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An Adaptive Variable-Frequency Control With

Constant Crossover Frequency Achieving Fast

Transient Response for Wide-Operation-Range
Flyback Converter

Ching-Hsiang Cheng

Abstract—Flyback converters with universal serial bus power
delivery (USB-PD) specification are widely used in low-power
adapter application. The wide output voltage range operation of
USB-PD makes the loop gain vary under different working condi-
tions. To ensure stability in all working conditions, the loop gain
has to be compensated based on the worst case of control-to-output
transfer function. However, in other conditions, the crossover fre-
quencies of loop gain are sacrificed, resulting in poor transient re-
sponses. This paper proposes an adaptive variable-frequency peak
current mode control with constant crossover frequency to mitigate
the tradeoff between stability and transient response while pos-
sessing the variable frequency characteristic to improve light load
efficiency. The adaptive control law is derived from the proposed
small-signal model. Experimental and simulation results verify the
analysis. The proposed control reduces the output voltage variation
at load transient by 43% and 34% at S and 20 V output voltage,
respectively.

Index Terms—Adaptive variable-frequency peak current
mode (AVFPCM) control, constant crossover frequency, flyback
converter, universal serial bus power delivery (USB-PD).

1. INTRODUCTION

LYBACK converters with variable-frequency peak current

mode (VFPCM) control are being widely adopted as a
cost-effective isolated power converter for low power adapter
applications [1], [2]. The VFPCM control is a common con-
trol method for flyback converters to meet the high efficiency
requirement of the adapter over the entire load range [3]-[10].
Fig. 1 shows a practical frequency characteristic of VFPCM
control. The switching frequency f; decreases when the com-
pensated voltage Vi~ decreases. Since V- equals the sensed peak
current of the switch, it is proportional to the output current.
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Fig. 1. Practical frequency characteristics of variable frequency control [9].

When the output current reduces, the switching frequency
reduces to save energy, resulting in a higher light load effi-
ciency. Quasi-resonant (QR) control is another common method
to achieve high efficiency [11], [12]. However, in order to keep
valley switching, the QR control may force the switching fre-
quency to increase at light load, thus decreasing the light load
efficiency. Primary side regulation (PSR) is also a popular con-
trol technique used in flyback converters [13]-[19]. It provides
the advantages of lower cost and standby power losses. However,
the PSR control possesses inherent issues in voltage sensing ac-
curacy and load transient response speed. Thus, VFPCM control
is more commonly used for high-efficiency adapter applications.

Fig. 2 shows the simplified circuit diagram of a traditional VF-
PCM control for flyback converters [9]. A rectified dc source
charges the input capacitor of the flyback converter. Then, the
flyback converter generates a regulated dc output voltage Vj, for
load resistor Ry,. L, is the magnetizing inductor of transformer
and Ip is the current of the diode. The output capacitor is rep-
resented as C, in series with an equivalent series resistor (ESR)
Rco. The output voltage is sensed through an isolated type-II
compensator consisting of an optocoupler and a TL431 to gen-
erate the compensated voltage V. In the controller, the com-
pensated voltage V-, the current signal Vg sensed by Rcs, and
the slope compensation S, determine the ON-time. Compared
with the constant-frequency peak current mode (CFPCM) con-
trol, the compensated voltage V> of VFPCM control determines
not only the ON-time but also the switching frequency.

Recently, universal serial bus power delivery (USB-PD) spec-
ification has been proposed for adapter application [20]-[22].

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. Simplified circuit diagram of traditional VFPCM control for flyback
converter [9].
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Fig. 3.  Gvc(s) of traditional VFPCM control in various operation range of

the USB-PD application.

An adapter with the USB-PD specification has the advantage
of being able to supply to various devices. For example, it can
provide a 5-V dc output voltage for cellphone load and a 19-V
dc output voltage for laptop computer load. However, the wide
output voltage range operation of USB-PD application makes
the control-to-output transfer function G,c(s) of the flyback
converter vary under different working conditions.

It is not easy to stabilize the loop gain without sacrificing
the transient response for conventional VFPCM control in the
USB-PD application. Fig. 3 shows the Gy.(s) Bode plot of
a traditional VFPCM control for 40 W USB-PD application.
Apparently, in different working conditions, including universal
line voltage change, output voltage change, and load current
change in the USB-PD application, Gy.(s) varies significantly.
Since loop gain T'(s) equals the multiplication of Gy.(s) and
the compensator transfer function, it also varies at different
operating conditions resulting in a possible stability issue during
the most unfavorable conditions.

In order to stabilize the system, small-signal modeling tech-
niques have been proposed to predict the stability of the fly-
back converter. The average modeling technique [24] is an easy
method to predict the frequency response of the switching con-
verters. However, one common problem with the average mod-
els is that they fail to predict subharmonic oscillations caused
by the unstable current loop in CFPCM control. Thus, Ridley
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Fig. 4. Loop gains of traditional VFPCM control in various operation range
of the USB-PD application.
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Fig. 5. Closed-loop output impedances of traditional VFPCM control in

various operation range of the USB-PD application.

[25] presented a combination model, which can accurately pre-
dict subharmonic oscillations, based on the sample data model
and the three-terminal switch model. Moreover, Chen [26] also
successfully implemented the combination model to predict the
CFPCM-controlled flyback converter. Even so, the combination
model cannot accurately predict the frequency response of the
variable-frequency control. In order to accurately predict the
stability for different modulation schemes and implementation
methods for current mode control, Li and Lee [27] proposed a
describing function method. According to this approach, the au-
thors in [9] and [10] proposed the complete small-signal model
of the VFPCM controlled flyback converter and the compensa-
tion strategy to ensure stability for USB-PD application. How-
ever, it is not an easy task to ensure converter stability in all
working conditions. Besides, the loop gain has to be compen-
sated based on the worst case of G\ (s) with the largest crossover
frequency fc. In other conditions, however, the crossover fre-
quencies of 7(s) are sacrificed, resulting in poor load transient
responses.

Figs. 4-6 show an example of worst-case compensation that
ensures stability at the expense of slower transient response
and larger output capacitance requirement. Fig. 4 shows the
loop gain T'(s) compensated by considering the worst case of
Gyc(s). Although the phase margins are greater than 45° in
all the conditions, the crossover frequencies of others condi-
tions are lower than that of the worst case. Therefore, the load
transient responses of others conditions would be sacrificed
since the closed-loop output impedances are directly affected
by crossover frequencies of loop gains as shown in Fig. 5.

Fig. 6 shows that when the converter operates with an input
voltage 127 V and output voltage 5 V, the peak-to-peak output
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Fig. 6. Load transient waveforms of traditional VFPCM control in
Vin = 127 V of the USB-PD application.

voltage atload transient is 283 mV. When output voltage changes
to 20 V, the crossover frequency of 7'(s) decreases, resulting
in an increased peak-to-peak output voltage of 437 mV. Thus,
larger output capacitance is required to suppress the increased
peak-to-peak output voltage, which increases the cost and board
area. On the other hand, if the crossover frequency of Gyc(s)
can be fixed, the compensated T'(s) would not exhibit lower
crossover frequencies in various conditions. That is to say, the
load transient responses in various working conditions would
be improved.

In this study, an adaptive VFPCM (AVFPCM) control with
a constant crossover frequency fo is proposed to improve the
load transient response and to ease the design for stability of the
wide-operation-range flyback converter such as USB-PD appli-
cation. First, the reason for loop gain crossover frequency vari-
ation of traditional VFPCM control is analyzed in Section II.
It is found that the traditional VFPCM control requires com-
plex circuits and higher costs to implement constant crossover
frequency by the analog control. In Section III, an AVFPCM
control is proposed to achieve constant crossover frequency by
analog control while possessing variable frequency characteris-
tic to improve the light load efficiency. Furthermore, an accurate
small-signal model for AVFPCM is also proposed. Based on
this model, the adaptive control law is proposed to achieve a
nearly constant and maximum crossover frequency of the loop
gain, and to maintain the phase margins greater than 45° in all
conditions. Thus, it improves the load transient response with-
out sacrificing the stability for wide-operation-range flyback
converter such as USB-PD application. Simulation and experi-
mental verifications are demonstrated in Section IV. Compared
to the traditional VFPCM control, the load transient responses
of the proposed control are improved definitively from 283 to
158 mV and from 437 to 272 mV at output voltages 5 and 20 V,
respectively. Finally, conclusions are presented in Section V.

II. EXPLANATION OF LOOP GAIN CROSSOVER FREQUENCY
VARIATION IN TRADITIONAL VFPCM CONTROL

Fig. 7 shows a typical Bode plot of compensator design for
flyback converter with traditional VFPCM control. Gy¢(s) is
the control-to-output transfer function of the flyback converter,
where its crossover frequency is defined as f-. The crossover
frequency of loop gain is defined as fgw. Since G.c(s) is a
transfer function with three poles and two zeros [9], the type-II

5539

Gain(dB) 1 f. . | Guc/(s)of traditional VFPCM
C 'BW |.... LoopGainoftraditional VFPCM|

== Type-Il Compensator

fSW
~—t f(Hz)

. X f1

A(}aiﬁ"'{'"" e,

fESR

fRHP

fc: Cross-overfrequency at Gyc(s)
few: Cross-overfrequency at loop gain

Fig. 7.  Bode plot of compensator design for flyback converter with traditional
VFPCM control.

compensator is proper to compensate it [23]. In the compensator
design, the low-frequency zero of the compensator is set to
cancel the low-frequency pole of Gy.(s). The high-frequency
pole of the compensator is placed beyond fgy to suppress high-
frequency noise. Besides, fgw is lower than fgsgr, fp1, and frup.
Therefore, the loop gain is presented as —20 dB/dec through the
crossover frequency.

As shown in Fig. 7, it is clear that fgw of loop gain is only
affected by fo when the compensator is fixed. Since the loop
gain is compensated as —20 dB/dec line through crossover fre-
quency, the relation of fgw and fo can be described as (1),
where AGain is the middle-frequency gain of the compensator.
From (1), fgw can be further presented as (2). Since AGain is
constant for the same compensator, fgw is only affected by f¢,
as shown in the following:

AGain
log fgw —log fc
AGain

few =108 fc =T, (2)

= —20(dB/dec) (1)

Since only a low-frequency pole of Gy(s) is lower than
fo, fo can be simplified by multiplying the dc gain and low-
frequency pole of G¢(s). Based on the Gy (s) transfer function
in [9] and the definition of the decibel unit, the unity gain of
G\.(s) happens at crossover frequency w¢ as shown in (3).
According to the compensated result in Fig. 7, (3) can be ap-
proximated to (4). Based on (4), f¢ is derived as (5). From (5),
fc is further approximated as (6) since G'yc_pc is much greater
than 1.

|Gve(jwe)| =1

L? + (2 )2} {12 + <J§§p>2]
e )Ll ()

3

971
12 4 (“‘“‘) ] “)
wp1

= Gvcoe

|Gve (jwe)| =12 Gvepc
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fo === /Gyepe? — 12 )
2T 2T
we 1

fo = =X = —Gvepcwpr. (6)
21 2T

The fo variation of traditional VFPCM control and the pos-
sibility to achieve invariant fo over a wide operation range are
investigated in the following. By substituting Gvc pc and w,,; of
traditional VFPCM control [9] into (6), f can be presented as
(7). Then (7) is further simplified to (8) as R, is usually much
smaller than load resistor R;, and ks-Rc, is much less than 1 in
practical applications. Equation (8) shows that f- varies with
different input and output voltages. Furthermore, it also changes
with the output current since the switching period depends on
it. Namely, fgw of loop gain and load transient response vary in
different operating conditions

. Gvcpowpr
fo= ="
Y3
1 DngnT32 (2S. + S,) 41
N 2m 2‘/thC’Ton
1 DViy R 1
“R VO(RL+R) "R 7
cs Vo Co(Roo+ Ry (1_k2ﬁ>
1 [ DK,nTs? (2S. + S, DVi, 1 1
2m QW}ICTUH VO RCS Co
where
Vin o TLV()
Sy, = Res - Zwsf = Rcs I

According to (8), if fo can be fixed by adaptively adjusting
the parameters of the control circuit such as Ky and Vi, fpw
can be kept constant and the load transient response in various
operation conditions can be improved. However, achieving a
constant fo for traditional VFPCM control is more expensive
as a multiplier is required to obtain the square of the switching
period signal by analog control. In order to achieve a constant
fc, this study proposes an AVFPCM control which does not
need additional external components and multiplier.

III. PROPOSED AVFPCM CONTROL, SMALL-SIGNAL
MODEL, AND ADAPTIVE CONTROL LAW FOR CONSTANT
CROSSOVER FREQUENCY

A. Proposed AVFPCM Control

Fig. 8 shows the simplified circuit diagram of an AVFPCM-
controlled flyback converter, which can implement constant
crossover frequency control by analog control and simple cir-
cuit. Compared with the traditional VFPCM control, the switch-
ing frequency of the AVFPCM is not varied by the bias current
Iton but by the threshold voltage Vr. A voltage gain Ky, is
used for changing the frequency and an extra voltage gain K,
is inserted into the pulsewidth modulation (PWM) loop to add
a degree of freedom for designing the operational voltage of
Ve . Additionally, K,y and Kj,, two voltage-controlled cur-
rent sources, make the current source /4 and the external ramp
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Fig.8. Simplified circuit diagram of proposed AVFPCM control with constant
crossover frequency.
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Fig. 9. Steady-state waveforms of NVFPCM control in CCM.

slope S, change adaptively with the input voltage and the aux-
iliary winding voltage V,,x, respectively, to achieve a constant
crossover frequency.

Fig. 9 shows the steady state waveforms of AVFPCM in
CCM. When the voltage Vr,, of the capacitor C'p,, is charged to
Vr, a new switching cycle starts. Since Vp is inversely re-
lated to Kgen-V, switching frequency fs is determined by
V. Moreover, the turn OFF instant of duty cycle is deter-
mined by the sensed inductor current. When ¢ - Rcs reaches
K,V minus slope compensation S, the duty cycle turns
OFF. When output current /o decreases, Vo and switching
frequency also decrease. Therefore, the proposed control also
achieves frequency reduction function to increase the light load
efficiency.
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B. Small-Signal Model of Proposed AVFPCM Control

The modeling strategy for AVFPCM control is the same as
that for traditional VFPCM control in [9]. As shown in Fig. 10,
the control-to-output transfer function G (s), defined as
Vo(8)/vc(8), can be expressed by three main transfer functions,
namely Factor1(s), Factor2(s), and Factor3(s) in the mathemat-
ical derivation. The AVFPCM control contains highly nonlinear
signal of inductor current and variable frequency operation.
Thus, the describing function approach [27] is used to accu-
rately model the nonlinear part of the control. The nonlinear
part of the control such as inductor, switch, and modulation
circuit are modeled as a single entity blocked by Factorl. Then,
Factor2 and Factor3 are modeled by the average model [24].

As shown in Fig. 10, the control-to-output transfer function
G\ (s) can be derived as in the following:

vo (8)

v.($)

= Factorl (s) - Factor2 (s) -

Gye(s) =

Factor3 (s)
1 — ko Factor3 (s)

.9

Factorl(s), which is derived by using the describing function
approach [27], can be derived as (10). Since S, is changed
adaptively by the dc component of the output voltage in the
proposed control, it is approximated to be a constant slope in
the derivation of Factorl1(s), as shown in the following:

ir(s)

V.(8)

KgenCron D(28:4S0) ] 52
( g TQIA +Kn)(1+ﬁ+é >

Factorl(s) =

T
s s? s s?
Res (1 + Qrw: + F) (1 + Q2w + w‘22)
(10)

where unnumbered eqn. shown at bottom of this page.
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It is worth mentioning that the Factor1(s) of the proposed con-
trol possesses the additional double pole and double zero com-
pared with the traditional VFPCM control [9]. In the traditional
VFPCM control, the high-frequency components of V¢ are at-
tenuated by Cr,, before inputting a variable frequency path.
Thus, there are no extra sideband effects produced in PWM
except the original sideband effects of the inductor current,
which are produced by peak current control [28], [29]. How-
ever, in the proposed control, the high-frequency components
of V¢ directly inject into the PWM through a variable frequency
path. Therefore, extra sideband frequency components appear
on the frequency response as the high-frequency double pole and
double zero shown in (10).

The Factor2(s) can be derived as given in the following using
the average model approach, which gets the same result as [9]:

DL”?,
n2(1 — D)*Ry,

) DVi,
Factor2(s) = Zzl;((z)) =, 1-

s|. (11)

The Factor3(s) transfer function can be obtained from the out-
put network impedance, which consists of the output capacitor
and load resistor as

vo (8) B Ry, (1+ sC,Rco)
ZD(S) N 1+ SCO (RCO +RL)

Factor3(s) = (12)

ko is derived by the average modeling approach [9]. The result
is represented as

ip

(Y

n?(1— D)*Ts

2L,

n(l—D)
(‘/in + ’I'LVO)

12

ko

=0
VO n

X +

((1 —D)R;,  Rcs

S, (1— D)TS) . (13)

Finally, using the expression of Factorl(s) from (10),
Factor2(s) from (11), Factor3(s) from (12), and ko from (13),
(9) can be simplified as

Vo ($)
el =0
I+ 2 ) (-2 ) (1+ g5 + 2
~C WESR WRHP Qsws w3
- Ve 1 s 1 s 52 1 s 52
( JrwPl)( +Q1’»‘1+W)< +onJz‘i»ﬁ)

(14)

where the parameters are summarized in Table I.

™

o Kgcn CTon

1 ™ 2
Q= y W=, Qe = —wp = e
(Se—=5Sy) Ty DTy
7T (% + (S,,+S€)) 5 i 8
Qs — 2my/D 2K, + A1 D (S, + S,)] 2K, D + 24, (S, + S.) + A; DS,]
s D (4A,S, + 44,8, D + 2m°K, + 272 A, S, + 12 A, S,))
" 2K, +2A,DS,. + A1 DS,
3 =

A

™
TS\/D [2K,D + A1 DS, + 24, (S. +S,)] Iy
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TABLE I
TRANSFER FUNCTION PARAMETERS OF AVFPCM IN CCM

Item ‘ AVFPCM in CCM
G K. CrD(28,+8,) vk | LDV R
repe 21, “IRs V, (1-kR))
1 (1-k,R,)
Wp, Cu(R(‘a+RL)( R, R, ]
1—k, —L—Co
R., +R,
1
a)ESR R C
Co o
(1-D)Y'n’R,
Chte DL I
1
Q1 e l+ (Se_S/')
2 (8,+5,)
, 7wl T
0, 2/
, 7/ DT
0 Zﬂ\/D[2Ka +AD(S,+5,)][2K,D+24,(S,+5,)+ 4DS, ]
} D(4A4S, +44,S,D+27°K, +27°AS, + " 48,
T 2K, +2ADS,+ ADS,
o z
. T, \| D[2K,D+ ADS, +24,(S,+S,)]
A] K gen CT(m / IA
D nV,
I/in + nVO
2(1_ N\ _
k, wUD) T (D) [, +—=5,(1-D)T;
2L, (V,, +nV,)\ (1-D)R, R

C. Adaptive Control Law for Constant Crossover Frequency

Based on the derived small-signal model of AVFPCM, the
adaptive control law is proposed in this section to achieve a
constant crossover frequency fc . First, the fo equation of pro-
posed AVFPCM control is derived as given in the following by
substituting Gyc_pc and wy; of Table I into (6):

fo o Gvcopowpi

2w
= i ngnCTonD (256 + S’n) + K,
2 2IA a
: Rl DVVinC (RRL+R ) 13 oy (19
cs Vo Co(fico + AL (1_k2_uLRco+RL)
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Then, using the approximation that R, is much greater than
Rco and ky-Rc, is much less than 1, fo of AVFPCM can be
simplified as

f ~ i ngnCTonD (256 + Sn)
“ 7 o 21,

. K@) DV 1 1
Vo Rcs C,

(16)

From (16), it is found that if twice S, is equal to Sy as (17),

then fo of AVFPCM can be simplified as (18). According to

(18), fc varies with the input voltage and output voltage due to

the duty-cycle term appearing in the equation. If (19) is achieved,

constant fo can be achieved because the term in (18), which

when multiplied by the duty cycle D, is equal to zero, as shown
in the following:

25, = Sy (17)
fo =2 1 (2[4 K,n+nD (KgenCron Sy —214 K,) 1 1
¢ “or 214 Res G,

(18)

ngnCTonSn —2I4K, =0. (19)

Therefore, the purpose of the control law is to design the
circuit parameter by fulfilling (17) and (19) to achieve constant
fo . After parameters such as n, K, R, and Cp are decided, fo
of AVFPCM can be kept constant as (20), which does not change
with the input voltage, output voltage, switching frequency, or
output current. Namely, constant crossover frequency over wide
operation range can be achieved by

. Gvcpcowpr 1 nK, 1
fo & —F——— = — —

= . 20
2w 2w RCS Co ( )

D. Circuit Implementation of Adaptive Control Law

To implement the adaptive control law, (17) and (19) can be
further derived as given in the following:

- Sf o chs

Se 5 = 2L, Vo 20
o ngnCTon RCS
ST P 22

In practical applications, an auxiliary winding is often em-
ployed to supply energy for control IC. This supply voltage
Vaux 18 proportional to the dc output voltage by turns ratio m,,x
as shown in (23). According to (23), (21) can be expressed
as (24). Therefore, constant crossover frequency is achieved if
(22) and (24) are achieved. That is to say, S, and I, are propor-
tional to V,ux and input voltage V;, respectively, as shown in the
following:

V‘LIIX.
Vo =— (23)
naux.
Sf TLRCS
=L =" Vi 24
Se 5 3L, s Vaux. (24)

As shown in Fig. 8, the current source /4 is adaptive to input
voltage with a gain of Kj, and the external ramp slope S, is
adaptive to auxiliary winding voltage V,,x with a gain of K, to
achieve constant f. Besides, the gain blocks K, and K, have
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Fig. 11.
control.

Proposed circuit diagrams of Kj, and Koy blocks of the AVFPCM

to achieve the following, respectively, to achieve the adaptive
control law (22) and (24):

A 17A o ngnCTOH RCS
B Vin B 2K, Ly,
Se  nRcs
Vaux. B 2Ly, Naux. .

Kiy (25)

>

Kout

(26)

Fig. 11 shows the circuit diagrams of Kj, and K,y blocks.
By using divided resistors R4 R42, Rg1, and Rg», the gains
of Kj, and K, can be realized easily. Moreover, by using a
current mirror, unity-gain buffer, and resistor R 4, Rse, the input
voltages of Kj, and K, blocks can be transformed into currents
to charge the capacitors to determine the switching frequency
and to achieve slope compensation, respectively.

Since the state-of-the-art control IC usually possesses the aux-
iliary winding voltage and input voltage information, the pro-
posed control does not require additional external components
to achieve constant f¢ if Kj, and K, are implemented into the
IC. Besides, the adaptive circuits can be easily integrated into
the IC since they are only composed of current mirror, buffer,
and resistor.

E. Frequency Reduction Characteristic of Proposed AVFPCM
Control with Constant Crossover Frequency

In AVFPCM control, the frequency reduction characteristic,
which is essential for efficiency optimization and control IC pa-
rameter design, is closely related to bias current /4. Therefore,
the frequency reduction characteristic is analyzed when I, is
varied to achieve constant f-. Based on the CCM waveforms
in Fig. 9, the average diode current I, which equals the out-
put current I at steady state, can be obtained as (27). Here,
100% converter efficiency is assumed for simplicity. The rela-
tion between V> and switching period T is described by (28)
according to the capacitor charge equation. Moreover, in order
to achieve constant fo, S, and I4 require to satisfy (21) and
(22). By substituting (21), (22), and (28) into (27), the switching
frequency fg is derived out as (29), which shows the relation
between fg and Ip.

The derived switching frequency fg in (29) shows the fre-
quency reduction characteristic that fg decreases at light load.
Fig. 12 shows fg versus Iy relation of AVFPCM control with
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Fig. 12.  Switching frequency versus Ip of the adaptive AVFPCM control
with constant crossover frequency in USB-PD application range.

constant crossover frequency in USB-PD application range with
different Vi,. Moreover, it also shows that V4, can adjust the
frequency reduction characteristic effectively. Obviously, Vi,
provides a degree of freedom for designing the frequency re-
duction function at different working conditions. Besides, based
on (20), adjusting V4, does not affect the constant crossover fre-
quency control

Ip =1Ip :% 2 (Ve — S.DTs)—S; (1 — D) Ts]
CS

27

TSIA = (‘/th - KgchC) CTon (28)

n(L=D)(Sy +8) (n(l-D)K,, -
2]%CS RCSKgcn o o .
(29)

F. Stability Discussion of Current Loop in Proposed AVFPCM
Control with Constant Crossover Frequency

Since the stability of the current loop relates to slope com-
pensation S, closely, it is necessary to discuss the stability of
the current loop in the application range while S, is varied to
achieve constant fo. Based on the above small-signal mode of
AVFPCM, @) can estimate the stability of the current loop. Sub-
stituting (21) into the @; equation in Table I, ); of AVFPCM
control with constant crossover frequency can be expressed as
(30). Obviously, @1 of the constant crossover frequency control
varies with the input and output voltages. In order to confirm
the stability of the current loop in the USB-PD application,
the magnitude of (); of the constant crossover frequency con-
trol is illustrated in Fig. 13 for various conditions with circuit
parameters listed in Table II. As shown in Fig. 13, the maximum
and minimum values of (); are 1.25 and 0.68, respectively, so
the current loop is always stable for the USB-PD application, as
shown in the following:

1 1

Ql ,constant_fc =—

A 5
W<24+<SH+SN) ”'(%‘Fii,uﬁg)
2 (Vin + nVO)
= 7 30
TVin 0
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Fig. 13. @ magnitude of the NVFPCM control with constant crossover

frequency in USB-PD application range.

TABLE I
CIRCUIT PARAMETERS OF EXPERIMENT AND SIMULATION

Item NVFPCM in CCM
Input voltage 127v 3BV
(Vac=90 Vrms) (Vac=265 Vrms)
Output voltage 5V 20V 5V 20V
Output current 3A 2A 3A 2A
Switching frequency fs 44 kHz 80kHz | 95kHz | 114kHz
Magnetic inductor L,, 1.2 mH
Transformer turn ratio n 6.3
Output capacitor C, 1360 pF
ESR of capacitor Rc, 7 mQ
Slope compensation S, | 6.7 V/mS |26.8 V/mS| 6.7 V/mS [26.8 V/mS
Bias current I 40.5uA | 40.5uA | 119.5uA | 119.5uA

Kin=32 uA/V, Ko= 121 A/V
Keen= 0.5 A/V, K=0.33 V/V
Res=0.51 Q, Cron=10F, Vi, =23V
R.= 68 kQ, R.=1 kQ
Re3 =600 Q, R=20 kQ
C,=100 nF, C, = 1.8 nF

Reference design

Compensator design

Low-side
divided resistor Ry, 08 kO 9.7kQ 68 kQ2 9-7kQ
Opto-coupler current 50%

gain

IV. SIMULATION AND EXPERIMENTAL RESULTS

The transfer functions G (s), T'(s), Zoc(s), and load tran-
sient responses are verified by SIMPLIS simulation tool. The
simulation accuracy of SIMPLIS is widely proven in many
power electronics studies [27]-[32]. The circuit parameters and
working conditions for experiment and simulation are listed in
Table II, where R, is varied to achieve different output volt-
ages. Moreover, the slope compensation S, and bias current
1, vary with the operating condition due to the adaptive law.
Fig. 14 shows G\.(s) of proposed AVFPCM control with con-
stant crossover frequency in various conditions. As SIMPLIS
simulation results present, the gains of G\.(s) in various con-
ditions are concentrated into a —20 dB/dec slash line through
the same crossover frequency. Apparently, the performance of
the proposed control achieves constant crossover frequency in
various working conditions.
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Zoc (5) Zoc (s)
20 135
90k
-
=40 \J S 4 ™,
a y o \
= L
= 20 A
5 Vin / Vo /1o % Vin / Vo /1 \
- - H mn o 0o
60p* — 127v/ sV A £ Bll— oovac/ 5V /34
--== 375V / 5V /3A ool 375Vac/ 5V /3A
— 127V /20V/2A 20— "90vac/20V /2A
---- 375V /20V/2A ---- 375Vac/20V /2A
-80 -135
1 10100 1x10° 1x10* 1x10° 1 10 100 1x10° 1x10* 1x10°
Frequency(Hz) Frequency(Hz)
Fig. 16. Closed-loop output impedance simulation of AVFPCM control with

constant crossover frequency in various conditions.

Figs. 15 and 16 show the simulated loop gains and closed-loop
output impedances of the proposed control in various conditions
while the compensators are kept the same. The simulation con-
ditions and compensator parameters are the same as that in Table
II. The SIMPLIS simulation results show that the crossover fre-
quencies of 7(s) are fixed at 5.5 kHz and phase margins are
greater than 45° in all conditions. In addition, Zoc(s) before
the crossover frequency of 7(s) are concentrated into a line. In
other words, the proposed control achieves constant crossover
frequency to improve load transient responses effectively with-
out sacrificing the system stability for the USB-PD application.
Compared to the peak-to-peak output voltage variation at load
transient shown in Fig. 6, the load transient responses of pro-
posed control shown in Fig. 17 are improved definitively from
283 to 158 mV and from 437 to 272 mV at output voltages 5
and 20 V, respectively. In addition, the influence of variation
of the circuit parameters on the performance of the proposed
control is also checked. Even when there are £25% mismatches
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Fig.17.  Load transient response simulation of AVFPCM control with constant

crossover frequency in Vi, = 127 V of the USB-PD application.
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Fig. 18.  Prototype flyback converter.

appearing in the implementation of the gains of Kj, and Ky,
the variations in the crossover frequencies are maintained lower
than 100 Hz. The verification is not presented here owing to
page restrictions.

An experimental platform for the flyback converter with the
proposed control is built as shown in Fig. 18. The control circuit
is built with an analog peak current mode controller, UC3843.
The UC3843 provides a frequency setting pin for the user to
adjust the switching frequency, thus the variable-frequency con-
trol can be implemented by this pin as shown in Fig. 19. The
K, and K, blocks of the proposed control are achieved by
an ADL5315 from Analog Devices as the voltage-controlled
current source to implement bias current /4 and slope com-
pensation S,, an ADA4891 as the amplifiers to implement the
operational amplifier and Kg,. In addition, an LM393 as the
comparator generates the trigger signal to determine the switch-
ing frequency. The test parameters and working conditions for
the experiments are the same as the simulation parameters listed
in Table II.

Figs. 20 and 21 are the measured load transient waveforms of
flyback converter with the proposed control operated at 5 V and
20 V output voltages, respectively. When output current changes
from 0.02 to 2 A, the peak-to-peak output voltage variation in
5 and 20 V conditions are 160 and 288 mV, respectively. These
results are very close to the simulation results. Besides, the pro-
posed control reduces the output voltage variation by 43% and
34%, respectively, in the 5 and 20 V conditions compared to the
traditional VFPCM control shown in Fig. 6. The voltage ripple
is larger in high load current or high output voltage condition
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Fig. 19. AVFPCM control implementation by UC3843.
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Fig. 20. Load transient waveforms of proposed control (Vi, = 127 V and
Vo =5V).

as predicted in the simulation due to the higher discontinuous
diode current and diode reverse recovery current, respectively.

Figs. 22 and 23 show the zoom-in waveforms of Fig. 20
when the load current increases from light load to full load and
then reduces to light load. When the output current varies from
light load to full load, the switching frequency becomes higher
with a decreased voltage of V. When the output current varies
from full load to light load, the switching frequency reduces.
Obviously, the proposed control possesses variable switching
frequency performance.

Fig. 24 shows the efficiency comparison between the CFPCM
control and the proposed control, where the frequency reduction
characteristic of the latter is shown in Fig. 12, when V4, is
set at 2.3 V. Clearly, the variable-frequency characteristic can
improve the light load efficiency effectively. Especially for cases
where switching losses dominate total power loss, such as high
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Fig. 26.  Loop gain verification by experiment of proposed AVFPCM control
with constant crossover frequency at wide operating range.

input voltage and low output voltage, the maximum efficiency
improvement can be close to 5%.

Fig. 25 verifies the model of Gy.(s) of AVFPCM control in
various conditions. It indicates that the results of the proposed
small-signal model are in excellent agreement with the mea-
surements. Apparently, in comparison with Fig. 3, the change
of Gy (s) of AVFPCM control in different working condition is
reduced. Fig. 26 shows the measurement results of loop gains
of the proposed control. It is shown that constant crossover
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frequency and proper phase margin are achieved at various
working conditions. Therefore, the effectiveness of the proposed
control method and system stability are verified. In addition,
compared with Fig. 4, the variations of crossover frequency of

loop

gain and the phase margin in different working conditions

are also found to be reduced.

V. CONCLUSION

Several conclusions have been drawn from the efforts leading

to th
1)

2)

3)

is paper. These are summarized as follows.
An AVFPCM control with constant crossover frequency
is proposed and experimentally verified for the wide-
operation-range USB-PD application.
An accurate small-signal model of AVFPCM control is
proposed and verified. Based on the model, an adap-
tive control law is proposed to achieve constant crossover
frequency.
The proposed control achieves constant crossover fre-
quencies of Gy.(s) and loop gain under various working
conditions. It eases the compensator design for stability
at wide operation range. Moreover, it mitigates the trade-
off between stability and transient response. Thus, load
transient responses in various conditions are improved. In
the experiment, the proposed control reduces the output
voltage variation by 43% and 34%, respectively, under 5
and 20 V conditions compared to the traditional VFPCM
control. Namely, the proposed control has the advantages
of output capacitance reduction and board area reduction
in the same load transient specification requirement of the
system.
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