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Abstract—Recently, V 2 control and its variety named ripple-
based control has been gaining more and more popularity in
academia research and commercial products. However, for con-
stant frequency V 2 control, design methodology is not clear due
to insufficient knowledge about the small-signal model. This paper
investigates the small-signal model and optimal design strategy
for constant frequency V 2 control. The factorized small-signal
control-to-output voltage transfer function and output impedance
are investigated. The stability criterion is obtained and design con-
siderations are analyzed. Moreover, the small-signal model with
ramp compensations is presented and optimal design guidelines
from dynamic performance point of view are provided. For the first
time, it is found the external ramp is good enough to get a well-
damped performance when current feedback strength is strong
(for example, when employing OSCON capacitors). However, the
current ramp is necessary to achieve a good dynamic performance
when the current feedback strength is weak (for example, when
employing ceramic capacitors). As a result, a new control strategy
with the hybrid ramp is proposed for ceramic capacitor applica-
tions. The small-signal model and proposed design guidelines are
verified with Simplis simulation and experimental results.

Index Terms—Constant frequency V 2 control, current ramp,
dynamic performance, external ramp, ripple-based control, small-
signal model, stability criterion.

I. INTRODUCTION

R ECENTLY, V 2 control architecture [1], [2], and its variety
named ripple based control, as shown in Fig. 1, has been

widely applied in point of load Buck converters. Compared with
the traditional voltage mode control or current mode control, this
control structure has the following three features: 1) no current
sensing network is required; 2) fast load transient characteris-
tics with direct output voltage feedback; and 3) the outer-loop
compensator is much simpler, usually a simple integrator with
low bandwidth is adequate.

The outer-loop compensation is shown as a dashed line in
Fig. 1 as the integrator can be further eliminated in many ap-
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Fig. 1. Structure of V 2 control (with outer loop compensator shown in dashed
line) and ripple-based control (without outer loop compensator).

plications, which is called ripple-based control in some litera-
ture [3], [4].

However, the output voltage does not only include the cur-
rent information, but also the capacitor voltage, which has a
90◦ additional phase delay. This additional phase delay will
cause subharmonic oscillation in a case where the capacitor
voltage overwhelms the current information, for example, when
a ceramic output capacitor is used. Depending on the differ-
ent modulation schemes, there are several V 2 control struc-
tures, such as constant frequency V 2 control including peak
control [13]–[19], [21] and valley control [20], [22], [31], and
variable frequency V 2 control including constant on-time V 2

control [10]–[12], [33] and constant off-time V 2 control [1], [2].
Among these four schemes, constant on-time V 2 control [5]–[7]
and constant frequency V 2 peak control [8], [9] are the two most
popular structures in commercial products.

For constant on-time V 2 control, several technical papers
have been published about the small-signal model, analysis, and
optimal design strategy. In [10], the control-to-output voltage
transfer function and output impedance are derived for constant
on-time V 2 control based on the describing function method,
which is accurate over all frequency ranges. The stability cri-
terion is obtained for both constant on-time V 2 and enhanced
V 2 control. In [11] and [12], design guideline of the external
ramp is provided to solve the instability problem and optimize
the dynamic performance when employing ceramic capacitors,
based on an easy-to-use factorized small-signal model. It was
found that external ramp is a simple solution for small duty-
cycle application, while for large duty-cycle application, only
an external ramp cannot provide a well-damped performance.
In [32] and [33], a digital constant on-time ripple-based con-
trol with a hybrid ramp (external ramp and inductor current
ramp) for voltage regulator module (VRM) application is pro-
posed and design guidelines are presented based on the factor-
ized small-signal model. The small-signal model and design
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strategy for constant on-time V 2 control is, therefore, clar-
ified to industry engineers with the help of these research
efforts.

For constant frequency V 2 control, although there are several
papers published discussing the small-signal analysis and design
considerations [3], [4], [14]–[17], [22], more research efforts are
still required for a complete understanding and optimal design
purpose. In [14]–[17], the small-signal models are not accurate
since these models are the extensions from the modified average
model of peak current mode control in [23], which is based on
the result from sample-data model in [24] and does not con-
sider the influence of the capacitor voltage feedback. In [4], the
Krylov–Bogoliubov–Mitropolsky technique is used to improve
the accuracy of the small-signal model. However, this technique
is too complex for practical use. In [3], the sampled-data model-
ing technique is employed. It can accurately predict the stability
criterion of constant frequency V 2 peak control. However, only
the critical stability point can be predicted and no design guide-
line can be provided with a certain stability margin. In [22], ac-
curate analysis based on the discrete-time modeling and Floquet
theory is presented. However, it is based on numerical analy-
sis, and no symbolic expression can be extracted and very little
physical insight is provided. In [10], the continuous small-signal
model is derived based on the describing function method, the
model is very accurate, as all the nonlinearity is included in this
modeling strategy. However, the results for constant frequency
V 2 control are nonfactorized fourth-order equations, which are
difficult for a thorough analysis. As a result, no explicit stability
criterion and design strategy is given, and therefore, the engi-
neers have no clue on design strategy to improve the dynamic
performance.

The research goal of this paper is to provide an optimal design
strategy by a thorough investigation of the small-signal model
for constant frequency V 2 control. The physical causation of
two pairs of double poles is identified and explicit stability cri-
terion is presented. Stability margin can be easily controlled by
controlling the quality factor of double poles. For the first time, it
is found that different design strategies should be used with dif-
ferent capacitors. For OSCON capacitors, designing an external
ramp appropriately is adequate, while for ceramic capacitors an
additional current ramp is required to control the stability mar-
gin. This paper will mainly focus on constant frequency V 2 peak
control, but the analysis is also applicable to constant frequency
V 2 valley control based on the duality principle. The remaining
of this paper is organized as follows: The factorized small-signal
model for constant frequency V 2 peak control is presented in
Section II. Current feedback strength is defined and physical
causation of double poles is identified. In Section III, the small-
signal model with external ramp compensation is presented and
the design guideline of an external ramp from the dynamic per-
formance point of view is provided. In Section IV, a new control
strategy with the hybrid ramp (external ramp and current ramp)
is proposed for ceramic capacitor applications and design guide-
lines are presented. Simulation and experimental results for the
small-signal model and load transient performance are shown
in Section V. Finally, a summary is given in Section VI.

Fig. 2. Constant frequency V 2 peak control (a) circuit diagram; (b) steady-
state waveform.

II. SMALL-SIGNAL ANALYSIS AND DESIGN

CONSIDERATIONS WITHOUT RAMP

Fig. 2(a) shows the circuit diagram of a constant frequency
V 2 peak control, and Fig. 2(b) illustrates the steady-state wave-
forms. The turn-on point is determined by the clock signal, while
the turn-off point is determined the comparison of the output
voltage and control signal (or reference voltage in ripple-based
control). Note that, in Fig. 2(b), equivalent series inductance
(ESL) of the output capacitor is neglected. As the steady-state
waveform of ESL ripple is a constant positive value during
on-time and a constant negative value during off-time, it just
provides a bias for the total output voltage. As a result, it does
not affect the decision point of feedback control and has no
relation to the control stability.

The output voltage ripple contains two parts: equivalent series
resistance (ESR) ripple and capacitor voltage ripple. The capac-
itor voltage ripple is integration of the capacitor current, which
has 90◦ of additional phase delay. Intuitively, the influence of
this additional phase delay is dependent on the magnitude of ca-
pacitor ripple voltage relative to the ESR ripple. For the purpose
of quantification analysis, current feedback strength is defined
as follows.

A. Definition of Current Feedback Strength
α and its Physical Meaning

The ratio of the ESR ripple magnitude over the cap voltage
ripple magnitude is shown as follows:

ΔvESR

ΔvC o
=

RC oΔiL
1

8Co
ΔiLTsw

=
8RC oCo

Tsw
= 8α (1)

where current feedback strength α is defined as

α =
RC oCo

Tsw
=

1
2π

fsw

fesr
. (2)

It can be seen from the aforementioned equation that α rep-
resents the relative strength of the current feedback: The larger
the α value, the larger the ESR ripple when compared with the
capacitor voltage ripple. From a design point of view, (2) also
states that α is the ratio of switching frequency over ESR zero
frequency. For the typical capacitor, the values of α are shown
in Table I.

Table I shows that the current feedback strength is relatively
large when using the OSCON and SP capacitors with a typical
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TABLE I
VALUES OF CURRENT STRENGTH A WITH VARIOUS CAPACITORS

300-kHz switching frequency, while it is very small for ceramic
capacitors. It also shows that the switching frequency needs to
be increased to 4.2 MHz for ceramic capacitors so that it has
the same current feedback strength as the SP capacitors with a
300-kHz switching frequency. The importance of α is shown in
the following analysis of the small-signal model.

B. Small-Signal Control-to-Output Voltage
Transfer Function Analysis

The accurate continuous small-signal model is shown based
on the describing function method in [10]. Using Pade approxi-
mation, the small-signal model is simplified and accurate up to
switching frequency, as shown in the following:

vo(s)
vc(s)

≈ (RC oCos + 1)(
1 + s

Q 6 ω2
+ s2

ω 2
2

)(
1 + s

Q 2 ω2
+ s2

ω 2
2

)
− X · s2

Q6 =
1(

1
2 + RC o Co −T sw

T sw sn /(sn +sf )+To n

)
π

, Q2 =
2
π

ω2 =
π

Tsw
, X =

(sf − se)RC oCo − sf Toff /2
sn + sf

· Tsw .

(3)

Although the model in (3) is very accurate, it is difficult
for analysis and little physical insight is provided since it is in
a nonfactorized fourth-order form. Based on the factorization
method shown in [12], the aforementioned transfer function can
be factorized and the results without an external ramp are shown
in the following:

vo(s)
vc(s)

≈ (RC oCos + 1)(
1 + s

Qe 1 ω2
+ s2

ω 2
2

) (
1 + s

Qe 2 ω2
+ s2

ω 2
2

)

Qe1 =
2
π

1
α +

√
α2 + (4D − 2)α + (1 − D)2 + D2

Qe2 =
2
π

1
α −

√
α2 + (4D − 2)α + (1 − D)2 + D2

. (4)

For small duty-cycle application, with simple mathematical
manipulation, Qe1 and Qe2 in the aforementioned equation can
be approximated and rewritten as follows:

Qe1 ≈ 1
π

1
D′ − 0.5

, Qe2 ≈ 1
π

1
α − 0.5

. (5)

Fig. 3. Frequency spectrum in V 2 control with separated feedback
information.

To explain why there are two pairs of double poles at half
of switching frequency and to relate V 2 control with well-
understood peak current mode control, the feedback information
is separated into three parts, which is proposed in the equivalent
circuit models of V 2 control [28]–[30]: inductor current feed-
back, capacitor voltage feedback, and load current feedback, as
shown in Fig. 3.

The inner current loop is a peak current mode control loop.
When the control signal is perturbed with modulation frequency
fm , sideband components fs − fm , and fs + fm are generated
through the PWM modulator. Therefore, the inductor current
not only contains the fundamental frequency component fm ,
but also switching frequency and its sideband components. By
closing the current loop, one pair of double pole, which is located
at half of switching frequency shows up. The quality factor
Qe1 is related to duty cycle, as in the peak current mode case.
Note that, the expression Qe1 shown in (5) is the same as the
expression of Q of the double pole in peak current mode control
shown in [23], [25], and [26].

However, for constant frequency V 2 peak control, there is ad-
ditional capacitor voltage feedback loop and load current feed-
back loop, as shown in Fig. 3. The capacitor voltage loop is
a direct feedback without any compensation. When low-ESR
caps are employed, the switching frequency component is very
rich and it will participate in modulation, therefore, the side-
band frequency components of capacitor voltage in general also
needs to be taken into consideration. The essential difference
between V 2 control and current mode control is that the side-
bands of capacitor voltage also participate in modulation. As a
result, another pair of double pole, which is also located at half
of switching frequency shows up and the quality factor Qe2 is
related to the current feedback strength α, as shown in (5).

The effect of the current feedback strength α can be clearly
seen in (5), as the quality factor Qe2 is related to α. For illustra-
tion purpose, with different types of output capacitors, the com-
parisons of pole zero maps and Bode plots for control-to-output
voltage transfer function under D = 0.1 and fsw = 300 kHz are
shown in Fig. 4. With smaller α, the capacitor voltage feedback
is stronger, which means the phase-delay effect is more severe,
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Fig. 4. Comparisons between OSCON, SP, and ceramic capacitors with D =
0.1 and fsw = 300 kHz. (a) Pole-zero maps. (b) Control-to-output voltage
transfer function.

Fig. 5. Comparison of Bode plots of control-to-output voltage transfer func-
tion for OSCON capacitors with 300-kHz switching frequency and different
duty cycles.

and the circuit is more unstable. Comparing SP capacitor with
OSCON capacitor, the second pair of double poles has a larger
quality factor and the peaking is larger. For ceramic capacitor,
since α is 0.04 with a 300-kHz switching frequency, which is
smaller than 0.5, the double pole locates on right-half-plane,
which means that the circuit is unstable.

Duty cycle is related with the sample-and-hold effect in peak
current mode control [23]. As peak current control loop still
exists in constant frequency V 2 peak control, duty cycle also
impacts the control-to-output voltage transfer function, as it af-
fects Qe1 and Qe2 shown in (4). To illustrate this point, the Bode
plots of control-to-output voltage transfer function for OSCON
caps with fsw = 300 kHz and different duty cycles are shown
in Fig. 5. When D is larger, the peaking at half of switching
frequency is larger, which indicates a smaller stability margin.
The phenomenon is the same with respect to peak current mode
control: when D is larger, the sample-and-hold effect of the
current loop is stronger and the stability is worse. However, the
difference is that in constant frequency V 2 peak control, the
additional capacitor voltage phase delay affects the stability and
instability may happen before D = 0.5. As shown in Fig. 5,

Fig. 6. Stability criterion of constant frequency V 2 peak control with Fsw =
300 kHz.

when D = 0.4, the phase plot goes up, which indicates that
there is a right-half-plane double pole and the system is already
unstable.

C. Stability Criterion and Design Consideration

As shown previously, when D is small, the two kinds of side-
bands can be decoupled, inductor current sidebands cause one
pair of double pole and capacitor voltage sidebands cause an-
other pair of double pole, as shown in (5). When D is becoming
larger, the two kinds of sidebands are coupled and interacting
with each other, as shown in (4). In general, the criterion for
stable operation is that all the poles are located at the left half
plane, or equivalently the quality factors related with the double
poles are both positive. The stability criterion can then be solved
from (4) as shown in the following equation:

D ≤ 1
2
− 1

2
1

2α +
√

4α2 − 1
. (6)

The stability now is not only related to duty cycle, as in the
peak current mode control, but also to the current feedback
strength α, which also reflects the phenomenon that the phase
delay of the capacitor voltage plays an important role in the
constant frequency V 2 peak control.

Equation (6) can be represented as Fig. 6, which shows the
stability criterion with respect to duty cycle and current feedback
strength α. As an example, at 300 kHz, for the OSCON cap,
as shown in Table I, α ≈ 1, from Fig. 6, D should be smaller
than 0.37 shown as the blue point, while for the SP cap, D
should be smaller than 0.23, which is the black point. For the
ceramic cap, it is unstable for any D since α < 0.5. The stability
criterion shown in (6) is consistent with peak current mode
control case: When α is infinite, the stability criterion reduces
to D ≤ 1/2, which is a well-known stability criterion for the
peak current mode control. When α is finite, the stability region
of the constant frequency V 2 peak control is smaller due to the
effect of the capacitor voltage feedback.

Given certain type of capacitor, α is only related to switching
frequency. (6) can be rewritten as follows:

FSW ≥ 1
RC oCo

(
1
2

+
D2

1 − 2D

)
. (7)

Table II shows the switching frequency requirement for dif-
ferent types of capacitors and different duty cycles, and several
important points can be derived as follows.
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TABLE II
SWITCHING FREQUENCY REQUIREMENT WITH DIFFERENT TYPES

OF CAPS AND DUTY CYCLES

Fig. 7. Stability margin control by controlling Qe2 .

1) With given capacitor, higher switching frequency is re-
quired for larger duty-cycle applications. For example,
with the OSCON capacitor, for 0.1 and 0.4 duty-cycle
applications, the critical switching frequency is 150 and
430 kHz, respectively.

2) Given a certain duty cycle, a higher switching frequency
should be used for capacitors with smaller time constants.
For D = 0.1 case, the critical switching frequency for
the OSCON, SP, and ceramic capacitor is 150, 250, and
3.5 MHz, respectively.

3) For the ceramic cap, a several Megahertz switching fre-
quency is required to avoid instability problem, which is
very challenging for practical use.

For design purpose, designing the converter to avoid the crit-
ical stability is not enough. Enough stability margin should
be obtained. The same concept shown in peak current mode
control [23], [25] can be adopted here in constant frequency
V 2 peak control: control the quality factor of double poles.
For example, choose Qe2 around 1 to gain enough mar-
gin. Fig. 7 shows the relations between different Qe2 values
and parameters of duty cycle and current feedback strength
α. To control Qe2 around 1, a larger α is required for a
given duty cycle, for example, when D = 0.1, for critical
stability, α is around 0.5, while α needs to be increased to
around 1.3 to design Qe2 around 1. As for OSCON capac-
itor, the switching frequency should be around 400 kHz to
control Qe2 around 1, compared with 150 kHz for critical
stability.

Fig. 8. Diagram of constant frequency V 2 peak control with external ramp
compensation.

Fig. 9. Diagram of stability criterion with external ramp compensation.

III. SMALL-SIGNAL ANALYSIS AND DESIGN

WITH EXTERNAL RAMP

External ramp compensation is a well-known solution to elim-
inate subharmonic oscillation in peak current-mode control, and
this strategy can be employed to eliminate subharmonic oscilla-
tion in constant frequency V 2 peak control as well. Fig. 8 shows
the circuit diagram of constant frequency V 2 peak control with
external ramp compensation.

By factorizing the result in (3), the small-signal control-to-
output voltage transfer function is as follows:

vo (s)
vc (s)

≈ RC o Co s + 1(
1 + s

Q e 1 ·ω 2
+ s2

ω 2
2

) (
1 + s

Q e 2 ·ω 2
+ s2

ω 2
2

)

Qe1 =
2
π

1
α +

√
α2 + (4D − 2 − 4D · se /sf )α + (1 − D)2 + D2

Qe2 =
2
π

1
α −

√
α2 + (4D − 2 − 4D · se /sf )α + (1 − D)2 + D2

sf = RC o
Vo

Ls

. (8)

In (8), se is the external ramp slope, while sf represents the
falling slope of ESR ripple voltage. Compared with (4), it can be
seen that the external ramp affects quality factors of the double
poles. The minimum external ramp for critical stability can be
derived by solving (8), which is shown in (9) as follows:

se

sf
>

(
(1 − D)2 + D2

4Dα

)
+ 1 − 1

2D
. (9)

Fig. 9 shows the stability criterion diagram with different ex-
ternal ramp compensations. Note that, in Fig. 9, the horizontal
axis is the whole duty-cycle range. It is obvious that with an
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Fig. 10. (a) Pole-zero mapping and (b) Bode plots of the control-to-output
voltage transfer function with increasing external ramp for OSCON capacitor
with Fsw = 300 kHz and D = 0.4.

external ramp, the stability region can be expanded: using OS-
CON capacitor with 300-kHz switching frequency (α ≈ 1) as
an example, it is unstable when duty cycle is larger than 0.37
without an external ramp, when Se = 1Sf , it is stable within all
the duty-cycle range.

For optimal design purposes, external ramp should be se-
lected appropriately to improve the dynamic performance. For
illustration purpose, the pole-zero maps and Bode plots of
control-to-output voltage transfer function with a series of dif-
ferent external ramps for an OSCON capacitor with Fsw =
300 kHz and D = 0.4 are plotted in Fig. 10. Without an ex-
ternal ramp (shown as green point A), Qe2 < 0 and the circuit
is unstable. With the external ramp increasing, this double pole
moves toward left half plane (shown as blue point C and red
point D) and meets with another double pole at black point E,
which is a key point since the quality factor for Qe2 is the small-
est during the whole trajectory. The quality factor of the key
point Qe k can be derived from (8) and is expressed as follows:

Qe k =
2
π

1
α

. (10)

In this case, the value of Qe k is approximately 2/π, which
is smaller than 1. Further increasing Se separates two pairs of
double poles, one moves to a higher frequency, while the other
one to a lower frequency. For design purposes, the external
ramp should be designed appropriately: On one hand, it should
be large enough to control quality factor for enough stability
margin; on the other hand, it should not be too large, as it
will slow down the transient performance by bringing a low-
frequency double pole with increased quality factor [12]. The
suggested area is Q around 1, which is shown as the light green
shaded area in Fig. 10(a). For example, the external ramp can be
chosen to make Qe2 = 2/π, the required ramp magnitude can

Fig. 11. Bode plots of Output Impedance with different external ramps for
OSCON capacitor with Fsw = 300 kHz and D = 0.4.

be solved from (8), as shown follows:

se

sf
≈ 1 − 1 − D

2α
. (11)

As shown in Fig. 10, when the external ramp is too small
(point C: Se = 0.1Sf ), the peaking is large indicating a bad
dynamic performance. When the external ramp is too large
(Se = 5Sf ), there is a low frequency dominant double pole,
which slows the transient performance. Therefore, the external
ramp should be designed appropriately, e.g., around Qe2 = 2/π,
which is between point E and point F in Fig. 10(a) and be-
tween the black dashed line (Se = 0.7Sf ) and pink dashed line
(Se = 1Sf ) in Fig. 10(b). The preferred external ramp, in this
case is between 0.7Sf to 1Sf .

From optimum transient performance point of view, it is
meaningful to investigate the output impedance. The transfer
function of the output impedance with external ramp compen-
sation is also derived in [10] and shown at the bottom of the
page.

The factorized output impedance is shown as follows:

Zo(s) ≈
−RC oTsw

(
1
2 − D + D se

sf

)
∗ s ∗ (RC oCos + 1)

(
1 + s

Qe 1 ω2
+ s2

ω 2
2

) (
1 + s

Qe 2 ω2
+ s2

ω 2
2

) .

(13)
For the output impedance, the external ramp not only in-

fluences the quality factor of double poles, but also increases
the low-frequency output impedance. As shown in Fig. 11,
the low-frequency impedance of Se = 5Sf is much larger than
Se = 0.1Sf case, while the high-frequency impedance is much
lower. This is because adding too much external ramp reduces
the weight of the output voltage in modulation process, which
indicates reducing the ability to control the output voltage. Con-
sider the total output impedance performance, Se = 0.7Sf is
the best among the three, which is the same conclusion from the
control-to-output voltage transfer function.

However, using an external ramp to improve the dynamic
performance has its limitation, which is dependent on current
feedback strength α. As shown in (10), when α is too small,
the smallest quality factor is very large, which indicates that

Zo(s) ≈

⎛
⎝ (RC oCos + 1)(

1 + s
Q 6 ω2

+ s2

ω2 2

) (
1 + s

Q 2 ω2
+ s2

ω 2
2

)
− (sf −se )RC o Co −sf To f f /2

sn +sf
Tsw · s2

− 1

⎞
⎠

(
RC o +

1
Cos

)
(12)
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Fig. 12. Bode plots of the control-to-output voltage transfer function with
increasing external ramp for ceramic capacitor with Fsw = 600 kHz and D =
0.1.

the peaking will be large for any case. To illustrate this point,
consider the ceramic capacitor with fsw = 600 kHz (α ≈ 0.08)
and D = 0.1 case, the Bode plots with different external ramps
are shown in Fig. 12. For this case, the minimum value of Qe2
is about 7.6, no matter how much external ramp is used, the
peaking is no less than 20 dB. This is also the conclusion from
[34], where it shows that for constant frequency V 2 peak control
with ceramic capacitors, the dynamic performance is very bad
with only external ramp compensation. Therefore, an additional
current ramp is needed to improve the dynamic performance.

IV. SMALL-SIGNAL ANALYSIS AND DESIGN

WITH HYBRID RAMP

As analyzed in Section III, to provide better damping for the
ceramic cap case, it is necessary to enhance the current strength
feedback by adding current information. Therefore, a hybrid
ramp strategy is proposed for the optimum design purpose: a
current ramp is used to enhance the current strength feedback
to minimize the effect of the capacitor voltage feedback loop,
while an external ramp is used to reduce the effect of sample and
hold effect for the inductor current feedback loop. The hybrid
ramp strategy is first proposed in [32] in digital constant on-time
VRM application. The hybrid ramp includes the external ramp
and the estimated inductor current ramp, which is provided by
a digital inductor current estimator, by only sampling the input
voltage, output voltage, and average inductor current with low
oversampling rate ADCs. For analog constant frequency V 2

control, either inductor current or capacitor current can be used
to enhance current feedback strength, as shown in Fig. 13(a) and
(b). To sense inductor current, the traditional sensing methods
by sensing resistor or DCR current sensing method can be used.
To sense capacitor current, a simple lossless capacitor current
sensing method has been proposed in [27]. Alternatively, a non-
invasive capacitor current sensing method, which considers the
ESL effect has been proposed in [35].

Additional current feedback changes the current feedback
strength from α to α′, which is defined as follows:

α′ =
(RC o + Ri)Co

Tsw
. (14)

Fig. 13. Constant frequency V 2 peak control with hybrid ramp compensation:
(a) with inductor current ramp (b) with capacitor current ramp.

Fig. 14. Comparisons of Bode plots of control-to-output voltage transfer func-
tion for the ceramic capacitor with Fsw = 600 kHz and D = 0.1: external ramp
(red) and hybrid ramp (blue).

Compared with (2), it can be seen that Ri enhances current
feedback strength as a virtual ESR. The small-signal model for
constant frequency V 2 peak control with a hybrid ramp is very
similar as (8); the only difference is that α is replaced with α′

and sf is replaced with s′f which is defined in (15). Both of
the parameters are modified by Ri . Therefore, the conclusions
associated with (8) are all applicable to the hybrid ramp case

s′f = (RC o + Ri)
Vo

Ls
. (15)

The suggested design guidelines are as follows:
Step 1: Design Ri to enhance current information so that the

following equation is met:

α′ =
(RC o + Ri)Co

Tsw
= 1. (16)

Step 2: Design Se to control Qe2 : for example, Qe2 = 2/π,
then Se should be as follows:

se

s′f
≈ 1 − 1 − D

2α′ =
1 + D

2
. (17)

For example, for ceramic capacitors with fsw = 600 kHz and
D = 0.1, according to the aforementioned design guideline,
design Ri = 2 mΩ and Se = 0.55S ′

f . As shown in Fig. 14, a
flat gain up to a very high frequency can be achieved. Compared
with the large peaking using only external ramp compensation,
a well-damped system can be achieved with a hybrid ramp.
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Fig. 15. Operating waveform with different circuit parameters (a) Fsw =
300 kHz, Vin = 5 V, D = 0.36, stable (b) Fsw = 300 kHz, Vin = 4.5 V,
D = 0.4, unstable (c) Fsw = 600 kHz, Vin = 4.5 V, D = 0.4, stable.

Fig. 16. Small-signal control-to-output voltage verification with Fsw =
300 kHz, Vin = 5 V, D = 0.36.

V. SIMULATION AND EXPERIMENTAL RESULTS

The SIMPLIS simulation tool is used to verify the small-
signal analysis for constant frequency V 2 control. Circuit
parameters are shown as follows: OSCON capacitor, Co =
560 μF, RC = 6 mΩ, Vo = 1.8 V, Ls = 2.3 μH, and Io =
1.5 A. From stability criterion (6), for Fsw = 300 kHz, α is
around 1, the instability point occurs when D is 0.37. As shown
in Fig. 15(a), when Vin = 5 V corresponding to D = 0.36, the
circuit is stable, while in Fig. 15(b), when Vin = 4.5 V cor-
responding to D = 0.4, the circuit is unstable as subharmonic
oscillation is shown. This agrees with the prediction from (6).
Fig. 15(c) shows the effect of current feedback strength α on
stability, in this case, Fsw = 600 kHz, α is around 2, from (6)
or Fig. 6, with increasing α, the instability point is D = 0.43,
which means the circuit should be stable at 0.4 duty cycle, which
is verified in Fig. 15(c).

Fig. 16 shows the comparison between analytical model
shown in (4) and simulation results. It can be seen that the
model is accurate at half of switching frequency and useful up
to switching frequency. For this case, although from Fig. 15(a),
the circuit is stable, however, it is very close to the instability
point as the double pole at half of switching frequency has a

Fig. 17. Small-signal model verification for constant frequency V 2 peak
control with different external ramps and with parameters: OSCON capaci-
tor, Fsw = 300 kHz, D = 0.4. (a) Control-to-output voltage transfer function.
(b) Output impedance.

Fig. 18. Experimental results for ceramic caps with only external ramp com-
pensation. (a) Control-to-output voltage transfer function. (b) Load transient
step-up (1.5–5 A) performance.

very large quality factor, which can be seen from Fig. 16, where
the peaking on gain plot is very high and the phase drops very
fast at half of switching frequency.

Fig. 17 shows the small-signal verification for constant fre-
quency V 2 peak control with different external ramps and
the following circuit parameters: OSCON capacitor, Co =
560 μF, RC = 6 mΩ, Fsw = 300 kHz, Vin = 4.5 V, and D =
0.4. The model agrees with simulation results very well.

To verify the ineffectiveness of the external ramp compen-
sation for ceramic capacitor applications, where current feed-
back strength α is very small. Experiments on the control-to-
output voltage transfer function and load transient measure-
ments are conducted based on the demo-board NCP5422A from
ON semiconductor. The circuit parameters are shown as follows:
Fsw = 305 kHz, D = 0.15, Vin = 12 V, Vo = 1.8 V, Ceramic
capacitor: Co = 300 μF, RC = 2 mΩ, and Ls = 1.3 μH and the
measurement is based on the network analyzer Agilent 4395A.
Fig. 18(a) shows the small-signal measurements using only an
external ramp Se = 21 mV/μs. The results show that the model
[shown in (8)] agrees very well with the experiment. Since α is
only around 0.2 in this case, although a relatively large external
ramp is used, there is still high peaking from the gain plot.
Fig. 18(b) shows step-up load transient (1.5–5 A) experimental
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Fig. 19. Experimental results for ceramic caps with hybrid ramp compensa-
tion. (a) Control-to-output voltage transfer function. (b) Load transient step-up
(1.5–5 A) performance.

result, the dynamic performance is very poor and there is oscil-
lation during transient due to large quality factor.

Fig. 19 shows the small-signal measurement and load tran-
sient result with additional current feedback strength. In this
case, Ri = 7 m and α is around 0.8. As shown in Fig. 19(a),
the small-signal model [shown in (15)] agrees with the mea-
surement result and the peaking decreases significantly when
compared with Fig. 18(a). Therefore, the dynamic load tran-
sient performance shown in Fig. 19(b) improves substantially.
This verifies that for ceramic caps, current ramp is required in
order to achieve a well-damped performance.

VI. SUMMARY AND CONCLUSION

In this paper, the characteristics of constant frequency V 2

control are analyzed and design guidelines for different applica-
tions are provided. By separating the feedback information, it is
found that there are two pairs of double poles located at half of
the switching frequency; one pair is caused by the sample-and-
hold effect in the inner current loop, while the other pair is due
to the capacitor voltage feedback loop. Stability is not only re-
lated to the duty cycle, but also to current feedback strength. For
constant frequency V 2 peak control, a subharmonic oscillation
occurs either in a large duty-cycle application or in application
with small current feedback strength (e.g., with ceramic capac-
itors). With large current feedback strength (e.g., with OSCON
capacitors), the external ramp is effective to solve the instability
problems and achieves a good dynamic performance as long as it
is designed appropriately [e.g., shown in (11)]. However, using
only an external ramp is not an effective solution when current
feedback strength is small (e.g., with ceramic capacitors). In this
case, the hybrid ramp, which includes both external ramp and
current ramp, is proposed to improve the dynamic performance.
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