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Abstract—Different current mode controls have been widely
adopted in commercial pulsewidth modulation controllers for
point-of-load (POL) converter applications. To understand the
unique properties of various current mode control schemes, and
to study the differences between them, this paper investigates and
compares four current mode control schemes (peak-current con-
trol, valley-current control, constant on-time control, and constant
off-time control) for POL power converters and voltage regulator
applications. Performance attributes under investigation include
high-bandwidth voltage loop design, adaptability to a converter
with a wide input voltage range, adaptive voltage positioning de-
sign, and audio susceptibility. The pros and cons of these schemes
are identified and explained by the unified small signal equivalent
circuit model. In terms of dynamic performance, this study pro-
vides a current mode control scheme selection criteria and feed-
back design guidelines. The theoretical analyses are verified by
both simulation and experimental results.

Index Terms—Comparison, current mode control, point-of-load
converters.

I. INTRODUCTION

W ITH the development of information technology, tele-
com, computer and network systems have become a

large market for the power supply industry. In these systems, a
large number of point-of-load (POL) power converters transfer
the intermediate bus voltage into the voltages needed by dif-
ferent loads. POL converters have strict specifications in many
aspects. Commonly, POL converters require fast response to the
load transient. In particular, the POL converters powered by an
adapter and a battery must be able to operate under a wide range
of input voltage. A voltage regulator (VR) for a microprocessor
is a category of high-current POL converter. To reduce the power
loss, a VR adaptively lowers its output voltage as the load cur-
rent increases. This is the so-called adaptive voltage positioning
(AVP) specification [1].

Generally, because current mode controls can simplify the
feedback design and improve dynamic performance [2], [3], a
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Fig. 1. Perturbed inductor current waveform. (a) Constant-frequency peak
current mode control. (b) Constant ON-time control.

variety of current mode control schemes [4] have been widely
used in commercial controllers for POL power converters [5]–
[8] to improve the dynamic performance and to realize certain
functions, such as AVP [1], current sharing, and current limiting.

People have been studying constant-frequency current mode
controls for more than three decades in an effort to under-
stand their small-signal characteristics [9]–[18]. Essentially,
pulsewidth modulation (PWM) converters are nonlinear dy-
namic systems. Under a perturbation frequency fm excitation,
the state variables contain the perturbation frequency fm and its
sideband components n · fsw ± fm , where fsw is the switching
frequency. In current mode controls, since the current feedback
loops do not have low-pass filters to attenuate the sideband
frequencies, the sideband frequencies have important signifi-
cance to the small signal properties. For the model of a current
feedback loop, average models assume that all the sideband
frequency components can be ignored and only consider the
modulation frequency component fm . For this reason, average
models cannot predict the current loop instability [9], [10]. To
model the nonlinearity of the constant frequency current mode
controls, all the successful models describe the sample-and-hold
effect of the current feedback loop [11]–[14]. Fig. 1(a) shows
the time domain waveforms for the constant frequency current
mode control. In Fig. 1, the inductor current iL is sensed by the
sensing gain Ri , and this signal is compared with control signal
vc to achieve PWM modulation. The variables sn and sf de-
note current rising slope, falling slope of sensed inductor current
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signal, while se is the external ramp slope. The solid lines de-
note the steady-state iL waveform while the dashed lines denote
the iL under disturbance. The first axis of Fig. 1(a) shows the
steady-state iL waveform and iL under disturbance, while the
second axis shows the difference between them, i.e. the inductor
current error îL . The inductor current error changes at the sam-
pling instant [i.e. at the trailing edge of the peak-current mode
control (PCM) or the leading edge of the valley-current mode
control (VCM)], and stays the same for one switching cycle until
the next sampling instant. This is called the “sample-and-hold”
effect.

However, with variable frequency controls, like that shown
in Fig. 1(b), subtracting the steady-state iL from the perturbed
iL , it is found that the inductor current goes into steady state
after one switching cycle. The same error will always exist and
alters the sign at the turn on and turn off instants for the fol-
lowing switching cycles. This means that there are no similar
“sample-and-hold” effects in variable frequency controls. Due
to the failure of the sample-and-hold concept, the modeling of
the variable frequency current mode control is a challenging
topic. Redl and Sokal [15] and Redl [16] proposed a model for
the variable frequency current mode control based on injected-
absorbed analysis with the high-frequency correction terms. Re-
cently, Li and Lee [17] proposed a systematical, accurate model
based on continuous-time domain describing function, which is
a unified model applicable to both constant frequency and vari-
able frequency modulations. The closed-current loop consists of
the switches, the inductor, the comparator, and the PWM gen-
erator. This nonlinear subcircuit was treated as a single entity.
Describing function was used to derive the transfer functions
between control signal vc , the port voltages and the terminal
currents. Since the describing function method is based on the
continuous-time domain waveform, it includes the feedback ef-
fects of the sideband components, and is not limited by the
constant frequency “sample-and-hold” assumption.

The describing function method provides an accurate small
signal model even beyond the switching frequency, but for
the designer, the mathematical derivation is too complicated
and time consuming. Based on the methodology and result
of [17], [18], and [32] provides a unified three terminal switch
model for both constant frequency and variable frequency cur-
rent mode controls. For the designers, the equivalent circuit
model provides a physical insight and is easy to use for various
topologies. It accurately predicts the small signal model of a
current mode controlled converter for frequencies up to half of
the switching frequency. With the unified models for both con-
stant frequency and variable frequency implementations, it is
important to further understand the unique properties of differ-
ent current mode control schemes and to study the differences
between them [33]. So far, there are few studies focusing on the
comparison of current mode controls in POL converter applica-
tions are presented. This paper is aimed at comparing the current
mode control schemes and discussing the selection guideline for
POL power converter applications [20], [21] according to spe-
cific design requirements.

The organization of the remainder of this paper is as follows.
First, small signal characteristics of PCM control, valley-current

Fig. 2. Circuit diagram and small signal equivalent circuit for current mode
controlled Buck converter.

mode control (VCM), constant on-time control and constant off-
time control are reviewed based on an equivalent circuit model.
Second, the dynamic performances of different control schemes
are compared. Performance attributes under investigation in-
clude high-bandwidth voltage loop design, the variation of small
signal characteristic under a wide range of input voltages, AVP
function and audio susceptibility. Finally, by identifying various
advantages and disadvantages, guidelines for choosing the opti-
mum scheme for a specific design is provided for POL converter
applications.

II. UNIFIED SMALL SIGNAL EQUIVALENT CIRCUIT FOR

CURRENT MODE CONTROLS

Fig. 2 shows the current mode controlled Buck converter and
the unified small signal equivalent circuit model for various
current mode control schemes [18]. Since the total effect of the
PWM switch with closed-current loop is represented by a linear
equivalent subcircuit, a multiloop analysis for the current loop
is simplified to a single loop analysis.

Referring to [18], the parameters of the unified equivalent
circuit are defined by (1)–(3) and Table I. The variables sn , sf ,
and se denote current rising slope, falling slope, and external
ramp slope, respectively; while fsw is the switching frequency

Rin = −Vap/(DIL ) = −RL/D2 (1)

Go = IL/Vap = IL/Vin (2)

GL = IL/Vap = IL/Vin . (3)

The common small signal properties of current mode controls
are explained as follows, based on the equivalent circuit. In
the equivalent circuit model, the controlled voltage source v̂c ·
Re/(D · Ri) and Re compose a Thevenin equivalent circuit of a
nonideal current source, which represents the current controlling
effect of the current loop. Ri is the current sensing gain. Due to
the finite resistance of Re , the inductor current is not perfectly
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TABLE I
PARAMETERS OF UNIFIED THREE TERMINAL SWITCH MODEL

FOR CURRENT MODE CONTROLS

Fig. 3. Control-to-iL transfer functions of peak-current mode controlled Buck
converter (D = 0.35).

controlled by vc . Physically, it is easy to understand: the current
loop does not have an integration function, so the control signal
cannot precisely control the inductor current at low frequency
from dc to ωp = 1/[(Re ||RL )Co ].

Fig. 3 shows a family of curves of the control-to-iL transfer
function. It is found that the control-to-iL gain from dc to ωp

is not purely determined by the current sensing gain, but also
related to the value of Re and RL . This is a low-frequency
control error inevitable in a proportional feedback system. In
terms of dc, some literature suggests this error is a “peak-to-
average error” of PCM control, based on the observation of time-
domain waveforms. The small signal model provides a more
complete description from the frequency domain which is not
limited only to dc. Equivalent components Re and Ce represent
the nonideality of current control at high frequency: Ce and Ls

form a pair of double poles at half of the switching frequency or
above. Re is the damping factor of the double poles. The input
voltage controlled source v̂in · Kap represents the input voltage
feed-forward effect of the closed-current loop. At the input side,
the controlled current sources between terminal a and p are zero
when the output voltage is well controlled. In this situation,
the converter delivers a constant power, which is determined by
the load. As a result, the input current changes inversely with
variations in input voltage. This effect is characterized by the
negative resistor Rin in the input port.

Fig. 4. Experimental verification for vo (s)/vc (s) of constant on-time control
and peak current control.

The differences between constant frequency and variable fre-
quency current mode controls are discussed later.

For the constant frequency modulation, the double poles
formed by Ce and Ls are at half of the switching frequency.
Re is a function of the duty cycle D and the external ramp.
For PCM control, without external ramp se , if the duty cycle
D > 0.5, Re is negative, which indicates that the resonance of
Ls and Ce does not have a positive damping and subharmonic
oscillation occurs.

To stabilize the constant frequency current loop, the designer
can add an external ramp to adjust Re to be a positive resistor.
If a large external ramp is added to the current loop, the current
control effect is weakened. If the external ramp se>>sn , sf , Re

is reduced to a small value. The double poles at half-switching
frequency split, and the double poles of the power stage filter
recover. Since Re is very small, the pole related to Re and
Ce is much higher than half of the switching frequency so its
effect is negligible within half of the switching frequency. The
system is degenerated as a second-order system determined by
the natural frequency of Ls and Co [18]. In this case, the current
mode control equivalent circuit degenerates as the power stage
three-terminal switch model [19].

For variable frequency modulation, the frequency of the dou-
ble poles is determined by the fixed on-time or off-time. The
double poles are always higher than half of switching frequency.
Re is always a positive resistor, so the current loop is always
stable; thus an external ramp is unnecessary to maintain stability.

The control-to-output transfer function vo (s)/vc(s) of the
Buck converter with constant on-time control and PCM control
are shown in Fig. 4. The power stage parameters and switch-
ing frequency of both converters are identical: fsw ≈ 300 kHz,
Vin = 12 V, Vo = 1.2 V, Ls = 470 nH, Co = 600 μF, RCo
= 5.5 mΩ. As shown in Fig. 3, the equivalent circuit model
accurately predicts the experimental result.

III. PERFORMANCE COMPARISON

This section compares four aspects of the dynamic perfor-
mance of different control schemes.
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TABLE II
PARAMETERS DEFINITIONS FOR TRANSFER FUNCTION

A. High-Bandwidth Voltage Loop Design

The control-to-output transfer function is the new plant for the
voltage loop compensator. Solving the small signal equivalent
circuit, the transfer function is expressed in a uniform equation
given below

v̂o(s)
v̂c(s)

≈ RL

Ri

(1 + RCoCos)
1 + (RL ||Re)Cos

1
1 + s

Qx ωx
+ s2

ω 2
x

where Qx = Re

√
Ce

Ls
, ωx =

1√
LsCe

. (4)

Table II lists the parameters in (4) for different control schemes.
Variables sn , sf , and se denote current rising slope, falling
slope, and external ramp slope, respectively, while fsw is the
switching frequency. RCo is the equivalent series resistance
(ESR) of the output capacitors Co.

As shown in (4), the main difference in control scheme is ap-
parent in the characteristics of the high-frequency double poles.
From Table II, it is shown that the double poles of constant fre-
quency control are located at half of the switching frequency. For
variable frequency controls, the double poles are always located
at a frequency higher than half of the switching frequency.

Fig. 5 shows the control-to-output transfer function of iden-
tical Buck converters with constant on-time control, constant
off-time control, PCM control, and VCM control, operating at
D = 0.1. Ramp compensation of the VCM control is designed
to ensure the quality factor Q = 1 based on Table II. Based
on the small signal model, the high-frequency double poles are
located at

Costant ON : ω =
π

Ton
= 5 · fsw · 2π (5)

Costant OFF : ω =
π

Toff
= 0.55 · fsw · 2π (6)

PCM, VCM : ω =
π

Tsw
= 0.5 · fsw · 2π. (7)

As shown in (5), the high-frequency double poles for constant
ON-time control are at f >>fsw . Since the off-time is close to
the switching period when D = 0.1, as shown in (6), the double
poles of the constant off-time control are only a little bit above
half of the switching frequency. The phase curve of the constant

Fig. 5. Comparison of vo (s)/vc (s) for D = 0.1 case.

off-time control is similar to that of the constant frequency
controls. As the double poles of the constant on-time control
have little impact within half of the switching frequency, the
phase drop of the control-to-output transfer function is much
less than other controls. It can be observed in Fig. 5 that the
phase difference between constant on-time control and PCM is
over 60◦ at (1/2)·fsw .

Physically, the double poles of the PCM control can be ex-
plained by the “sample-and-hold” effect, which introduces a
delay of half a sampling period. So, there is an additional 90◦

phase drop at half of the switching frequency.
In variable frequency control, the “sample-and-hold” effect

is eliminated. The control-to-iL delay is caused by the fixed
on-time or off-time. This delay is modeled as a pair of double
poles. Taking constant on-time control as an example, according
to Table II, when D = 0.1, double poles are located at 5 · fsw .
When D = 0.5, the double poles are located at fsw . The double
pole moves to lowest frequency at (1/2) · fsw when and only
when D = 1. Fig. 6 compares the control-to-vo transfer function
of PCM control and constant on-time control at D = 0.5. The
phase delay of constant on-time control is less than PCM control.
For the small duty cycle operation, without the additional phase
drop at half the switching frequency, a higher control bandwidth
is achievable using a constant on-time control with the same
phase margin.

Fig. 7 shows a design example to demonstrate the possibil-
ity of pushing higher T2 bandwidth by using constant on-time
control. The power stage parameters are as follows: Vin = 12 V,
Vo = 1.2 V, Ls = 300 nH, Co = 4.48 mF, RCo = 0.75 mΩ
and fsw ≈ 300 kHz. The SIMPLIS simulation results show that
keeping a 60◦ phase margin, constant on-time control achieves
T2 bandwidth fc = (1/3) · fsw , which is significantly higher
than that of the PCM control.
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Fig. 6. Control-to-output transfer function of PCM control and constant on-
time control for D = 0.5.

Fig. 7. Comparison of loop gain T2 when D = 0.1.

For the POL converters powered by a battery, it is common
for the duty cycle D to be larger than 50%. For example, a
Buck converter converting the 3.7-V input voltage from a single
cell of lithium–ion battery to 3.3-V system load operates at
D = 0.9. Constant on-time control is not the best option in this
case, since the double poles are moved to almost half of the
switching frequency. As the dual implementation to constant
on-time control, for a duty cycle D > 0.5 case, constant off-
time control is preferable as the high-frequency double poles
are moved far beyond the switching frequency. Fig. 8 shows
a comparison of vo(s)/vc(s) at D = 0.8. PCM and constant

Fig. 8. Comparison of vo (s)/vc (s) when D = 0.8.

on-time control have double poles around (1/2) · fsw while the
double poles of constant off time at f = 4 · fsw are negligible.

In sum, by adopting proper variable frequency modulation, it
is possible to achieve a wider control bandwidth and improve
transient response. In the extreme duty cycle, by using constant
on-time control for D values much smaller than 0.5, or using
constant off-time control for D values much larger than 0.5, the
high-frequency double poles are pushed far beyond the switch-
ing frequency so that the phase lag caused by the double pole is
diminished. This enables a higher bandwidth voltage loop than
constant frequency current mode controls.

B. Small Signal Property Variation Under Wide Range
Input Voltage Change

POL converters for battery powered devices require compat-
ibility with a wide range of input voltages. Having this wide
range of operation changes the operating point and also the
small signal properties.

Fig. 9 indicates the moving pattern of the poles as the
duty cycle D increases for control-to-output transfer function.
Without external ramp compensation, the double poles of the
PCM stay on the circle denoting 1/2·fsw and move toward the
imaginary axis, which may cause instability. A similar scenario
is exhibited in valley-current mode control. For these constant
frequency modulations, to ensure proper damping of the current
loop, the controller has to provide an external ramp adapted to
the duty cycle. To achieve a quality factor of Q = 1 for the
double pole, the external ramp for PCM should be

se ≈ 0.8 · sf − 0.2 · sn . (8)
www.IranSwitching.ir
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Fig. 9. Pole-zero movement pattern comparison with duty cycle increase.

Similarly, the external ramp for VCM should be

se ≈ 0.8 · sn − 0.2 · sf . (9)

In practice, since the input, output voltage and inductor are un-
determined, there is no easy way to generate a suitable ramp for
a controller IC to achieve optimal damping without the knowl-
edge of the power stage parameters. As a result, the ramp com-
pensation is designed based on the maximum duty cycle. The
performance of normal operation suffers from the over ramp
compensation.

Variable frequency modulations are simpler as they do not
require any ramp compensation. The double poles move along
the half-line Q ≈ 0.6 (ξ ≈ 0.707) in the complex plant, and they
are always located at f > (1/2) · fsw for any duty cycle. The
double poles are moving poles as a function of Ton or Toff , but
they are always on the left half-plane. Since variable frequency
controls have an inherently stable current loop for any operating
point, they are more suitable for a design with wide input range.

Designers have to pay enough attention to the high-frequency
double pole effect even for constant on-time/off-time control.
For constant on-time control, duty cycle D is at its maximum
value when the input voltage is at the minimum input voltage
Vin min . The double poles are located at the lowest frequency
in this condition, so the compensator should be designed based
on this worst case. Similarly, for constant off-time control, com-
pensation design should consider the worst case when the input
voltage is at maximum value Vin max .

C. AVP Design

AVP is commonly required in the design of VRs [1]. Current
mode control, which was proposed by Redl in [22], is one of
the methods used to achieve constant output impedance. Yao
et al. [23] and Yao et al. [24] discussed the small signal analysis
for AVP design using PCM control.

In proper design, the inductor is turned into a current source
by the current feedback loop, regardless of which modulation is
used. The impedance of the current source is much higher than

Fig. 10. Typical compensation for peak current mode control.

the impedance of the output capacitor and load, so the output
impedance with closed-current loop is

Zoi ≈
RL (RCoCos + 1)

(RL + RCo)Cos + 1
. (10)

Conventionally, PCM control is adopted by commercial ICs
[25], [26]. To achieve a constant output impedance, the outer
loop T2 crossover frequency is designed on ESR zero of the out-
put bulk capacitor, such as POSCAP (type of solid electrolytic
capacitors with polymerized organic semiconductor, which is
provided by SANYO). Also, "OSCON" (type of an aluminum
solid capacitor with high conductive polymer or organic semi-
conductor electrolyte material, which is provided by SANYO)
capacitor. The ESR zero frequency is around 50–70 kHz. Today,
many VRs for DDR memories, graphic cards and even mobile
CPUs operate at 200–400 kHz. Since the double poles in the
vo(s)/vc(s) transfer function are at (1/2) · fsw , which is not far
enough from the outer loop T2 crossover frequency, a zero has
to be placed around (1/2) · fsw in the compensator to guarantee
sufficient phase margin [23], [27], [28]. The asymptotic Bode
plot is shown in Fig. 10. The transfer function of the compen-
sator Hv can be expressed as (11).

In the past few years, constant on-time current mode control
has become popular for improving light load efficiency. In recent
years, industry has begun to use constant on-time current mode
control for VR12 / IMVP7 compatible VR controllers [29], [30].
However, as the characteristic of constant on-time control is not
fully analyzed, the design guidelines merely follow that of PCM
control [30].

In the applications requiring AVP function, the duty cycle
D is usually smaller than 0.5. According to [1], the nominal
operating range is 0.7–1.2 V for Intel’s 2010 microprocessor
products. Meanwhile, the bus voltage of the desktop and the
laptop computer is usually between 8–20 V. As a result, the
steady-state duty cycle is usually below 0.15. Under this condi-
tion, the double poles of constant on-time control are beyond the
switching frequency. As a result, the zero of the compensator
can be eliminated and the compensator is simplified as (12). The
external component of the IC controller and the footprint are
reduced. Fig. 11 shows the asymptotic Bode plot of the voltage
loop compensation design for a Buck converter with constant
on-time control. From the design example shown in Fig. 12, it is
found that by using the simple compensation (12), the constant
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Fig. 11. Simplified compensation for constant on-time control.

Fig. 12. Constant output impedance design example using constant on-time
control with simplified Hv (s).

output impedance requirement is well met

Hv PCM(s) =
Ri

RCo

1 + s/πfsw

1 + RCoCos
(11)

Hv Const.On(s) =
Ri

RCo

1
1 + RCoCos

. (12)

D. Audio Susceptibility

Due to the input voltage transient, audio susceptibility is one
of the transfer functions of interest in the controller design for
the POL converters powered by a battery or an adapter. Current
mode controls have the input voltage feed-forward effect. The
physical reason for the feed-forward effect is that input voltage
changes the inductor current slope and modulates the duty cycle
before the output voltage deviation is observed. In the equiva-
lent circuit in Fig. 2, the feed-forward effects of all these current
mode control schemes are explicitly modeled as the controlled
voltage source v̂in · Kap , which represent the current loop’s re-
action to the input perturbation. Transfer function v̂o(s)/v̂in (s)
is expressed in a uniform equation in (13). The fundamental
difference between control schemes is the gain of the transfer
function

v̂o(s)
v̂in(s)

≈ Kaudio
(1 + RCoCos)

1 + (RL ||Re)Cos

1
1 + s

Qx ωx
+ s2

ω 2
x

where Kaudio =
DRL

Re + RL
(1 + Kap). (13)

As shown in Table I, in all of these schemes, the feed-forward
gain Kap of constant on-time control and VCM control are
always positive, which means that theoretically null audio sus-
ceptibility cannot be achieved. The Kaudio of both constant

Fig. 13. Confliction of an external ramp design in peak current mode control.

Fig. 14. Time response to input variation of a constant off-time controlled
Buck converter.

on-time control and VCM control increases with the duty cycle
D. The worst case appears at the maximum duty cycle opera-
tion. Simulation results in Section IV further demonstrate the
trend of the transfer function variation.

PCM control can achieve zero audio susceptibility by adjust-
ing the external ramp se = 0.5 · sf [17], [18], [31]. However,
this goal conflicts with the goal of damping the double poles at
(1/2)·fsw . Fig. 13 shows the generic relation of ramp compensa-
tion, the quality factor Q of the double poles at half the switching
frequency, and the requirement of null audio susceptibility. To
damp the quality factor to Q ≈ 1, null audio susceptibility can
only be achieved around D = 0.2−0.4.

The constant off-time implementation has its own unique
characteristics. Since Kap = −1, the feed-forward effect can-
cels the influence of the input change. Audio susceptibility is
inherently zero for any duty cycle. Fig. 14 shows the response
of a Buck converter to input sine variation. In the simulation,
the constant off-time current loop is closed and the voltage loop
is open. From this, we can see that the current loop changes the
duty cycle inversely to the input and null the variation at the
output voltage.

At the input side, the Rin branch represents the low frequency
input impedance and other branches characterize the high
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Fig. 15. Loop gain T2 comparison.

frequency input impedance. As shown in (1), Rin is a nega-
tive resistor. Physically, this means that the closed-current loop
controls the inductor current, so that the converter delivers a
constant power, which is determined by the load. As a result,
the voltage variation has an inverse effect on the input current.
This effect is shown by the negative resistor Rin in the input
port.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Outer Loop T2 Bandwidth Comparison

Fig. 15 shows the comparison between constant on-time con-
trol and PCM control for the voltage loop gain T2 . Based on the
same power stage design, constant on-time control achieves both
higher bandwidth and higher phase margin. In the experiments,
fsw &≈& 300 kHz, Vin = 12 V, Vo = 1.2 V, Ls = 470 nH, Co

= 600 μF, RCo = 5.5 mΩ, and RL = 0.3 Ω. From Fig. 15, the
PCM controlled Buck converter can achieve 1/5 · fsw control
bandwidth with a 30◦ phase margin. It is clear that by using the
identical power stage design and the same switching frequency,
the bandwidth of the constant on-time controlled Buck converter
can be pushed to 1/3· fsw , which is much higher than that of
the peak current mode controlled converter. The phase margin
remains at 75◦. The experimental results verified the analysis in
Section III-A.

B. AVP With Constant On-Time Current Mode Control

Fig. 16 shows the transient response of a constant on-time
current mode controlled Buck converter with AVP function.
The voltage loop compensator adopts the simplified finite gain
compensator as described in (12). When the output current io
has a 8 A step-down transient, the output voltage Vo is increased,
following the desired resistive droop. The experimental result

Fig. 16. Experimental result for the transient response with AVP using con-
stant on-time current mode control.

Fig. 17. Input-to-output transfer function of a constant on-time controlled
Buck converter at different duty cycles.

shows that the output voltage exhibits a well-damped response
and an accurate droop. The experimental result verified that
perfect constant output impedance of the Buck converter can
be well achieved by using the simplified compensator (12). In
the experiment, switching frequency fsw &≈& 300 kHz, Vin =
12 V, Vo = 1.2 V, Ls = 470 nH, Co = 600 μF, RCo = 5.5 mΩ,
RL = 0.3 Ω and load line RLL = 5.5 mΩ.

C. Audio Susceptibility and Line-Transient Response

Fig. 17 shows the audio susceptibility transfer function of
constant on-time control. As discussed previously, the gain of
the audio susceptibility increases with the duty cycle. In prac-
tical design, Re is usually much larger than RL . Under this
assumption, the gain of the audio susceptibility Kaudio can be
approximated by (14). From (14), it is found that the gain is
approximately proportional to the duty cycle D. It is easy to
understand the equation in an intuitive way: during the fixed
on-time, the controller does not respond to the input variation.
The longer the on-time, the worse the audio susceptibility

Kaudio =
DRL

Re + RL
(1 + Kap) ≈ DRL

(1 + Toff /Ton)
Re

= DRL
Tsw

2Ls
. (14)

Similarly, Fig. 18 shows the audio susceptibility transfer func-
tion of VCM control. To damp the double poles at 1/2 · fsw , the
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Fig. 18. Input-to-output transfer function of valley current mode controlled
Buck converter at different duty cycles.

Fig. 19. Line transient response of a constant off-time controlled Buck
converter.

external ramp varies to maintain Q = 1. It is found that the gain
of the audio susceptibility increases with the duty cycle.

In small signal sense, the constant off-time current mode
controlled Buck converter has null audio susceptibility. In large
signal sense, it also exhibits an excellent line transient response.
Fig. 19 is the line transient response of a constant off-time
controlled Buck converter with voltage loop opened. In the sim-
ulation, a 1.2-V step change is imposed to the constant off-time
controlled Buck converter with 12-V input voltage and 1.2-V
output voltage. Fig. 19 shows that during the step change of
the input voltage, the output voltage of the Buck converter is
not perturbed due to the feed-forward effect of the constant
off-time current loop. The analysis in Section III-D predicts
that the null audio susceptibility of constant off-time controlled
Buck converter. The simulation result in Fig. 19 provides evi-
dence for this conclusion. In the simulation, switching frequency
fsw≈ 300 kHz, input voltage Vin = 12 V, input voltage step
ΔVin = 1.2 V, Vo = 1.2 V, Ls = 300 nH, Co = 4.48 mF, RCo
= 0.75 mΩ, and RL = 0.1 Ω.

V. CONCLUSION

This paper compares four kinds of commonly used current
mode control schemes (peak-current control, valley-current con-
trol, constant on-time control, and constant off-time control). A
selection guideline is discussed according to the small signal
characteristics of different implementations.

1) Compared with constant frequency control, constant on-
time/off-time control can achieve wider T2 bandwidth in
D < 0.5 and D > 0.5 applications, respectively. In constant
frequency current mode controls, PCM control does not
need external ramp compensation for small duty cycles
(e.g., D < 0.3), so it is preferable to use PCM control for
small duty cycle application. Similarly, VCM control is
preferable for large duty cycle applications.

2) Variable frequency control is preferable for the converter
that must accept a wide input voltage range because the
high-frequency double poles are always on the left-half-
plane. No ramp compensation is needed so that the cur-
rent control effect is never weakened by an external ramp.
In contrast, PCM control and VCM control need exter-
nal ramp to keep the double poles on the left-half-plane.
Designing the external ramp based on the worst case
(maximum duty cycle for PCM control and minimum duty
cycle for VCM control) means overcompensation for other
operating points.

3) To achieve AVP, constant on-time control simplifies the
voltage loop finite gain compensator.

4) Constant off-time control inherently has zero audio sus-
ceptibility at any operating point. It is suitable for applica-
tions requiring perfect line-transient performance. PCM
control can also achieve zero audio susceptibility and
proper double pole damping at around 0.2 < D < 0.4.
VCM control and constant on-time control cannot have
this property. For VCM control and constant on-time con-
trol, the gain of audio susceptibility increases with duty
cycle D.
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