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Abstract—These days, constant on-time current mode
(COTCM) control scheme is widely used in the voltage regulator
(VR) controllers because it has a higher light-load efficiency and a
higher BW design capability while maintaining a simpler compen-
sation requirement. One issue plaguing the COTCM control is its
slow transient response which is caused by its fixed TON operation.
During the heavy-load step-up transient, the duty cycle becomes
saturated and the inductor current increment becomes limited by
TON and the minimum off time (TOFF M IN ) ratio, which can cre-
ate a large undershoot at load step up. On the other hand, in the
load step-down case, if the load step down occurs at the beginning
of TON , a large overshoot can be created at the output. To solve this
issue, this paper presents a method designed to increase the TON at
load step up and then very quickly, decrease at load step down in or-
der to reduce the undershoot and overshoot at output or otherwise
save the output capacitor. In this proposed method, the increase
or decrease of TON is proportional to the output change which
eliminates the chance of any overcorrection or ring-back problem
unlike the methods presented in prior forums. This feature enables
the control to work seamlessly in a high-frequency load repetitive
case in VR applications. Since this TON change occurs only in the
transient period when duty cycle is saturated, it does not affect the
small-signal property of the COT control. Moreover, the proposed
methods are very much compatible with the state-of-the-art single
and multiphase COT control structures. Simulation and test re-
sults in both single and multiphase operations are also presented
in the paper to verify the proposed concept.

Index Terms—Adaptive on-time (AOT), constant on-time, TON
extension, TON reduction, transient response.

I. INTRODUCTION

CONSTANT on-time control [1] is widely used for the
voltage regulator (VR) applications because it has better

light-load efficiency and a high-bandwidth design capability [2].
This allows us to design the control bandwidth very high in order
to achieve a faster transient response. Furthermore, constant
on-time control also has a smaller switching delay than peak
current mode (PCM) control because of PCM control’s fixed-
frequency operation [3]. However, in today’s world, to support
the latest high-performance microprocessors and memory cards,
their VRs often need to supply high-load current with a very
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Fig. 1. Load step-up transient problem.

high slew rate (up to 1000 A/µs) [4], which, as a result, urges a
constant transient performance improvement in today’s controls.
Though widely used, COTCM control has some limitations in
its load step-up and load step-down transient responses. While a
fast and large load step up is applied, as shown in Fig. 1, inductor
current cannot immediately increase. Therefore, until inductor
current (IL ) can reach load current (ILOAD ), energy demanded
by load is supplied from the output capacitor which creates an
undershoot at the output. Clearly, longer the inductor current
will take to catch the stepped up load, the larger the undershoot
will be. Microprocessor VR requires finite output impedance
which makes the Vo to decrease with load current increment
[4]. Their compensator design is basically a proportional gain
(K) compensator to achieve adaptive voltage positioning (AVP)
[5] with high-frequency pole for switching ripple attenuation.
For this reason, when VO drops very quickly at load step-up
transient, VC also goes up very quickly (shown in Fig. 1). As
a result, VC becomes higher than the inductor current sense
voltage VIL and this makes the general control law ineffective as
the triggering of TON cannot start with VC and VIL intersection
any more. Instead a new TON is generated after the minimum
off time (TOFF MIN ). From Fig. 1, it can be seen that inductor
current increment is limited by the length of TON and TOFF MIN .
If TON and TOFF MIN become comparable, a large undershoot
can occur at the output.

On the other hand, for a given power stage at the load step-
down case, overshoot can be very large if load release occurs
at the beginning of the TON , which is shown in Fig. 2. Here, it
shows that a load step down occurs at the beginning of the second
pulse and the inductor current is expected to start decreasing
right at that point However, because of the fixed TON time, IL

keeps increasing till TON expires and this extra inductor energy
will be dumped in the output capacitor, and, hence, will create
an overshoot at the output. It is easily understood that the value
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Fig. 2. Load step-down transient problem.

of the overshoot will be higher for a larger TON if the load step
down happens at the beginning of the TON .

Furthermore, constant on-time control suffers from the vari-
ation of the switching frequency (fSW ) with the duty cycle
change. To solve this problem of variable-switching frequency,
constant on time with adaptive on-time (AOT) control [6] is
nowadays widely used in the VR industry. Basically, the AOT
control structure is the same as the COT structure except that
TON is not constant at steady state over the duty cycle range
anymore. In AOT control, ideally, if TON is changed with duty
cycle D (i.e., VIN and VREF ) at a steady-state condition, the
operating frequency will be constant over the whole duty cycle
range. It can now easily be understood that instead of the switch-
ing frequency, TON of the converter will change with duty cycle.
From the transient response point of view, the problem with this
AOT control is that TON might become very small at the small
duty cycle and become comparable to the minimum off time of
the system. Therefore, the load step up at the low duty cycle
operation may create a large undershoot at VO . On the other
hand, during the high duty cycle, TON can become very large
and overshoot can be at its worst if the load step down occurs at
the beginning of the TON period.

To improve the transient response in a buck converter, many
attempts have been made so far. One method is inductor stepping
or switching to increase or decrease the inductor current slope at
transient instance, as shown in [7]. Another method is “capaci-
tor charge balance,” [8] which is a very good direct method of
charging or discharging the output capacitor at transient instance
and has good dynamic performance. However, although these
variable structure controls can improve the transient by chang-
ing the inductor or injecting current in the capacitor, they also
make the structure more space consuming and complex, and,
hence, reduce power density of the converter. Today’s VRs’
power density requirements are increasing high and cannot ef-
fort additional inductors or/and switches most of the cases. In
that case, improving control techniques in a simple way might
be the only effective and practical solution for most of the VR
applications. From control point of view, some literature impro-
vised on sliding-mode control [9], which shows good dynamic
improvements in the buck converter, but from implementation
point of view, it mostly require complex digital control which
is more complex and expensive than analog solutions. Among
the analog solution, these days COTCM control is very popular
for VR applications, and, therefore, some attempts have previ-
ously been made to improve the transient response limitations
in the COTCM control. Patent US20040257056 [10] proposed

Fig. 3. Overcorrection of Vo for conventional TON extension.

Fig. 4. Load transient overshoot problem for Vo overcorrection at load repet-
itive case.

a method to replace the regular TON pulses with a longer pulse
when the output goes below the regulation point and the length
of the longer pulse is equal to the time when output stays out
of regulation. A similar concept is proposed in [11] for a multi-
phase operation. One problem with this method is that the over
correction of VO might cause too long of a pulse causing the
inductor current to become too large and create a ring back at the
output voltage. Another concept is to replace the regular TON by
a predefined larger TON when undershoot occurs at load tran-
sient. This concept is presented in Patent US20130314060 [12]
where output of the compensator (which compares output volt-
age with reference voltage) goes above the regulation point and
the regular TON pulse is replaced by a predefined larger TON .
Maxim integrated proposed the “extended TON” feature which
is demonstrated in their controller IC [13] where TON doubles
when a heavy undershoot occurs. Richtek also demonstrated
a similar kind of idea in their multiphase VR controller [14].
In their control, when output goes below a certain predefined
threshold voltage then all the phases turn on together and TON
also becomes extended to a predefined value fixed by the user.
In the VR applications, the load step and load slew rate both
can vary a wide range depending of the CPU load demand. The
disadvantage of this type of predefined threshold and predefined
TON extension is the occurrence of “ring back” or overcorrec-
tion at VO ; for instance, if undershoot is not very large and just
crossed the threshold marginally to turn on the TON extension,
then there is a chance of a ring back in the output voltage, as
shown in Fig. 3. It is also very difficult to determine the proper
value of the threshold which will be appropriate for all value
load and slew rate. For the high-frequency load repetitive case,
load step down can occur very quickly after load step up. In
that case, as shown in Fig. 4, VO overshoot will be larger and it
might cross the overshoot limit. That is why the “ring back” in
VO is dangerous for these VR applications.
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Fig. 5. Review the cause of Vo undershoot at load step up.

This paper proposes a method where TON extension is not
fixed, but rather adaptive, with the requirement of the output
voltage undershoot, and, hence, eliminates the chance of any
overcorrection or ring-back problem. This paper also proposes
to reduce undershoot and overshoot together while all prior re-
search has tried to reduce undershoot only. The organization
of the paper is as follows. Limitations in transient response for
both load step up and down in conventional constant on-time
control and the state-of-art solutions are discussed in Section I.
Section II presents the concept and implementations of the pro-
posed “fast adaptive on-time (FastAOT)” control to improve the
transient response, while Section III shows analytical calcula-
tions and design guidelines for the proposed control. Experimen-
tal test results to show the transient performance improvement
using this proposed method are presented in Section IV, and,
finally, the conclusion is given in Section V.

II. PROPOSED “FASTAOT” CONTROL

A. Concept of the Proposed “FastAOT” Control

The concept of achieving the best optimized transient perfor-
mance is to initiate the TON increase/decrease as quickly as pos-
sible after the load transient to reduce the undershoot/overshoot
and also to release the TON extension at the right time to
avoid any overcorrection. This paper proposes a method called
“FastAOT” control which basically uses the derivative (dV/dt)
of the VO to increase or decrease the on time (TON ) immediately
after load step up or load step down to reduce the undershoot
or overshoot. Since dVO /dt produces a very fast detection,
the VO undershoot or overshoot at transient, as proposed in the
“FastAOT” method, can initiate increase or decrease TON very
quickly, thus reducing significant undershoot or overshoot at the
output.

To achieve the proper TON extension in load step-up tran-
sient without any overcorrection problem, it is imperative to
release the TON extension at the right time. For a better un-
derstanding of this transient response phenomenon at load step
up, a typical undershoot case is shown in Fig. 5. Since inductor
current (IL ) is smaller than load current (ILOAD ) before the
time instant tx , the energy required by ILOAD is taken from
output capacitor, thus causing the output voltage (VO ) to drop.
When IL becomes equal to ILOAD , VO becomes flat (where
dVo/dt = 0). When IL becomes higher than ILOAD , then VO

starts increasing as (IL − ILOAD ) the current is charging the

Fig. 6. Concept of the proposed “FastAOT” control.

Fig. 7. Basic working principle of the proposed “FastAOT” control.

output capacitor. Therefore, in order to achieve the objective of
having the best optimized transient performance without any
overcorrection, TON should be extended up to tx point (where
IL < ILOAD ) so as to reduce undershoot and stop the TON ex-
tension at tx to avoid any overcorrection; after tx , IL is already
higher than ILOAD . As proposed, the “FastAOT” method uses
dVo/dt to terminate the TON extension, which detects the valley
of VO (where dVo/dt = 0) and eliminates any chance of over-
correction at the Vo , thus producing a very fast and optimized
transient response for COT control.

Fig. 6 shows the basic concept of the proposed method where
the dV/dt block is used to create the derivative of the output
voltage, called VFAOT . The FAOT signal is inserted into the
TON generator block to increase or decrease the TON to reduce
undershoot or overshoot. From Fig. 7, it is obvious that VO

starts decreasing right after load step up at t1 , and continues to
decrease until the t2 point, where IL becomes equal to ILoad
and starts increasing after t2 . Since dVo/dt is equal to zero at
t2 , TON extension by using dVo/dt information will produce the
maximum TON extension without encountering any ring-back
issues. On the other hand, at the load step-down case, dVo/dt can
detect the VO change very quickly to truncate TON , and, thus,
can produce a significant VO overshoot reduction. Hence, it can
be stated that the proposed “FastAOT” control can produce fast
and optimized transient response for constant on-time control.

B. Implementations of the Proposed FastAOT Control

The proposed “FastAOT” method is implemented with a con-
ventional AOT control with Vin and Vref sensing to change the
TON in TON generator block. Implementation of the proposed
“FastAOT” method can be divided into two major steps. The
first step is to create the FAOT signal by using the “Proposed
FastAOT” block, while the second step is to use the FAOT signal
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Fig. 8. Implementation for the proposed “FastAOT” control method—1.

Fig. 9. Implementation for the proposed “FastAOT” control method—2.

to modify TON in “TON Gen” block. Figs. 8 and 9 show two
proposed implementations methods of the FastAOT concept. In
both cases, “FastAOT” block is separated into two blocks—
“transient detector” and “ripple eliminator.” Methods 1 and 2
basically use the same “transient detector” block but the “rip-
ple eliminator” and the TON pulse modification in the “TON
Gen” block are different. “Transient detector” is a bandpass fil-
ter which detects the change of Vo at transient to change TON
using dV/dt of the Vo , but at the same time, the dV/dt of
steady-state Vo ripple is also produced and may create jittering
at the duty cycle. Hence, a “ripple eliminator” block is added, to
eliminate the dV/dt of steady-state Vo ripple. “Transient detec-
tor” block design is a critical factor here. If a conventional differ-
entiator is used in “transient detector” block, the dV/dt of the Vo

Fig. 10. Load step-up waveforms in the proposed implementation method—1.

switching ripple may still be very high to eliminate. Detailed
design guidelines for the bandpass filter and ripple eliminator
are given in the next chapter.

In this paper, examples of both methods are given using the
dV/dt of Vo . The FAOT signal can also be created by using
a dv/dt of the compensator output Vc . In comparison with Vo ,
VC has less switching ripple noise than Vo , which is easier
when using dV/dt but at the same time, it might be slower than
VO (depending on the compensator design) which delays the
response. Since VC is the opposite polarity of Vo , if the dVc/dt
is used, then it needs to be inverted before inserting it into the
TON generator block.

1) Details of Implementation Method—1: The load step-up
response waveforms of COT control with the proposed circuit
are shown in Fig. 12. When load step up occurs, Vo drop because
of AVP design, as seen in curve (a) in Fig. 10. Then, the bandpass
filter passes only the high-frequency part of the Vo undershoot
and increases its output VFLT , as shown in curve (b) in Fig. 10.
Then, in the next stage, an emitter follower is used to block the
high-frequency switching ripple at VFLT , shown in curve (c) in
Fig. 10, where it is seen that the red band of VFLT around zero
in curve (b) does not exist in VFAOT in curve (c). In this way,
only the peak that is created in VFLT by the Vout undershoot will
pass through this stage and will be seen at the emitter follower
output VFAOT node. Then, VFAOT is used as the reference for
the AOT generator circuit inside the green box, and, thus, peak at
the VFAOT node will increase TON according to the undershoot
magnitude, as shown in curve (c) and (d) in Fig. 10.

In the load step-down case, when the bandpass filter in pro-
posed, the “FastAOT” circuit detects any overshoot from the
output of the converter, filters output, and VFLT goes down
very quickly. Then, this signal is compared with predetermined
threshold, like 80% of Vref is set, for example, to generate logic
VOS which eventually combined with TON using AND logic
to expire TON immediately and reduce overshoot at output. In
Fig. 11, the waveforms at the load step-down condition are
shown. We can also observe that at the end of overshoot when
VO comes close to the regulation point, the on-time extension
occurs as well. This TON extension helps us to eliminate the
chance of any undershoot after the overshoot.

a) Optimization of method—1 for single step response at
load step-up transient: The proposed method can achieve the
fastest response from light load to high load in one step, as
shown in Fig. 12(a) and (b), where the indictor current can
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Fig. 11. Load step-down waveforms in the proposed implementation
method—1.

Fig. 12. Optimized “FastAOT” method—1 for single step response at load
step up (a) 5–30 A. (b) 5–20 A.

reach from initial value to final value in one step. We can also
see that there is no overcorrection as TON extension ends up
with dVo/dt. To achieve this singe step response, voltage gain
(Av) between VFLT and VR signal needs to be very high. This
will make the VFAOT signal very high at transient and TON will
be able to extend till the transient ends, as shown in Fig. 12.
Fig. 12(a) and (b) shows that single step response can be
achieved smoothly in different load steps.

2) Details of Implementation Method—2: Another imple-
mentation of the proposed “FastAOT” is presented in Fig. 9,
where the ramp generating current in the TON generator
(IRAMP ) is controlled to increase or decrease the on time, TON .
In Fig. 9, the proposed circuit is shown inside the red box, while
the circuit implementation of TON generator is shown inside
the green box. In this method, after detecting the undershoot or
overshoot at the output voltage, the bandpass filter produces sig-
nal VFLT in the same way implementation—1 (same “transient
detector” block). Then, this VFLT voltage signal is converted

Fig. 13. Load step-up waveforms for implementation method—2.

Fig. 14. Load step-down waveforms for implementation method—2.

into a current by using the transconductance (GM ) amplifiers.
The waveforms for the undershoot and overshoot case are shown
in Figs. 13 and 14. In the load step-up case in Fig. 13, when
VFLT crosses a predefined threshold voltage (i.e., 1.2 VREF ),
transconductance amplifier GM 1 generates a pulling down cur-
rent (IFAOT US ) which is subtracted from the ramp generating
current (IRAMP ) in the TON generator circuit. This will reduce
the cap charging current ICAP which will reduce the slope of
the VCAP . Hence, it will increase the on time (TON ) in the TON
generator circuit.

A load step-down case is shown in Fig. 14, where we can see
that when the bandpass filter detects an overshoot in the output,
the filter output VFLT falls immediately and a push up current is
generated in GM 2 when VFLT cross 0.8 Vref (predefined thresh-
old in this example). This current will be added with the original
ramp generating current (IRAMP ) in the TON generator block
and increase the ramp in the VCAP (shown by the red circle in
Fig. 14) immediately to end the on time without any delay. In
this way, TON is truncated right after an overshoot has occurred
at the output to reduce the overshoot amplitude.

a) Optimization of method—2 for single step response at
load step-up transient: In the proposed “FastAOT” method,
the TON extension can be controlled by modifying the tran-
sonductance gain (GM ) of the two operational tranconductance
amplifiers. In Fig. 15, the key waveforms of the load step-up
transient are shown with a higher GM1 value where it can be
clearly seen that after transient occurs, ICAP starts decreasing
and becomes zero. Then, the VCAP also stops increasing and be-
comes flat. When VFLT starts decreasing, ICAP and VCAP also
start increasing and at some point touch VID to end TON . In the
implementation of method—2, if a very high GM 1 is used, then
IFAOT US will be very large immediately after transient occurs
and the cap charging current (ICAP ) will be zero or negative.
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Fig. 15. Single step response at load step up in the proposed implementation
method—2 for “FastAOT” control.

Fig. 16. Bandpass filter and its gain curve with high-and low-cutoff
frequencies.

For proper operation, ICAP needs to be clamp to zero to avoid
the cap discharging as IFAOT US is very large. When ICAP will
be zero, it will stop charging the cap and VCAP will also be
flat at that time, and, hence, will increase the TON in the TON
generator circuit to achieve single step response. Fig. 15 shows
the example of increasing the IL in one step in method—2 at
load step-up transient using optimized TON extension without
any overcorrection.

III. DESIGN GUIDELINE AND PERFORMANCE ANALYSIS

A. Design Guideline for “Transient Detector” and “Ripple
Eliminator” Blocks

The “transient detector” block in the proposed “FastAOT”
method is a bandpass filter, which allows the undershoot or the
overshoot part of the output signal to pass to the next stage.
From the bandpass design point of view, the objective is to
maximize the pass band for the bandpass filter, but there are
some limitations in maximizing this pass band. The structure of
the bandpass filter and lower and higher frequency cutoff points
in a bandpass filter gain curve are shown in Fig. 16.

1) Design Guideline for Setting the Higher Cutoff Frequency
fH : According to expression of higher cutoff frequency (fH ),
it can be set by selecting R2 and C2 values. There is a tradeoff
in setting fH . From a design point of view fH is desired to be
set at as high a frequency as possible in order to maximize the
bandwidth of the filter. However, the problem is that the output
ripple at the switching frequency will also be amplified to a very
large value and will be very difficult to eliminate. Therefore, fH

cannot be set very high. On the other hand, if fH is set at very
low frequency, gain for the required frequency to increase the
undershoot or overshoot part of the output signal will not be
high enough to increase TON significantly.

Fig. 17. Gain curve for bandpass filter with different value for C2 .

Fig. 18. Vo undershoot with filter output (VFLT ) for different value for C2 .

Fig. 19. Gain curve for bandpass filter with different value for C1 .

In Fig. 17, using the SIMPLIS simulator, simulation of gain
curve for filter output VFLT is given for different values of C2
like 2, 20, and 200 pF with R2 = 20 kΩ, R1 = 100 Ω, and
C1 = 50 nF, while corresponding transient simulation results
of filter output VFLT for certain Vo undershoot are shown in
Fig. 18. It can clearly be observed that the green curve with
C2 = 20 pF is preferable than the other two choices as it has a
high enough bandwidth to capture the undershoot properly with
a reasonably lower ripple value shown in Fig. 18.

2) Design Guideline for Setting the Lower Cutoff frequency
fL : The lower cutoff frequency fL can be set by selecting the
capacitor C1 and resistance R1 in the bandpass filter. Increasing
the value for the C1 , the fL will move left toward the lower
frequency and will increase the bandwidth of the bandpass fil-
ter. Hence, it is definitely desirable to set the value of C1 as
high as possible, but increasing the C1 value has some bound-
aries. In Fig. 19, the output of the filter VFLT has been plotted
for the C1 value = 20, 50, and 100 nF, while R1 = 100Ω with
R2 = 20 kΩ and C2 = 20 pF. It can be seen in Fig. 20 that am-
plitude of the filter output is increasing with a higher value of
C1 , but at the same time because of the higher gain at the
lower frequency, the settling time for the peak of VFLT has
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Fig. 20. Vo undershoot with filter output (VFLT ) for different value for C1 .

been increased. This may keep the TON extension even after the
undershoot is over which is not desirable. The second problem
with increasing C1 too much is that it will take more space in the
board or IC. Therefore, from Fig. 20, it is clearly evident that the
proper choice to set the value for C1 will be some value between
20 and 50 nF considering other elements’ value constant.

3) Design Guideline for Ripple Eliminator Block: After de-
signing the bandpass filter properly, there should be a small
enough ripple which can be easily eliminated in the ripple elim-
inator stage. In method—1, if the ripple amplitude is less than
VBE , then they can be easily eliminated. If this ripple amplitude
is more than VBE but less than 2VBE , then two cascaded tran-
sistors can be used to eliminate the ripple. For method—2, it is
even easier. The threshold voltages in Op-Amp GM 1 and GM 2
need to be adjusted to eliminate the ripple, depending on the rip-
ple amplitude at filter output VFLT . For example, if GM 1 /GM 2
gain is set high for single step response, then ripple will also
be high unless higher order bandpass filter is used. In that case,
threshold voltages in “ripple eliminator” block also need to be
set higher.

B. Analytical Calculation for Transient Performance
Improvement in “FastAOT” Control

In this section, the analytical expression for output voltage
droop for the converter is derived and by using that equation,
it is also determined how much the capacitor can be saved by
using the proposed method. Then, these calculations are also
verified by simulation results.

B. 1) Load Step-Up Case: The equation for output voltage
droop for a given load step-up case and output capacitor is given
as

ΔVo =
ΔI2

o × (Ton + Toff min) × L

2Co × [VinTon − Vo(Ton + Toff min)]
. (1)

Here, ΔIo = load step, TOFF MIN = minimum off time
required, and Co = output capacitor. Now, the proposed “Fas-
tAOT” control can improve the transient by a single step re-
sponse where one large TON can make the inductor current
reach from initial load to final load level in a single step, in
which case TOFF MIN will be zero. In that case, equation for VO

droop will be

ΔVo FAOT =
ΔI2

o × L

2Co × (Vin − Vo)
. (2)

Fig. 21. Simulation results of load step-up transient without “FastAOT”
control.

Fig. 22. Simulation results of load step-up transient for single step response
with “FastAOT” control.

The proposed “FastAOT” method is simulated in a sin-
gle phase VR platform [16] with AOT control with Vin
and Vout sense using SIMPLIS simulator. The simulation
condition is Vin = 5.2 V, VO = 1.8 V, RLL = 1.5 mΩ,
Co = 25 × 22 µF (Ceramic), ΔILOAD = 20 A, slew rate =
800 A/µs, TON = 432 ns, TOFF MIN = 100 ns, and fsw =
800 kHz. In Figs. 21 and 22, we see the comparison of under-
shoot at VO without and with the proposed “FastAOT” method
where it is clearly seen that in Fig. 22 gate signal D is immedi-
ately increased by “FastAOT” method right after the undershoot
occurs and enables the inductor current IL to catch ILOAD very
quickly compared to Fig. 21. This action eventually causes a
smaller undershoot in Fig. 22 than the undershoot in Fig. 21
where TON was constant at transient period. The VO droop in
Fig. 21 can be calculated from (1), where we can see that at tran-
sient VO droop is approximately 50 mV, while the steady-state
error is 30 mV because of AVP. The VO droop is calculated by
using (1) which also is almost 50 mV. By using (2), we can also
found the droop for a single step response which is 30 mV.

To calculate the cap saving by “FastAOT,” we need to calcu-
late how much cap will be needed to achieve a similar perfor-
mance. To calculate that we can use following equation:

Co =
ΔI2

o × (Ton + Toff min) × L

2ΔVo × [VinTon − Vo (Ton + Toff min)]
. (3)

To achieve the same droop as with the “FastAOT” method,
which is 30 mV, we find that the required capacitor will be 800
µF by using (3). Therefore, it can be said that capacitor savings
will be

800 µF − 550 µF
550 µF

= 45%.

2) Load step-down case: In Fig. 23, load is released at the
beginning of a TON in the gate signal D and inductor current IL

keeps increasing because of fixed TON . This creates additional
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Fig. 23. Load step-down transient performance without “FastAOT” control.

Fig. 24. Load step-down transient performance with “FastAOT” control.

Fig. 25. Simulation results of load step-down transient performance without
“FastAOT” control.

charge Q1 in output capacitor which increases the overshot at the
output. Fig. 24 shows that if the control can immediately truncate
the TON right after load step down, only Q2 charge will create
overshoot as Q1 is negligible compared to Q2 , which eventually
will reduce overshoot. Equation (4) gives the expression for
overshoot voltage at output for conventional constant on-time
control, while (5) shows the case for the proposed “FastAOT”
control. Clearly, overshoot in (5) is smaller as Q2 needs to be
discharged instead of (Q1 + Q2)

ΔVo =
1
Co

(Q1 + Q2) ≈ 1
Co

(
ΔIo .Ton +

ΔI2
o .L

2Vo

)
(4)

ΔVo FAOT ≈ Q2

Co
≈ 1

Co

(
ΔI2

o .L

2Vo

)
. (5)

To verify the load step-down case, the proposed “FastAOT”
method is simulated in a single-phase VR platform using SIM-
PLIS simulator with same setup as load step-up case. In Fig. 25,
load is released at the beginning of a TON in the gate signal D
which aggravates the overshoot at Vout . This extra amount of
overshoot can be cancelled if TON can be expired right at the
time of load release. This is done at Fig. 26 using the proposed
“FastAOT” circuit. Comparing Figs. 25 and 26, we can clearly
see that in Fig. 26, the gate signal D expires right after load step
down, and, hence, produce a smaller overshoot. The simulation
condition is same as load step-up simulation. Putting the exper-
imental setup values in (4), overshoot is found 88.5 mV which
is same as simulation results in Fig. 25. In the simulation result

Fig. 26. Simulation results of load step-down transient performance with
“FastAOT” control.

Fig. 27. Output undershoot at load step up without FastAOT control in single-
phase operation.

Fig. 28. Output undershoot at load step up with larger TON from “FastAOT”
control in single-phase operation.

with “FastAOT” method, in Fig. 26, overshoot voltage reduced
to approximately 60 mV. Hence, a 20-mV overshoot reduction
has been achieved by the proposed “FastAOT” control. How-
ever, for higher duty cycle operation, Q1/Q2 ratio will be higher
and will produce larger overshoot reduction in the system.

IV. EXPERIMENTAL VERIFICATION

In this section, the concept of “FastAOT” has been veri-
fied with experimental test results. As parasitic model for CPU
socket is a significant part in load transient aspect in VR ap-
plications [16], the proposed method needed to be tested in a
commercial VR platform. Therefore, to demonstrate the effec-
tiveness of the TON modification by the proposed “FastAOT”
concept, an experiment has been done by adding a “FastAOT”
implementation method—1 circuit into a commercial VR eval-
uation board TPS51650 [15] through its VBAT pin. The test
results for single-phase operation are shown in Figs. 27 and 28,
where test condition is Vin = 12 V, Vout = 1.05 V, switching
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Fig. 29. Output undershoot at load step up without FastAOT control in two-
phase operation.

Fig. 30. Output undershoot at load step up with larger TON from “FastAOT”
control in two-phase operation.

Fig. 31. Output overshoot at load step down without FastAOT control.

frequency = 600 kHz, L = 360 nH, Co_bulk = 470 µF and
Co_cer = 12 × 22 µF with load step ΔILOAD = 17 A. It is
clearly evident that in Fig. 28 where constant on time is used
without the “FastAOT” method has a voltage undershoot which
is eliminated in Fig. 28 where TON is extended by using the
proposed “FastAOT” method.

To demonstrate the transient response improvement in the
multiphase operation by the proposed “FastAOT” method, the
same evaluation board TPS59650 is used. In the evaluation
board, a two-phase operation is selected with the same test con-
ditions as the single-phase operation except that the load step is
ΔILOAD = 35 A in this case. A load step-up response without
a proposed method is given in Fig. 29 where a 105-mV output
voltage droop is seen, while the steady-state output voltage is
different because of finite output impedance of VR application
ΔVout = 70 mV. Therefore, the transient undershoot is 35 mV.
In Fig. 30, the same output voltage is seen with the proposed
“FastAOT” method where VO droop is 90 mV which means
that the undershoot is reduced to 20 from 35 mV in the previous
case.

One limitation of using the controller in TPS59650EVM
is—in these two experiments as the VBAT pin of the controller
is used to increase TON , instead of modifying the TON generator

Fig. 32. Output overshoot at load step down with shorter TON from “Fas-
tAOT” control.

block in the controller. The TON extension is somewhat limited
by a slow response in the VBAT pin in that case, but when
this concept will be implemented in the IC level design of TON
generator, maximum benefit of “FastAOT” will be achieved.

For load step-down case, a ΔILOAD = 25 A is given with
same setup in EVM59650_GPU power stage where duty cy-
cle is modified by the proposed “FastAOT” control circuit. In
both cases, load step instances are tried to be kept as simi-
lar as possible to compare the effect of the proposed control.
In comparison to Fig. 31, Fig. 32 shows a 25 mV (65–40 mV)
overshoot reduction by TON truncation using “FastAOT” control
at load step down.

V. CONCLUSION

This paper proposes a method called “FastAOT” control that
increases and/or decreases the on time (TON ) immediately af-
ter load step up and/or load step down in order to reduce the
output voltage undershoot and/or overshoot in constant on-time
control. The main features and advantages of this proposed
method are the following. 1) It can reduce both undershoot and
the overshoot by changing TON by using one simple circuit.
2) In the proposed method, the change of TON is proportional
to the output change, which eliminates the chance of ringing
back problems, while previous works suffer from the chance
of ring back with a predefined threshold and predefined TON
increment. 3) As proposed method changes TON only at tran-
sient period and blocks any noise at steady state using “ripple
eliminator” block, it does not affect the small-signal property
of constant on-time control. 4) The proposed circuit can work
with the state-of-the-art implementation of constant on time or
constant on time with AOT control methods in both single and
multiphase operations to improve their transient performance.
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of Puerto Rico-Mayagüez—and more than 80 industry members. The Center’s
vision is “to provide leadership through global collaboration to create electric
power processing systems of the highest value to society.” Over the ten-year
NSF ERC Program, CPES has been cited as a model ERC for its industrial
collaboration and technology transfer, as well as education and outreach pro-
grams. He holds 69 U.S. patents and has published 238 journal articles and
more than 596 refereed technical papers. During his tenure with Virginia Tech,
he has supervised to completion 71 Ph.D. and 80 Master’s students. His research
interests include high-frequency power conversion, distributed power systems,
renewable energy, power quality, high-density electronics packaging and inte-
gration, and modeling and control.

Dr. Lee received the William E. Newell Power Electronics Award in 1989, the
Arthur E. Fury Award for Leadership and Innovation in Advancing Power Elec-
tronic Systems Technology in 1998, and the Ernst-Blickle Award for achieve-
ment in the field of power electronics in 2005. He has served as the President of
the IEEE Power Electronics Society from 1993 to 1994. He was named to the
National Academy of Engineering in 2011.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


