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A General Approach to Sampled-Data Modeling for
Ripple-Based Control—Part I: Peak/Valley Current
Mode and Peak/Valley Voltage Mode

Na Yan“, Xinbo Ruan

Abstract—This article is aiming to unify the modeling methods
for various ripple-based control schemes. It is divided into two
parts, and the first part presents a sampled-data modeling method
for the peak/valley current mode (PCM/VCM) control and the
peak/valley voltage mode (PVM/VVM) control. It is pointed out
that due to the high bandwidth of the dc—dc converter under
PCM/VCM or PVM/VVM control, the sideband effect cannot be
ignored in the modeling process. Meanwhile, with the small-signal
assumption, the feedback perturbation signal has a discontinuity
of the first kind at each sampling instant, so the perturbation
value at this instant should be obtained according to the Dirichlet
conditions, which is equal to half of the sum of the limit values
on the left and right sides of the signal. Then, by using Shannon’s
sampling theorem, the transfer functions of the modulator and the
loop gain are derived, and they are used to analyze the influence
of the sideband components on the converter stability. Finally,
the experimental results from a PCM controlled buck converter
validate the proposed modeling technique.

Index Terms—A discontinuity of the first kind, modulator,
ripple-based control, sampled-data modeling, sideband effect.

I. INTRODUCTION

ODERN microprocessors have been finding wide ap-
M plications. The buck converter is usually adopted for
powering the microprocessors due to its simplicity, and it is
required to have fast transient response. Various ripple-based
control schemes for meeting this requirement have attracted a
lot of attention [1]-[4]. In the ripple-based control, the switching
ripple of the current or voltage is used as the ramp of the modula-
tor to compare with the reference to generate the drive signals for
the switches [5]-[7]. Compared with the average voltage/current
mode (AVM/ACM) control [8]-[11], ripple-based control has a
simpler structure and better dynamic performance. In this article,
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the control schemes that utilize the current feedback signal as
the input of the modulator are named as current-mode ripple-
based control, including peak/valley current mode (PCM/VCM)
control [11]-[13] and current-mode constant ON/OFF time con-
trol (C-COT/C-COFT) [14], [15], and the control schemes that
adopt the voltage feedback signal as the input of the modula-
tor are named as voltage-mode ripple-based control, including
peak/valley voltage mode (PVM/VVM) control [5], [14], and
voltage-mode constant ON/OFF time control [14], [16].

For the ripple-based control, the control parameters and the
circuit parameters such as equivalent series resistor (ESR) of the
output capacitor should be carefully designed to avoid instabil-
ity, especially fast-scale instability [5], [6], [16]. For example,
subharmonic instability occurs when the duty cycle exceeds
0.5 in a PCM controlled dc—dc converter, and a smaller time
constant of the output capacitor will lead to instability in a buck
converter with voltage-mode ripple-based control. There are also
some interesting phenomena. For example, a C-COT/ C-COFT
controlled buck converter is always stable at any duty cycle. In
order to explain the abovementioned stability cases and optimize
the circuit parameters design, the modeling of the ripple-based
control is an essential topic.

The key challenge of modeling a dc—dc converter with ripple-
based control is the modeling of the modulator. Various mod-
eling methods have been proposed for ripple-based control
[15], [34], however, only a few articles gave the small-signal
model of the modulator and the obtained results are not verified.
Furthermore, the obtained models are different and a consensus
has not been reached. Hence, a unified modeling method of the
modulator that is accurate, simple, and suitable for all kinds of
ripple-based control is expected, which is the main purpose of
this article. This article is divided into two parts. Part I discusses
the PCM/VCM and PVM/VVM control, and Part II focuses on
the COT and COFT control.

Among the existing modeling techniques for a PCM/VCM
controlled dc—dc converter, the biggest controversy is the deriva-
tion of the modulator gain factor F,,, which is the minus of the
ratio of the duty cycle perturbation and the current feedback per-
turbation. Fig. 1 shows the key waveforms of the PCM control,
where, i, is the feedback current and %S isits perturbation; m; and
—me are the slopes of i during the ON-time and OFF-time of the
switch, respectively, m.. is the slope of the compensation ramp,
and T is the switching period. Table I lists the values of F,,
obtained in [11] and [23]-[28], and the differences are caused
by different values of 7, selected at the sampling instant, i.e., the
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TABLE I
VALUE OF Fy,, FOR PCM IN THE EXISTING LITERATURE

Sources of Fi,

The derivation of F,

from (50b) in [23] or
from (2) in [24]

from (38) and (39) in [25]

from (31) in [26]

from (12.66) in [11] or
from (1) and (4) in [27] !

from (15), (16) and (17) in [28]

1, (k) =—(m+m,)d(k)T, = F, =

b = L ~md (0T, =2 (1, ~d(K)T,) = F,, =
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Fig. 1. Key waveforms of the modulator for PCM in steady state.

intersection instant of two input signals of the modulator. In [23]
and [24], the value of is right before the sampling instant, i.e.,
the value of i (k) in Fig. 1, is used. In [25], the average value
of is during the switch-ON time, which is derived from the value
of i1, is used, while in [26] the average value of %S during the
switch-OFF time (derived from is) is discussed. In [11] and [27],
the average value of is during a switching period, expressed as
()Ts, is used. In [28], the F,, is obtained with the assumption
of %Sg(k):%sg(k—kl) . In addition to the controversy for the
derivation of F,,, the expressions of the loop gain obtained in
different articles are also different.

In most existing modeling methods for the PVM/VVM con-
trolled buck converter, it is assumed that the ESR of the output
capacitor is so larger that the switching component in the output
voltage is the voltage across ESR resulted by the inductor current
ripple. In this case, the PVM/VVM control is equivalent to the
PCM/VCM control, and the ESR is the inductor current sense
gain, and the existing modeling methods for PCM/VCM can
be directly applied to the PVM/VVM control [30]-[33]. Hence,
these methods not only face the similar inaccuracy issue as those
for PCM/VCM, but also not that general due to the assumption
of the larger ESR.

In [5], [17], and [29], the closed-loop gains are derived,
respectively, by using the Krylov—Bogoliubov—Mitropolsky
method and the describing function method for ripple-based

control. However, these two methods require cumbersome math-
ematical derivation and provide quite limited physical insights,
which restrict their practical usefulness.

It should be noted that in all the above modeling methods for
ripple-based control, the closed-loop gains are derived first since
it is difficult to establish the transfer function of the modulator
directly in the past. In these methods, it is all mentioned that
the nonlinear characteristic of the modulator, i.e., the sampling
characteristic of the modulator, plays an important role in the
converter stability. However, no method reveals exactly how
this characteristic affects the dynamic performance, and the
modeling techniques for the modulator are also unclear.

Fortunately, some modeling methods that considered the
influence of sideband components, which is caused by
the sampling characteristic of the modulator, can provide
some inspiration to modeling the modulator under the
PCM/VCM/PVM/VVM control and are reviewed as follows.

In [35], the power stage and the modulator are regarded as a
whole part, and its transfer function is derived by approximating
the perturbation in the duty cycle signal, which contains a series
of narrow pulse signals, to a train of impulse signals. Also,
the obtained results indicate that the loop gain measured with
the feedback loop open is not the same as that measured with
the feedback loop closed (see (11.5) and (11.16a) in [35]),
which is caused by the sideband effect. In [36], the effect of
the sideband component at s—jw, (w, is the switching angular
frequency) is taken into consideration for the loop gain of
the buck converter with the AVM control, and the path which
describes this effect is introduced into the control block dia-
gram, thus providing a clear physical insight about the side-
band effect. The effect of other sideband components on the
loop gain is further considered in [37] and [38]. Compared
with [35], it is revealed in [36]-[38] that the difference of
the loop gains with the feedback loop open and closed is
confirmedly caused by the sideband effect on the frequency
response of the modulator, thus indicating the importance of
directly modeling the modulator based on the accurate frequency
analysis.

From these methods of studying the sideband effect, it can
be found that when two signals intersect at a fixed time in
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each switching period to generate the duty cycle signal, such
a process can be regarded as a sampler, and the intersection
moment is the sampling instant. That is to say, the modulators
in the ripple-based control and the AVM/ACM control are a
sampler from the perspective of small-signal analysis. So, the
sampling principle can be used to directly derive the transfer
function of the modulator, which implies the consistency of
modeling methods of the modulator in the AVM/ACM and
PCM/VCM/PVM/VVM control. However, the existing model-
ing methods for ripple-based control are quite different from
those for AVM [36]-[38], keeping us from a unified understand-
ing of all the basic control schemes.

In this part, a method to derive the transfer function of the
modulator, including the exact definition of F,,,, for PCM/VCM
is proposed by directly using the sampling theorem, and then it is
further extended to the PVM/V VM control. Since the derivation
process is based on the sampling characteristics of the modulator,
the proposed modeling method is referred to as the sampled-data
modeling method.

The rest of this article is organized as follows. Section II
introduces the sampling characteristic of the modulator, and then
presents the sampled-data modeling method for the PCM/VCM
controlled buck converter followed by the stability analysis
and the comparison with other existing well-known models.
Section III derives the small-signal models of the buck converter
with the PVM/V VM control, analyzes the influence of the side-
band effect on the converter stability, and determines the stability
conditions which the time constant of the output capacitor need
to satisfy. Then, the obtained results are verified by simulation.
Section IV discusses the extension of the proposed sampled-data
modeling method to other dc—dc converters. The experimental
results of a PCM controlled buck converter are provided in
Section V. Finally, Section VI concludes this article.

II. SAMPLED-DATA MODELING FOR PCM/VCM

In this section, the sampled-data modeling for the dc—dc con-
verter under the PCM/VCM control is developed first based on
the sampling characteristic of the modulator. Then, the obtained
theoretical models are used to analyze the converter stability and
further verified by simulation.

A. Sampling Characteristic of the Modulator

Fig. 2 shows a PCM/VCM controlled buck converter, where
Vin is the input voltage, Ly is the filter inductor, Cy is the output
capacitor, R. is the ESR of Cy, Ryq is the load resistor, iz, is
the inductor current, i is its feedback signal, d is the duty cycle
signal, Hj is the inductor current sense gain, and m.. is the slope
of the compensation ramp, 7’ is the switching period, and the
corresponding switching (angular) frequency is represented by
fs(ws). The part from the feedback signal to the duty cycle signal
is referred to as the modulator. PCM is taken as an example to
present the sampling characteristic of the modulator and derive
its small-signal model here.

If the modulator in Fig. 2 is a sampler, it means that when
an ac small signal v,. with the (angular) frequency of f,, (w,)
is injected into the point A shown in Fig. 2 (note that v,
contains the ac components at the frequencies +w, in the
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Fig.2.  PCM/VCM controlled buck converter.
TABLE II
SIMULATED BUCK CONVERTER PARAMETERS
Parameters | Symbols | Values | Parameters | Symbols | Values
Input Vin ! V 12 Inductance L/ pH 6
votlage
Output |y | 35 | ESRofthe |5 01 2o
voltage inductor
Output | p gy | 33 Output |k | 200
power capacitance
Load | Ra/@ | 13 | ESROfthe b p o | 10
capacitor
Switching £/ Hz 100k Current' H 0.1
frequency sensed gain

complex frequency domain), the perturbation components in
the feedback current and the duty cycle, denoted as 5 and d,
respectively, will both contain the ac components at the fre-
quencies tw,+nw(n € Z), denoted as %S(:I:jwp + jnws) and
cf(:l: jwp + jnws), respectively. The w,+nw, components (n
# 0) are called the sideband components. It should be mentioned
that the components in d at the frequencies w,+nws (n € Z)
are generated by i (jw, + jnws), while az(fjwp + jnws) are
generated by 7, (—jw, + jnws), which means it does not need to
consider i, (—jw, + jnws)and cZ(fjwp + jnws) when deriving
the relationship between d( juwp + jnws) and i (jw, + jnws).
In order to verify the sampling characteristic of the modulator,
the PCM controlled buck converter in Table II is built in Simplis
software. The steady-state operating point is first obtained, and
then an ac signal with a frequency of 2 kHz and an amplitude of 1
mV is injected into the feedback current i, for further simulation.
The time-domain waveforms are obtained by subtracting the
steady-state waveforms from those with perturbations, as shown
in Fig. 3. After that, Fourier analysis tool in Simplis is adopted
to extract the frequency spectra of time-domain waveforms.
As seen from Fig. 3, both %8 and d contain not only the
ac component at 2 kHz, but also the components at sideband
frequencies, and the sideband components in ¢ ; are obviously not
ignorable compared to that of the perturbation frequency. The
amplitudes of the components in d at all sideband frequencies
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Fig.3. Simulated waveforms of is and d when a 1 mV, 2 kHz perturbation is
injected into is.
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Fig. 4. Key waveforms of the modulator in the perturbed state under PCM.

and the perturbation frequency are all equal, thus verifying the
sampling characteristic of the modulator. The next section will
directly use the sampling theorem to derive the transfer function
of the modulator.

B. Sampled-Data Modeling

Fig. 4 shows the operating principle of the modulator. The
intersection instant of two input signals of the modulator, i.e.,
the sampling instant, is selected as the beginning time in each
cycle to simplify the derivation process. As seen from Fig. 4,
is and d are negative correlated, i.e., the greater i, the lower
the d. Hence, the transfer function of the modulator Gpwi(s)
is defined as

Gpwm(s) = — ——. (D

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

Denoting d(k) and i,(k) as the value of d and i, at the kth
sampling instant, F,, is defined as

A d(k)
is(k)
As seen from Figs. 3 and 4, is has a discontinuity of the first
kind at each sampling instant under the assumption of the small
perturbation signal. Let 45(k™) and 25(k™) denote the left and
right limits of 7, (k), then according to Fig. 4, we have

F,. 2

{§w>=4mHWQMMn 5
1s(kT) = (mo — me)d(k)Ts.
According to the Dirichlet conditions, 7, (k) is
is(k) = (is(k7) +i,06)) /2. @)
Substituting (3) into (4), and then according to (2), we have
F, = ! (5)

[(m1 —m2)/2 +m] T,

From the perspective of small signal analysis, the modulator
can be regarded as an ideal sampler, and a series of narrow pulse
signals in d can be treated as an impulse train, which is the
sampling signal of the input signal 7, of the modulator. That is,
the relationship between d and 7, can be expressed as

+00 t+oo
dit) = Y d(k)Ts = —FnTis(t) > 6(t—kT.) (6)

where 0(¢) is the Dirac delta function.

Due to the sampling characteristics of the modulator, if the
converter initially has an ac small signal component at frequency
wp, both d and i will contain ac components at w,+nws (n €
7). According to Shannon’s sampling theorem, we have

+o00
d(jwp) = d(jwp + jrws) = —Fn Y is(jwp + jnws).

(7

According to (7) and defining Giq(s) as the transfer function

from d to iy, the control block diagram for the PCM controlled

buck converter is depicted, as shown in Fig. 5. Hence, Gpwi(s)
can be expressed as

Grwm($) [s=je,

_ d(s) F,, ®
2 - 400 .
us(s) 14+E H; Y. Gia(s + jnws)
n=-—oo
n#0

Thus, the loop gain T(s) can be written as
Ti(s) = HiGia(s)Gpwm(s)- &)

Similarly, for VCM, the transfer functions of the modulator
and the loop gain can also be derived, and they are the same as
(8) and (9), and the control block diagram is still in the form of
Fig. 5, except that the expression of F', is changed to

1

b = o — )2 T md T

(10)
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Fig. 5. Control block diagram of a PCM controlled buck converter.

C. Model Simplification

As seen from (8), Gpwwm(s) contains infinite-term sideband
components, thus hindering the stability analysis. So, (8) will
be simplified and approximated with the example of a PCM
controlled buck converter. The expression of Gjq(s) of the buck
converter is [40], [41]

B Vin (Cys+1/Rra)
Lf0f82+ (Lf/RLd + RCCf) s+1°

Gid(s) (11)

At the frequencies higher than the resonance frequency of Ly
and Cy, represented by f., Giq(s) can be expressed as [18]

1 mi+me

Gid_a(s) = . s

(12)

It can be found from (8) that, only at the frequencies close to
nfs (n = +£1, £2, ...), the frequency response of the modulator
is related to the low-frequency characteristic of Giq(s). Since f;.
is usually much lower than f, it is reasonable to replace Giq(s)
with Giq_,(s). Substituting (12) into (8), and using the following
series equality [42]:

“+o0
1
Z Tl =mcot(mx) (n€Z, x#0) (13)
n=-oo
Gpwwm(s) can be simplified as
G (s) =F !
als) =
W= " 1 + FmHz zochoc Gidfa (S + jnws)
n#0
1
=F,

ll"'Fm(ml‘i‘mZ)( L (

Jws

+00 1 _ 1
n=—00 s/jws+n s
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1
=F, (14)
1+ F,(my +ma) (ﬁ cot (wﬁ) — %)
Correspondingly, 7;(s) is approximated to
T;_o(s) = HiGia(s)Gpwm_a(8)- (15)

D. Stability Analysis

As seen from (14) and (15), the sideband components affect
the converter stability through the modulator, which will be
further illustrated in detail below by taking PCM as an example.
First, defining the item related to “s” in the denominator of (14)
as G1(s), and at frequencies below 0.5f;, we have [43]

s ¢ s 1 11 w2 1 s w2
Jws 0 (ﬂjws) s s + 38w52 s 3wg?
(16)
Substituting (16) into (14), Gpwm(s) below 0.5f; can be
written as

Gl(s):

~ Fm
1 —|—Fm(m1 —|—m2)5 n?

3 ws?

Grwm_a(9) (17)

As seen from (17), the dc gain of the modulator is F,,, and
Gpwwm(s) has a left-half-plane pole when F,,, > 0. The value
of F,, corresponding to the PCM controlled buck converter in
Table II is calculated to be 2.22 according to (5), which is the
same as the ratio of d(2 kHz) to i,(2 kHz) shown in Fig. 3, thus
verifying the correctness of the derivation method for F,,. As
seen from Fig. 3, when f;,, = 2 kHz (w,, = 27f}), the amplitude
of 7, at 102 and 98 kHz cannot be ignored. This means that the
sideband components should also have a significant impact on
the low-frequency characteristics of the modulator. The reason
why the low-frequency gain of Gpw(s) is still equal to F,,
is that when w, << w,, wy + nw, (n = jzl, +2, ...) can be
approximated as +nws, then the effect of is(jw, + jnw,) and
is(jwp — jnws) on a?(jwp) cancel each other out (Giq_o(jnws)
+ Gia_a(5jnws) = 0).

In addition, it can be inferred from (11), (14), and (15) that,
when F,,, > 0, the phase of Gpwu(s) in the entire frequency
range is above —90° and the phase of 7; ,(s) is greater than
—180°, thus predicting the stability operation when m . satisfies

me > (mg —my) /2. (18)

Moreover, according to (12), (14), and (15), it can be found
that, if m. = 0, then at 0.5f;

Ti_a(S) ‘s:%jws ~ HiGid_a(S)GPWM_a(S) s:%jws

Fr(mitma)/s . _ 2
1-F,,(mi1+m2)/s |s=3jws — (1-2D)mj—2

(19)

where D represents the duty cycle at steady state and myD
= mgy(1-D). As shown in (19), T; ,(j0.5w) is equal to —1
when D = 0.5, thus predicting the phenomenon of subharmonic
oscillation when D is larger than and close to 0.5.

E. Comparison and Simulation Verification

Table III presents the proposed model and the existing mod-
els in [18], [19], [29], and [35] for the PCM controlled buck
converter, where 7.(s) represents the closed-loop gain i.e., the
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Fig. 6. Comparison between the theoretical models and the simulation results for a PCM controlled buck converter. (a) Gpwm. (b) T;. (¢) T.

transfer function from i..¢ to is. It is worth to point out that [29]
only derived T.(s) by using the describing function method,
and open-loop transfer function is not provided in Table III.
Fig. 6 compares the Bode plots of Gpww(s), T5(s), and T.(s)
from different models with the simulated results with the cir-
cuit parameters in Table II, where T; ridiey(s), T_Tan(s), and
T'; Brown(s) represent the expressions of 7;(s) givenin [18], [19],
and [35], respectively. As can be seen from Fig. 6, the proposed
models given by (14) and (15) are in good agreement with the
simulated result in the entire frequency range, 7; T.n(s) is valid
up to 0.5, and there is a clear distinction between 7;_ridiey(s)
and the simulated results. An explanation for Fig. 6 is made
below.

In [35], a small delay € (¢ — 07) is included in the modulator
path and Giq(s) is replaced by Giq_,(s) in the derivation process.
Note that the final results given by T, prown(s) are different in
the two cases when € # 0 and € = 0. Although the expressions
of F,, given in [35] and this article are different, the final
expressions of T,(s) are the same, which is further explained
in Appendix I. Through exploring the physical concept of the
small delay introduced in [35], we found two other methods to
derive GPWM(§) for PCM,Aand one of which is based on the
minus ratio of ¢5(k~) and d(k), denoted by F,,, and the other
uses the minus ratio of i, (k1) and d(k), denoted by F.}. Both
methods introduce a delay or an advance item £, and the obtained
models are the same as that given by (14). These two methods
are illustrated in Appendix L. R

Both [18] and [19] first derive the relationship between iyt
and 75 in the z-domain and then obtain the 7'.(s) by converting
iref and 74 into the s-domain with the following relationships
(see (4.5) and (4.6) in [19]):

R 1— e*STs

15(s)=

15(2) [omeote 5 iref(8) =Titret(2) |smeots -
(20)
Note that a zero-order-holder link (1 — e~*7%) /sisintroduced
when obtaining 7 (s). However, the prerequisite for introducing
this component is that ¢, needs to remain unchanged over a
switching cycle, and this condition holds only in general at high
frequencies (f,, > f,). This is because the capacitive reactance

S

of Cywould be much smaller than the inductive reactance of Ly
whenf,, > f., consequently, the slope of the inductor current dur-
ing the ON-time and OFF-time of the switch can be approximated
as (Vin—V,)/Lyand —V,/L;, respectively (same as that at steady
state), by neglecting the output voltage perturbation 7,, which
makes i, a constant over a switching period. If fp < fr, then
0, will have an unignorable effect on the slope of the inductor
current, therefore, in this case, i s 18 no longer a constant, which
also can be inferred from the waveforms shown in Fig. 3.
According to Fig. 2, T.(s) can be readily derived as

o E(S) _ H7FmG1d(S)
1+Ty(s) 1+ H;F,, sz_oo Gia(s + jnws)
(21
By replacing Giq(s) in (21) with Giq_4(s), T.(s) at frequencies
higher than f, can be simplified as
HiFmGidfa(s)
L+ HiFm Z:io—oc Gid_a(s + jnws)

T.(s)

Q

Te o(9)

1—e T
sT

where the expression of a can been found in Table III, which
is the same as that given in [18], [19], and [29], implying the
T.(s) obtained in [18], [19], and [29] is only a special case of
the result obtained in this article.

The expressions of T;(s) in [18] and [19] are further extracted
based on Tc(s). In [18], T;_ridiey(s) was solved from

11—«
1—aqesTs

(22)

T (8) . 11—« 1— e 57T B HiFmGid(S)
T e sTs T, 14 T;_Ridiey ()
HZ'FmGid(S) HiFmGid_a(s)

T HiFpGu(8)Ho(s) - 14 H;FyyGia o(s)Ho(5)
(23)

which introduced an additional gain block H.(s) (see (3.14)
in [18]) into the feedback path, but lacks a solid theoretical
basis. Besides, the expression of F,, in [18] is also incorrect. So
T;_Ridley(s) exhibits very low accuracy in the entire frequency
range, as observed in Fig. 6(b).



YAN et al.: GENERAL APPROACH TO SAMPLED-DATA MODELING FOR RIPPLE-BASED CONTROL—PART I

6377

TABLE III
COMPARISON OF THE EXISTING MODELS AND THE RESULTS OBTAINED IN THIS ARTICLE
Fr Grwwm(s) Ti(s) Te(s)
—sT,
Ridley’s 1 o F HG,(s)H.(s l-a 1-e""
Model 18] | (m+m )T Gl Cae ™ T
| A RGO e e
an’s _ 4F (m, + 4F (m, + =
Model [19] "o\ 1+ m (m, - m,)s 14 m (m, i m,)s P
2 c S a)s a)s s
Li Jian’s o - l—ag 1—eh
Model [29] - 71 P ST
F.HGy(9)
Brown’s 1 o s+ jno, e
Model [35] (m, +m )T, 1+F. H, ;Gd s+ jnw)e _
n#0
1 F;n F H‘ Gld (S) l ld (s)
The model Tm—m_ N +0 ] ]
in this paper (%+ mch; I+FH, Z Gy (s+ jno,) I+F, H, Z G, (s+ jnw,) 14+F. H, Z G (s+ jnw,)
o "o o

Note: 1. Ho(s) = —3£s— ~

STs 1 - 2/7\' w92+( 5)% 2 a=—

™y tme

m m
m2 e 3« represents the result was not given.

e
4. In this table, the expression of 7 Tan is given based on the actual expression used in the verification process in [19], rather than the original expression in (25).

In [19], T;_Tan(s) was obtained from

l—a 1—eT T Tan(s)
T. o(s) = = = 24
o) 1—aesTs  sTy 1+ T; Tan(s) 4
and expressed as
mi1+m
T Tan(s) & 5[(m2*m11)/2?‘rmc]T5 _ FnHiGia_a(s) 7
i_Tan 1+ : 4(myi+m2)S 1+ 4Fm(m12+m2)5 d R<<—V jf? !
w2[(ma—m1)/24+m.]Ts w? L 1Q ref T '
(25) | s ATy
Based on this, the resultant transfer function from d to iy, ' = !
in T 1an(s) 18 Giq_o(s), meaning T; 1an(s) is accurate only at ' Modulator i
frequencies higher than f,.. However, [19] replaced Gigq_,(s) in ' e P ,:
T; Tan(s) with Giq(s) in the process of experimental verification ' S< V|
without justification. Although this modification improved the 77777 N R O m T
accuracy of T Tan(s), as confirmed in Fig. 6(b), the modeling ==
method is not very well-founded especially in the low-frequency Valley Voltage Mode

range.

It should be mentioned that the low-frequency gains of T(s)
from the aforementioned models are all much greater than 1, thus
the low-frequency gain of 7.(s) is pretty close to 1, which sug-
gests that the good agreement between the theoretical model (22)
and the actual response cannot tell the validity of the modeling
method at low frequencies. In conclusion, the modeling methods
proposedin [18],[19], and [29] are invalid at low frequencies due
to the assumption that ¢, remains unchanged during a switching
cycle when deriving the expression of 7.(s).

III. SAMPLED-DATA MODELING FOR PVM/VVM

In this section, the small-signal models of the PVM/VVM
controlled buck converter will be derived and then simplified by
using the same methodology for the PCM/VCM control.

A. Sampled-Data Modeling

Fig. 7 shows the circuit diagram of a PVM/VVM controlled
buck converter and the representations of the variables are the
same as those shown in Fig. 2. Besides, i, is the current flowing

Fig. 7. PVM/VVM controlled buck converter.

through the output capacitor, v,, v., and vy, are the output volt-
age, the voltage of Cy, and the voltage feedback, respectively, H,
is the voltage sensor gain, implemented by the divider consists
of resistors R; and R,. Next, PVM will be taken as an example
to derive the small-signal models.

Similar to the PCM control, in the PVM control, the defini-
tions of the transfer function of the modulator Gpwi(s) and the
modulator gain factor F,, are similar to those in (1) and (2),
respectively, while 7, should be replaced by og.

Figs. 8 and 9 show the operating principle of the modulator
at steady state and perturbated state, respectively, where the
sampling instant is selected as the beginning time in each cycle.
In Fig. 8, m; and —ms are the respective slopes of i;, during
the switch ON-time and OFF-time, m,¢ is the slope of v, at the
sampling instant, vf, (k~) and v (k1) are the left and right
limits of the slope of vg, at kT, respectively. In Fig. 9, 05, and d
denote the perturbation signal in v, and d, respectively, g, (k7),
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Fig. 9. Key waveforms of the circuit shown in Fig. 7 in the perturbed state.

g, (kT), and d(k) are the left and right limits of 9, and the value
of d at kT, respectively.

Defining the value of o, at kT as Og, (k), and using the same
principle as mentioned in Section II, one can find that

Op (k) = (0 (k™) + 0, (KT)) /2. (26)
From Figs. 8 and 9, we have
{)fb(k7) = (v,fb(ki) + mC) d:(k)T‘? (27)
o, (kT) = (—0'm (KT) — me) d(k)Ts.
From Figs. 7 and 8, m.s can be obtained as
m _dﬂ| _Zc(t)| NiL(t)_IO|
of =~ lt=kT. = o t=kT, ~ 7C’f t=kT,
mlDTS
= 28
o (28)

where /, is the load current, and note this equation is derived at
steady state. According to Figs. 7 and 8, and (28), the expressions
of vfy, (k™) and vfy, (k™) can be derived as

U/fb(ki) = Hv (Rcm1+me) = HU (R0m1+%DfTS)

Vi (kT) = H, (—Rema+mer) = H, (_Rcmz_,_mleDfTs)
(29)
where
Ry

H,=——.
Ri+ Ry

(30)
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Substituting (29) into (27), then according to (26) and the
definition of F,,, we have

1
F,,,= . 31
Hq} (Rc ml;m2 + m2chvaS ) Tg+ch€
Using the same method, it can be found that for VVM
1

H, (RC—"”;"“ + —mg(’?fTs) Ty+m.Ty

Furthermore, using the same derivation process mentioned in
Section II, Gpwi(s) can be expressed as

Gewi(s) fon
PWML\S) = -
1+F,H, ZTL:::&OO Gvd(S + jnws)

(33)

where G,q4(s) is the transfer function from d to v,. For buck
converter, it is expressed as [40], [41]

R.C¢s+1

Gv =V . 34
d(S) Lfo82+(Lf/RLd+RCCf)S+1 4
Finally, the loop gain 7,(s) is given as

TU(S) = HUGVd(S)GpWM(S). (35)

B. Model Simplification

It is difficult to analyze the stability by using the model
given by (33) since it contains infinite-term sideband compo-
nents. Given Gq(s) decreases with a slope of —40 dB/dec at
high frequencies, it only needs to consider the finite sideband
components. Defining Gpwwm_am(s) and T, ps(s) as the transfer
function of the modulator and the loop gain which include only
the components within M multiples of the switching frequency
range, i.e.,

Grwm_ M(s) = T MFm (36)

4 E H, S Guals + jnws)
n#0

Ty a(s) = HyGya(s)Gpwn_n(s)-

For example, if M is selected as 1, Gpww_1(s) and T, 1(5),
respectively, represent Gpwn(s) and 7T',(s), which only include
the sideband components around the switching frequency. An-
other approximation method is similar to that mentioned in
Section II. When s > 27f,., Gyq(s) can be simplified to Gyq_4(s)
expressed as

(37)

1 f 1
Goaals) = Vi ReCrst 1l Wi (Rccf +). (38)

n Lf0f52 B Lfo S 52

By substituting (38) into (33), the approximations of
Gpww(s) and T,(s), denoted as Gpw_q(s) and T, ,(s), respec-
tively, will be valid at all frequencies except for a small range
near the multiples of the switching frequency. Furthermore,
using the following infinite sum formulas [42]:

{ P i = meot(m)

(keZ, x#0) (39)

+o0 1 _ 2
k=—00 (k+z)? sin? (7x)
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the expressions of Gpwu_o(s) and T,,_,(s) can be further sim-
plified to the results as expressed in (40) and (41), shown at the
bottom of this page, respectively.

C. Stability Analysis

Same as the PCM control, it can be found from (40) and (41),
the sideband components affect the converter stability through
the modulator in the PVM/VVM control, which will be further
illustrated in detail below with the example of a PVM controlled
buck converter. First, the influence of the sideband components
on the low-frequency gain of the modulator is analyzed. Defining
the term related to “sin(ms/jws)” in the denominator of (40) as
Go(s), and at frequencies below 0.3f;, we have [44]

1 2 1 - 1 72
(jws)? sin® (s/jws) 8% 3w

Another term related to “cot(ws/jws)” in (40) has been given
in (16). Therefore, combining (16), (40), and (42), at frequencies
below 0.3f;, (40) can be rewritten as

,
_,7+R Cfs 7r2)

Go(s) =

(42)

14 FuHyViy @3

L;Cy 3 ws? 3 ws?

GrwM_a(s) =
(

As seen from (43), the low-frequency gain of the modulator
equals to F, /(1 — % é 522) rather than F,,, due to the
sideband effect.

Furthermore, since the amplitude of G (s) and G5(s) become
larger as frequency increases, and the phase of G(s) is always
90°, the phase of Ga(s) is always —180°. Therefore, it can be
concluded that the sideband effect makes the amplitude and the
phase of the frequency response of the modulator decrease as
frequency increases in the high-frequency region. Also, it is well
known that the phase of G,q(s) alters in the range from —90° to
—180° at frequencies higher than f,, and the smaller the time
constant of the output capacitor CyR,. is, the closer the phase of
Gyq(s) isto —180°. Moreover, the phase of Gpw(s) is negative
in the high-frequency region. Hence, it can be inferred that a
larger time constant R.Cy is preferred to ensure the converter
stability.

Now, the condition under which a PVM controlled buck
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where
_ FnHVin 1
T L:.Cy 12D . (1-D)DT. moCTs
Cy (Rccf 20 4 (=D )T+n§1+§m
45)

According to (44), one can find that 7, ,(j0.5w,) = —1
when 1/a—7?/w,> = 0, and the magnitude of T, ,(j0.5w,) is
larger than 0 dB, the phase of T, ,(jO.5w;) is lower than —180°
when 1/a—m%/ws? < 0. Therefore, it can be inferred that a PVM
controlled buck converter is stable when l/a—m2/w > > 0, in
which the magnitude of 7', ,(jO.5w) is less than 0 dB, the phase
of T, 4(j0.5wy)is great than—180°. Thatis to say, for PVM, R .Cy
or m. needs to satisfy

RTCf> + 25 and D < 1 (me = 0)
Hmng >2D 1+Rcf (1 42D+D72) andD<% (me#0).
(46)

Similarly, with the same analysis, we can find that for VVM,
R Cyor m. needs to satisfy

Rcf> +1D22D,:—7+2D andD> (me =0)

mcL / s / D'

Vo P >2D +re; (1 =P +T) andD>%(mc750)
47)

where D represents the duty cycle at steady state and D' = 1 —
D. The results given by (46) and (47) are the same as those
obtained in [6] by using the discrete modeling method (see (5)-
(7) in [6]).

D. Comparison and Simulation Verification

In [29], the expression of the closed-loop gain T.(s) for the
PVM controlled buck converter, i.e., the transfer function from
Vref 10 Vg, represented by T._1,;(s) as given in Appendix II, was
obtained by using the describing function method. In order to
compare with T._y;(s), the expressions of T.(s) in this article
are derived by using T, p(s) and T, ,(s), and the obtained
results are denoted as 7._pz(s) and T._,(s), respectively, which
are defined as

conver;ler lis stabl'e i§ derived based on (38), (40), and (41). At T, ai(s) = M
0.5f;, the loop gain is 2 15T, 1 (5)
Ty_a(s) s:%j %Hvad_a(s)GPWM_a(s) _ F H Gvd(s) (48)
1 ROy 1+ FnH, a Gva(s + jnws)
st
TTmo-Em ke W (s):M
cRTTET ~) TG
GpwM_a(5)
Fm, o Fm
1+F Hy S0 o Ged o8+ jnws) 14 FoyVia ( x? B L) FHyViy (7 ( L) - 1)
Zn;é - ( J ) 1+ LyCy (jws)? sin?(mws/jws) 52 e L;Cy R, Cf cot ijs s
(40)
Tv_a(S) = Hvad(S)GPWM_a(S) (41)
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o FmHv Gvd(s)
1+F,,H, (Gvd(8)+ T Gvd_a(s-i-jnws))
n#0
(49)

It can be found that at frequencies higher than f;,, (49) can be
further simplified as the following equation by replacing Gq(s)
with Gyq_,(s) and substituting the expression of F,, into it:

FmHvadfa(s)

T. o(s) =
eal 1+ FpHy S0 Gua als + jnws)
_ Gvd_a(s)
1 + R.Csm WZ/(jws)z .
F.H, + mlcfm2 ( jw: cot GTJ%S)+ sin?(7s/jws)

(50)

It should be noted that T._r,;(s) can also be rearranged to the
form in (50) without approximation, as proved in Appendix II.
Similar to the scenario in the PCM control, the low-frequency
gain of T.(s) is very close to 1 regardless of the expression
of Gyq(s) in the PVM control, which suggests that the good
agreement between the theoretical model (50) and the actual
response cannot tell the validity of the modeling method at low
frequencies.

To summarize, the modeling method proposed in [29] is in-
valid at low frequencies due to the introduction of the assumption
that the perturbation signal in the voltage across the ESR of the
output capacitor remains unchanged during a switching cycle
into the derivation process of T'.(s).

To demonstrate the correctness of the proposed models, a
PVM controlled buck converter is simulated in Simplis software,
and the circuit parameters are given in Table II except that R. =
30 m$2, Cy =300 pF or 100 pF, Ry = 2.1 k2, and Ry = 1.2 k).

Fig. 10 shows the simulated time-domain waveforms when
different Cy are used. As seen, the converter is unstable when
Cy = 100 pF, but turns stable when Cy = 300 pF, as predicted
by (46). Figs. 11 and 12 show the Bode plots of the theoretical
models and the simulated results when different Crare used. As
seen, the theoretical models represented by (40), (41), and (50)
are in good agreement with the corresponding simulated results
as expected. Also, it can be found that Gpw_1(s) and T, 1(s)
have deviations from the simulation results in the low-frequency
range, which indirectly proves that the sideband effect could also
affect the low-frequency response of the modulator.

Moreover, as seen from Fig. 12(b), the cut-off frequency of
the loop gain is close to 0.5f; and the phase margin is negative,
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thus predicting the instability phenomenon which matches the
case demonstrated in Fig. 10(b).

IV. EXTENSION OF THE SAMPLED-DATA MODELING TO OTHER
TOPOLOGIES

The proposed modeling method in Section II can also be ap-
plied to the PCM/VCM controlled boost/buck—boost converter.
For the boost/buck—boost converter, the G;q(s) derived with the
average technique, represented by Giq_av($), is inaccurate within
a small range close to nfs (n = £1, £2, ...), which means that
the Gpwwm_q(s) in (14) is invalid in the low-frequency range.
Fortunately, an exact Giq(s) can be derived by using the describ-
ing function modeling method [45], [46], denoted as Gig_pr(s)
here. Substituting Giq pr(s) into (8) leads to the Gpwn DrE(S),
which can accurately describe the frequency response of the
modulator.

Fig. 13 makes a comparison of the theoretical models with the
simulated results for a PCM controlled boost converter, where
GpwwM _pr1(s) represents the result when only the sideband
components around f; are considered for Gpwnm pr(s). The
parameters of the boost converter are as follows: Vi, =48 V, V,,
=80V,Rq =12.8Q, Ly =95 uH, Cy =470 uF, R, = 47 mQ),
H; = 0.1, and f; = 100 kHz. The resonance frequency f, can be
calculated as 450 Hz.

For the boost/buck—boost converter with the PVM/VVM
control, if the ESR of the output capacitor is small, then the
sampled-data modeling proposed in Section IIl is still applicable
as long as the accurate G,q(s) in [45], [46] is used, which is
the same as that in the PCM/VCM controlled boost/buck—boost
converter. However, if the ESR of the output capacitor is large,
the situation of g, will have a step up (for PVM) or a step
down (for VVM) at each sampling instant, making it much more
complicated than a discontinuity of the first kind. Therefore,
the modeling method proposed in Section III is not suitable for
the PVM/VVM controlled boost/buck—boost converter with the
large ESR of the output capacitor.

V. EXPERIMENTAL VERIFICATION

In order to verify the validity of the sampled-data modeling
method proposed in this article, a PCM controlled buck con-
verter prototype with the UC3824 controller and the INA293
current sense amplifier was fabricated in the lab, and the circuit
parameters have been given in Table II. The Bode plot data were
obtained by using the network analyzer Agilent ES061B and the
analog signal injection method [19].

Fig. 14 shows the comparison of the proposed models with
the experimental results when m, = 0. It can be found that the
models represented by (14) and (15) are in good agreement
with the experimental results and are accurate in the entire
switching frequency range except for a small difference at the
frequencies close to fs, verifying the correctness of the proposed
models.

VI. CONCLUSION

This article developed a unified sampled data modeling
method for ripple-based control schemes based on the sampling
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characteristic of the modulator. It is divided into two parts, and APPENDIX I.

in this first part, the models for PCM/VCM and PVM/VVM
are derived. It is pointed out that the perturbation signal in the
current feedback or voltage signal has a discontinuity of the
first kind at the sampling instant. Consequently, when deriving
the modulator gain factor F m,Athe Dirichlet conditions must be
satisfied, that is, the value of i, or 0g, should be equal to half
of the sum of the limit values on the left and right sides of this
signal at the sampling instant.

Based on the theoretical models of the buck converter with the
PCM/VCM/PVM/VVM control, the effect of the sideband com-
ponents on the converter stability is analyzed, and the stability
conditions are determined. Finally, simulation and experimental
results verify the proposed models. The next part will present
the sampled-data modeling method for constant ON-time control
and constant OFF-time control.

The research in this appendix is inspired by the result obtained
by Brown [35]. Here, we present two other modeling methods
to derive the Gpwwm(s) for PCM as well as the verification of
the equivalence between the expression of 7; prown(s) and the
result given by (15).

The core idea adopted in the derivation process in Section II
is that the duty cycle perturbation signal d can be regarded as
an impulse train, and i, has a discontinuity of the first kind at
each sampling instant, as depicted in Fig. 15, where ¢ = kT —
kT, = kT — kT,

Letting F, = —d(k)/is(k)and Ft = —d(k)/is(k™), then
according to Figs. 3, 4, and 15, we have

+oo
d(t)

n=-—0oo

+o0

> d(k)T = —F, Tyt —¢) Y 8(t—kT.)

n=—oo

(A)



6382

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

20
S oh e
5
2 0
&% —— Gpwm a(S)
s -10 :
S e+« experiment
20 I
90
45
7 0 Ll
8 T e
= b
= 45 \
-90 X
100 1k 10k 100k
Frequency (Hz)

Fig. 14.

@

-3 dbr.

n=—oo

A ”
dw) - Td(k—l)TS _ > ;
- > ¢ ¢d(k)Ts
d(k)T, S e
R k1) () N
is(0)] - 2 s —
> ¢
0 —ikl)y e e
is(k) kT kT, kT
(k-1)T kT,
Fig. 15. Approximate waveforms of d and %4 under PCM control.

+o00o

FiTiis(t+e) > o(t—kT.).

n=-—oo

(A2)

- p o 2Lk affect N
e (e
_ 80 -... | | oo fH 540 /F
2 60 Teo 0 | ] = I N
E 40 /. ’ 20 "820 e o 0o 0o 0 ....7.. “”R\\\
o E — S . ]
2 20 | \ E \\VI \\
& | | | 20 ; Y
= 0 — -+ = Gig pi(s) N = —.._c ®)
ST g 20 oy e
90 .o Gia ofs) 180 180 simulation ]|
// \ simulation \
£ 0 | & 9 :
S || 180 g
<= - e o o o e o o @ N e o 0o o
=90 1ok 100k 102k & O e ™
-180 -90 T
0 100 1k 10k 100k | 200k 10 100 1k 10k 100k
Frequency (Hz) affect / Frequency (Hz)
(a) (b)
Fig. 13.  Comparison between theoretical models and simulation results for a PCM controlled boost converter. (a) Giq. (b) Gpw .-

Magnitude (dB)
(=}

0] — Tial)
*++ experiment
40 i
90
~ 0 W—Qﬂ\‘-
N
2 -90
i \
—-180 1
-270
100 1k 10k 100k
Frequency (Hz)

(b)

Comparison between theoretical models and experimental measurements for a PCM controlled buck converter. (a) Gpw. (b) 7.

According to Shannon’s sampling theorem, we obtain

d(s) = d(s + jnws)
+00
1 d(s + jnws)

—+o0

n=-—oo

—~F, Z (%S(s—l—jnws)e_(”j"“s)E)

—F Z (is(s—i-jnws)e(sﬂ”‘”s)f).

(A3)

(A4)

Processing (A3) and (A4) in the same way as (6), we can get the
expressions of Gpw(s) as shown in (A5) and (A6) as follows:

;WM?a(S) =
Fr
L ELH S v o (Gia_a(s+jnws e (sHinws)e)
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o —sTs\(1_.—sTs) Vin BecCgstl
T, pa(s) = 200 — fo(ie ) (e ) T o
= Brer (5) Rcm1+}’;—g+’"21§;“ ( Remi+Rema— 2W+7T”1TS+;”2T0“)6 ST§+( Rema+ 7}”+’"2 ) ~2s7Ts
Vig ReCyst1, & (Al14)
_ Lgs  COfs fsCe _ Gyd a(s)
m S me . c - 1 m1+m RcCem
ReCrmy+ 27T 4 Cf+(m1+m2)<esn(f§sn)z+£Tff1> oy + 202 (5525 cot(m 30 ) + oy s )
F- T S 1
= - . T ~ (AS5) = —cot (71— | — =T (A12)
1+ F; (my +ma) (7r cot(ms/jws) — 5Ts — g) Jws Jws 2
GPWM L(8) = one can easily find that the 7; pyown(s) is the same as the result
Pt represented by (15).
m
1+ B H S Gid_a(s + jnw,)e(stinws)e
EnZoonso (Giaa ° ) APPENDIX 11
(A6) This appendix proves the equivalence between the 7. 1,(s)

T 1+ Fif (my +ma) (mcot(ms/jws)+1T, — 1)

where the following infinite sum formulas are used in the deriva-
tion process. Note thate # 0 and e — 0.

1 +o0 e (st+inws)e e s€ _mcot(ms/jws) 1
Jws n=-00 s/jws+n s Jws TS s
1 +o0 elstinws)e ese _ mceot(ms/jws) 1
Jws n=—00 s/jws+n ) s T Jws + T s
(A7)
Using the expression of F,,, .-, and F,}
1
Fm - I F77L
(ml - m2/2 + mc) TS
1 1
- Ff=——— (A3
(ml + mc) Ts (mc - m2) Ts
We find that
F, 1 F, 1
m_ g bty (L T ST, =1,
7 (m1 + mg) 5 Fm + (m1 + mg) 5

(A9)
According to (A9), (AS) and (A6) can be rearranged into the
result given in (14), i.e.,
EWM,a(S) = G;WM_a(S)
F
1+ F(my + msa) (ﬂ' cot(ms/jws) — l) '

S

(A10)

In fact, the above two modeling methods can also be extended
to the VCM/PVM/VVM control, but it may bring additional
computational complexity because of the introduction of the
item €.

In addition, the expression of T; prown(s) given in [35] is
repeated as

P

T; Brown(s) = H’LGld(s) T
) Lt P (ma +mo) (g - 3)
(A1)
Using the following equality:
T, T, 2¢ 53T T, (e53Ts 4+ e=s3T
esTe — 1 2 \esaTe _ o55Ta| 2 \ pssTe _ ps3Ta

and the expression in (50). Using (31), (38), (A12), and the
equality

To(1—eT) (A13)

T, 1i(s) for the PVM controlled buck converter with H,, # 1 (see
[29, Table 4.2]) can be rearranged into the form given in (50) as
shown in (A14), which can be found at the top of this page.
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