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Small Signal Analysis of V2 Control Using
Equivalent Circuit Model of Current Mode Controls

Yingyi Yan, Fred C. Lee, Paolo Mattavelli, and Shuilin Tian

Abstract—In V2 control, the direct feedback contains the in-
formation of the inductor current, the capacitor voltage, and the
load current. In this paper, by separating the current feedbacks
and the capacitor voltage feedback, an equivalent circuit of V2
control with ESR dominant output capacitor is proposed. The pro-
posed equivalent circuit is based on the unified equivalent circuit of
current mode controls. It is a completed frequency domain model
for V2 control with a clear physical insight. V2 control can be
interpreted as an advanced implementation of current mode con-
trol with a proportional voltage feedback and an additional load
current feedback. The load current feedback dramatically reduces
the output impedance of a current mode controlled converter. The
model is extended to the enhanced V2 control. The proposed model
is applicable to both variable frequency modulations and constant
frequency modulations. The modeling results are verified by the
Simplis simulation and the experimental results.

Index Terms—Analytical models, DC-DC power converters,
equivalent circuits.

I. INTRODUCTION

2 control, which features simple implementation, and ul-
V trafast transient response [1], is a popular control scheme
for low-power point-of-load Buck converter in recent years. The
architecture of V2 control is shown in Fig. 1. The output voltage
is directly fed back to the pulse-width modulation (PWM) com-
parator and compared with the control signal v., which is the
output of the outer slow integral loop. Since the output voltage
ripple is used as the PWM ramp, it is also referred to as “ripple
based control” [2].

Many commercial products from major control IC vendors
are available in the market [3]—[7]. In terms of modulation,
constant frequency modulations [4], [6], constant on-time mod-
ulation [5], and constant off-time modulation [8] are employed
in different products. Constant on-time modulation is the most
popular one due to the light load efficiency improvement. Based
on the experience, people have known that V2 control works
well only with equivalent-series-resistance (ESR) dominant out-
put capacitors. Many commercial products like [5] and [7] are
designed to work with ESR dominant output capacitors. The
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Fig. 1. V?2-controlled Buck converter: (a) constant on-time; (b) constant
frequency.

multilayer ceramic output capacitors (MLCC) with small ESR
have long life time and small footprint. In order to take the ad-
vantage of both V2 control and the MLCC, multiple methods
[9]-[14] have been proposed to create sufficient virtual ESR, so
that eventually the feedback control of the converter is still like
the one with an ESR-dominant output capacitor.

Enhanced V2 control [16] is a variation of V2 control with ac-
tive droop function. It feeds back the summing signal of the out-
put voltage and the inductor current. Recently, it is widely used
in the microprocessor voltage regulator (VR) application [17].

Although the implementation of V2 control is simple, ana-
lyzing its small signal model is not straight forward. In the last
decade, many researchers have made lots of efforts to study the
small signal model of V2 control.

The averaging model, which does not consider the effect of
output voltage ripple, is not applicable in V2 control which used
output voltage ripple for PWM modulation. Based on the aver-
aging concept, the second order L—C filter has 180° phase delay
so that the loop should be inherently unstable, but this is not the
reality. In the early days, V2 control was considered as a simpli-
fied implementation of current mode control saving a discrete
current sensing resistor [16], [18], [19], [22]. Huang et al. [16],
[18], [19] borrowed the sample and hold concept of peak cur-
rent mode control in [34] to analyze the constant frequency V>
control without justification, but the result was not satisfactory.
For example, reference [19] made a wrong conclusion that, with
certain ESR, the smaller capacitance increases the damping of
the double pole at half of the switching frequency. More impor-
tantly, the sample & hold concept is not applicable to variable
frequency modulations [20], so the most popular constant on-
time V2 control cannot be analyzed based on this concept. Feng
et al. [22] tried to relate V2 control to current mode control,
but a significant problem is that it failed to predict the output
impedance characteristic of V2 control. The fundamental rea-
son of this error is that the derivation takes the output capacitor
current as the inductor current, which is actually the difference
between the inductor current and the load current [11]. Fig. 2
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Fig.2. Yu’s model for output impedance is inaccurate [22] (V;,, = 12V, V, =
1.2V, fsw = 300 kHz, output capacitor C,, = 560 puF x 8, Rc, = 6 m2/8).

shows the comparison of the output impedance Z,(s) derived
from this model and the SIMPLIS simulation result.

Sun [2] utilized the KBM method to derive the accurate small
signal model of constant frequency V2 control, but the lengthy
and tedious algebraic calculations is a challenge to the engineers
trying to extend it to variable frequency controls. Redl and Sun
[15] employed sample data modeling method to calculate the
value of the state variable at discrete time instant, and further
provided a set of precise stability boundaries of ripple-based
controls. Cortes et al. [36] used the Floquet multipliers and
discrete time modeling to derive the accurate stability bound-
ary and the time domain response of V? control. This model
is accurate not only for V2 control without the outer loop, but
also for the V2 control with the external slow loop. However, an
absolute instability boundary does not fully characterize the fre-
quency domain behavior of a ripple-based controlled converter,
such as input/output impedance and audio susceptibility trans-
fer functions. A completed model in conventional frequency
domain is still desirable for engineers to understand, design the
V2 controlled converter, and compare this control scheme with
other control architectures, like the current mode controls and
the voltage mode control. For example, an engineer might want
to know the worst case of audio susceptibility occurs when the
input voltage is lowest or highest. The aforementioned models
do not provide much knowledge about this.

A frequency domain small signal model based on the describ-
ing function provides a good model for V2 control without outer
slow feedback loop [21], [24], [31]. The model provides the
control-to-output transfer function and output impedance in cer-
tain design range. The mathematical derivation of this model is
very complicated and time consuming. A questionable assump-
tion of this model is: it assumes that the inductor current slopes
are a constant value under all circumstance. This questionable
assumption violates the common sense. There are two unset-
tled issues in this model. First, the small signal model of many
other properties of V2 controlled converters, such as audio sus-
ceptibility v, (s)/vin ($) and input impedance vy, () /iin (), are
still lacking due to the complexity of mathematical derivation.
Second, when a large external ramp is applied to the PWM com-
parator, the model cannot predict the system transfer functions,
as shown in Fig. 3. Moreover, as all the feedback information
is lumped together, this model is lacking the physical insight.
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Fig. 3. Model [21]’s control-to-v, transfer function with large external ramp
Vin =12V, V, = 1.2V, fsw = 300 kHz, output capacitor C, = 560 uF x
8, Rco = 6 m2/8, ramp amplitude S, = 5 V).

It is difficult to have a physical understanding by relating the
property of V2 control to the existing knowledge about current
mode control and basic feedback control principle. The accurate
end results of [21] were mapped to an equivalent circuit in [35],
which is based on the voltage source concept. This model can
precisely predict the stability, but there are some difficulties in
physical concepts. For example, the passive filter Ly and C,
are physically connected, but the equivalent circuit inserts the
R.5 and L., between them. Another example is, in small signal
sense, when the ESR is zero, the output is disconnected to the
input and control signal.

This paper proposes an equivalent circuit model for V?
control with ESR dominant capacitor using the unified three-
terminal switch equivalent circuit model of current mode con-
trols [23]. The targets of this paper are to characterize the
ripple-based controlled converter from various perspectives in
frequency domain and also, to provide a physical insight to
this control scheme. The readers, with basic frequency domain
knowledge, can answer the questions like: does the audio sus-
ceptibility become better as V;,, decreases? Is V2 control more
immune to input disturbance compared with current mode con-
trol and how much better? Why does the output impedance curve
look like a +20 dB/dec line? By decomposing the lumped feed-
back signal into basic signals like inductor current, capacitor
voltage, and load current, V2 control is modeled as a current
mode controlled converter with a proportional capacitor voltage
feedback and a load current feedback. The model is applica-
ble to both variable frequency [17], [25], [33] and constant
frequency V2 controls [6], [26]-[29]. Due to the methodology
limitation, the stability boundary prediction of this model is
overly optimistic, compared with [15] and [21] .The reason-
ing will be discussed in the Section III. This paper extends the
intuition and results of [38], adding the detailed derivation of
output impedance and simplified equivalent circuits for different
transfer functions.

II. REVIEW THE SMALL SIGNAL EQUIVALENT CIRCUIT MODEL
FOR CURRENT MODE CONTROLS

For any PWM converter with a small signal perturbation f,,,,
the PWM modulator generates multiple frequency components,
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Fig. 4. Buck converter with constant on-time current mode control (the block
“Ton” is a fixed on-time generator).

Vet
Fig. 5. Equivalent circuit of constant on-time current mode controlled Buck

converter.

TABLE I
PARAMETERS OF CONSTANT ON-TIME CURRENT MODE EQUIVALENT CIRCUIT

1

R, = 2LS/T011 Kap = (1 7D)/D ch = V;LLP
Vap I

Ce = Tu2u/<Lbﬂ'2> R‘dP == ; G = ﬁ

DI

including the fundamental component ( f,, ), the switching fre-
quency component ( fs ), and its harmonics (n * f ), and the
sideband components (fsw £ fi,nfsw £ fin). All these fre-
quency components exist in all the state variables. With the
loops closed, the sideband frequency components couple to the
fundamental frequency via the PWM modulator. As current
mode controls do not have low-pass filter in current feedback
path, neither the f,, components nor the sideband components
can be ignored in modeling process. The model [20] using de-
scribing function method which is based on the description of
the time-domain waveform takes all the frequency components
into consideration. As an approximation up to half of switching
frequency, the system transfer functions have high-frequency
double pole due to the sideband effect.

Based on the result of the model [20], a unified three-terminal
equivalent circuit model for current mode controls was proposed
in [23]. The nonlinear sideband effect was considered and repre-
sented by an equivalent linear circuit. The resonance of C,. with
L, represents the high-frequency nonlinearity of the closed cur-
rent loop. Fig. 4 is a current mode controlled Buck converter
whileFig. 5 is its equivalent circuit. The parameters for constant
on-time control are listed in Table 1. 7T,,,, and D denote the fixed
on-time and the duty cycle, respectively. The parameters for
other current mode controls are available in [23].
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Fig. 6.

V2 Control with explicit four feedbacks.

II. SMALL SIGNAL EQUIVALENT CIRCUIT MODEL FOR V2
CONTROL AND ANALYSIS

Usually, the outer loop of V? control is a low-bandwidth
compensator, which is straight forward in modeling. The small
signal modeling effort is mainly focused on the complicated
inner direct feedback loop of V2 control. In the analysis of
inner direct feedback loop, the external loop is open, as shown
in Fig. 6.

Applying Kirchhoff current law on the output voltage node,
the capacitor current ic, is the difference of the current in two
branches

’L’Co =14 — ILoad- (l)

The direct output voltage v, feedback is the sum of the voltage
across ESR and the voltage across the intrinsic capacitance.
Based on (1), the direct feedback consists of the inductor current,
the capacitor voltage, and the load current feedback, as shown
in (2)

Vo = o - Roo + Ucap

i, - Roo = iLoad - Roo + Ucap - ()

Fig. 6 redraws the circuit diagram and explicitly shows four
feedback paths. The inductor current feedback, the capacitor
voltage feedback, and the load current feedback are all propor-
tional feedback, but the complexities of the feedback informa-
tion are quite different.

Under perturbation, the fundamental component (f,,), the
switching frequency component (fs, ) and its harmonics (n
fsw ), and the sideband components ( fsw £ fin, R fsw £ fin ) €X-
ist in all the state variables of the switching circuit.

The inductor current feedback loop does not have a low-pass
filter, so there is no enough attenuation on the high-frequency
components. All the sideband frequencies are fed back to the
modulator and coupled to the fundamental frequency, so neither
the sideband components nor the switching frequency compo-
nents can be ignored in the modeling process.
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Fig. 7. Impedance comparison of output capacitor (Co and Rc,) and load
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Fig. 8.

Small signal equivalent circuit of V2 control inner loop.

The capacitor voltage and the load current feedbacks are sim-
pler. For a practical dc VR, the function of the capacitor is to
filter the output voltage switching ripple, so that the impedance
of capacitor branch is usually much smaller than that of the
load resistor at f > fi,, /10. As a result, the sideband frequen-
cies components of inductor current mainly flow through the
capacitor. The sideband frequencies components in the load
current feedback are so weak that they are negligible.

ESR-dominant output capacitor has an ESR zero well below
half switching frequency, that is, 1/(20R¢,C,) < fsw /2. For
the practical converters operating at 300 kHz — 1 MHz, this
criteria is valid for many types of capacitors, such as Tantalum
capacitor, OSCON capacitor, POSCAP and SP capacitor. In this
paper, the equivalent circuit model is derived for the cases that
ESR-dominant output capacitor is employed. It is also applica-
ble to the scheme using some active method to enhance a virtual
ESR, like near-optimum control [9], [10] and VI, control [12].

Since the impedance of the ESR is much larger than that
of the intrinsic capacitance, so the sideband components at vy,
are overwhelmed by the voltage across the ESR. The impedance
curves of the load resistor, capacitance, and ESR are compared
in Fig. 7. The ESR dominates the impedance of the output
capacitor at half of the switching frequency and above. The
impedance contrast justifies the fundamental assumptions in the
modeling process.

According to the analysis above, it is reasonable to consider
all the sideband frequency feedback effect in only the inductor
current loop, but only the fundamental modulation frequency
is considered in the capacitor voltage and the load current
feedback.
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300 kHz, output capacitor C,, = 560 uF x 8, Rc, = 6 m2/8).

The inductor current loop is a highly nonlinear entity. It po-
tentially has sub-harmonic instability. Substituting the closed
current loop and the PWM switch by the equivalent circuit
model, the proposed equivalent circuit model of V2 control is
obtained, as shown in Fig. 8.

Constant on-time V2 control is taken as an example to analyze
the feedback loop structure and their functions.

A. Control-to-Output Transfer Function

Fig. 9 is the simplified small-signal equivalent circuit for
control to output transfer function derivation. The effects of
three feedback loops on the control-to-output transfer function
are shown in Fig. 10. For constant on-time modulation, the
double poles formed by C, and L are at w = 7/T,,.

First, the inner inductor-current loop turns the second-order
system into a first- order system at low frequencies. The v.o to v,
transfer function (3) is derived by solving the equivalent circuit.
The high-frequency double pole is determined by the on-time
and the quality factor Q; is always a positive value 2/, so the
current loop is inherently stable

v,(s)  Rp
Ve2 (8) RCO

1+ Rc,C,s 1
14+ RCos 1+ s/(Qrwr) + 82 Jw?
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where

Q1 =2/m. A3)

The second loop is a capacitance voltage feedback loop. The
capacitance voltage loop has a unity gain feedback, and its loop
gain is expressed by (4). The voltage-loop crossover frequency
is at the frequency of ESR zero, as shown in Fig. 11. In the cases
where ESR zero is well below 1/2 f,, the voltage loop has 90°
phase margin since the current loop provides a first-order plant

Ry 1 1
" Reo 1+ RpCosl+s/(Quuwr)+ 82 w}

Wy = 7T/Ton

“

Tocap(s)

For the case that ESR zero is well below switching frequency,
the loop T, cap has sufficient phase margin. The v, to v, transfer
function can be simplified as

Vo(8) _ Vo(8)/ve2(s) 1
ver(s) 14+ Tycap(s)  1+4+8/(Quwr) +s2/w?’
The third loop is the load current feedback loop. The load

current is fed back via sensing gain Rc,. However, the load
current feedback loop gain is so low that it is negligible

(&)

Load (5) Vo () 1
T; oa = ‘R o= S
toad(8) = 270 e =0 e R
Rco = Roo/Rp < 1. (6)

Finally, as the load current loop is ineffective in changing the
control-to-output transfer function, control v, to output voltage
transfer function is approximately equal to v, (s)/ve1(s). It is
seen that with sufficient ESR, i.e., 1/(27R¢,C,) < fsw /2, the
constant on-time V2 control is stable

Vo($) ~ Vo($) _ 1
ve(s)  va(s)  1+4s/(Quur) + 5% /wi

Based on the voltage loop gain (4), the loop gain T,cap ()
with three poles has total 270° phase lag at high frequency. At the
double pole frequency wy = 7/T,,, the phase lag is 180°. The
loop gain crossover frequency is w. = 1/(R¢,C,). When the
crossover frequency is at or above the double pole frequency, the
system is unstable. The stability boundary is (8). It is determined

@)
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by the relation of output capacitor time constant and the fixed
on-time, but not the duty cycle

RCoCo - 0n/7r' (8)

Fig. 12 shows the voltage loop gain and control-to-v,, transfer
function of an unstable case. The parameters are as follows: Vi,
=12V, Vo = 1.8 V, fi, = 300 kHz, ceramic output capacitor
C, =60 uF x 8, Rcp, = 1.4 m§{/8 (100 pF capacitor with
dc bias).

As a matter of fact, the instability boundary of this model
is overly optimistic. The cause is that, in the derivation, it is
assumed that the sideband frequencies components of capacitor
voltage feedback are negligible as it is overwhelmed by the
ESR triangle ripple. As the time constant R¢,C, decreases,
the impact of sideband component of the capacitor voltage is
more significant. Similar to the phenomenon analysed in [30],
the sideband effect causes additional high-frequency phase lag
in the capacitor voltage loop, so (8) is an overly optimistic
prediction. There is no available model which can accurately
predict this additional phase lag in the voltage loop, but the
models [2], [21] predicted the critical time constant from other
approaches, instead of loop gain’s phase margin concept. For
the case without external slow loop, the stability boundary is
(9), which is different from (8) in the coefficient

RCOO() - 011/2- (9)

For the case that the equivalent-series-inductor is not negligi-
ble, or the case with an external integral loop, the model in [37]
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predicted that the R.,C, time constant has to be even longer
than T,,/2 to avoid the instability.

B. Output Impedance

Based on the equivalent circuit, the output impedance can be
simplified and expressed by (10). The detailed steps are stated
in the appendix

_ RCO . SL.,. _ Ton

Zo
(5) = 7~ sl =

Reo - s. (10)

The equivalent circuit illustrates a physical scenario of ul-
tralow output impedance and fast transient response: ESR senses
the load current via sensing gain R¢,—this signal directly adds
to the inductor current command while the current control gain
is 1/ Rc,. Thanks to the feedback information from the load
current loop, the inductor provides the incremental load current
without the capacitor voltage disturbance. This is the reason
why the low-frequency output impedance is extremely small.
This scenario is illustrated in Fig. 14, which is a simplified
equivalent circuit from Fig. 8 for the output side. This excellent
property of the inner loop of V2 control makes it possible to
achieve very good regulation of output voltage even without the
outer loop. Actually, many commercial products do not have the
output loop and save the cost.

As the perturbation frequency increases, the impedance of C,
decreases and bypasses more ac current gradually. As a result,
the inductor current 77, does not well follow v. and cannot fully
provide the incremental load current under output current pertur-
bation. The difference between the load current and the inductor
current has to flow through the output capacitor and disturbs the
output voltage, so that the output impedance increases gradually
with the perturbation frequency.

Generally speaking, since the current mode control turns
the inductor into a high-impedance current source, the output
impedance current mode-controlled converter is relatively high.
This is usually considered as a drawback of current mode con-
trol. V2 control overcomes this limitation of current mode con-
trol by introducing the capacitor current feedback. The critical
role of capacitor current feedback has attracted people to make
efforts to utilize the capacitor current feedback to improve both
the stability and the fast response of V2 control in different
implementation, such as near-optimum control [9], [10], V¢
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C. Audio Susceptibility and Input Impedance

Unlike the models in [2], [21], [36], the proposed model can
predict the transfer functions between all the variables. The
equivalent circuit representation makes the derivation of any
transfer function very easy—just solve the simple linear circuit.

Audio susceptibility is an evaluation of the output rejection
to the input voltage perturbation. Audio susceptibility transfer
function is derived as (11). Since the 7;, and R¢, are very
small numbers, the V2 control has excellent input perturbation
rejection. The gain of audio susceptibility increases with the
on-time increases. The model of audio susceptibility transfer
function is shown as Fig. 15. In this example, since duty cycle D
is 0.1, the double poles are located at five times of the switching
frequency. With the inner loop closed, the low-frequency audio
susceptibility of constant on-time V2 control is lower than that
of constant on-time current mode control by a factor of R¢,
[32]. For example, if Rc, = 10 mS2, the audio susceptibility of
constant on-time V2 control is 100 times smaller than that of
constant on-time current mode control at the same operating
conditions

Vo (s) [%(8)

- Vin ()

Vin (8)

}/u+ﬂ@w@nz

1
' 1+s/(Qwr) + 82 /w?’

current

- Reo an

In the power conversion system with cascading converters,
input impedance is an important transfer function for the sta-
bility evaluation. It is also used in the design of the input filter.
A predicted input impedance transfer function will be shown in
the Section VI with the simulation verification.

IV. MODEL EXTENSION TO CONSTANT FREQUENCY
V2 CONTROL

The equivalent circuit model is a unified model also applicable
to constant frequency V2 control [24].
Similar to (4), the capacitor voltage loop gain is

Ry 1 1

Tv a = .
Cap() Reo 1+ RpChs 1+ 5/(Qaws) + s%/w?
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where
Q2 = 1/{m[(sn + sc)/(sn + s7) — 0.5]
Wy = 71-/T'sw Sp = RCO(‘/EII - V;J)/Ls
Sf = RCO'V(,/LS. (12)

The stability is related to the duty cycle and also the R.,C,
time constant. The system may fall into unstable region in two
cases: First, when R.,C, < T /p, the phase lag at crossover
frequency 1/(27 R.,C,) is more than 180°. Second, for D>0.5
operating points, if no ramp is applied, the fast loop has sub-
harmonic instability as the Q2<0.

Similar to constant on-time modulation, for the case ESR
zero well below switching frequency, the loop Tyc,, has suf-
ficient phase margin. The control-to-output transfer function of
constant frequency peak voltage mode control is (13), where
sy, and s; are the signal slope across the ESR during switch
ON-time and OFF-time, respectively. The double poles are lo-
cated at half of switching frequency. For a duty cycle over 0.5
or R.,C, < Ty /p, an external ramp is required to stabilize
the system. For any capacitor whose ESR zero is at or above
half of switching frequency, as the capacitor voltage loop has
no phase margin, the system is unstable for all the duty cycle.
Audio susceptibility of constant frequency peak voltage mode
control is (14). For some particular Qo, the low-frequency audio
susceptibility can be almost zero. (14) reveals the possibility
of null audio susceptibility for constant frequency peak volt-
age model control, which is a merit from peak current mode
control [34]

Vo () _ 1 (13)
1+ 5/(Qaws) + 8* /w3
D - Reo - [1/(Qowz) — Tost /2]
Vin (5 ) Ls
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Fig. 18.  Control-to-vo transfer function of enhanced constant on-time V> con-

trol (Vi, = 12V, V, = 1.2V, fi = 300 kHz, Ly = 300 nH, C, = 1.68 mF,
Rco = 2mf, Ry, = 1 mQ): (a) Control-to-vo transfer function; (b) Output
impedance with inner loop closed.

1
% 1+ 5/(Qaws) + 8% /wi’

(14)

V. EQUIVALENT CIRCUIT MODEL FOR ENHANCED V2
CONTROL AND ANALYSIS

Enhanced V2 control adds additional inductor current infor-
mation to the output voltage. Fig. 16 shows a constant on-time
enhanced V2-controlled Buck converter. The inductor current
is added to the output voltage via the current sensing gain Ryy,.

Combining the additional current feedback with the imbedded
current feedback, it is easy to obtain the equivalent circuit for
enhanced V2 control in the same form of Fig. 8 by only replacing
Rco by Ry = Rco + Ry1, as shown in Fig. 17.

The capacitance voltage loop gain is (15). Compared with
V2 control without the inductor current injection (see Fig. 11),
the capacitor voltage loop gain is down shifted by the induc-
tor current feedback. The crossover frequency of the loop gain
Tyeap(s) is w = 1/[(Rco + Ri1)C,]. For the output capacitor
without sufficient ESR, adding inductor current is an effective
method to lower down the voltage loop bandwidth to stabilize
the system

Ry, 1
Reo + Rry, ' 1+ R, C,s
1

1+ 5/(Quwn) + 82 Jwi

Similar to the analysis in the previous section, for the de-
sign with sufficient ESR or (R¢, + Ry1,) value, the loop T;,cap
has sufficient phase margin, the v.; to v, transfer function of
the enhanced V2-controlled Buck converter can be simplified
as (16). The additional inductor current feedback introduces a
low-frequency pole at T),c.;, crossover frequency, as shown in
Fig. 18 (a)

vo(s) 1+5-RaoC, 1

v.(s)  1+s-(Rco+ Rip)Co 1+5/(Qrwy) + 32/w§1'6)

T;;Cap (3) =

15)

As shown in (17), with all the loops closed, the low-frequency
output impedance is dominant by Rpp,. Fig. 18(b) shows the
output impedance of the enhanced constant on-time V2 control.
It is found that, up to half of the switching frequency, the output
impedance is no longer limited by the output capacitor. This
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Fig. 19.  Simulation verification for control-to-v, and output impedance: (a)

control-to-v, ; (b) output impedance.

property implies that the overall control bandwidth of V2 control
is beyond half of switching frequency. This is a unique merit
of V2 control over the conventional voltage mode control and
current mode controls

1+ RCOCOS
1 + (RCO + RLL)OUS‘

ZO(S) = RLL . (17)

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

In the simulation verification, the parameters of the con-
stant on-time V2-controlled Buck converter are as follows:
V=12 V, V, =12 V, Ry =100 m, fi = 300 kHz,
Ly =300 nH, C, = 1000 uF x 27, ESR = 20 m$2/27. The
control-to-output transfer function and the output impedance
are shown in Fig. 19. The proposed model can accurately pre-
dict the system response up to half of the switching frequency.
Limited by the equipment accuracy, the output impedance as
low as —100 dB is difficult to measure experimentally.

The proposed equivalent circuit model is a complete model
for V2 control. Fig. 20 shows the simulation verification for
audio susceptibility transfer function, while Fig. 21 shows the
simulation verification for input impedance. The model pre-
dictions show a good agreement with the SIMPLIS simulation
results up to half of switching frequency.

The proposed equivalent circuit model is also verified by the
hardware measurement result. Fig. 22 shows the comparison
of control-to-output transfer function of constant on-time V2
control. In the experiment, the controller is LM34930, input
voltage Vi, =25V, V, =5V, L, =10 pH, fs = 800 kHz.
Output capacitor is 20 puF and ESR is 430 m). In the
experiment, the small signal perturbation is injected to the SS
pin, and the output voltage and the SS pin voltage are measured
by the frequency analyzer. The model matches well with the
measurement results.

Another example is for constant on-time V? control with
large duty cycle case. The SIMPLIS simulation verification for
control-to-output transfer function is shown in Fig. 23. The
double pole associated with on-time introduce significant phase
lag within half of the switching frequency.
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Control-to-output transfer function of constant on time control (V;,, =
5V,V, =33V, fow = 300 kHz, C, = 330 uFx4, Rco, = 9 m/4, Ly =
300 nH).

VII. SUMMARY

This paper proposed the small signal equivalent circuit for
V2 control employing ESR dominant output capacitor, and the
advanced V? control with sufficient virtual ESR. The proposed
model is a complete model so that all the transfer functions of
interest can be derived from the simple linear equivalent circuit.
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Fig. Al.  Block diagram for solving output impedance.

The analysis provides a clear physical insight for V2 control.
As a special implementation of current mode control, V2 con-
trol imbeds the inductor current feedback, the capacitor voltage
feedback, and the load current feedback in such a simple ar-
chitecture. The load current feedback dramatically reduces the
output impedance of the current mode control. The equivalent
circuit analysis is extended to the enhanced V' control. The ad-
dition inductor current feedback lowers down the voltage loop
bandwidth and provides the resistive output impedance. The
equivalent circuit is applicable to both constant frequency V>
controls and variable frequency V2 controls. Both constant on-
time and constant frequency V2 control tend to be unstable
when the output capacitor ESR zero frequency is high. The
constant frequency V2 control is unstable when Rc,C, <
T, /7 while constant on-time V2 control is unstable when
RcoC, < Ton/ﬂ'.

APPENDIX

To derive the output impedance, the signal block diagram is
drawn as Fig. Al. The effect of three direct feedback loops on
the output impedance is shown in Fig. 13.

The output impedance with current loop closed Z,.(s) is
determined by the output capacitor and the load

RL (ROOCOS + 1)
Z =
oc(5) R Cys+1
The output impedance with the capacitance voltage loop
closed is determined by ESR
Zoi(s) - Zoc(s)/(l + EJCap) ~ RCO‘

The load current loop further reduces the output impedance.
The i, has Z,.(s) and R, two path to the v,. The output
impedance is simplified and expressed by (A-3)

(A-1)

(A-2)

R o TOH
Z,(s) = RC 5Ly = " Reo 5. (A-3)
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