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Abstract—Constant ON-time control (COT) has been widely
adopted in buck converters because of its simplicity, fast transient
response, and high light-load efficiency. However, the increasing
power demands of CPUs and AI/ML engines is pushing voltage
regulators to support higher output currents, which typically re-
quires the use of multiphase operation. However, since most high-
performance COT schemes utilize ripple as a control variable, the
ripple cancellation point in multiphase designs imposes difficult
stability concerns, limiting performance, and robustness. In this
article, a novel ultrafast transient COT (UFTCOT) control scheme
is proposed to enable fast and robust operation even in multi-
phase converters. The small-signal models of the proposed control
scheme are derived based on a describing function technique,
whose theoretical results are compared, along with simulation and
measurement results, to contrast the proposed UFTCOT technique
to exiting approaches.

Index Terms—Constant ON-time (COT), describing function
(DF), fast transient, multiphase operation, small-signal modeling.

I. INTRODUCTION

THE dynamic power demands of central processing units
(CPUs) and neural network processors continue to in-

crease, putting increasing pressure on dc–dc-converting voltage
regulators (VRs) to supply a clean, low-ripple voltage at high
efficiency across a wide dynamic range of wildly varying current
loads. A representative CPU load profile is shown in Fig. 1,
illustrating that while the CPU is often in a light load condition
consuming only a few watts (or less), it does occasionally, in
the span of a few microseconds (or less), transition to a turbo
mode where it consumes a few hundred watts. As a result of this
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Fig. 1. Representative transient power demands of modern CPUs.

typical operation, VRs need to have high efficiency at light load
for idle operation, fast transient response for the short transition
between idle and turbo modes, and high current capability at high
efficiency for turbo mode power requirements. Simultaneously
being nimble to varying loads over a large dynamic range, while
keeping efficiency high and voltage regulation stable is a known
difficult challenge in the power electronics community.

One of the more popular control technique to attempt to deal
with this problem is the constant ON-time (COT) technique.
Here, the top power NMOS transistor in a buck converter is
always turned ON for a constant amount of time every cycle re-
gardless of load conditions, which is in contrast to conventional
constant frequency approaches. Under light-load operations,
COT control inherently reduces its switching frequency, hence
increasing overall conversion efficiency at such loads. For exam-
ple, the conversion efficiency of COT-controlled buck converter
can be as high as 80% at light-load compared to around 30% with
equivalent constant frequency control [1], [2]. Consequently,
COT control has been widely adopted in consumer electronic
devices.

COT-based control techniques also offer advantageous op-
eration in response to high slew rate load steps (e.g., up to
1000 A/μs) due to its high-bandwidth design achievability, and
in some cases, ultralow susceptibility to load transient. While
there are multiple COT variants [3], [4], ripple-based COT
(RBCOT) control schemes have captured the most attention due
to their simplicity and inherent high-load-transient immunity.
However, RBCOT control schemes suffer from subharmonic
oscillations if multilayer ceramic capacitors are used as output

0885-8993 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: San Diego State University. Downloaded on July 28,2021 at 23:58:48 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0001-6868-7652
https://orcid.org/0000-0002-2207-1286
https://orcid.org/0000-0002-5471-8953
https://orcid.org/0000-0003-1488-5076
mailto:brianliu.pe@gmail.com
mailto:wind19871219@gmail.com
mailto:mi@ieee.org
mailto:pmercier@ucsd.edu
https://doi.org/10.1109/TPEL.2021.3076430


LIU et al.: NOVEL ULTRAFAST TRANSIENT CONSTANT ON-TIME BUCK CONVERTER FOR MULTIPHASE OPERATION 13097
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Fig. 2. Circuit diagrams and modulation waveforms. (a) CMCOT. (b) IQCOT. (c) RBCOT.

capacitors, and hence, external ramp generators [5]–[7] are
typically required to stabilize the system, sacrificing droop and
response time to load steps.

In addition to light-load efficiency and large load step control
concerns, simply operating buck converters at high output power
is challenging. To help, multiphase operation, where power is
delivered through a network of time-interleaved inductors, can
increase the total output power capabilities while simultane-
ously leveraging the multiphase operation for reduced ripple.
However, ripple reduction can be a double-edged sword if COT
control is desired, since most COT control schemes rely on
the current/voltage ripple to achieve modulation. As a result,
multiphase COT schemes again typically require an external
ramp waveform for stable control, increasing design complexity
and sacrificing performance.

To address these issues, this article proposes a COT con-
trol scheme that combines three feedback loops, namely a
capacitor–current loop, an output voltage threshold loop, and an
output voltage regulation loop, together with a self-generated
ramp function proportional to both capacitor current and output
voltage, to achieve a fast-transient response in a manner that
is compatible with low-complexity multiphase operation. The
article is organized as follows: a review of conventional multi-
phase and COT control schemes is provided in Section II, while
the proposed circuit architecture is presented and discussed in
Section III. Small-signal models are demonstrated in Section IV,
while simulations and experimental results are provided in
Section V. Finally, Section VI concludes the article.

II. REVIEW AND ANALYSIS OF EXISTING CONTROL SCHEMES

In this section, three different multiphase control schemes
will be discussed: current-mode COT (CMCOT), inverse-charge
COT (IQCOT), and ripple-based COT (RBCOT). The small-
signal models for each approach will be derived, facilitating

direct comparison of the control-to-output transfer functions and
of the output impedances.

A. Control Laws for CMCOT, IQCOT, and RBCOT

1) Current Mode COT: The CMCOT control scheme, shown
in Fig. 2(a), possesses two feedback loops: 1) the inner loop is
the current sensing loop, converting the summed current Isum
from the two inductor phases into a voltage signal via Ri fed to
the negative terminal of the comparator; and 2) the outer loop is
a voltage feedback loop converting the error signal between the
output voltage and a reference voltage into a control voltage
Vc fed to the positive terminal of the comparator. Once the
sensed Isum ×Ri reaches Vc, the phase manager is triggered
and determines the turn-ON instance of each phase. That is, this
control utilizes the sum current ripple in modulation. However,
as shown in Fig. 2(a), the sum current ripple is eliminated at the
ripple cancellation point (i.e., when both inductors are perfectly
out of phases), and hence the modulation cannot be achieved
merely by the current ripple, leading to system instability at this
important operating point. To prevent an unstable condition and
to improve noise immunity at the ripple cancellation point, an
external ramp which is purposefully added to Vc to avoid this
issue is required under multiphase operation.

2) Inverse-Charge COT: Compared to CMCOT control, IQ-
COT control is inherently suitable for multiphase operation
because the ramp generation process is built directly into the
feedback loop design. As shown in Fig. 2(b), the control voltage
Vc is generated from error amplifier, which is then subtracted
by sensed inductor current. The voltage difference between the
control signal and the sensed current is fed into a transconductor
that generates a proportional current used to charge capacitor
Cq . Then, the voltage across Cq is fed to the positive terminal of
the comparator and compared with a constant threshold voltage
Vth,const. to determine the turn-ON instance for each phase.
Owing to the charging process in the modulation loop, the system
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can properly operate in a multiphase circuit, even when the two
inductors are operating perfectly out of phase for maximum
ripple reduction, as shown in Fig 2(b). Besides, the inverse
charge method supports better noise immunity than conventional
charge control [8].

3) Ripple-Based COT: The RBCOT control scheme is il-
lustrated in Fig. 2(c). Its modulation law is very similar to
CMCOT, in the sense that the output voltage is compared to a
reference voltage, generating an error control signalVc, to which
an external ramp signal is added prior to reaching the positive
terminal of the comparator. Unlike CMCOT, however, instead
of sensing the summed current, the output voltage is directly
driven to the negative terminal of the comparator. A major benefit
of voltage sensing is that the modulator can respond to load
transient immediately, and as a result, RBCOT can have the
best load transient response performance. However, since the
output voltage consists of the capacitor voltage ripple and the
equivalent series resistor (ESR) voltage ripple, the phase delay
issue between the capacitor voltage and the output voltage might
result in subharmonic oscillations. Moreover, similar to CMCOT
control, the interleaving operation further degrades stability due
to ripple cancellation, as shown in Fig. 2(c), which is why an
external ramp is again required to address stability concerns.

B. Control-to-Output Transfer Function

The control-to-output transfer function Gvc(s) of CMCOT
control with an external ramp is shown in (1), while the plots
can be found in [9] and [10]. From (1), it can be seen that an
additional pair of conjugate zeros and poles are introduced due
to external ramp compensation. Since Q1 = 2/π, ω1 = π/Ton,
and ω2 = π/Tsw, the frequency and Q-value of the conjugate
zeros are constant and independent of the external ramp’s slope.
In contrast, the Q-value of the additional conjugate poles vary
with the slope of the external ramp. In practice, the slope of the
external ramp should not be large in order to prevent extra low-
frequency phase drop caused by the split poles. As a result, the
complex poles and zeros can approximately cancel each other,
and thus the loop gain can be efficiently designed to achieve a
high bandwidth because only a single pole dominates. Besides,
unlike other COT-based controls (i.e., RBCOT and IQCOT)
whose conjugate poles at ω2 = π/Tsw in Gvc(s) might move to
right-half plane (RHP) because of a negative Q-value, causing
system instability, there are no stability concerns even when an
external ramp is applied in CMCOT because the Q-value of the
conjugate poles at ω2 = π/Tsw is always a positive value.

The Gvc(s) of the IQCOT control [11], described in (2), is
similar to CMCOT but without the conjugate zeros. Besides,
the quality factor Q3 at ω2 in IQCOT control is different from
the quality factor Q2 in CMCOT control, where ω2 is equal to
half-switching frequency fsw/2. Obviously, the complex pole at
fsw/2 may cause the stability issue if Q3 becomes a negative
value, and thus the stability of this control technique depends
strongly on the control stage parameters. In addition, owing to
the complex poles, there is an extreme phase drop that appears
at fsw/2. As a consequence, compared to CMCOT, the design
of the loop gain bandwidth will be limited. Yet, this control does

not require an external ramp; hence, Gvc(s) for multiphase will
have the same Gvc(s) as a single-phase design, which is a nice
benefit. Note that the plot forGvc(s) for IQCOT control is shown
in [11].

Equation (3) shows Gvc(s) of RBCOT control, and its graph-
ical illustration is shown in [5]. As can be readily seen, Gvc(s)
here is by far the most complicated one, and since it is not
easy to separate the poles and zeros, it is difficult to analyze
and design well. According to [10], if a large external ramp
is applied to this control technique, it will cause gain peaking
at both low and high frequencies, which seriously degrade the
achievable bandwidth. Conversely, a small external ramp causes
an unstable condition. Hence, a proper external ramp design
is essential in this control scheme to achieve high bandwidth
and stable performance. Generally, the external ramp design is
recommended as 2–6 times falling slope of the sensed inductor
current [10]
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C. Output Impedance of CMCOT, IQCOT, and RBCOT

The output impedance Zo(s) between CMCOT and IQCOT
control approaches are fairly similar because both of them are
current-mode-based control and affected by k2 term, where k2
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Fig. 3. Output impedance comparison for CMCOT, IQCOT, and RBCOT.

term is defined as a transfer function from the output voltage
to the inductor current. Because the inductor current can be
viewed as an ideal current source under current-mode-based
control, the output impedance will be equal to the impedance
converting the inductor current into an output voltage. Hence,
the output impedance can be obtained from the output network
and k2. Finally, the output impedance is the output network in
parallel with the negative reciprocal of k2 [12], as shown in
(4). In RBCOT control, the feedback loop is slightly different
compared to the others because the feedback signal is not a
current but a voltage. The output impedance Zo(s) is shown in
(5), where Gvc(s) is illustrated in (3).

Fig. 3 shows the frequency response of Zo(s) with different
control schemes, where the external ramp magnitude in CMCOT
and RBCOT control is set to three times the falling slope of the
sensed inductor current. From Fig. 3, it can be seen that CMCOT
and IQCOT are almost overlapped with each other, and RBCOT
is far lower than the others. Thus, RBCOT control has by far the
best load transient performance among them

Zo(s) =

(−1

k2
//

RL (RCoCos+ 1)

(RL +RCo)Cos+ 1

)
(4)

Zo(s) ≈ (Gvc(s)− 1)
RCoCos+ 1

Cos
. (5)

D. Comments

In multiphase operation, both CMCOT and IQCOT control
are easier to design than RBCOT control. However, these con-
ventional current-mode-based control schemes suffer from fairly
slow transient response due to inductor current sensing. On the
other hand, RBCOT has the best transient response capability
due to ultralow output impedance. Yet, the system design for
RBCOT is a daunting task because of the ramp compensation
required. Considering all the pros and cons in this section, a
novel COT control is proposed to simultaneously enable inherent
multiphase operation and fast transient response.

III. PROPOSED ULTRAFAST TRANSIENT COT CONTROL

SCHEME

Fig. 4 shows the circuit diagram of the proposed control
scheme for a two-phase buck converter. There are three feedback
loops at work to perform modulation:

Fig. 4. Circuit diagram of the proposed control scheme for a buck converter.

Fig. 5. Two-phase modulation waveforms under ripple cancellation point.

1) the first loop directly feeds the output voltage, which is also
noted as output-voltage-threshold voltage Vth,out, back to
the negative terminal of the comparator;

2) the second loop senses the capacitor current, converts it to
a voltage and feeds it to a subtractor; and

3) the last loop feeds the output voltage into a high-gain
compensator.

The reasons for each of these loop revisions will be discussed
in the following paragraphs.

The detailed modulation waveforms under two-phase inter-
leaving conditions are illustrated in Fig. 5. In modulation, the
control signal Vc is generated from the error between the output
voltage and the reference voltage Vref . The control signal is
then subtracted by the sensed capacitor current signal Vic. Then,
the difference will be converted into a ramp current Iramp

through a transconductor, which is used to charge capacitor CT ,
generating a ramp voltage Vramp. This ramp voltage is fed into
the positive terminal of the comparator, and thus once it reaches
the output-voltage-threshold voltage Vth,out the phase manager
is triggered, determining turn-ON instance, and a local feedback
loop is temporarily activated to purge the charge onCT , resetting
Vramp back to zero.

The quintessence of the modulation is the voltage difference
between the control voltage and sensed capacitor current used
to charge the threshold capacitor CT forming a self-generated
ramp. By providing feedback in this manner, the total charge
built up on CT in each cycle will be equal to the threshold
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Fig. 6. Modulation waveform during load step-up transient.

voltage multiplied by CT . According to the above idea, the
current ripple in the capacitor current becomes insignificant
since the control voltage Vc will adjust its value automatically
to ensure that the total charge is constant over each cycle.
One of the benefits of this charge control is that the con-
verter can naturally operate at the ripple cancellation point in
the multiphase application while maintaining normal operation
without stability concerns or the need for an external ramp
generator.

The difference between the inductor current and capacitor
current feedback loop in COT-controlled Buck converters is
extensively discussed in [13] and [14]. The literature uses
frequency-domain analyses to show that the capacitor current
sensing has a lower output impedance than the traditional induc-
tor current sensing. In the time domain, the load current equals
the inductor current minus the capacitor current. Therefore,
when a load step-up transient occurs, the extra required load
current will be provided by the capacitor since the inductor’s
current cannot change instantaneously. Instead, the capacitor
current is capable of reflecting load transient instantaneously,
which is why it is a favorable parameter to use for the pur-
poses of load regulation. This is illustrated in Fig. 6, which
shows the modulation waveform when a large load step-up
transient occurs. Immediately after the load step-up, the sensed
capacitor current Vic drops, while the control voltage Vc in-
creases simultaneously, causing the internally generated ramp
current Iramp to correspondingly increase. Then, according to
the charge equation (Q = C × V = I × T ), the time to reach
the threshold voltage becomes shorter due to a larger voltage
difference, significantly reducing response delay compared to
inductor current sensing.

To further improve performance, the proposed control uses
the output voltage as the threshold voltage instead of a con-
stant voltage. The idea is very similar to RBCOT, which uti-
lizes the feature that the output voltage changes instantly as
load transients occur. As shown in Fig. 6, immediately after a
load step-up the output voltage correspondingly drops, which
in the proposed control law lowering the threshold voltage,
further reducing charging time to reach the threshold voltage.
All in all, the load transient response is improved remark-
ably with capacitor current sensing and direct output voltage
feedback.

Fig. 7. Complete block diagram for current mode control scheme.

IV. SMALL-SIGNAL MODEL AND FREQUENCY-DOMAIN

ANALYSIS

The small-signal model (SSM) and stability criteria for the
proposed control scheme will be derived and illustrated in this
section. To simplify the derivation, a single phase condition is
considered, and it can be easily extended to multiphase through
the work in [15]. A describing function (DF) method [3], [4]
will be applied for accurate modeling because, during SSM
derivation, this approach considers the side-band components
created by modulation. The developed SSM can be accurate all
the way up to half the switching frequency.

A. Control-to-Output Transfer Function

To obtain a correct SSM, a complete current mode model can
be first illustrated in Fig. 7 according to [3], which is composed
of three blocks at work:

1) factor 1 represents the transfer function from the control
voltage vc(s) to the inductor current iL(s);

2) factor 2 represents the transfer function from the inductor
current iL(s) to the output voltage vo(s);

3) factor 3 represents the transfer function from the output
voltage vo(s) back to the inductor current iL(s).

These blocks will be derived separately in the following
paragraphs, and then the final SSM of the proposed control
scheme can be derived through Mason’s gain formula (MGF)
and Fig. 7.

To obtain an accurate factor 1 and reduce complexity during
derivation, the DF method is applied and simplified into few
steps as follows:

1) assumptions;
2) OFF-time calculation from modulation waveforms;
3) Fourier analysis of duty cycle and inductor current; and
4) DF derivation.
Step 1 (Assumptions): There are three basic assumptions

required before performing DF as follows: i) the slope of the
inductor current is constant during ON-time and OFF-time inter-
vals; ii) the amplitude of perturbation is much smaller than the
perturbed signal (i.e., Vc(t)); iii) the switching frequency fsw
and the perturbation frequency fm are commensurable.

Step 2 (OFF-Time Calculation from Modulation Waveforms):
To illustrate how the perturbation affects the modulation, the
modulation law of the proposed control scheme is first devel-
oped via Fig. 8. Here, the control voltage vc is perturbed by
a small sinusoidal perturbation with frequency fm, which can
be expressed as (6). It can be seen that the modulation points
are varied with perturbation, namely, the turn-ON and turn-
OFF instances change with the sinusoidal perturbation, where
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Fig. 8. Modulation law for the proposed control scheme.

PWM is the steady-state duty ratio; PWM′ is the duty ratio
after being perturbed; Toff(i) is the OFF-time in the ith cycle
and Toff(i) = Toff +ΔToff(i), where Toff is the steady-state
OFF-time and ΔToff(i) is the OFF-time perturbation in the ith
cycle;Ti is the accumulated time from the first end of the ON-time
to the end of the ON-time in ith cycle, which can be calculated
as: Ti = (i− 1)(Ton + Toff ) +

∑i−1
k=1 ΔToff(k).

With the modulation waveforms in place, the equation of the
inverse charge modulation is shown in (7). Then, the perturbed
control voltage (6) can be substituted into (7) to derive the OFF-
time perturbation, as shown in (8)

vc(t) = ro + r̂sin (2πfmt) , r̂ << ro (6)∫ ti+Toff(i)
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Step 3 (Fourier Analysis of Duty Cycle and Inductor Current):
According to the modulation waveforms, the perturbed duty
cycle and inductor current can be derived as (9) and (10),
respectively. Thereafter, Fourier analysis can be performed to
derive the Fourier coefficient Cm of the inductor current at the
perturbation frequency fm. By substituting (9) into (10), Cm of
the inductor current can be found as (11).

Step 4 (DF Derivation): Eventually, the perturbed off-time
(8) can be substituted into (11) to obtain factor 1, as

iL(s)
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2
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The factor 2 is the output impedance looking from the inductor
side, given by (13), which is just the output capacitor with ESR
in parallel with the output resistor

Factor2(s) =
RL (RCoCos+ 1)

(RL +RCo)Cos+ 1
. (13)

Factor 3, also known as k2, represents the effect of the output
voltage on inductor current, as the slope of inductor current
will vary with the value of the output voltage. Hence, it can
be modeled as a feedback loop. Based on the result in [3],
factor 3 can be obtained through an average derivation because
factor 3 usually affects the low-frequency behavior (i.e., the
low-frequency pole) only. The average derivation is described
as
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Now, by applying Mason’s gain formula (MGF) and padé
approximation, the control-to-output transfer function can be
derived as
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Here, sf represents the sensed falling slope of the inductor
current; Ri is the sensing gain; RL is the load resistance; Co
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Fig. 9. Capacitor current loop decomposition.

Fig. 10. Output impedance block diagram for the proposed control scheme.

and RCo are the output capacitance and ESR, respectively; CT

is the threshold capacitor for the inverse charge process; gm is
the transconductance, converting voltage difference into ramp
current Iramp; and D denotes the duty cycle.

The control-to-output transfer function, as shown in (15),
shows a low-frequency pole, two pairs of conjugate poles, an
ESR-based zero, and a dc gain of Kc. It should be noted that
the poles located at the half-switching frequency may move to
the right-half plane (RHP) if Q2 becomes negative. Thus, the
stability criteria can be expressed as

CTLs

RigmTsw
>

Ton

2
. (16)

B. Output Impedance Transfer Function

To simplify the output impedance derivation [16], the capaci-
tor current loop can be decomposed into a inductor current loop
and a load current loop based on (17), and then the equivalent
circuit can be redrawn as shown in Fig. 9. It can be noted that
the circuit is analogous to the IQCOT control scheme if the
load current loop is excluded. Thus, the output impedance of
proposed control technique can be derived based on IQCOT
control with the load current loop closed

Ic = IL − Iload. (17)

To include effects caused by the load current loop, a small-
signal current perturbation can be injected into the output termi-
nal of the Buck converter, and the equivalent block diagram is
found as Fig. 10. In the figure, the red lines are the effects of the
inductor current loop, and the blue lines are the effects of the load
current loop. If the load current loop is omitted (i.e., considering
the red lines only), the output impedance is Zo(iL)(s) since vc is
a constant value, which is zero in the small-signal analysis. Then,

the load current loop can be taken into consideration, creating
two additional paths, a forward path and a feedback path, to the
block diagram. The forward path is from the sensing network,
which directly feeds sensed load current to the modulator, while
the feedback path is from the local feedback caused by the load
resistance, which is also sensed by sensing gain Ri and fed back
to the modulator.

With the block diagram in place, the output impedance of the
proposed control technique can be derived in (18) via Fig. 10
and MGF, whereGvc(iL)(s), andZo(iL) are small-signal models
only considering the inductor current loop. The expressions for
Gvc(iL)(s) and the Zo(iL) are shown in (2) and (4), while k2 is
shown in (19)

Zo(s) ≡ vout(s)

io(s)
≈ Ri ·Gvc(iL)(s)− Zo(iL)(s)

Ri

RL
·Gvc(iL)(s)− 1

(18)

k2 = −CT

gm

2Vth,out

VinRiTon
. (19)

C. Transfer Function Comparison

In this section, both the control-to-output transfer function
and output impedance of IQCOT and the proposed control
scheme will be discussed to verify the stability and load tran-
sient response performance. Since CMCOT and IQCOT control
schemes are extensively discussed in Section II, which share
similar forms in transfer function, CMCOT can be easily ex-
tended, and therefore, CMCOT is omitted in this section.

1) Control-to-Output Transfer Function: The main differ-
ences between IQCOT and the proposed control are the threshold
voltage and current sensing, where the former adopts a constant
threshold voltage and inductor current sensing method, while
the latter control scheme employs an output-voltage-threshold
voltage and capacitor current sensing approach. To investigate
the effects of the feedback loop on the overall control of the
circuit, the control-to-output transfer function Gvc(s) should be
discussed, which is a metric for designers to evaluate stability
and design compensation circuits.
Gvc(s) of IQCOT and proposed control technique is shown

in (2) and (15) separately. The two expressions are very similar
to each other, with the main differences being the value of k2
and the quality factor at frequency ω2. According to the SSM
derivation of Gvc(s) and k2, it can be concluded that the quality
factor difference mainly comes from the difference of threshold
voltages, while k2 difference results from both current sensing
and threshold voltage differences. Also, the difference in k2
leads to different dc gain kc and the low-frequency pole ωa.
In contrast, the difference in the quality factor results in stability
concerns. That is, when the quality factor becomes negative, the
system becomes unstable.

In summary, the capacitor current sensing feedback affects
the dc gain and the low-frequency pole; on the other hand, the
output-voltage-threshold voltage affects the dc gain, the low-
frequency pole, and stability.

The bode plot of the control-to-output transfer function is
shown in Fig. 11. As shown, the dc gain and the low-frequency
pole are different in both control schemes. As for the quality
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Fig. 11. Control-to-output transfer function comparison.

Fig. 12. Output impedance comparison.

factor at ω2, if the dc value of the constant threshold voltage,
which is IQCOT’s threshold, and the output-voltage-threshold
voltage, which is UFTCOT’s threshold, are the same, the quality
factor will be the same since the only difference in the quality
factor expression is the threshold voltage. Therefore, the peaking
at fsw/2 is the same in Fig. 11.

2) Output Impedance: Apart from the loop effect on controls,
the output impedance Zo(s) is also of interest for evaluating the
load transient performance in the frequency-domain. Fig. 12
shows the impacts caused by the different feedback loops. As
illustrated in Section IV-B, capacitor current sensing can be
decomposed into inductor current feedback and load current
feedback. Fig. 12 first showsZo(s)with only the inductor current
loop closed in red solid line, which is the same as IQCOT control.
Then, when both the inductor current and load current loops are
closed, as shown in blue dashed line, Zo(s) at low frequencies
shows a ultralow impedance. This is a result from the capac-
itor current sensing, which behaves as a differentiator, reduc-
ing low-frequency impedance significantly. Finally, the orange
dashed line shows Zo(s) with all loops closed, which is Zo(s)
of proposed control technique. With additional output-voltage
threshold loop, the impedance is further reduced. Hence, the
proposed control can achieve a ultrafast load transient response.

Fig. 13. Test bench setup for the proposed control scheme.

Fig. 14. Circuit implementation.

TABLE I
EXPERIMENTAL PARAMETERS

V. EXPERIMENTAL VERIFICATION

A. Circuit Implementation and Modulation Waveform

A two-phase buck converter is implemented in this work and
designed in a way to support both a conventional IQCOT control
technique, along with the proposed UFTCOT control technique.
The test setup of the two-phase buck converter is shown in
Fig. 13. A detailed implementation of the circuit is shown in
Fig. 14, with a detailed schematic for the implementation shown
in Fig. 15, and the experimental parameters are listed in Table I.
In this article, a fully-discrete system is adopted for behavioral
and SSM verification. An on-board load is adopted to achieve
a fast load transient in order to ensure the performance of the
loop is stressed under the most difficult of conditions without

Authorized licensed use limited to: San Diego State University. Downloaded on July 28,2021 at 23:58:48 UTC from IEEE Xplore.  Restrictions apply. 



13104 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021

Fig. 15. Circuit schematic for the implementation.

the effects of ringing due to the parasitics of connecting to an
electronic load.

In the implemented circuit, owing to the limitation of discrete
components, the switching frequency is set to 300 kHz, and
a 4.7 μH inductor is chosen to ensure continuous-conduction
mode (CCM) operation at this frequency. A simple capacitor
current sensing technique is employed, which inserts a small
series resistor in the capacitor path and senses the voltage across
the resistor to simplify the implementation while verifying the
behavior. This is why there is a relatively large ESR in Table I.
There are several other more advances capacitor sensing tech-
niques that could be employed in future work [17]–[19].

Design of the control stage parameters, i.e., gm, Ri, and CT ,
is limited by available discrete components. For example, gm
needs a compromise between maximum source current capa-
bility and its transconductance to prevent output saturation. For
Ri, it requires a tradeoff between noise and circuit performance
because the series resistor method is applied. That is, a small
resistance may be sensitive to noise; on the other hand, a large
resistance deteriorates load transient performance. Here, gm and
Ri are chosen as 8 mA/V and 0.1 V/A, respectively. Finally, CT

can be designed based on Q2 in (15), where the recommended
Q2 is from 0.6 to 0.9 [20] to prevent an extra phase drop at low
frequencies resulting from a low-Q value and an excessive peak-
ing following by a high-Q value. In this work, Q2 is designed
to be 0.6 and CT is therefore around 1 nF because the other
variables, i.e., gm and Ri, are already decided.

Altogether, both power stage and control stage design will
vary depending on the implementation applied. For example, if
an integrated-circuit implementation is employed, the switching
frequency can be much higher, around 700 kHz to 1 MHz or even

(a)

(b)

Fig. 16. Multiphase operation waveform of UFTCOT.

higher; therefore, the inductor size can be reduced significantly.
Besides, an integrated current sensing technique can be used to
prevent large ESR. For the control stage design, the value of gm,
Ri, and CT will be limited by the process and topology of OTAs
and sensors adopted. Still, the control design should be based
on Q2 in (15) to ensure a stable operation.

The two-phase modulation waveforms under different duty
cycle conditions are shown in Figs. 16(a) and (b). As expected,
the converter works well even when it operates at the ripple
cancellation point where the duty cycle equals 50%, as shown
in Fig. 16(a). Fig. 16(b) shows a low duty cycle situation and
the ramp in modulation is a nonlinear ramp. It should be noted
that because of the switching noise of sensed current, Vramp

experiences discharging when Duty1,2 is turned OFF.

B. Small-Signal Model With Different Input Voltage

To validate the small-signal model proposed in Section IV, the
control-to-output transfer function is measured under different
input voltage conditions (12 and 5 V) while converting down
to 1.2 V. The measurement is performed by a lock-in amplifier,
which injects a small-signal perturbation with a dc bias to Vc

terminal while disabling the error amplifier, and then measures
the gain and phase from Vc to the output. Fig. 17(a) and (b)
present the measurement results of the control-to-output transfer
function, where the red lines are the calculation results as derived
in the previous section, while the blue lines are the measurement
results. As shown, the measurement results are well-matched
with the calculation results for frequencies below fsw/2.
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(a) (a)

Fig. 17. Control-to-output transfer function results. (a) 12–1.2V (b) 5V–1.2V.

Fig. 18. Loop gain for transient comparison.

C. Load Transient Response Comparison

The most significant benefit of the proposed control scheme
is fast load transient response. To examine its transient perfor-
mance, the following test conditions are employed: the input
voltage is 12 V, the output voltage 1.2 V, and the output current
changes from 1 to 6 A. As aforementioned, the load transient
is achieved by an on-board transient tool whose slew rate is as
high as 50 A/μs to ensure the controller is properly stressed. Note
that to have a fair comparison, a PI compensator is applied to
make both controls have similar crossover frequency and phase
margin. The calculation result is shown in Fig. 18, where the
crossover frequency is around 15 kHz and the phase margin is
around 75◦.

A dynamic load transient with different frequencies is per-
formed, and the results are shown in Fig. 19. When the dynamic
frequency is 100 Hz, both the proposed control scheme and
IQCOT control can regulate the output voltage at 1.2 V, but

(a) (b)

(c) (d)

Fig. 19. Dynamic load transient response. (a) IQCOT control @ 100 Hz.
(b) Proposed control @ 100 Hz. (c) IQCOT control @ 1 kHz. (d) Proposed
control @ 1 kHz.

the response time of the proposed control is clearly faster than
the IQCOT control. Then, as the dynamic frequency is further
increased to 1 kHz, the IQCOT control is no longer capable
of output voltage regulation, as shown in Fig. 19(c). On the
contrary, the proposed control still regulates the output voltage
easily, as shown in Fig. 19(d), due to its superior transient
performance.

To better quantify the performance, the zoomed-in load tran-
sient responses are shown in Fig. 20. Fig. 20(a) shows the
transient response of the IQCOT control, whose voltage drop
is 102 mV, response time is 6 μs, and settles after 600 μs. On the
other hand, for the proposed control, the voltage drop is 53 mV,
the response time is 1 μs, and it settles within 20 μs, as shown in
Fig. 20(b). Moreover, Vth,out in Fig. 20(b) shows a nonconstant
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(a)

(b)

Fig. 20. Load transient response comparison with different control scheme.
(a) IQCOT control scheme (b) Proposed control scheme.

threshold voltage during load transients, which is the same as
the transient illustration in Fig. 6. Also, it should be noted that
because of the internal resistance of the discharge switch, the
discharging rate is limited and, hence, Vramp in Fig. 20(b) is
not reset to zero in the process of load transient. Clearly, the
proposed control scheme is far faster than the IQCOT control
scheme.

VI. CONCLUSION

An ultrafast transient constant on-time (UFTCOT) control is
proposed in this article to improve load transient performance
while enabling simple multiphase operation. Due to the capaci-
tor current feedback and output voltage threshold, the response
time of UFTCOT is 6× faster than IQCOT control. Impor-
tantly, thanks to the built-in charging modulation, the instability
issue in multiphase operation is readily addressed. Moreover,
the small-signal models for UFTCOT control are also derived,
providing system design guidelines and verifying its transient
performance. Finally, a series of experiments are performed to
validate the proposed methods.
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