensator shown in dash
line) and ripple-based control (without outer-loop compensator).

[14]-[23] or constant frequency V? valley control [24], [35])
or variable frequency modulation (including constant on-time
V2 control [25]-[32], [55] and constant off-time V2 control
[11, [2]). Among the four, constant on-time V2 control [3]-
[81, [52]-[53] and constant frequency V2 peak control [9]-[11]
are most popular in commercial products. In industry products,
various names are used based on their own understanding on
constant on-time V2 control structure: for example, Texas In-
struments D-CAP, D-CAP+-, and D-CAP2 control products [3],
[52]; Maxim’s Quick-PWM control products [6], [53] and Na-
tional Semiconductor’s constant on-time control products [7].

This control scheme works well using output capacitor with
large RC time constant, such as OSCON capacitors. However,
when small RC time constant capacitors, such as ceramic ca-
pacitors, are used, subharmonic oscillations occur in most cases.
For quantitative analysis and system design purpose, an accu-
rate model is necessary. The modeling of this circuit is very
challenging as the nonlinear pulse width modulator (PWM) be-
comes very complicated because not only the inductor current
information is fed back to the modulator but also the capacitor
voltage ripple information. The early models proposed in [15]-
[17], and [33]-[34] directly extends Dr. Ridley’s sample and
hold the concept [60] of peak current-mode control to constant
frequency V2 peak control, without any justification. Generally
speaking, extension of sample and hold concept is not applica-
ble for V2 implementation since this concept is from constant
frequency current-mode control, which just considers the side-
band information of the current loop and does not consider the
influence of the capacitor voltage ripple. This is why the models
used in [15]-[17], and [33], [34] cannot accurately predict the
influence from the capacitor voltage ripple in constant frequency
V2 peak control.

To accurately predict the influence from the capacitor volt-
age ripple in V2 control, several methods are proposed. In [12],
Krylov—Bogoliubov—Mitropolsky algorithm is used to recon-
struct the switching ripple from state-space averaged models
and, therefore, to improve the accuracy of the model. However,
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it is too complex for practical use. In [13] and [38]-[41], the
sampled-data modeling techniques are employed to derive the
stability criterion by judging whether the eigenvalues are less
than unity in discrete-time domain. For sampled-data modeling
method, it is conducted in discrete-time domain and is difficult
for practical engineers. In [35]-[37], the general discrete-time
analysis is applied on constant frequency V2 valley control and
constant on-time V2 control. In [42], accurate analysis based on
discrete-time modeling and Floquet theory is presented. How-
ever, these discrete-time analyses are based on the numerical
analysis and no symbolic expression can be extracted and very
little physical insight is provided. In [43]—[45], the time-domain
analysis is used based on the calculation of the inductor current
information, the compensation ramp, and the charge variation of
the output capacitor. The model based on this method can accu-
rately predict the stability criterion of V2 control and the mag-
nitude of the ramp compensations to avoid instability. However,
only the critical stability point can be predicted and no design
guideline can be provided with a certain stability margin.

For most of power electronics engineers, continuous-
domain small-signal analysis is preferred. The most successful
continuous-domain model of V2 control is derived based on
the describing function (DF) method by Dr. Li and Lee [46],
[49], [56]. The control-to-output and output impedance transfer
functions of V2 control are derived and summarized in [46].
The instability issue when using ceramic capacitors can be well
predicted. However, the model is incomplete as audio suscepti-
bility and input impedance are still lacking. Furthermore, as all
the feedback information is lumped together with complicated
mathematical derivation, little physical insight is provided. Be-
sides, the mathematical derivation of this model is very com-
plicated and time consuming. The tedious rederivation process
limits its application to the modified version of V2 control. As
an example, for Texas Instruments D-CAP2 control products, a
current sensing network with a high-pass filter is added into the
original V2 control. Up to now, there is no small-signal model
published for this control structure based on the DF method.

Equivalent circuit model, on the other hand, can eliminate
previous disadvantages and has already been a powerful tool for
the analysis of dc—dc converters with traditional voltage-mode
control [57] and current-mode control [58], [59]. For equivalent
circuit model of V2 control, however, no satisfactory result has
been proposed. A design-oriented equivalent circuit model for
V2 control is proposed in [47]. A significant issue of this equiva-
lent circuit model is that it failed to explain the output impedance
characteristic of V2 control. In [48], an equivalent circuit model
based on current-mode control is proposed for V2 control. For
capacitors with large RC time constant, such as Tantalum capac-
itor and OSCON capacitor, this model is accurate. However, the
derivation of the model makes an assumption that the voltage
ripple across the pure capacitance is negligible comparing with
the voltage ripple across the ESR. Therefore, the model is not
applicable to capacitors with small RC time constant, such as
ceramic capacitors. Deriving an equivalent circuit model which
is applicable to V2 control with different kinds of capacitors is
a remaining challenging task for researchers.

In this paper, a unified equivalent circuit model for V? con-
trol is proposed. The equivalent circuit model has clear physical
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meaning and is very helpful for design. One example is pro-
vided to demonstrate the value of the equivalent circuit model
by showing how simple it is to predict the transfer functions of
enhanced constant on-time V2 control with high-pass filter. As
a comparison, it is very complicated to redo the DF to derive the
transfer function. This paper is an extension of the original con-
ference paper [50] and has more emphasis on design aspects.
The remaining of this paper is organized as follows: Section
II analyzes the sideband effect in V2 control and derives the
equivalent circuit model for constant on-time V2 control. Sec-
tion III discusses the physical meaning of the model. Section IV
discusses design guideline for constant on-time V2 control with
ceramic capacitors in point-of-load applications. Section V ex-
tends the equivalent circuit model to other V2 control schemes
and small-signal performances are compared between V2 con-
trols with different modulation schemes. Simulation and exper-
imental results are presented in Section VI. Finally, a summary
is given in Section VII.

II. EQUIVALENT CIRCUIT MODEL DEVELOPMENT
OF CONSTANT ON-TIME V2 CONTROL

A. Sideband Effect Analysis in V> Control

In switching-mode power converter, the PWM is nonlinear.
When control signal has small-signal perturbation with fre-
quency f,,, the modulator generates multiple frequency com-
ponents: fundamental component ( f,, ), the switching frequency
component (fsy) and its harmonics (n* fiy, ), and the sideband
components (fsw £ fin, nfow £ fin)-

For traditional voltage-mode control, state-space average con-
cept has been well established [63]. With averaging concept,
switching frequency component is eliminated and, therefore,
the sideband component is not considered. In [62], the reason
why the average model loses accuracy when modulation fre-
quency is close to half of switching frequency is explained by
the sideband effect: with closed loop, additional f,, is generated
when the sideband frequency fi, — fi goes through modula-
tor. This part of f,, is ignored in average model which makes
the average concept loses its accuracy in high-frequency range.
In the example shown in [62], for a 1-MHz switching converter,
in the 400-kHz bandwidth design, the average model is good
only up to 100 kHz, i.e., one-tenth of the switching frequency.
Taking into consideration of the sideband effect, a multifre-
quency small-signal model is proposed for buck converters with
voltage-mode control in [62] and the model is applicable beyond
half of the switching frequency.

For current-mode control, the scenario is similar but more
complex as the sideband of inductor current needs to be consid-
ered in inner current loop [61]. It is very hard to consider the side-
band effects directly in the frequency-domain, and time-domain
analysis is utilized in the DF modeling approach in [59] and [61].
The DF method is applied to the closed-loop time-domain wave-
form to model the nonlinear current-mode modulator. By doing
so, the sideband effect of the inductor current has been taken into
consideration and the model is accurate even beyond switching
frequency. An equivalent circuit model, which has clear phys-
ical insight, is proposed based on the nonideal current source
concept in [58], [59], and [61]. The nonidealness of the current
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Fig. 2. Frequency spectrum of direct feedback loop of V2 control with three
feedback paths.

source is caused by the sideband effect of inductor current: for
peak current-mode control, it causes a pair of double poles at
half of switching frequency. For constant on-time current-mode
control, it causes a pair of double poles at 1/(2* D" f,, ): When
D is small, the double pole is at very high frequency and its
effect is small. Therefore, for constant on-time current mode
with small duty cycle, inductor current sideband effect can be
neglected and the current source can be regarded as ideal.

For V2 control, the scenario is even more complicated than
current-mode control. The output voltage is the sum of the volt-
age across ESR and the voltage across the capacitance. The
voltage across ESR contains information of the inductor current
and load current. Therefore, from modeling point of view, the
direct feedback of output voltage can be separated into three
parts

Vo = 1o - Roo + Ucap = i - Roo — tnoad - Roo + Ucap -

ey

Fig. 2 explicitly shows three feedback paths and shows the
frequency spectrum of each feedback path when control signal
is under modulation. Similar as current-mode control, inductor
current feedback does not have a low-pass filter, so all the side-
bands (fsw — fim, fsw + fm, etc.) are fed back to the modulator
and the sideband effect needs to be considered. The capacitor
voltage loop is a direct feedback without any compensation.
Therefore, the sidebands of capacitor voltage also need to be
taken into consideration. As a result, the scenario in V2 control
is even more complicated than current-mode control: not only
does the inductor current sideband effect needs to be considered,
but also the capacitor voltage sideband effect.

The fact that both the sidebands of inductor current and ca-
pacitor voltage participate in modulation makes it extremely
difficult for modeling in frequency domain. Similar as in current-
mode control, the most successful continuous small-signal
model is derived in [46] based on the DF method. Both side-
bands of inductor current and capacitor voltage are included and
the model is accurate up to switching frequency. The control-

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 2, FEBRUARY 2016

1.4mQ/100uF
D=0.1,F,=300kHz

(=)

Y, (5)

1><103 1x104 1><1(.'!E 1><1(]6

Frequency (Hz)

Fig. 3. Bode plot of control-to-output voltage transfer function for ceramic
capacitor (1.4 m€/100 pF).

to-output transfer function of constant on-time V2 control for
small D is shown in the following [46]:

vo(s)  (RooCos+1)
UC(S) (1 T QSSWQ + %)
Tsw m
P y = — 2
QJ m (RCoCo — %) 2 Tsw ( )

As shown in Fig. 3, the gain is unity (0 dB) up to frequency
close to 1/2 fsy,, where a pair of double poles occurs. This indi-
cates that physically capacitor voltage loop turns the converter
into a nonideal voltage source. The quality factor of the double
pole is related with capacitor parameters. This pair of dou-
ble poles is caused by capacitor voltage sideband, as inductor
current sideband effect can be neglected for constant on-time
modulation with small duty cycle [61].

B. Equivalent Circuit Development of Constant On-Time
V2 Control

As shown in the previous analysis, the buck converter with
V2 control can be regarded as a nonideal voltage source. To
derive an equivalent circuit model to represent this nonideal
voltage source, the methodology is to establish the connection
between V2 control and current-mode control, as the equivalent
circuit model of current-mode control is well established in
[58], [59] and [61]. The circuit shown in Fig. 2 is manipulated
by combining the control signal, load current, and capacitor
voltage, as shown in Fig. 4(a). The combination signal v,y is
used as a reference to control the inductor current. Note that v.o
contains the information as follows:

Ve2 (fm) = Vel (fm) - vcap (fm) - Ucap(fsw - fm,)- (3)

With this manipulation, equivalent circuit model of current-
mode control in [61] can be employed, as shown in Fig. 4(b).
Compared with current-mode control, two more current sources
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Fig. 4. Derivation of equivalent circuit model of constant on-time V2 control
for small D. (a) Combine control signal, load current, and capacitor voltage as
reference for inductor current. (b) Employ equivalent circuit model for current-
mode control in [61]. (c) Use resistor to represent current source controlled
by modulation frequency of capacitor voltage. (d) Transforming to a voltage
source using Thevenin’s theorem. (e) Use R.2 — L2 branch to represent cur-
rent source controlled by sideband of capacitor voltage.

appeared in V2 control. To understand the contribution of the
green current source which is controlled by the modulation
frequency of capacitor voltage, the following assumption is
made:

@cap(fm)%ﬁo(fm)- (4)

The magnitude of the green current source is ¥,/ R¢, while
the voltage across the current source is v,. Therefore, this cur-
rent source essentially is a resistor with the magnitude of R¢,
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Fig. 5. Equivalent circuit model of constant on-time V2 considering double

poles caused by inductor current sidebands.

as shown in Fig. 4(c). With Thevenin’s theorem, it is clear that
modulation frequency of capacitor voltage feedback actually
turns the current source into a voltage source, as shown in
Fig. 4(d).

In current-mode control, the inductor current sideband effect
is represented by an impedance comprised by R. and C'., which
will resonate with power stage inductor to form a pair of double
poles at high frequency [61]. For V2 control, capacitor voltage
sideband also causes a pair of double poles, as shown in Fig. 3.
Using similar concept, it is assumed that the effect of capacitor
voltage sideband is equivalent to an impedance comprised by
R.o and Lo, as shown in Fig. 4(e). This impedance resonates
with output capacitor to represent the double pole at Y5 f.
Based on the result shown in (2), the expression of R.o and L.
can be derived as follows:

Ton ﬂw‘Z
—Reo — Leo = . 5
Co 2C0 ’ 2 71_2 CO ( )

Re? =

The transfer function shown in (2) is an approximated transfer
function which is only valid under small D case. When D is
becoming larger, the effect of an additional pair of double poles
caused by inductor current sideband needs to be considered as
it will cause additional phase delay at high frequency [46]. The
control-to-output voltage transfer function which is applicable
for the whole duty cycle range is shown as follows [46]:

Vo(8)

ve(8)

(RcoCos+1)
1 s 52 1 s s? 7Q1 - ;7
< T oo +H)( T e +E)

Tsw s

W(RCOCO - 11011/2)7 e E (6)

s
7 Qs =
Ton ’

wp =

The scenario turns out to be very interesting as one pair of
double poles is caused by capacitor voltage sideband and an-
other pair of double poles is caused by inductor current sideband.
From the knowledge of the current-mode control [61], the dou-
ble poles caused by inductor current sideband indicates that the
inductor is a nonideal current source. The expression of this
double pole is same as constant on-time current-mode control
shown in [61]. Therefore, we can directly employ the equivalent
circuit model for constant on-time current-mode control to rep-
resent this double pole, as shown in Fig. 5, where the expression
of R, and C, is shown as follows:

R, =2L,/Tyn,  C.=T3 /(L) @)
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Fig. 6.

Complete equivalent circuit model of constant on-time V2 control.

Using the same derivation strategy as the three-terminal
switch model for current-mode control in [58], the input prop-
erty can also be considered and the complete model for constant
on-time V2 control is shown as Fig. 6, where the expressions of
R, Grs, Go, Ky, are shown as follows:

Vi I.
Rin— _DI,;7 GLS_K7
1 D D’
Go = — - P Kin = - 8
(Vin RCO) D ( )

III. DISCUSSION OF THE EQUIVALENT CIRCUIT MODEL
A. Physical Meaning of Equivalent Circuit

The equivalent circuit model reveals that the inductor current
feedback turns the power stage into a nonideal current source.
The nonidealness of this current source is shown in equivalent
circuit by resonance between virtual C, and power stage induc-
tor Ly, which forms a pair of double poles at 1/(2D)* fs,. The
capacitor voltage feedback turns current source into a nonideal
voltage source. The nonidealness of this voltage source is shown
in equivalent circuit by resonance between virtual L.o and out-
put capacitor C,,, which forms another pair of double poles at
Y fsw . The strategy to represent double poles caused by inductor
current sideband and capacitor voltage sideband is very similar:
inductor current sideband effect is represented by resonance be-
tween a virtual capacitor C, and power stage inductor L, while
capacitor voltage sideband effect is represented by resonance
between a virtual inductor L., and power stage capacitor C,,.
For constant on-time V2 control, the capacitor voltage sideband
may make the circuit unstable. The damping factor of the double
poles caused by capacitor voltage sideband is determined by the
damping resistance Rqamp in the resonance loop. The expres-
sions of the damping resistor R, and the quality factor of
the double poles are shown as follows:

TO n
2C,
zjS w

1 /LeQ o
Rdamp Co N 7T (RCoCo — %) ’

Rgamp can be negative or positive depending on capacitor
parameter, which means that the double poles may lie in right-
half plane and the circuit may run into instability problem.

Rdamp - RCO -

Qs =

€))

B. Capacitor Parameter Effect on Dynamic Performance

Using OSCON capacitors (6 m{2/560 pF), Rqamp is 710 p£2,
which is large and @3 is around 0.3, R.s and Lo in Fig. 4(e)
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Fig. 7.  Comparisons of control-to-output voltage transfer function with dif-

ferent output capacitors.

in this case can be neglected, and it is a well-controlled volt-
age source. For a comparison, for a special ceramic capacitor
(3 m/220 puF), Ryamp is 280 12 and Q3 is 2.5; although it is
stable, there is a large peaking shown in Fig. 7, which means
that the dynamic performance is bad. For another type of tradi-
tional ceramic capacitor (1.4 m§2/100 pF), Ryamp is —33 uf2,
the circuit is unstable.

The methods to solve the instability problem and optimal
design of the parameters will be discussed in Section IV.

IV. DESIGN GUIDELINE FOR CONSTANT ON-TIME V2
CONTROL USING CERAMIC CAPACITORS

A. Using Controlled ESR Ceramic Capacitor for Portable
Electronics Applications

As shown in Fig. 7, there is a right-half-plane double pole
when traditional ceramic capacitors are used, which indicates
that the circuit is unstable. In time domain, subharmonic oscilla-
tion occurs. On the other hand, ceramic capacitors are preferred
in portable electronics applications due to the small size. To
solve the instability problem, one simple solution is to em-
ploy controlled ESR ceramic capacitors [54]: TDK Corporation
recently provides options to customize ESR for ceramic capac-
itors. With this technology, the ESR of the ceramic capacitors
can be customized without increasing the ESL value. For V2
application, (9) can be used for customization of ESR so that
the double pole at Y4 f, is well damped: for example, ESR can
be customized such that Q3 = 1. As shown in Fig. 8, with tra-
ditional ceramic capacitors (10 uF/3 m{2), the peaking at % f,
is large. With the ESR customized to 200 mS2, the peaking is
eliminated as ()3 is around 1. With the customized ESR prod-
ucts, conceptually the ripple voltage across ESR overwhelms the
ripple voltage across pure capacitance, which is similar as OS-
CON capacitor case. The disadvantage of this controlled ESR
approach is that as the output voltage ripple is increased due to
increased ESR, more capacitors need to be paralleled to meet
the output voltage ripple requirement. Besides, only a few prod-
ucts are available with limited capacitance value, such as 1 pF
and 10 uF. For large capacitance value such as 100 uF, up to
now, no customized ESR ceramic capacitors are available. This
limitation prevents controlled ESR capacitors as a solution in
applications where large capacitance is required.
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Fig. 8. Customization of ESR for ceramic capacitors to improve dynamic
performance.
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Fig. 9. Diagram of enhanced constant on-time V2 control.

B. Enhanced V? Control with High-Pass Filter for
Point-of-Load Application

The second method is to enhance current feedback by adding
inductor current ramp, as shown in Fig. 9. Traditional inductor
current sensing methods can be used and this method is widely
used in industry products [3], [4]. This structure is called en-
hanced constant on-time V> control.

Following the same strategy, the equivalent circuit model can
be easily extended to enhanced constant on-time V2 control, as
shown in Fig. 10. The control-to-output voltage for enhanced
constant on-time V2 control is shown as follows:

vo(s)  (ReoCos+1)
ve(s) (14 gt + %)
/ qu ™
= = . 10
= (Reo + R)Co Ty =1 10

The principle for the design of R; is similar as the controlled
ESR ceramic capacitor case: design R; to control the quality
factor of double pole at % f,,. As an example, for the tradi-
tional ceramic capacitor (8 x 100 uF /1.4 m<?), a flat gain can
be achieved by adding R; = 1.4 m €.

However, by adding inductor current information, adaptive
voltage positioning is observed in time domain due to the dc
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Fig. 10. Complete equivalent circuit model for enhanced constant on-time
V2 control.
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Fig. 11.  Addition of high-pass filter to eliminate dc current information.
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Modeling strategy: Separating high-pass filter into two paths.

Fig. 12.

information of inductor current. In many point-of-load appli-
cations, output voltage should be well regulated and adaptive
voltage positioning is undesired. To eliminate the steady-state
droop voltage, a high-pass filter is inserted after current sensing
in commercial products [3], [4], as shown in Fig. 11.

Up to now, there is no small-signal model provided for en-
hanced constant on-time V2 control with high-pass filter case.
The proposed equivalent circuit model can be easily extended
to this case with similar modeling strategy. the sensed current
information after high-pass filter is manipulated as the subtrac-
tion of two signals: one is direct current feedback and the other
is the sensed current information flowing through a low-pass
filter, as shown in Fig. 12.

As the purpose of high-pass filter is to eliminate the dc infor-
mation of inductor current while keeping its switching frequency
information, the pole position of the filter is designed to be much
lower than switching frequency as follows:

11
27T (1D

As aresult, all the switching frequency component and side-
bands is in direct feedback path (pink in Fig. 12), while the
low-pass-filter path (red in Fig. 12) only has modulation fre-
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Fig. 13.  Complete equivalent circuit model for enhanced constant on-time
V2 control with high-pass filter.
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Fig. 14.  Improvement of output impedance due to high-pass filter.

quency component. Therefore, equivalent circuit model with
high-pass filter can be derived, as shown in Fig. 13.
The output impedance can be obtained as follows:
TS (RcoCos+1)

Ri<1+ ) 2\’
TS s s
(1+ o +2)

As shown in Fig. 14, the high-pass filter reduces the low-
frequency output impedance as expected. The simulation result
will be provided in Section VI to prove the accuracy of the
equivalent circuit model.

Zo(s) (12)

C. V2 Control with Capacitor Current for Point-of-Load
Application

The third method reported in the literature is to enhance cur-
rent feedback by adding capacitor current [21], [29], [64] as
shown in Fig. 15. To sense capacitor current, a simple lossless
capacitor current sensing method has been proposed in [29].
Alternatively, a noninvasive capacitor current sensing method
which considers the ESL effect has been proposed in [21].

Following the similar strategy, the equivalent circuit model
with capacitor current can be derived as shown in Fig. 16.

The only difference between inductor current ramp and ca-
pacitor current ramp is the different load current feedback gain:
for inductor current ramp case, it is R¢,, while for capacitor
current ramp case, it is the sum of R¢, and R;. The control-to-
output transfer functions of the two cases are almost the same,
as the role of load current feedback is negligible in both cases.
Therefore, the design of R; is the same as the inductor current
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Fig. 15. Diagram of constant on-time V"2 control with capacitor current ramp.

Fig. 16. Complete equivalent circuit model for constant on-time V2 control
with capacitor current.
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Fig. 17.  Output impedance comparisons between inductor current and capac-

itor current.

ramp case: design R; to control the quality factor of double pole
at Y fsy 1s shown in (10).

The output impedance with capacitor current ramp can be
derived as follows:

Ton
2

14+ RcoCys

Zy —.
S S
1+ Q3w2 +

~
~

(Roo + i) - s 13)

@

As shown in Fig. 17, while the output impedance is deter-
mined by R; for inductor current ramp, by adding capacitor
current ramp, the output impedance is still very low, which
means it can still achieve very fast transient response. For prac-
tical application, the influence on accuracy of sensed current
due to the parasitic parameters (such as ESL effect of the ca-
pacitor, ESL due to trace) needs to be taken into consideration.
This is one reason why it is not as popular as inductor current
in commercial products.
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YK YerRuDReR) Ls
:

Fig. 18.  Unified equivalent circuit model of V% control for different modula-
tion schemes.

V. EXTENSION TO OTHER V2 CONTROL SCHEMES

Fig. 18 shows a unified equivalent circuit model for V2 con-
trol, the model includes inductor current ramp R; for all modula-
tion schemes as it is needed to improve the dynamic performance
when traditional ceramic capacitors are employed. Besides, the
model also includes external ramp compensation in constant
frequency V2 control, as it is required to solve the instability
problem in large duty cycle applications [51].

The difference between different 12 control structures is that
the damping and position of the double poles caused by the
inductor current loop and capacitor voltage loop are different. As
a result, expressions of R., C¢, L.2, and R, are different. The
expressions for constant on-time, constant off-time, constant
frequency V2 peak, and constant frequency V2 valley are shown
in (14)—(17), respectively. Note that the equivalent circuit model
for constant frequency V2 control is only valid for relatively
small external ramp, i.e., S. < Sy for peak V2 control, which
is good enough for design purpose [51]

R, = 2L,/Tyy, C. =T /(Lyt?)
Ton T2
Ry = —Roo — ——, g = — 14
2 Co 200 2 7_[_200 ( )
R, = 2L, /Ty, C, =T2%/(L;n*)
Tog T2
Reo = —Reoo — ——, Loy = 2 15
2 Co = 50, 2= 15)
L,
R, = 2
qu(05 -D+D- S@/Sf)
Cﬁ = Ts2w/(LS7T2)
Toge T2,
ReZ - 7RCO - Ea e2 — 7_‘_200 (16)
Ly
Re = :
Tew (0.5 =D+ D" -s./s¢)
CS = wa/(Lsﬂz)
Tow T2,
Reo = —Reoo — ——, Loy = 22, 17
-2 Co = 50, 2= e, 17

Using constant frequency V2 peak control as an example, the
double pole caused by the inductor current loop is located at
% fsw and the current loop may also be unstable, depending on
the circuit parameter such as duty cycle and the external ramp
magnitude. Besides, although the double pole position caused
by the capacitor voltage loop is at Y%f, for all modulation
schemes, the damping of the double pole is also different. For
constant frequency V2 peak control, the damping resistance and
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Fig. 19. Simplis verification for constant on-time V2 control with OSCON

capacitors (6 m2/560 pF).

the quality factor of the double pole is shown as the following:

Ty
Rdamp = RCO — 250
0
1 LeZ TSW
i =—— 75—~ (8
Qd Rda‘mp \/:0 T‘-(RCOCO _ Taw ) ( )

Comparing with (9), with the same circuit parameters, the
quality factor of the double pole at % f, for constant frequency
V2 peak control is always larger than constant on-time V2 con-
trol. Therefore, from the stability point of view, constant on-time
V2 control has better performance.

VI. SIMULATION AND EXPERIMENTAL RESULTS

Fig. 19 shows the simulation verification for OSCON capac-
itors (6 m€2/560 pF), D = 0.1 and f;, = 300 kHz. All four
transfer functions, i.e., control-to-output, audio susceptibility,
output impedance, and input impedance are compared. The pro-
posed model agrees with simulation results very well up to 2/3
of f, for all transfer functions.

Fig. 20 shows the verification for constant on-time V2 control
with ceramic capacitors (3 m€2/220 pF); D = 0.1 and f, =
300 kHz. The proposed equivalent circuit model can predict the
peaking of double pole at ¥4 f, very well; the output impedance,
input impedance, and audio susceptibility also agree very well
with simulation results.

Fig. 21 shows the simulation verification for enhanced con-
stant on-time V2 control with the following parameters: Eight
ceramic capacitors (1.4 m$2/100 uF), D = 0.1, fs = 300 kHz;
R; = 1.4 m{, and time constant of high-pass filter 7 = 27}, .
The proposed model agrees with simulation results very well up
t0 2/3 fow -

Fig. 22 shows the verification for constant frequency V2 peak
control, for OSCON capacitors, D = 0.4, fsw = 300 kHz, and
Se = 0.7 Sy. For ceramic capacitors, D = 0.4, fq = 300kHz,
R; =3.3 mQ, and S, = 0.7 Sy. For both cases, control-to-
output voltage transfer function can be designed as a constant
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gain up to very high frequency and the model agrees well with
simulation result up to 2/3 fy .

Fig. 23 shows the experimental waveform based on LM34919
demo-board with the following parameters: Fi, = 900 kHz;
Vin=15V; D=0.22;,V,=33V;, Ly =10 pH; and R, =
10 €. According to the prediction from the equivalent cir-
cuit model, for traditional ceramic capacitors (10 pF/5 m(2),
damping of the double pole caused by the capacitor voltage
loop is negative, instability is observed, as shown in Fig. 23(a).
With controlled ESR ceramic capacitors CERD1JX5R0J106M
(10 pF/50 mS2), the double pole is well damped and the cir-
cuit is stable in Fig. 23(b). From Fig. 24(a), the prediction of
control to output voltage transfer function from the equivalent
circuit model can match with experimental data up to 2/3 f, .
Fig. 24(b) shows the verification of audio susceptibility transfer
function. Audio susceptibility performance for constant on-time
V2 control is very good as the gain is very low (around —60 dB)
in the whole frequency region up to ' fs,, . Compared with mea-
surement data, the prediction from the equivalent circuit model
is good.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 2, FEBRUARY 2016

(D R; =3.3mQ
1.4mQ/100pF %8 ~ ! .
= S, =0.7S
C:560uF/6mQ *8 S, =0.7S; 00z 004 @B '
F5w=300kHz; D=0.4 3 :
ol @ 4(5)
Vo) Vc(”a 2
.3 b K=}
3 By s
£ () » A
® -3 v | Equivalent Circuit® [}
o 1 — - =
| Simplis Simulation
™\ -
P @
? \ 3 \
3 ¥ %-IS &
@ - H4 '
; : :
s \ e W W e i
100 140’ et wad ad® Frequency (Hz)
Frequency (Hz)
Fig. 22. Simplis verification for constant frequency V2 peak control.

(a) OSCON (6 m§2/560 pF) with S, = 0.7 Sy. (b) Ceramic (1.4 mQ/100 pF)
with R; = 3.3 mQ and S, = 0.7 Sy
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Fig.23. Experimental waveforms for constant on-time V2 control. (a) Tradi-
tional ceramic capacitors (10 F/5 m2). (b) Controlled ESR ceramic capacitors
(10 pF/50 m©2).
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To verify the proposed optimal design guideline, Fig. 25
shows the load transient experimental waveforms for con-
stant on-time enhanced V2 control with high-pass filter, based
on TPS51513 evaluation board with the following parame-
ters: Fyy, = 300 kHz; Vi, =12V;V, =1.1V; D =0.1; L, =
0.47 pH; six ceramic caps (100 pF/2 m ); load transient: 3 to
8 A with 2-kHz frequency and 50% duty cycle. In Fig. 25(a),
current sensing gain R; is insufficient and Q% shown in (10) is
4, the dynamic performance is very bad. In Fig. 25(b), current
sensing gain R; is optimized to control () around 1 and tran-
sient performance is good. In Fig. 25(c), R; is too large, the
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Fig.25. Comparison of load transient experimental waveforms: (a) with insuf-

ficient R; (R; = 0.4m, Q = 4), (b) with optimized R; (R; = 2m, Q} = 1),
and (c) with too large R; (R; = 10 m, Qg =0.2).

settling time, the overshoot and undershoot voltage all increase.
The proposed optimal design to control quality factor around 1
provides best transient performance among the three.

VII. SUMMARY AND CONCLUSION

This paper proposed a unified equivalent circuit model of V2
control. The model represents capacitor voltage sideband ef-
fects with a R.o — L., branch, which forms the double pole by
resonating with output capacitor. The equivalent circuit model
is a complete model and all the transfer functions are accurate
up to switching frequency. The equivalent circuit model has rich
physical insight of V2 control as a nonideal voltage source and
is very helpful for design. Design guidelines on controlled ESR
ceramic capacitors, current sensing gain R;, and high-pass filter
are presented to provide the good dynamic performance. The
unified equivalent circuit model is valid for V2 control with
different modulation schemes and small-signal behaviors be-
tween constant frequency V2 peak control and constant on-time
V2 control are compared, revealing the advantage of constant
on-time modulation from stability point of view.
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