IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 7, JULY 2024

8425

A Novel Describing Function Small-Signal Modeling
Approach for Passive Ripple Constant On-Time
Controlled Converter With Exponentially
Varying Slope

Yi-Rong Huang

Abstract—Passive ripple constant on-time (PRCOT) controlled
converters have been widely used for mobile applications to im-
prove light-load efficiency and transient response. An accurate
small-signal model is inevitable for PRCOT control to estimate
stability and design high loop gain bandwidth. The describing
function (DF) method has been used to model the constant on-time
control. However, previous research assumes a constant passive
ripple slope, which is different at small RC time-constant conditions
and causes inaccurate modeling results. In this article, a new DF
modeling approach is proposed to handle exponentially varying
slope. This article takes a PRCOT controlled boost converter as an
example to demonstrate the modeling approach. Simulation and
experiment results verified the accuracy of the proposed model
even beyond the switching frequency for both constant slope or
exponentially varying slope passive ramp cases.

Index Terms—Constant on-time (COT) control, constant ripple
slope, describing function (DF), passive ripple (PR), small-signal
model.

1. INTRODUCTION

HE passive ripple (PR) circuit for modulation ramp gen-
T eration has been widely used in constant on-time (COT)
and other controls for buck and boost converters in mobile
applications due to its low quiescent current and fast transient
response features [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17]. For example, a boost converter
with PR constant on-time control (PRCOT) is shown in Fig. 1.
The PR is generated by connecting an RC circuit to a square wave
voltage, synchronized with the duty signal d. The output voltage
of PR exhibits a constant slope when the RC time constant is
significantly larger than the switching period T's, as depicted in
Fig. 2(a). Conversely, the PR exhibits an exponentially varying
slope when the RC time constant is close to T, as illustrated
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Fig. 1. Boost converter with PRCOT control.
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Fig.2. Key waveforms of a boost converter with PRCOT control. (a) RC >>

Ts. (b) RC ~Ts.

in Fig. 2(b). This exponentially varying slope situation often
happens when the PR circuit is implemented into an integrated
circuit (IC). To save the occupied area in IC for the PR circuit,
smaller values of RC are usually chosen. Both the PR circuit
and COT control can help to save the light-load efficiency for
the power converter. COT control reduces switching frequency at
light-load to reduce the switching loss. PR circuit has ultra-low
current consumption. Instead of an active ramp circuit, a PR
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circuit does not require active circuits such as an operational
amplifier. Huang et al. [11] proposed a 240-nA quiescent current
buck converter, and the control topology belongs to PRCOT
control. Furthermore, a PR circuit can form a fast feedback path
to improve transient performance by connecting the bottom of
Cpr to vout as shown in Fig. 3 [1], [2], [4], [5], [6], [7], [9],
[11], [13]. This circuit can increase transient response without
an active adder circuit. This control scheme is sometimes called
quasi-V? control in previous research.

Although PRCOT has been proposed in previous research,
an accurate small signal model for PRCOT controls with expo-
nentially varying slope have yet to be developed. An accurate
small-signal model is inevitable for PRCOT control to estimate
stability and design high loop gain bandwidth. The main chal-
lenge in modeling PRCOT is the exponentially varying slope
caused by the RC time constant being insufficiently larger than
Ts, which affects the PR, as illustrated in Fig. 2(b).

Li and Lee describing function (DF) method [18] has been
widely utilized to derive small signal model of COT controls
(31, [19], [20], [21], [22], [23], [24], [25], [26], [27], [28], [29].
DF applies Fourier-series analysis to modulation waveform,
which achieves good accuracy whether for constant- or variable-
frequency control. Based on Li’s DF method, [3], [27], and [28]
have attempted to derive a small signal model for control with
a PR circuit. However, Lin et al. [3], Lu et al. [27], and Huang
and Cheung [28] make specific assumptions on PR, leading to
inaccuracies in the derived model.

This article proposes a modeling method based on DF to
derive a small signal model for PRCOT controlled converter
with exponentially varying slope. Unlike Lin et al. [3], Lu et al.
[27], and Huang and Cheung [28], the proposed approach does
not make specific assumptions and achieve good accuracy in
various RC time constant conditions. The PRCOT controlled
boost converter, illustrated in Fig. 1, serves as an example circuit
for model derivation. The v to vy, transfer function, G,.(s), is
derived, and a pole-zero form for G,.(s) is obtained for system
design. Both SIMPLIS simulation and experiment verified the
developed G,.(s) model. Furthermore, previous methods [3],
[27], and [28] are also used to derive PRCOT controlled boost
converter, and compared with proposed method.

The article is organized as follows:

1) Section I: An introduction of PRCOT control and DF

method are presented.

2) Section II: A new method is proposed to derive G.(s)

of a PRCOT controlled boost converter. For comparison,
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Fig. 5. Control block diagram of proposed modeling method.

previous methods [3], [27], and [28] are also used to derive
a controlled boost converter.
3) Section III: The developed models are verified and com-
pared with SIMPLIS simulation and experimental results.
4) SectionIV: Conclusion and the opportunities for extension
of the proposed modeling method.

II. PROPOSED MODELING APPROACH FOR PASSIVE RIPPLE
CONSTANT ON-TIME CONTROL WITH EXPONENTIALLY
VARYING SLOPE

In this section, the proposed method, and previous methods
[3], [27], and [28] are used to derive small signal models of
PRCOT controlled boost converter. The proposed method is
presented in Section II-A. The previous methods [3], [27] and
[28] are presented in Section II-B. These derived models are
verified and compared in Section III.

A. Derivation of Gy.(s) By the Proposed Method

The modeling strategy to develop the transfer function from
Ve t0 Vout, denoted by G.(s), is shown in Fig. 4. We first cut
the voltage loop compensator and then inject a sinusoidal per-
turbation with a small magnitude into the v, signal. Fig. 5 shows
that the control block diagram of the proposed modeling method
only involves two control blocks: the transfer function from d to
Vout, denoted by G,4(s), and the transfer function from v to d,
represented by G g,.(s). The G,.(s) is obtained by multiplying
Gya(s) and G g,.(s). The G,4(s) has been developed by average
model as (1) and exhibits good accuracy [30]. The parameters
are given in Table I, where Ry, and Ry are the ON-resistance
of power stage lower and upper switch, respectively. Therefore,
in this section, we focus on developing the G 4,.(s) transfer
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TABLE 1
TRANSFER FUNCTION PARAMETERS OF G4(S)
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Fig. 6.  Perturbated modulation waveform of PRCOT control.

function. It is worth mentioning that the inner PR loop has been

included in dec(s)
(1 . )
WRHP
s2 ) : (1)

(1 + Qo,udé"wo,vd + w?

o_vd

Gvd(s) = K’ud .

1) Step 1: Model Assumptions: There are two assumptions
for the derivation: the magnitude of the perturbed sinusoidal
wave is small enough and the switching frequency f; and per-
turbation frequency f,, are commensurable, which means that N
-fs =M - f,,, where N and M are positive integers. It is worth
mentioning that there is no assumption of a constant PR slope.

2) Step 2: Equations of Modulation Principle: By injecting
sinusoidal perturbation into v., the equation of v.(¢) is shown
in (2). In (2), r, is the dc value for a steady-state operating
point. 7 is the magnitude and @, is the initial phase. Observing
the perturbated modulation waveform of PRCOT control in
Fig. 6, the sinusoidal wave of v causes different OFF-times. The
equation for the off-time in every ith cycle can be presented as
(3), where the 7, is the steady-state OFF-time value, and At (4)
is the perturbated value for the ith cycle. From (3) and Fig. 6, the
t; can be calculated as (4). Using the modulation law, (5) can be
obtained. In (5), it should be noted that vpr(?; + fof (;)) has not
been derived yet but will be derived in the next step. Li proposed
(2)—(5) to derive the small signal model, and then several papers
followed these steps [3], [19], [20], [21], [22], [23], [24], [25],
[26], [27], [28]:

Ve(t) = 1o + 7o sin(2m frnt — 6,) 2)

tot(i) = toft + Atog(i) (3)
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Ve(ti + tosi(i)) = vPR(ti + tom(i))- ©)

In this article, an additional (6) for Az.g(t) is proposed to
derive a small signal model, and this additional equation is the
key point to handle the exponential mathematics. We know that
the off-time #,g(;) is perturbated by sinusoidal function v(z)
with perturbation frequency f;,,. Therefore, the Az,g(t) varies
as a sinusoidal function with perturbation frequency f,,. We
can express Af,g(t) as a sine function in (6), where 7. is the
magnitude and 6. is the initial phase. By (6), Atof () can be
obtained as (7). By (4) and (7), (8) can be obtained. Equation
(8) can be approximated as (9) because Afyg (k) is much smaller
than #,, + fog. Equations (2), (5), and (9) are used to derive
model in subsequent steps

Atog(t) = Py SIN2T frnt — Oy ©)
At"“(i) - ?:;toff sin(2m fin (t; + toff(i)) - gtoff) @)
Ato“(i) - TAtoff Sin(2ﬂ—fm((i - 1)T5 + 1

+ Z Atoff(k)) - gtoff) ®
k=1

Al (i) = Fo SIN2T frn (0= DTs + 1) = 05 ) 9)

3) Step 3: Equations of Passive Ripple: In this step, vpr(t; +
foft (i)) in (5) is derived by deriving the differential equations of
the PR equivalent circuits. The PR equivalent circuit for time
interval 7; 10 Zof (5) is shown in Fig. 7. By the equivalent circuit,
the differential equation of vpr(?) for t; to t; + to ;) time interval
can be obtained as (10). By solving differential (10), vpr(t; +
foff (i)) can be obtained as (11). By observing (11), it can be seen
that vpgr(?;) still need to be solved. In order to derive vpr(%;),
the PR equivalent circuit for #;.; + fog(5-1) to t; time interval is
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shown in Fig. 8. The differential equation of vpgr(?) for t;.; +
foff (i-1) to t; time interval can be obtained as (12). By solving
differential (12), vpr(?;) can be obtained as (13). Substituting
(13) into (11), (14) can be obtained as

dvpr(t
ReqCor 28 0y = 0 (10)
where
no_ RiRy + R R3 + RaRR3
e R+ Ry
 tofrtAorr(i)
vpr(ti +tomi)) =€  TeaCPr - wpr(t;). (11)
dUPR(t) RQ
ReqC )= 55— Va 12
eq VPR dt +'UPR() Ry + Ry (12)
vpr(ti) = e Tealrr VPR (ti-1 + Log(i-1))
ton Ry
+ (11— et ) 2, 13
c Ri+ R, (13)
—Atogr(i)

1y
vpr (t; + toff(i)) =+ eFeaCrr - ¢ FeaCrr - vpR(t; 1 + toﬁ(i_l))

—ton
. (1 — eRCqCPR)

topr  “Dlofi(i)
+ e eaCPr ¢ ReaCPR

Ry
X J—
Ry + Ry

By observing (14), we can see that vpr(?; + tor(i)) is depen-
dent on vpR(ti-; + foff (i-1)), Which is the previous cycle value
as vpr(t; + tomr(i)). Therefore, in order to obtain the complete
information of vpr(#; + fom(i)), We need to iterate vpr(t; +
Toft(i)) back to vpr(tg + to(0)), Where 1o + tof () TEPrESents
the start time. By iterating back to vpr(?p + fofr(0)), (15) can
be obtained. By Taylor approximation, (16) and (17) can be
obtained. By substituting (16) and (17) into (15), (15) can be
approximated to (18). Equation (18) is used to derive G,.(s) in
the subsequent steps, and it is worth mentioning that (18) is too
complicated to be derived with Li’s deriving process

Vin. (14)

vpr(ti + to(i)) =

i
_ Zk:l Atoft (k)

.e ReqCpR

—iTs
-+ e ReaCPR

-vpR(to + Lo (0))

“toff —ton Rs
-+ e ReqaCpPR (1 — eReqCPR) —  Viy
Ri + R>
i _ (i-k)Ts B Z; Atoff (k)
. Z e ReqCpRr . e ReqCpR (15)
k=1
i At i
I D D M -V 16)
ReqCPR
YAt A
o iy X Ay -
RerPR

vpRr(ti + tos(i)) =
—iTs
t eToaChR - (1 .

S 1 Aot

. t t
ReaCrn > vpR(to + tof(0))
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“toff ~ton Rs
+ e ReaCPR (1 — eReqCPR) — WV
Ri+ R»
i _(i-MW)Ts N
. Z ¢ FeaClpr - | 1 — M ) (18)
k=1 ReqCrr

4) Step 4: Fourier Analysis: The perturbated duty cycle can
be expressed as (19). Fourier analysis derives the Fourier coef-
ficient of duty cycle ¢, (q) as shown in (20). Based on (20), (21)
can be derived. It can be found that (21) contains 7 e %%, s0
we have to find the relation between 7yope /%" and 7,670

d(t) o<t <tar+tosean) +ton
M

= [ult —ti —torry) — ult — ti — tosry — t,,)]  (19)
=1

tv t+orr(m) Flon

Cm(d) =] N d(t) . eijQﬂ—fmtdt (20)

327 T, >
[ i@ty o T

21

Cm(d) — f5(1 _ €7j27rfmton) .

In order to derive the relation between 7 e 77t and 7,e 7% .
We utilize the modulation law in (5) and the derived vpg in (18)
to present (22) shown at the bottom of the next page. By observ-
ing (22), it can be found that the left side contains sin-function
of v.(¢) and the right side contains sine function of Atoff(z‘ )-
Therefore, we can obtain the relation between 7yoe 7%t and
#,e 7% by applying Digital Fourier Transform to (22). By
applying digital Fourier transform to (22), the relation between
Frofre %%t and 7,e 9% can be derived as (23) shown at the
bottom of the next page. By substituting (23) into (21), (24)
shown at the bottom of the next page, can be obtained. Finally,
based on (24) and (25) shown at the bottom of the next page, the
v. to d transfer function G 4,.(s) can be obtained as (26) shown
at the bottom of the next page.

5) Step 5: Pole-Zero Decomposition of Gqye s): In order to
have a pole-zero form of (26), the padé approximation is applied
to e*”s and e~*7on as shown in (27) and (28). This approximation
is valid up to 1/(2T) [18]. By substituting (27) and (28) into
(26), the pole-zero form of Gg,.(s), denoted by G gy p-(s) can
be obtained as (29). It can be seen that G, _p.(s) contains a
complex pole with its frequency related to Ty,, and two zeros
with its frequency related to the time constant of PR circuit

T,
T 1 4 i _ 27)
1- Z.SL + i 2
=7 (%)
TDH
5T o 1 — s _ (28)
1+ =%+ 2=
™ Ton (Tm.)
(1 * “"i"k) (1 * wP;HF)
Gd'ucpz (S) = Kdvc : . (29)

(1 + o+ %)

The parameters are given in Table II.
6) Step 6: Derivation of G,.(s): Finally, the v, to v,y trans-
fer function, G,.(s), can be obtained by multiplying G,4(s) in
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(1) and G gy¢(s) in (26) as (30). The pole-zero form of G.(s),
denoted by G, p.(s), can be obtained by multiplying (1) and
(29) as (31). The parameters are summarized in Tables I and II.

Furthermore, it is worth noting that if the power stage is a buck
converter, the G 4,.(s) is the same as boost converter. Therefore,
we can directly replace the G,4(s) of the boost converter with
the G,q(s) of buck converter to derive PRCOT controlled buck
converter

Gvc (S) = G'ud (S) . dec (S)
Gvcfpz (3) - de . Kdvc

(30)

(=) (1rz) - (i)
. WRHP WPR WPRyp
s 52 s 2\
(1+Q°ud""’°vd J’_wgud) . (1+ @nwn +w7,2L)

€2y

B. Derivation of Gayc(s) By Previous Method [3], [27], and
[28]

The disparity between proposed and previous methods is
evident in G g,.(s), because G,q4(s) is the same. Therefore, we
are going to derive G g,.(s) for comparison.
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Fig. 9. Perturbated modulation waveform with constant PR slope.

In [3] and [27], the constant slope of PR is assumed. The
modulation waveform with v, perturbated is depicted in Fig. 9.
By Fig. 9, the equation of the modulation principle is obtained
as (32). The derivation of constant slope S, pr, and Sy, pr, can
be referred to [17]. It can be observed that the constant slope of
PR is utilized in (32). By using (32), the Aty ;) can be derived,
as given in (33).

By applying Fourier-series analysis to duty signal, d, as (34),
(35) can be derived. By substituting (33) into (35), the Fourier
coefficient of duty can be derived as (36). The Fourier coefficient
of v, has been derived in (25). By (36) and (25), the control to
duty transfer function can be derived as (37)

Uc(ti—l + toff(i—l)) + Sn,PRton = Uc(ti =+ Toff(z))

+ sy pPrlogiy  (32)

(Fosin(27 fr (1 = 1) - Ts + togt) — Oo) — Fosin(27 fr, ((i — 2)

. Ts + toff) - 00))

— eTeaCrn (7o Sin(27 fon (1 — 2) - Ty + togt) — 0o) — FoSIN(2 fin (i — 3) - Ts + tog) — 65))

“toff

) Ro
_—@)Ts v to+ 1t e ReaCPR ton L5 N /4
— ¢ReaCrr | _ LR ( 0 off(O)) o - (1 — eneqcm) Ri+Ry, ! P SIN2T frn (8 — 1) T + togr) — 01, )
ReqCprr 1 — eFeaCrn ReqCprr
Ry
~tg 1 —ton . V
— eFealen — (1 - eReqCPR) RRH%TR P ST fon (1= 1) Ty + togr) — Ory)
— e BeqCpR eq
“totf Ro
—(i-1)Ts v to+t e ReqCPR Cton 2 V; . ) .
— e ReaCpPR _ PR ( 0 Off(O)) — " (1 — eReqCPR) Ri1+R2 “ Tt s1n(2ﬂ'fm ((Z - 2) Ts + toff) - 0{,0“)
ReqCPR 1 — e ReaCPr ReqCpR
Ry
“to 1 “ton 2= Vi
+ el — (1 - emmcin) A 1o SN2 o (1= 2) T o+ o) = B, (22)
— e ReaCPR eq
, (1 _ eiﬁlfcsm) . (1 ok efj(zwfm-n)) |
'f'toﬂ- 67‘70%)“ — - o LV . 720€7J90 (23)
] (1 — eﬁ) . (e% — ej27rf7n'T3) )
Cm(d) = fs (1 — 6_]27rf"”t°“) . — — R . 7206—]90 (24)
e (1) S (e
2. fm t v +torr(ary Flon ] "
Crm(ve) = jT (o + 7o SIN(27 frnt — 0,)) - e 2™ Imtdt = 7, e73% (25)
0
_T, .
G — Cm@ (g psten (1) - (e — e ™) 26
dvc (5) = Cim(ve) =fs ( —€ ) . qutggk . R;qtngR %'Wn 1 o, (26)
e . —e 4chCPR . ( —e )
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TABLE II
TRANSFER FUNCTION PARAMETERS OF Gve_pz(S)

~T, 2
[1 _ Rl ]
T
Koo L =\ | =z
oRaCrn | 1 _ gRaCon 2y
R,Cpx R+R,
,
P
”2
L
Opp_pip
”2
T, 4
2
0, -
T
w —_
n Ton

where
Ve(t) = 1o + 7o sin(27 frnt — 0,)

tofi(i) = toff + Atog(s)

i—1
ti - (7' - 1)(ton + toﬁ) + Z A‘Jf'oﬂ”(k)
k=1

1 Ry
Sn.PR = .(1-D)-V,
e ReqCprr R1 + R2 ( )
1 Ry
S — ) DV,
PR RpqCpr  Ri + Ro !
Atoﬁ‘(i) = -2 fo sin(m f, Ts)
Sf,PR
. ton - toﬁ
X cos(2mfon | (1 — 1) Ts — —5 ) 6,)
(33)
2 fm t v +tore (v Tton )
Cm(d) = j—f d(t) ce I Imt gt (34)
N Jo
where
M
(1) 0<t<tnr +tomon Hon = P, [0t = i = togi(i))
i=1

— ton)]

—u(t —t; — tomi(i)

_ .]—27Tfm eszﬂ'fwntoff (1

Cm(d) = ~ 7 — ¢ 2 mton)
x Y e 2T N At (35)
i=1 k=1
_ _f 32 fmton . =300
Crm(d) = (1—e )« Foe (36)

Sf PR
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Fig. 10. Expanded view of perturbated modulation waveform.

_ Cm(d) fs
dec_conslant_slope(s) = = S_
f:PR

| — 32t
Cm(vc)

(37

On the other hand, [28] attempts to address the exponential
slope of PR by utilizing the slope when PR Vpy intersects with
the control signal V. as SfPR_intersection, depicted in Fig. 10.
By differential equations of PR circuit in (10) and (12), the
Sf,PR_intersection can be derived as (38). By Fig. 10, the Atqg(;)
can be derived as (39).

By applying Fourier-series analysis to duty signal, d, as (40),
(41) can be derived. By substituting (39) into (41), the Fourier
coefficient of duty can be derived as (42). The Fourier coefficient
of v. has been derived in (25). By (42) and (25), the control to
duty transfer function can be derived as (43)

~
‘ bf PR_intersection ‘

1 ~T Rs
=+ e ReaCpr - ‘/C——V;
ReqCrr ( o ( Ri + R )
~Loff R
+ e ReqCrr &T2R2 . VIn) (38)
AV,
Ato h=— c
(e) |bf,l)Riillt(-‘,l’S(-‘,(ITi()ll‘
_ —Fo SIN2T frn, (t; + tofr(s)) — bo) 39)

S‘/'.PR,ﬁinl,crmect‘iml ‘

2. f t v ttofi(ar) Hton )
niy =i | d(t) - 92 Inigy (40)
0

where
M
A() o<t <tarttoean on = P [U(E = ti = tosi(s))
i=1

—U(t - t'i - toff(i) - ton)]

Cm() = ,ﬂ;ﬂgﬂwfmtoff(l _ 92t
s
M i
x Y eI T Aty (41)
i=1 k=1
L /
d o e
() ‘Sj'.PR_intersection‘
. j27rfm‘Ts .
x (1 — e 2 fmton) € p e 3% 42)

1— ei2nfmTs
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TABLE III i A A
CIRCUIT PARAMETERS OF THE SIMULATION Ver 1 \\ / \\ \\ / \\
(I 7T\ / AR
oa— / AN / / AN /
02kt / / / /
Ve 6 10 2 14 16 18 20 22
Input voltage Vi, 33V time/uSecs 2uSecs/div
Output voltage Vou 5V . . . . o .
Fig. 11.  Simulated modulation waveform with PR exhibiting exponentially
Output current L, LA varying slope (Ts/ReqCpr = 4.5).
Switching frequency f; 200 kHz
Inductor L 8.8 uH
Inductor dc Resistor Rpcg 114 mQ 60, 2 60 L2
. Cpr=10nF, TJ/ReoCpr=0.45 Cpr=1nF, TyRe(Cpr=4.5
Output capacitor Coy 40 pF 20 20
Low side power MOS turn-on 2 Q
P 20 mQ S, =X Bl
Resistance Rig = ‘s
] (O]
High side power MOS turn-on 20 mO -30 —— Proposed Gty -30 —— Proposed G
Resistance RUG . Simulation 0 Simulation
PR circuit resistor R, 560 O de_100 10" 10" 10° 10 69100 10° 10" 10" 10
PR circuit resistor R, 560 Q %0 90|
PR circuit resistor R; 820 Q b o b A
0 0
PR circuit capacitor Cpg 10 nF 1 nF § ﬁ
o -90 & -90|
c -180! -180
Gd intersection slo e(S) = m(d) 10 100 10° 10* 10° 10° 10 100 10° 10* 10° 10°
ve 1on_siop Crm(ve) Frequency (Hz) Frequency (Hz)
f 0327 frn T (a) (b)
B .
L — ]27Tfmt(m) (43)

1 — ei2nfmT.”

.
*S,]",Pkfinlerseclion ‘

We summarize the differences in derivation between the pro-

posed method and Li’s methods [3], [27], [28] as follows:

1) Expression of Atog(t): In the proposed method, Az,g(2) is
expressed as a general sine function as (6), whereas Li’s
method employs a modulation law for deriving At.g(t) as
(33) and (39).

2) Derivation of Modulation Ramp: The proposed method
employs a differential equation to express the modulation
ramp, which is a PR in this example. In contrast, Li’s
method assumes a constant ramp slope, such as a constant
PR slope in [3], [27], and a constant intersection slope in

[28].

III. SIMULATION AND MEASUREMENT RESULTS

SIMPLIS simulation tools are used to verify the derived
models. In previous research, the SIMPLIS behavior circuit has
proved its accuracy in predicting small-signal behavior [3], [19],
[20], [21], [22], [23], [24], [25], [26]. The organization is as
follows: The proposed models (26), (29), (30), (31) and previous
method models (37),(43) are verified by simulation in subsection
A. Measurement results are used to verify the proposed model
(26), (29), (30), (31) in Section III-B.

A. Simulation Verification

The circuit parameters and working conditions are given
in Table III. It is worth mentioning that with the parameters
provided in Table III and the change of Cpr from 10 to 1 nF,
the value of T,/R.qCpr becomes approximately 4.5. Thus, the
PR already exhibits an exponentially varying slope, as shown in
Fig. 11.

Fig. 12.  Model verification of Ggyc(s). (a) Cpr = 10 nF and Ts/Roq CPR =
0.45. (b) Cpr = InF and Ts/ReqCpr = 4.5.

f, f;

/2 . 2
60,
Cpr=1nF, TyRegCrr=4.5
30)
0 \
5 1 5

Proposed G,.(s)
0° =10 100 10*>  10* 10
0

60
Cpr=10nF, T/Ro(Crr=0.45

30

’ N

Gain (dB)
Gain (dB)

Proposed G,.(s)

~ Simulation ~ Simulation

=10 100 10° 10 10

10°
90 9
0 0
< <
8 90 3 -90
© ®©
T T
-180 “N -180) Nt
270 270
10 100 10° 10* 10° 10° 10 100 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 13. Model verification of Gy(s). (a) Cpr = 10 nF and Ts/ReqCpr =
0.45. (b) Cpr = InF and Ts/ReqCpr = 4.5.

As can be seen from Figs. 12 and 13, the proposed model in
(26) and (30) well matches with the simulation even beyond the
switching frequency. Simplified transfer functions in (29) and
(31) match the simulation up to half of switching frequency, as
shown in Figs. 14 and 15.

Previous modeling methods with constant slopes in (37)
and (43) are verified as depicted in Fig. 16. In Fig. 16,
(43), Gavc_intersection_slope(S), fails to match with the sim-
ulation under the condition of T,/R.qCpr = 0.45, but
matches under the condition of Ty /R.qCpr = 4.5. In
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. fy2 - /2
60 - 60
Cpr=10nF, TyR(Cpr=0.45 ! Cpr=1nF, TyRe Cpr=4.5 i
30 ] 30 b
—~ ’ — 4§
) ,.',.l ) )
o 'y ) L
£ 9 H c 0 NI AR
8 | 8 '
E -30) i
Proposed G, Proposed Gy
— Simulation - Simulation
-60
-10 100 10°  10*  10° 10° -10
180 180
9 ) 90|
8 0 AU 2 0
© 1M ©
Nl " <
o s o
-90 I -90
-180 -180l
10 100 10° 10* 10° 10° 10 100 10> 10* 10° 10°
Frequency (Hz) Frequency (Hz)
(@ (b)
Fig. 14.  Model verification of G gyc_p-(s). (a) Cpr = 10nF and T's/Req CPR =

0.45. (b) Cpr = InF and T/ReqCpr = 4.5.

. £/2 . £/2
60 60
Cpr=10nF, TJ/ReyCrr=0.45 Cpr=InF, T/ReqCrr=4.5
30 30
m o
2 °
£ 9 N | e 9
G | 6
-30| -30|
Proposed G, ,:(s) Proposed G, :(s)
— — Simulation — — Simulation
-60 -60
=10 100 10° 10* 10° 10° -10 100 10°  10* 10°
90 P 90
E
0 sl 0
> i <
_ -‘: B
1
& -90 et 3 90
© i ©
£ <
o o
-180 -180 R
-270 270
10 100 10° 10* 10° 10° 10 100 10*° 10* 10° 10°
Frequency (Hz) Frequency (Hz)
(a) (b)
Fig.15.  Model verification of Gy¢_p.(s). (a) Cpr = 10nFand Ts/Req Cpr =

0.45. (b) Cpr = InF and To/ReqCpr = 4.5.

. . £/2
60 60 T
Cr=100F, T,/RoCrr=0.45 Cpr=1nF, TyReCrr=4.5 I
30 30 i 3
m m FH
o =2 IR
= ol duirdk et / = [o] SN FRSUJIFYRERIL 4
-30 / -30, /
IVl -60 W
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. + + Simulation Simulation
-180 I I I 180 I I I |
10 100 10° 10* 10 100 10 10* 10° 10°
Frequency (Hz) Frequency (Hz)
(a) (b)
Fig. 16.  Model verification of G dyc_constant_slope(S) and

dec,intersection,slope(S)~ (a) Cpr = 10 nF and Ts/ReqCPR = 045.

(b) Cpr = InF and Ty/Req Crr = 4.5.
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. /2
60 T T T
| Cor=1000F, TJ/Ro Cre=0.045 |
—_ 30 -
m == A T T T il
Z
< 0 ISR /
3 /
-30/
-60
=10 100 10 10* 10° 10°
180
90
< ;
3 0 o et U = T
0]
< f
o 90 — 03, 27IG1/w; constant_slope(S) !
— — [281Gusc intersection_stope(s) | ¥
. Simulation
-180 T T T T
10 100 10® 10* 10° 10°
Frequency (Hz)
Fig. 17.  Model  verification ~ of  Ggyc_constant_slope(s) and

decﬁintersectionfslope(s) with CPR =100 nF, Ts/ReqCPR = 0.045.

Fig. 18. Hardware photograph of a boost converter with PRCOT control.

Fig. 16, (37), Gayc constant_slopel(s) fails to match with
the simulation under the condition of T, /R.qCpr
4.5, but (37) begins to align with the simulation as
Ty/R.qCpr decreases. As depicted in Fig. 17, (37) more
closely aligns with the simulation under small 7y/RcqCpr.
Theoretically, (37) requires 7s/R.qCpr to be equal to zero to
match the simulation.

Table IV gives the comparison among the proposed methods
[3], [27], and [28]. It can be seen that the proposed method can
cover all Ts/RC ranges.

B. Experimental Verification

A boost converter with PRCOT control was implemented to
verify the proposed model. The hardware photo of the imple-
mented circuit is shown in Fig. 18, where discrete components



HUANG AND CHEN: NOVEL DESCRIBING FUNCTION SMALL-SIGNAL MODELING APPROACH

8433

TABLE IV : — : —
COMPARISON AMONG PROPOSED MODEL, METHOD [3], [27], AND METHOD 60 60
[28]
. 30 oy 30
o ) j\
2 2
Lin et al. [3], Lu | Huang and c 0 c 0 \\
Proposed method | ¢t al. [27) Cheung [28] 8 N 8
_30|| T Model G,u(s) 30| | T Model G.(5)
Method Proposed DF Li’s DF Li’s DF — T Simulation — ~ Simulation
-60 I I I -60 I I I
9-le 100 10° 10* 10°  10° 9010 100 10° 10* 10°
Sp ecnﬁF X Constant slope . Con_stant
assumption intersection slope 0 0
< { <
Model-Matched g o I g
odel-Matche ]
All range Small T/RC Large T/RC £ £
TJ/RC range & 10 w/ & 160 N
270 H 270
10 100 10° 10 10° 10° 10 100 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz)
N
Vout ripple /T\/ \I / \i / \‘ / (a) (b)
10 mV/div ‘ | | =
. :f Fig. 20. Verification of Gvc(s) by SIMPLIS simulation and measurement
d . results. (a) Cpr = 1 nF. (b) Cpr = 10 nF.
1 Vidiv . :
PR Vin=3.3V, Vou=10V, I=1A Vii=2V, Vou=5V, I,=1A
200 mV/div . é £;=200kHz, Cpg=1nF /2 o £,-200kHz, Cpg=1nF £
Lghi i T 30 30
2 ps/div m m
z s
(a) £ N £ i
© ©
M ] o _30/| —— Model G M f o _30/| —— Model G
- — " Simulation — " Simulation
Vourie  [5 | 1 ! 1} L
10 mV/div \"/ ‘f\"'/‘r\]"/ r\"/z 60 I I \ i 60 I \ \
e -10 100 10° 10* 10° 10° -10 100 10°  10* 10° 10°
o) - 90 90
d : 0 { 0 ﬁ'
I Vidiv |, ‘ < ! < \ i
PR I N Py — = £ \ l £ k J ]
100 mV/Adiv [ = ——y —g — -180 180
Nl Wi
o - -270 -270!
- - - 10 100 10° 10* 10° 10° 10 100 10° 10* 10° 10°
2 ps/div Frequency (Hz) Frequency (Hz)
(b) (a) (b
Fig. 19. Measured steady-state waveforms of boost converter with PRCOT  Fig. 21.  Verification of G,.(s) for different V¢ and Viy. (a) Vouy = 10 V.
control. (a) Cpr = 1 nF. (b) Cpr = 10 nF. (b)Vin =2 V.
Vir=3.3V, Vou=5V, [,=0.5A Vir=3.3V, Vou=5V, [=1.5A
. . . . . . . .t f . | £=200kHz, Cp=1nF 62
implement the PR circuit, on-time generator, and driver circuit. 60 = fof T
The working conditions and circuit parameters are given in Ta- 0 0
ble III. The key steady-state waveforms are shown in Fig. 19(a) g g
. . 0| 0|
and (b). It can be seen that two test cases with different Cpgr are S 5 \\
. . . o _30|| —— Model G.(s) o _30|| —— Model Gt
measured, where smaller Cpg results in exponentially varying — — Simulation — — Simulation
slope and larger Cpg results in a near constant slope in the g0 I s0 I
. =10 100 10°  10° =10 100 10° 10* 10° 10°
passive ramp. 80 90
Fig. 20(a) and (b) show that the proposed v, to v,y transfer 0 0
function G,.(s) in (30) well matches with SIMPLIS simulation b o j b " w
. . . (20 0 -
and experiment results even beyond the switching frequency £ ‘\\ 2 k / £
e . |
for both Cpg cases. Therefore, the accuracy of the proposed 180 180 U g
modeling approach is proved for PRCOT control with constant 270 Lk 270 L h
. . . 10 100 10 10 10 10 10 100 10 10 10 10
slope passive ramp or exponentlally varying SlOpG. Frequency (Hz) Frequency (Hz)
More conditions are provided to verify the accuracy of G.(s) (a) (b)
in (30), including different V,,,+ and V;,, different /,, and differ-
ent f as depicted in Figs. 21, 22, and 23. It can be seen that (30)  Fig.22. Verification of G.(s) for different output current. (a) I, = 0.5 A. (b)
I, = 1.5A.

still matches with SIMPLIS simulation and experiment results.
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V=33V, Voui=5V, I=1A Vi=3.3V, Vou=5V, I=1A
. |f=100kHz, Cpr=InF £2 . |£:=300kHz, Cpr=InF £2
60 60
% 30
@ \ J @
= J ho)
c 0 c 0 \
© " ©
O o|[—— Model 6.9 O o[ Modet Gty N
— T Simulation — T Simulation
-60 I T I -60 I T i
=10 100 10°  10* 10° 10° =10 100 10°  10*  10°
90 90
0 ; 0
— —
LS ) LS
3 -90 3 -90
@ @
= =
o i o )
-180) -180) R i
270 ! 270 !
10 100 10° 0% 10° 10° 10 100 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz)
(a) (b)
Fig. 23.  Verification of G,.(s) for different switching frequency. (a) fs =

100 kHz. (b) fs = 300 kHz.

IV. CONCLUSION

A new DF modeling approach is proposed to improve model
accuracy of PRCOT control with an exponentially varying slope
of the passive ramp. The proposed model uses differential equa-
tions to describe the nonlinear modulation ramp, which obtains
high accuracy and reality of circuit behavior. The v, to vy
transfer function, G,.(s), of PRCOT controlled boost converter
is derived and well matches SIMPLIS simulation and experi-
ment results for both constant slope and exponentially varying
slope passive ramp cases. The proposed control strategy can
be applied to various control schemes with varying modulation
ramp slopes.
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