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ABSTRACT Subharmonic oscillation stands as a critical concern in the context of ripple-based constant-
on-time (COT) controllers. While this issue can be mitigated through the application of the virtual inductor
current (VIC) technique, it comes at the cost of load transient response. To achieve both high stability and
rapid transient response, this paper introduces an Output Capacitor Voltage Ripple Compensation (VRC)
technique. This technique minimizes the phase delay attributed to output capacitance by introducing a
virtual output ripple (Vyor) inversely related to the feedback voltage. The Vyor serves to expedite the load
transient response by counteracting the additional virtual inductor current injection during load transients.
Utilizing a 0.13um BCD technology, a synchronous buck converter is integrated with the proposed VRC-
COT controller, showcasing exceptional stability across a load current range of 0 to 8A, even when equipped
with a 30% 88uF ceramic output capacitor. Additionally, the load transient response exhibits reduced
overshoot and undershoot, measuring at 120mV and 130mV, respectively, in response to load steps from
0A to 8A within a 10uS timeframe.

INDEX TERMS Constant on-time (COT), ripple-based control, voltage ripple compensation (VRC),

equivalent series resistor (ESR), subharmonic oscillation.

I. INTRODUCTION

Ripple-based COT has drawn more and more attention in
power supply due to its advantages such as simple structure,
fast response speed and high light load efficiency [1], [2], [3],
[4], [5],[6],[7],[8],[9], [10], [11],[12], [13]. The quoted pas-
sage discusses the widespread application of a ripple-based
COT structure in point-of-load (POL) power supplies [1], [2],
[3], [4], [5], particularly in scenarios with demanding load
transient requirements. It is also extensively employed in the
Internet of Things (IoT) field [6], [7], [8], where stringent
light load efficiency criteria are imperative. In comparison to
conventional voltage control mode and peak current control
mode switching power supplies, the discussed COT structure
control mechanism effortlessly achieves a swifter response,
owing to the load feed-forward characteristic inherent in the
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directly coupled comparator. This is accompanied by the
elimination of the slow-response compensation network and
the time delay associated with the error amplifier [5], [14].
Moreover, during the transition from heavy load to light
load conditions, this structural configuration rapidly extends
the power devices’ off-time. Consequently, the inductance
current undergoes a rapid decline, facilitating a seamless shift
from constant frequency continuous current mode (CCM)
to low-frequency discontinuous current mode (DCM). This
seamless transition culminates in the realization of high effi-
ciency during light load applications [15], [16], [17], [18],
[19], [20].

Figure 1 shows a basic ripple-based COT (RBCOT) struc-
ture and its critical signal waveforms. Vgg can be obtained
by dividing resistors Rgg; and Rpp>. Vrp is compared with
internal reference voltage VRgr to control the operation of
power switches (S1/S2). When Vgg <VREgF, S; turns on and
S, turns off. The maintenance time of this state is Ton. Then
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FIGURE 1. Circuit diagram and critical waveforms of a buck converter
using RBCOT control. (a). The typical RBCOT structure. (b). The critical
signals of the typical RBCOT.

S| turns off and S, on until Vg < VREF, and then S; turns
on again. A stable output voltage is then acquired by S;/S»
periodical operating. When operating steadily, the inductor
current is sampled and sent to the feedback loop to make
the inductor current Iy, equal to the output load current in
each cycle. If a ceramic capacitor is applied in the RBCOT
topology, the parasitic equivalent series resistance (ESR) of
ceramic can be used to sample the inductance current to
achieve a simple and reliable power supply circuit with large
ESR.

Nevertheless, the basic RBCOT control scheme encounters
several challenges that impede its practical implementa-
tion. Primarily, the presence of a phase delay between the
output capacitance ripple and the inductance current intro-
duces instability issues, which are particularly pronounced in
application circuits employing multilayer ceramic capacitors
(MLCCs) with lower ESR. MLCCs are extensively utilized
in power circuits due to the space constraints of electronic
devices. Additionally, the basic RBCOT control loop, reliant
on comparing the valley value of the output voltage with the
internal reference, gives rise to a disparity between the valley
and the average of the output voltage. Consequently, this dis-
crepancy results in a DC shift when subjected to distinct load
and output capacitance variations, thereby compromising the
accuracy of the output voltage [21], [22].

In numerous studies, a variety of approaches have been
proposed to enhance the stability of capacitors with low
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ESR. The simplest method involves directly inserting a series
resistance at the inductance terminal to augment the rip-
ple of the inductance current [23]. However, this approach
leads to an increase in power loss, offsetting the output
voltage, and a reduction in transient response. In [21], [23],
and [24], the inductive current signal is derived through
the differential analysis of the output voltage. Subsequently,
the signal is amplified and integrated into the RBCOT fast
control circuit. Nevertheless, due to the inherent noise in
the output voltage signal, which encompasses capacitance
parasitic inductance and load change signals, the accuracy
of current detection is compromised. Another method pro-
posed in [25] involves paralleling an RC component with the
inductor. By carefully selecting suitable values for RC, the
poles generated by the RC component align with the zeros
created by the parasitic resistance of the inductor, thereby
enabling linear detection of the inductor current. Although
this method resolves the instability issue without additional
power consumption, it does introduce an output voltage off-
set. Expanding on this technique, [26], [27] incorporates a
high-pass filter into the inductance parallel RC detection
method to further enhance the DC offset characteristics while
maintaining the response to load transients. Furthermore,
by sampling the output capacitance current instead of the
inductance current as explored in [28] and [29], the stability
of low ESR applications can also be improved. Lastly, in [30]
and [31], the switch node voltage is filtered to generate a
ripple signal that is in phase with the inductive current and
subsequently incorporated into the RBCOT control scheme.
To summarize, the aforementioned approaches aim to aug-
ment the inductive current ripple signal generated by the ESR
through the introduction of an additional ramp current. This
enables the control loop to comply with the RBCOT stability
criteria [5], [32]. However, the increase in compensatory
inductive current ripple adversely affects the load transient
response, causing it to slow down. In [33], a method known as
DZC-NME is employed to address the phase delay in the out-
put capacitor, thereby partly mitigating the trade-off between
stability and load transient response. However, varying output
voltages result in different phase leads, leading to instability
and potential oscillations.

Numerous techniques have been proposed in [3], [8], [10],
and [34] to enhance the load regulation of the RBCOT control
scheme. In [8] and [34], a ripple-based V2COT method is
introduced with the aim of improving load regulation within
the RBCOT. This approach relies on two parallel feedback
loops to control the output voltage. One loop, referred to as
the fast control loop, utilizes the aforementioned feedback
path to directly feed the output voltage to the comparator. The
other loop consists of an error amplifier and a compensation
network, where a comparison is made between the output
voltage and the reference voltage. The output voltage from the
error amplifier is then fed into the comparator, constituting
the slow control loop. This method not only accomplishes
the swift response characteristic of COT but also eliminates
the DC offset in the output voltage. However, in applications
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involving small ESR MLCCs, the fast control loop necessi-
tates an additional slope compensation current, as mentioned
earlier, to maintain stability in the COT loop. Consequently,
the CMCOT [35] and hybrid COT [36] control schemes are
proposed to address this requirement. Furthermore, in [3]
and [10], the sample-hold method is employed to sample the
valley value of the current feedthrough path, which is then
sent to the COT loop to eliminate DC offset and achieve
exceptional load regulation.

In this study, a modified ripple-based hybrid COT con-
trol scheme incorporating the output capacitor VRC method
is presented. The aim is to address the trade-off between
achieving a fast load transient response and ensuring sta-
bility. Moreover, the scheme aims to enhance stability even
in scenarios involving small ESR MLCC applications. The
conceptual framework of the proposed technique is outlined
in Section II. Section III focuses on elucidating the key
characteristics of the VRC control scheme. Subsequently,
Section IV presents the analysis of experimental results.
Finally, Section V concludes the paper, summarizing the
findings and implications of the study.

Il. THE PROPOSED VRC-COT PRINCIPLE

In this section, the operating principle of the proposed output
capacitor VRC-COT technique is initially described. Sub-
sequently, the virtual generator for output capacitor voltage
ripple and the topology of the VRC-COT are delineated.
To further elaborate on the functioning and structure of the
VRC-COT control scheme, the transfer function (v,(s)/v.(s))
between the output and the control voltage, obtained through
the describing function (DF) method, is derived. The sta-
bility analysis of the controller is then presented based on
the v, (s)/v.(s) transfer function. Finally, the theoretical illus-
tration of the load transient response for the implemented
structure is provided.

A. THE VRC-COT PRINCIPLE

The proposed VRC-COT control scheme, based on ripple
analysis, exploits an integrator to generate a virtual voltage
ripple that closely aligns with the output capacitor voltage
ripple. Subsequently, the virtual voltage ripple is superim-
posed in an inverse manner with the actual output capacitor
voltage ripple. This process aims to mitigate or even eliminate
the phase delay induced by the output capacitor, thereby
enhancing the stability of the COT controller.

The proposed hybrid ripple-based VRC-COT con-
trol scheme is illustrated in Figure 2. In Figure 2(a),
the VRC-COT control block diagram is depicted, while
Figure 2(b) showcases the critical signals of the controller.

Figure 2(a) comprises three key components: firstly, the
basic V2 COT controller [37], [38], represented by the black
line; secondly, the hybrid COT controller [30], [40], indi-
cated by the blue and black lines in Figure 2(a); and thirdly,
an integrator (Integrator2) that generates a virtual output
capacitor voltage ripple (Vyor) through the integration of
the virtual inductor current. Integrator2, in conjunction with
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FIGURE 2. The proposed VRC-COT control strategy and critical signals. The
parameter T denotes the period. Vg 5c is the AC feedback from output,
Vyic ac is the virtual current sampling signal, Vgg ac is the control signal
of VRC-COT. Vyop is the virtual output capacitor voltage ripple. The k is
constant parameter. Vg is exclusively considered under alternating
current conditions. (a). The proposed VRC-COT control strategy. (b). The
critical signals of the proposed VRC-COT.

the hybrid COT controller, forms the proposed VRC-COT
control scheme.

The operational principle of the proposed VRC-COT can
be elucidated by referring to Figure 2(a)/(b) as depicted
below:

@. In Figure 2(a), the structure depicted by the black line
and the blue line illustrates a hybrid COT control scheme,
the operational details of which are explained in [41] and
[42]. The virtual inductor current signal is provided by the
VIC block, represented as Vyic_ac in Figure 2 (b). The sum
of Vyic_ac and the output voltage ripple, Vo _ac, is then
inputted into the negative terminal of the PWM and compared
with V¢ (the error amplifier output signal, with RC compen-
sation) to ascertain the next Ton generation.

®@. Founded upon the hybrid COT control scheme, the
devised VRC-COT incorporates an integrator, denoted as
Integrator2, dedicated to processing the virtual output capac-
itor voltage ripple (Vyor) derived from the virtual inductor
current (Vyic_ac). Subsequently, the Vyor is inversely
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FIGURE 3. The VRC controller diagram. Where, Vg ac is the AC feedback
from output, Vy ¢ _ac is the virtual current sampling signal, Vgg ¢ is the
control signal of VRC-COT.

superimposed and amalgamated with the actual output volt-
age ripple (Vo_ac), and this combined signal, along with
Vvic_ac, contributes to the generation of Vg _ac. The
VrB_ac is then introduced to the negative terminal of the
comparator (PWM) to instigate the determination of the next
Ton.

®. The Vgp_ac of the VRC-COT is shown as:

VEB_ac = Vvic_ac + Vo_ac — Vvor (D

wherein, Vyic_ac represents the virtual current correspond-
ing to the inductor current Iy, exhibiting a similar phase to
IL. Vvor is derived from the integration of Vyic_ac utilizing
Intergrator2. Vo_ac denotes the output voltage ripple, com-
prised of Vgsr and Vco. VEsr signifies the ESR voltage
generated by the input/output current of the capacitor Cop,
synchronously aligning with the phase of the inductor cur-
rent Ip. Vco represents the actual output capacitor voltage
ripple, yielded through the integration of Iy, by the capacitor
Co. Consequently, Vco and Vyor are obtained through the
integration of I, and Vyic_ac, respectively. Consequently,
Vvor exhibits a phase similarity with Vo, since Vyic_ac
maintains a phase alignment with Iy . The difference between
Vco and Vyor is defined as Vyic_co., serving as the residual
output capacitor voltage ripple. Thus, equation (1) can be
expressed as formula (2):

Ve ac =A-AlL +B- Al dt
Vi \% Veco —V

A= ESR + VIC_AC . B= co VOR ’ (2)
Resr AlL Co

Al =11 — Iroap

Wherein, Al represents the ripple in the inductor cur-
rent, Rgsr indicates the actual equivalent-series-resistor,
Co denotes the output capacitor, Vco signifies the actual
voltage ripple across the output capacitor, Iy, represents the
inductor current, and I pap corresponds to the load current.

In Figure 3, an intricate diagram of VRC controller
is depicted. As Vyor increases, the residual equivalent
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integration component of Al; undergoes a reduction. The
phase relationship between Vgg ac and Iy is illustrated in
Figure 4.

When Vyor = 0, Vvic_co = Vco, the integration part
of Al in VEp_ac keeps the same as the previous 4 types of
ripple-based COT control scheme [39] (named as RBCOT,
V2COT, CMCOT, hybrid COT);

When Vyor = 0, Vvic_co = Vco. and the integration
segment of Alp within Vrg_ac remains consistent with the
preceding four types of ripple-based COT control schemes
[39] (referred to as RBCOT, VZCOT, CMCOT, hybrid COT).

In the range of 0 < Vyor < Vco, signifying
0 < Vvic_co < Vo, the integration component of Al in
VrB_ac diminishes with the increasing Vyogr, leading to a
proportional reduction in the phase delay between Vrp_ac
and Ir..

When Vyor = Vo, resulting in Vyic _co being zero,
only the linear portion of Alj is present in VEg aAc as the
integration component of Alp in Vrp_ac approaches zero.
Consequently, the phase delay between Veg_ac and Iy, dimin-
ishes to zero.

When Vyor > Vco = Vvic co < 0, the Al is induced
by the leading phase of Vyic_co. Consequently, Iy, is led by
the phase of VEB_ac.

In Figure 4, the augmentation of the virtual output voltage
ripple, Vyor, can be likened to the gradual elevation of the
Co. As Vyor transitions from 0 to Vco, Vvic_co under-
goes a gradual reduction, potentially approaching zero. This
progression is analogous to Co gradually ascending towards
infinity. Consequently, within the range of 0 < Vyor <
Vo, the proposed VRC-COT mitigates the 2RgsrCo >Ton
constraint [32] (where Rgpsr represents the virtual output
capacitance equivalent series resistance), thereby diminishing
or even obviating it. Consequently, the VRC-COT exhibits
exceptional stability when applied to MLCC capacitor sce-
narios characterized by small Rgsr.

B. THE Vygr GENERATOR AND VRC-COT TOPOLOGY

In the envisioned VRC-COT control scheme, the generation
of Vyor results from the integration of the virtual inductor
current, Vyic_ac. The functionality is realized through the
circuitry depicted in Figure 5.

The power stage and Vyor generator of the proposed
VRC-COT control scheme are illustrated in Figure 5(a). The
essential signals are delineated in Figure 5 (b).

In the CCM, the SW node voltage is a square waveform.
When Toy is logic “1”, Vsw = VN (input power supply).
When Toy is logic “0”, Vsw = GND. The virtual inductor
current Vyic_ac is derived by a low-pass filter (composed
of RLPF 1 and CLPF 1 ,). The product of CRLF ICLPF 1 should be
larger than 5Tsw (Tsw is the switching duty). The relation-
ship between the Vyic_ac and the actual inductor ripple can
be shown as:

AVyic ac L
Alp Ripr1 - CLpri

3)
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FIGURE 4. The VRC controller diagram. Where, Vg ¢ is the AC feedback from output, Vy ¢ ac is the virtual current sampling signal, Vgg ac is the control

signal of VRC-COT.

Where, AVyic_ac and Aly, are the virtual inductor current
ripple and the actual one, respectively. L is the inductor, Ry pf;
and Cp pr; make up the low-pass filter.

Integrator]l and Integrator2 integrate I, and Vyic ac,
respectively, giving us the Vco and Vyor, as shown in for-
mula (4):

1 Ton Tsw
Veo(t) = —— [/ Vin— VOUT)ldt—/ VOUTtd{|
0 T,

LCo
Ton Oeasw
Vvor(t) = Viv —Vour) tdt — / Vour tdl}
7T Ton
71 = Ripr1 - Crert, T2 = Rppra - Crpr2
“4)

Where, Vco(t) and Vyor(t) are the actual output capacitor
voltage ripple and the virtual one, respectively. Viy is the
input DC voltage, Vour is the output DC voltage, Ry pry and
CLpr2 make up the Integrator2. 71 and 1, are the product of
RLPFI CLPF] and RLPFQCLPFz, respectively.

In Formula (4), Vco(t) and Vyor(t) share identical integral
terms, differing solely in their coefficients. Consequently,
Vvor and Vo exhibit congruent waveforms with differing
amplitudes. The adjustment of the amplitude in Vyor and
Vo, illustrated in Figure 5, is achievable through the manip-
ulation of the ratio among 11, 72, LCo. Based on the Figure 5
circuit, the ratio between Vor and Vco can be shown as
equation (5):

_ LCo )
Vco  Repri - Crpri - Repra - Crpro

Where L is the inductor, Co is the output capacitor, the

Ripr1CLpr1 and R pr2Crpr2 are the same as formula (4).

The illustrated VOR-COT control topology is presented in
Figure 6. Within the circuit, the high-speed comparator PWM

Vvor
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features multiple input terminals. The virtual inductor ripple,
denoted as Vyic_ac, along with the virtual output capacitor
voltage ripple Vrprc ac, and the actual output capacitor
voltage ripple Vco_ac, are fed to the various input terminals
of the PWM comparator.

Ill. ANALYSIS OF VRC-COT CHARACTERISTICS

Loop stability and load transient response stand as pivotal
characteristics within the context of the COT control scheme.
In this section, we commence by deriving the control-to-
output transfer function (v, (s) / ve (s)) for the VRC-COT
control scheme, employing the describing function (DF)
method. Subsequently, an analysis of the load transient
response operation of the VRC-COT structure is undertaken.

A. VRC-COT LOOP STABILITY ANALYSIS

To scrutinize the loop characteristics of the proposed
VRC-CQOT control scheme, an accurate model of the output-
to-control relationship is imperative for system design. This
model must account for the sideband effect within the high-
frequency range.

1) CONTROL-TO-OUTPUT TRANSFER FUNCTION OF THE
VRC-COT

The describing function (DF) method stands out as the pre-
eminent approach for deriving small signal models in PWM
controllers, primarily attributed to its efficacy in addressing
the nonlinearity inherent in pulse-width modulation (PWM)
control schemes. Numerous small signal models [2], [9], [11],
[12], [13], [15], [32] for COT control have been established
through the describing function method. This methodology
ensures the comprehensive inclusion of both sidebands asso-
ciated with inductor current and capacitor voltage, extending

VOLUME 11, 2023
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FIGURE 5. The Vyog generator of the proposed VRC-COT controller and
the critical signals. (a). The Vygr generator, where the red line is the
Integrator2, which composes of a RC low pass filter. (b). The critical
signals of the reverse phase ripple generator. Where Vy;c ac is the virtual
inductor current ripple, the Vygp, is the virtual output capacitor voltage
ripple of the proposed VRC-COT.

Integratorl

vic_ac = Vewrr —Vews

FIGURE 6. The topology of the proposed VRC-COT control scheme.

the model’s accuracy to the switching frequency. The pro-
posed small signal transfer function for VRC-COT is likewise
derived utilizing the DF approach.

Based on Figure 2(a), the proposed VRC-COT equivalent
small signal is shown in Figure 7. The on-time T, is fixed,
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the off-time T, is modulated by the perturbation signal v¢(t):
ve(t) = rsinQmufiut + @), 7, fy, and ¢ are the amplitude,
frequency, and initial phase of the perturbation signal v.(¢),
respectively. When Vgg_ac equals to V¢, the off-time Togt
ends, and Ty, of the next cycle is turned on. So, the DF
formula of this VRC-COT is shown as formula in (6), as
shown at the bottom of the next page.

Where:

Tofr(i)- - -the iy, cycle off-time,

Ton------ the high side switch on time,

VIN------ the input power voltage DC value,

Vo------ the output voltage DC value,

Ve(t)------ the perturbation signal,

Kij------ the virtual inductor current sensing ratio,

Kp------ the virtual output capacitor voltage ripple sens-
ing ratio by Integrator2,

L------ the inductance,

Rp------ the output loading,

REsr----- the ESR of the output capacitors,

Co------ the output filter capacitor,

i1, (1)- - - -the inductor current,

Vo(t) ----the output voltage (including DC and ac

compone- nts).

Applying Laplace transformation to formula (6) through
Fourier and trigonometric function transformations, and sub-
sequently employing Pade approximation, yields formula (8),
which expresses the transfer function between the output
voltage v, and the perturbation signal v..

Where,
Tsw- - -the switching duty,
Cy- - - - the equivalent output capacitor.

Upon comparing formula (8) with v,(s)/v(s) in [32] and
[45], similar formula structures and parameters emerge. The
primary distinctions manifest in the DC gain and equivalent
output capacitance. T(s) and Z,(s) remain consistent with
those in the preceding four control schemes [32], [39], [45].
The DC gain in the proposed VRC-COT is expressed as
Cy/Co, diverging from the value of approximately 1 found
in [32] and [45]. Notably, in formula (8), the VRC-COT
controller’s output capacitor takes the form of an equiva-
lent output capacitor Cy, in contrast to the actual output
capacitance Co present in the preceding ripple-based COT
controller. According to [32], [39], [44], and [45], the stability
criterion is stipulated as RgsrCo > Ton/2. In this study,
the existence of the virtual inductor current Vyic_ac and
the virtual output capacitor voltage ripple Vyor modifies the
stability criterion to (Rgsr+K1)Cy > Ton/2, with K and Cy
as defined in formulas (6) and (7), as shown at the bottom of
the next page.

When Rppri CLpriRLPF2CLpR2 > LCo, Cy > Cp, 0 <
Vvor < Vco, Cy escalates inversely with the reduction of
the product Ry pr1 CLpr1 RLpr2CLPE2, consequently leading to
an increase in DC gain proportionate to Cy/Cop.

When RppriCLpriRLPR2CLPF2 = LCo, Cy approaches
infinity, Vyvor = Vo, resulting in complete neutralization
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IEEE Access

J.-P. He et al.: Voltage Ripple Compensation Method for Constant On-Time Buck Converter

S L
Vi —co S ’i . o Ve
Logic LSZ K = R _C_ K Resg R
LPF1 LPF1
&DRV _T_ ) L
TD T K- C, Vi Co
RLPFZ CLPFZ
v ) 4 =
T(m 1 Vs ac Q
comp| ,, Ju r

v () =rsinQzf, t+ @)
Perturbation
State Vs M /\ /\ /\

K =

1

R,

LIH(‘LIII

To, Ton Ton Ton Ton
Toni |_T (), T off(2) Tofi3) ’_ 22 Tofii) —| Tofrom)
c, \ 1

t,=0 2 \ t; t; tm
s ac = V,(O)+ Kji (1) + KIKZIiL (t)dt
Tonioee | Togs

Steady State Vi 4 nn,-' N 22
Ve L \ \,

K, =

R

Lrr2C Lpr2

Tou jT.,,,IZI |:| y 2 l:lr [r‘l_ﬁ_

FIGURE 7. The linear model of the VRC-COT controller. (a) The equivalent
diagram of the VRC-COT. Ty is perturbation state parameter. Tgy, is
steady state parameter. The CCM operation waveform in stable-state.

of the output capacitor voltage ripple. Simultaneously, the DC
gain surges to infinity, inducing instability.

When Ry pr1CrpriRLPE2CLPF2 > LCo, the Cy/Co is a
negative number, Vyor > Vco. So, a negative DC gain intro-
duced, which cannot satisfy the requirement of loop stability
(induces a positive feedback in the whole control scheme).

The above operation conditions correspond exactly to the
working states of Vyor = 0 —Vyor > Vo as shown in
Figure 4.

Hence, the control of the Vyor/Vco ratio is contingent
upon the interplay between Cy and Cgp, with Cy/Co being
dictated by LCo/RipF1CLPEIRLPF2CLPE2 and LCo. A judi—
cious ratio configuration serves to enhance the stability of the
VRC-COT.
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FIGURE 8. Based on formula (7), the Bode plot of vo(s)/vc(s) with
different Cy/Cq of the proposed VRC-COT structure. As the ratio Cy/Cq
increasing from 1 to oo, the GBW and the phase margin increase.

2) THE VRC-COT'S V(S)/Vc(S) PHASE MARGIN VS. Cy/Co
Attaining precise control over the Vyor/Voc ratio proves
challenging due to integrated circuit (IC) process variations
and diverse application scenarios. In light of formula (7),
variations in both application and process introduce shifts
in the Cy/Cp values. Consequently, the impact of distinct
Cy/Co configurations on the performance of the VRC-COT
is under scrutiny.

From formula (5) and (7), the Vyor/Voc can be expressed
as:

1
Vvor _ - ®)
Vco CY/C o

From formula (8), the ratio of Vyor/Vco is controlled by
Cy/Co, which shown as Figure 9(b).

On the basis of formula (7), the Bode plot of v,(s)/v.(s)
with different Cy/Cp is shown in Figure 8. The simula-
tion conditions are shown as: Viy = 5V, Vo = 1V,
L = 1uH, Co = 88uF, Rgsr = 5SmS2, switching frequency
Fsw = 200KHz, Setting K; = L/RipriCipr1 = 1, Ky =
Co/ RLpr2CLpRr2 in the range of O to 1, that means that the

f ti+Tof iy ti+Tofr )
Veti—1+Togi—1)) t5nTon — St Tof ) — K1K2/ iL(t)/COdf+/ = Ve(ti + Top (i)
ti1H ofr(i—1) tim1 o (i—1)
s —(RESR-|-K1)M sf = (Rgsg + K1) —, K1 = = CO
[ Y L’ RipriCrpri’ Rrpr2Crpr2
(6)
Vo(s) CY T T
VU(S) %o “Ti(s) - 520 (5), Q2= = T P02 =
c s s R K{)Cy — 1ton :|7-[ sw
L+ goms T+ (w2 , [( ESR +(11) RY . )(/Ig . N
b4 + R Cos) (REsrCos +
Tl (S) = 2 Ql = —, W] =+, ZO (S) = ] (7)
Loy (L) b Ton (RL + Resr) Cos +
Qi ]
Co Cy 1
YEITKkE G LCo
1522 0 " Repr1CreriRLPF2Crpr2
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FIGURE 9. The virtual output capacitor voltage ripple and the Phase
Margin of vo(s)/vc(s) of the proposed VRC-COT with different Cy/Cg ratio.
(a) The vo(s)/vc(s) Phase Margin with different Cy/Cq. As the ratio Cy/Co

increasing from 1 to oo, the Phase Margin increases from 12 degree to
nearly 90 degree. (b).The Vygr/Vco Vvs. Cy/Co plot.

maximum ratio of Vyor/Voc is nearly 1. Accordingly, the
ratio of Cy/Co is in the range of 1 to oco.

When K, = 0, the equivalent output capacitor Cy = Co,
Vvor = 0. In the absence of virtual output capacitor voltage
ripple compensation, the Bode plot of v,(s)/v.(s) mirrors that
of the hybrid COT [31], and its transfer function aligns with
the previous four types of ripple-based COT controllers [39].
As Ky = 0.5/0.833/1, Cy = 2Cp/6Cp/oco, the DC gain and
phase margin of the proposed VRC-COT controller exhibit
a gradual increase, accompanied by a slight enhancement in
the GBW.

With the conditions as in Figure 8, the escalation of the
Cy/Co ratio from 1 to 100 yields a notable augmentation
in phase margin, progressing from 12 degrees to nearly
90 degrees, accompanied by a DC gain elevation from 0dB
to 40dB. Details are illustrated in Figure 9(a).

Examining Figure 9(b), under analogous conditions to
Figure 8, the ascent of the Vyor/Vco ratio (equivalent
to LCo/ Rrpr1CLpr1RLPE2CLPE2) from O to approximately
0.8 corresponds to a Phase Margin of v,(s)/v.(s) surge from
12 degrees to nearly 55 degrees. In this scenario, the DC gain
registers a modest increase from 0dB to 6dB.

So as long as Cy/Co > 1, the proposed VRC-COT’s
phase margin will be superior to that of the conventional
ripple-based COT controller.

In the majority of BCD processes, the corner variations
of integrated resistors and capacitors typically fall within the
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range of £20%. Consequently, the product of RC spans from
0.64 to 1.44. Applying formula (7) and assuming a preset
value of LCo/Ripr1CrLpriRLPFR2CLpr2 at 0.55, the result-
ing ratio of Cy/Co is estimated to be within the range of
1.6 to 7.1. The corresponding phase margin is anticipated
to range from 37 to 63 degrees, demonstrating a substantial
enhancement compared to the earlier hybrid COT control
scheme. Even in the presence of variations in integrated
circuit processes, the proposed VRC-COT controller consis-
tently delivers a noteworthy improvement in phase margin
within the context of small equivalent series resistance (ESR)
multilayer ceramic capacitor (MLCC) applications.

B. THE VRC-COT CONTROLLER LOAD TRANSIENT
OPERATION

Comparing the proposed VRC-COT control scheme with the
four preceding ripple-based COT control strategies (namely
RBCOT, V2COT, CMCOT, and Hybrid COT) [29], [30], [31],
[39], [41], [42], [43], it is evident that the former delivers an
expedited response to load transients, even when accommo-
dating a substantial compensation of virtual inductor current.
This superior performance can be attributed to the compen-
satory action of the virtual output capacitor voltage ripple,
effectively mitigating the additional impact of virtual inductor
current injection.

The preceding ripple-based COT control scheme employs
MLCCs as output capacitors. To achieve optimal stability,
a greater equivalent Rgsr (output capacitor equivalent series
resistance) is necessitated, a requirement that becomes more
pronounced with diminishing output capacitor size. Amid
load transients, the heightened equivalent Rgsgr detrimentally
impacts the load transient response of RBCOT, as the signal
generated by the equivalent inductor current, induced by
REsR, opposes the variation in output capacitor voltage.

In all instances, whether considering the preceding four
categories of ripple-based COT [29], [30], [31], [41], [42],
[43], or the newly proposed VRC-COT control scheme, the
relationship holds: VFB_AC = VO_AC + VVIC_AC — Vvyor.
Within the antecedent four ripple-based COT controllers,
Vyor = 0. In contrast, within the proposed VRC-COT,
Vvor is higher than zero and increases with the increasing
Cy/Co. Consequently, during a transition from light load to
heavy load (ILoap), the rate of decline of Vg _ac in the
VRC-COT structure outpaces that observed in the antecedent
four types of ripple-based COT controllers. The suggested
VRC-COT structure demonstrates an accelerated entry into
the subsequent T, and exhibits a swifter transient response.
Analogous improvements manifest when the load undergoes
a reverse variation.

Hence, in comparison to the erstwhile ripple-based COT
controller, the newly proposed VRC-COT controller affords
a more expeditious transient response and enhanced stability.

IV. THE SCHEME AND CIRCUIT IMPLEMENTATION
In reference to Fig.6, the VRC-COT employs an enhanced
PWM with multiple input terminals (depicted as PWM) in
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contrast to the traditional ripple-based COT. This enhanced
PWM, in conjunction with the integrator (illustrated as Inte-
grator2), is utilized to generate the virtual voltage ripple
(Vvor)- To enhance the stability of DCM, a DCM Ramp
Generator has been incorporated into the circuit design.

The proposed enhanced PWM inner scheme, illustrated in
Figure 11, integrates five transconductance amplifiers and a
comparator. Gm1 represents the transconductance responsi-
ble for generating the virtual inductor current (Vyic), while
Gpp2 facilitates the generation of the virtual output capacitor
voltage ripple (Vyor). By independently adjusting Gy, and
G2, distinct gains for Vyic and Vyor amplitudes can be
obtained. The currents produced by the differential pairs
are overlaid on resistors Ry and Ry, enabling the amplifica-
tion and superimposition of the ripple voltage. The resultant
differential voltage is fed into the comparator (COMP)
to achieve the Vgst, implemented through a conventional
high-speed comparator circuit within the COMP block. Gp3
to G5 adopt an identical structure as G and G-

A. THE VIRTUAL OUTPUT CAPACITOR VOLTAGE RIPPLE
GENERATOR

In the VRC-COT PWM, there are several voltage ripples
need to be added together, such as the virtual inductor current
ripple, virtual output capacitor voltage ripple, etc. The PWM
generator employs a transconductance amplifier, depicted
in Figure 12, to efficiently fulfill this function. The struc-
tural configuration succinctly achieves this objective. Among
them, Vswi, Vsw2, and Vsw3 are connected to the RC filters
shown as Figure 12(a). Furthermore, Vo and VRgr establish
connections with the output voltage terminal and the internal
reference voltage, respectively.

The schematic diagram of the virtual output capacitor volt-
age ripple generator is presented in Figure 12. Comprising
three filters and a transconductance amplifier, this circuit
is delineated in detail. The left segment of Figure 12(a)
encompasses the SW voltage divider circuit and three RC
filters. Among them, Rgw1 and Rsw> divides the SW voltage,
which is used to set the DC value of the inductor current
ripple and output voltage ripple, making Vsw1/Vsw2/Vsw3
meet the input range of PWM comparator in a wide range of
VIN. RLpr1/CrLpr1, RLpr2/CLpr2 and Ry pr3/CLpg3 are respon-
sible for generating the virtual inductor current ripple, virtual
output capacitor voltage ripple, and SW DC value, respec-
tively. The right portion of Figure 12(a) features a differential
transconductance amplifier with multiple input terminals.
This amplifier serves to magnify the inductor current ripple
and the virtual output capacitor ripple individually. Subse-
quently, the amplified signals are overlaid onto resistors R
and R», yielding a voltage signal denoted as V41-V2.

According to the buck converter working principle, while
high side (HS) switches turn on, low side (L.S) switches turn
off, Vsw = Vin. When the HS switches turns off, the LS
switches turn on, Vgw = GND.
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Hence, Vsw_avg = D - Viv = Vour, where, Vsw_avg
is the average voltage of SW, D is the HS switches on duty
cycle, Vi is the input voltage, Vour is the output voltage.

When Rsw1/Rsw2 <<Rrpr1, RLpr1CLpF1 >RLpE3CLPF3 >
RLpr2CLpr2 >5Tsw (Tsw is the switching duty), the voltage
relationship between Vswi, Vsw2 and Vgws3 is shown as:

Vswi_ave = Vsw2_ave = Vswi_ave = K3Vsw_avc
R
Ks = Sw2
Rsw1 + Rswa
9

The AC signal of each node can be expressed as:

Vo(8) = Vo1(s) — vo2(s) = [Gm1 - vvic_ac(s)
—Gma - VRPRC_AC(5)] X Ry
Ri =R,
1
I +Rypr1 - Crpr1 - s

vvic_ac(s) = K3 - Vsw_prv

VRPRC_AC(S) & Vg1 (s)

1 +Rrpr2 - CLpr2 - 8
(10)

Where, v, is the summation of the virtual inductor current
ripple and the reverse virtual output capacitor voltage ripple,
Vvic_ac is the virtual inductor current, Vyogr is the virtual
output capacitor voltage ripple, Vsw prv is SW DC voltage
division by resistor divider Rgw; and Rgw2. Gp1 and Gy is
the transconductance for Vyic_ac and Vyor, R1/R; is the
resistors for this transconductance amplifier. K3 shown as
formulas (9).

When Rrpr1-Crpri-s > Ripra- Crpr2-s 3> 1, theripple
signals, as illustrated in Figure 12(b), manifest as Vsw and
Vswo. Utilizing formulas (3), (4), and (10), the magnitudes of
Vvic_ac and Vyor can be modulated through the parameters
Gml, sz, Rl and Rz.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS
The proposed VRC-COT architecture was used in an inte-
grated single phase buck converter, which is used in laptop
computer main board for USB connected peripherals power
supply. The converter functions with an output voltage set
at 5.1V and is capable of accommodating an output current
of up to 8A. Implementation of this buck converter has been
realized using a cutting-edge 0.13m 24V BCD process. The
critical specifications of the experimental converter are listed
in Table 1.

Within this buck converter, the internal VRgr is maintained
at 0.8V. It embraces the ACOT structure [35] and employs a
Frequency-Locked Loop (FLL) to achieve CCM at a constant
frequency. Simultaneously, to mitigate audio noise in DCM,
the incorporated Ultra-Sonic Mode (USM) ensures that the
minimum operating frequency of DCM exceeds 30KHz.
Additionally, it can operate in conventional DCM mode to
enhance efficiency under light load conditions. The schematic
depiction of the typical application circuit is delineated in
Figure 13.
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TABLE 1. Performance of the COT converter.

\Y%
Vewi— T + DCM_RAMP
> <Gm5 GND
Vsws———~=
+ +
Vews— T + Ve
] G < G
Vsw2™] = — — ~ Vrer
-+ Voz
Vo —{T =
| G v, |coMp>Yest
Veer— |7 >

ER] ERZ

Name DESCRIPTIONS Value Units

Vin Input voltage 6-24 \%

Vour Output voltage 5.1 A

TLoap Load range 0--8 A

L, Inductor 1.5 uH

Fosc Switching frequency 570 KHz
CCM

Cour Output 22%4 uF
capacitor(MLCC)

Effiax Maximum efficiency 94 %

FIGURE 11. The inner scheme of the PWM generator.

In Figure 13, U; is the buck converter with power device
integrated. Within this segment, the R dson of the HS power
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devices is approximately 19m€2, while that of the LS power
devices is measured at about 9m€2. The switching frequency
operates at around 570KHz. Equipped with a 1.5uH induc-
tor, the buck converter is capable of sustaining a maximum
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FIGURE 13. Typical application circuit of the buck converter integrated
the proposed VRC-COT architecture.

continuous current loading of 8A. The low ESR MLCC is
connected parallel at Voyr-GND. In this section, the analog
blocks encompass 2 LDOs, a voltage reference, components
related to Ton, BST, USM, DRIVER, and others. A micro-
photograph is depicted in Figure 14.

Based on the Figure 13, the experimental buck converter
measurement results are shown as follows:

A. STATIC PERFORMANCE VERIFICATION
Aiming to investigate detailed stable operation of the exper-
imental part in typical operation conditions, the operating
waveforms based on Figure 13 application circuits are shown
as Figure 15. The test conditions are: Viy = 19V, the buck
switching frequency Fsw = 570KHz (CCM), L; = 1.5pH,
Cout = 88uF, Vour = 5.1V.

Figure 15(a) illustrates the stable operating waveforms
under load = 0. During this phase, the device operates
in DCM, with the T,, occurring once every 20mS as a
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FIGURE 14. Microphotograph of the experimental single phase integrated
buck converter.
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mandatory turn-on event. The T, duration is approximately
470nS, mirroring that of the CCM. However, the off time for
both HS and LS switches extends to about 20mS. In response
to the imperative of achieving high efficiency under light load
conditions, most internal circuits within the device can be
deactivated during this 20mS off period. Only a select few
circuits remain active, resulting in a substantial reduction in
operating current and the attainment of high efficiency under
light load conditions. Figure 15(b)/(c) present the test wave-
forms under loads of 4A and 8A, respectively. These output
waveforms exhibit striking similarities, with the amplitudes
of Vot voltage ripple and inductor current ripple being pre-
cisely identical. The primary distinction lies in the DC value
of the inductor current. Following the operational principle
of the buck converter, the average inductor current equates to
the load current. Furthermore, the V; ripple voltage (peak
to peak) reaches 80mV, a magnitude significantly higher
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FIGURE 15. The operating waveforms based on the typical application
circuits at different current load. (a) The load is zero current. (b) The load
is 4A. (c) The load is 8A.

than theoretical calculations. This discrepancy arises from the
rapid decrease in MLCC capacitance with the elevation of
Vout DC value and operating switching frequency [36].

In the VRC-COT configuration, a high-gain EA circuit is
employed to mitigate the Voytr DC offset. As depicted in
Figure 16, the graph elucidates the load regulation across
the output current range from 0 to 8A. The Voyr variation
is constrained to less than +0.2%. Grounded in the internal
Vrer =0.8V, the FB equivalent DC offset measures approx-
imately 3.264mV, which is competitive with some advanced
industry products (i.e., NB679A [37], RT6228C [38]).

In the realm of most applications, line regulation stands as
a critical performance parameter. As illustrated in Figure 17,
the experimental results delineate line regulations remaining
below £0.15% when the output current load is set at 4A and
8A, surpassing the performance of select advanced industry
products [37], [38].

B. STATIC PERFORMANCE VERIFICATION
The VRC-COT proposed here leverages reverse phase ripple
to mitigate the phase delay inherent in the output capacitor,

VOLUME 11, 2023

Load Regulation
0.5%
0.3%
Q
S 01%
= /
W
g 0.1% p=z
="
-0.3%
-0.5%
0 2 4 6 8
Load Current (A)

FIGURE 16. The Vout DC value at different load current.
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FIGURE 17. The output voltage line regulation with output current at 4A
and 8A.

thereby enhancing system stability. Load transient response
waveforms, derived from the application circuit illustrated in
Figure 13, are depicted in Figure 18.

Figure 18(a) showcases the fluctuation of the load current,
ILoap, ranging from O to 8A and vice versa. During the
transition from OA to 8A, Vout initially experiences a rapid
decline followed by a subsequent rise. The amplitude of
overshooting throughout this process remains under 120mV.
Similarly, in the reverse transition from 8A to 0, Vout exhibits
a swift drop followed by a subsequent increase, with a peak
overshooting voltage of approximately 130mV and a recov-
ery time of less than 40uS. An analogous pattern emerges
during the step transition of Iy pap from 1A to 6A and back,
depicted in Figure 18(b). Here, the output voltage demon-
strates an overshooting of about 75SmV and an undershooting
of about 65mV. The recovery time is approximately 40 S.

Figure 19 presents the operational waveforms of the
VRC-COT in DCM. The T, is maintained at approximately
470nS, while Tofr increases automatically with a decrease in
load current. A periodic off time is observed in DCM, during
which both the HS power switches and LS power switches
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FIGURE 18. The Load Transient Response Waveforms when Vj =19V
with the Cy/Cg is set to 2.5, the Vygr/V¢o is about 0.6, L1=1.5xH,
Cout=88.F, Vout=>5.1V at || gpp rising and falling speed of 2.5A/.S. (a).

I oap steps from 0 to 8A and reverse. During this measurement. (b). I, oap
steps from 1 to 6A and reverse.
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FIGURE 19. The proposed VRC-COT DCM operation waveforms at
le = 19", Vout = 5.1V.

are deactivated, and the inductor current remains at zero.
Figure 19 proves that the VRC-COT control mode is stable
in DCM.
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TABLE 2. Comparisons of prior arts.

THIS
Name WORK [3] [29] [32]
BCD Process 0.13um 0.5um N/A 0.35um
Controller Methodology COT COT COT COT
Input voltage (V) 19 12 12 15
Inductor (uH) 1.5 2.2 1 1
1 *79)NOTE
Output capacitor (UF) 4%*22 3 286 220
Resr (M) 0.6 1.4 0.33 1
Output Voltage (V) 5.1 1.04 33 1.5
Load Range (A) 0-8 0-4 0-18  0-8
Load Transient (A) 7 2.8 10 7
Recover Time (uS) 40 28 38 25
Output Ripple (mV) 80 8 50 10
Offset (mV) 3.26N0TEZ ) N/A  NA
Switching frequency
(KHz) 570 400 255 300
Maximum efficiency (%) 94 95 N/A 91
L-AlL L04D " 10°
FOM, = - 0.752 0.625 036 0424
co’ f sw TR
L-Al 10°
FOM, = Lo 237N0TE2 3125 N/A  N/A

Ceo- fsu offm Ty

NOTET1: The output capacitor reduces to about 30uF at the conditions of
Vout=5.1V and f,,=570KHz.

NOTE2: The offset variation is at loading from 0 to 8A. Reference [3] is
only in CCM.

Table 2 furnishes a comparative analysis with state-of-
the-art COT designs reported previously. In accordance with
[10], two Figures of Merit (FoMs) are employed to assess
the performance of the COT control scheme. Despite a sub-
stantial reduction in MLCC capacitance, the notably elevated
values of FoOM1 and FOM2 competitively demonstrate that the
proposed VRC-COT control strategy delivers superior static
and dynamic performance.

VI. CONCLUSION

In this paper, we present a novel control strategy for com-
pensating output capacitor voltage ripple in COT converters.
To mitigate the impact of the integration component in
the feedback voltage ripple, a virtual output voltage rip-
ple, generated through the integral of the virtual inductor
current, is intentionally superimposed in reverse alignment
with the output feedback signal. This approach enhances
the phase margin in the Control-to-Output transfer function,
thereby improving stability through the voltage ripple com-
pensation method. Furthermore, the VRC-COT controller
exhibits a comparatively faster response to load transients.
This enhanced performance is attributed to the acceleration
of Toff reduction facilitated by the virtual output capac-
itor voltage ripple. Additionally, a small-signal model is
developed to theoretically analyze the proposed method.
Employing a 0.13um BCD process, the efficacy of the pro-
posed VRC-COT technique is successfully validated in a
buck topology. Simulation and experimental results pertinent
to this process demonstrate the method’s high stability and
rapid transient response characteristics.
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