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Abstract— Critical conduction mode (CrCM) active clamp
flyback (ACF) converter is regarded as a good candidate for low
power adaptor applications. However, the most adopted control
strategy of variable-frequency peak current mode (VF-PCM) and
discrete zero voltage switch (ZVS) control makes it difficult to get
the accurate small signal model. Therefore, by using sampled-
data modeling method, this paper proposes an exact small signal
model of CrCM ACF converter for the first time. In the modeling
process, the influence of discrete-ZVS control is firstly considered.
The conduction time of power switch is regarded as the control
signal, which is different from constant-frequency converter. The
total current close-loop transfer function is simplified by the
linear combination of single VF-PCM and discrete-ZVS control
model. After considering the sampling effect and the modulator
gain from the derived sampled-data model respectively, the
control-to-output transfer function of CrCM ACF converter is
developed. The analytical results are analyzed by comparing
with single VF-PCM and the widely used average model. Finally,
to validate the accuracy of the proposed model, a 65W 20V
output CrCM ACF converter is simulated and measured. The
verification shown that the proposed sampled-data model is
basically agreement with the simulation and experimental results.

Index Terms—Sampled-data model, Active clamp fly-
back (ACF) converter, Critical conduction mode (CrCM), Peak
Current mode (PCM), Zero voltage switch (ZVS), Variable-
frequency.

I. INTRODUCTION

ITH the rapid development of portable electronic prod-
Wucts, the people’s demands on size and charging time
reduction of mobile adapters are becoming higher and higher,
which further result in the increasing requirements of power
density and efficiency. It is an effective way to improve the
power density of power supplies by increasing frequency, but
which decreases the efficiency of hard switching converters
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such as the widely used RCD clamp flyback converter [1]-[3].
Therefore, it is very beneficial to replace the current hard
switching converter by adopting soft switching topology.

Compared with flyback converter, Active clamp fly-
back (ACF) utilize a clamp capacitor and a clamp power
switch [4]-[6] to replace the RCD clamp circuit. Hence,
the leakage inductor energy is absorbed by clamp capacitor,
part of this energy is applied to realize ZVS for primary power
switch, and the other part is transferred to secondary. Although
in some operation status or high frequency, the leakage induc-
tor energy is insufficient to achieve ZVS, ACF still can be
designed to operate in critical conduction mode (CrCM) to
use the magnetizing inductor energy to help realize ZVS [7].
Therefore, CrCM ACF converter can switch very efficiently
and realize ZVS easily at full load range by controlling
the magnetizing current. Otherwise, with proper design and
control, output rectifier diode can achieve zero current switch
off (ZCS) during turn-off, thus the rectifier snubber is not
needed. Overall, CrCM ACF converter is a good candidate to
be utilized in high-frequency high-efficiency power supplies,
to satisfy the requirements of small size and high power
density. The circuit topology of ACF converter is shown
in Fig.1.

It is very suitable to utilize variable frequency peak cur-
rent mode (VF-PCM) and ZVS combination control method
for a high-performance and good-dynamic CrCM ACF con-
verter [8], [9]. In this methodology, ZVS control is adopted
to regulate the switching period for an appropriate negative
magnetizing current, and then to realize the ZVS of primary
power switch. Therefore, CrCM ACF should be operated in
variable frequency. The switching period is only updated at
the start time of every switching cycle makes CrCM ACF has
a discrete period renew process, so the ZVS control can be
called “discrete-ZVS control”, which will be mentioned later.
The same as constant-frequency PCM (CF-PCM) controlled
converter [10], the VF-PCM control method in CrCM ACF
converter is used to adjust the conduction time of power switch
for a good dynamic. The detailed control process will be
illustrated in the following section.

Small signal model has popularly used for the dynamic
performance and frequency analysis of many DC-DC convert-
ers [11]-[17], such as buck [18]-[20], boost [10], [21]-[23],
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Fig. 1. The circuit topology of ACF converter.

buck-boost [24]-[26], and SEPIC [27] converter. However, due
to the distinctive and complicated control strategy, the accurate
small signal mode of VF-PCM and discrete-ZVS controlled
CrCM ACF converter has not been published yet. Unlike
constant-frequency converter [11]-[27], the conduction time
of power switch and switching period vary synchronously in
every switching cycle in variable-frequency converter. Thus,
the widely used control variable, duty ratio, cannot by regarded
as the single control signal in VF-PCM controlled converter.
In other words, duty ratio cannot be directly used to derive
the small signal model of VF-PCM controlled CrCM ACF
converter. Moreover, the discrete-ZVS control principle also
makes it is difficult to get the accurate small signal model
which can also reflect the frequency characteristic of ZVS
control process.

To solve the modeling problem in variable-frequency con-
verter, replaced duty ratio by the on-time constraint of power
switch, Suntio [28] extended average model into BCM flyback
converter. Then Park et.al [29] gave the PWM switch model
of CrCM converter by applied Suntio’s modeling method in
the same year. Afterwards, Ayachit derived the circuit average
model for BCM boost converter [30]. However, it is well
known that the average model is only accurate up to the
half of switching frequency in constant-frequency converter.
Therefore, it also has the same shortcoming of Suntio’s
method if it is used in CrCM or BCM converter. Besides this
faultiness, average model cannot be well used to illustrate the
frequency characteristic of ZVS controlled CrCM ACF con-
verter owing to the discrete-ZVS control rule. Sampled-data
model is another important modelling method, and which can
predict the well-known subharmonic oscillation, hence it is
widely used in CF-PCM controlled converters [31]. However,
in variable-frequency converter, in addition to Pagano [32]
had given the sampled-data model for hysteresis current
mode (HCM) controlled converter, to forecast the bifurcation
phenomena between CCM and DCM, there are no more
papers illustrated. In his modeling process, based on state
space averaging (SSA) method, the operation time is also
treated as a variable, rather than a sampling point in the
sampled-data model of CF-PCM controlled converter [31].
Thus the innate character of his modeling method still based
on average model. Since the modeling object is dual-mode
controller, and switching period is constant in every cycle
if operating conditions are determined, the modeling method
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Fig. 2. Steady-state waveforms of CrCM ACF converter.

proposed by Cheng [33] cannot be used to model the VF-PCM
and discrete-ZVS controlled CrCM ACF converter. Otherwise,
his modeling process is too complicated to be used for the
small signal model of HCM or BCM converter.

Therefore, based on the proposed control methodology,
to derive an accurate small signal model of CrCM ACF
converter, the VF-PCM and discrete-ZVS control process
are all considered by using sampled-data modeling method.
In addition, the control signal, duty ratio, is replaced by the
conduction time of power switch in the modeling process. This
work is organized as follows.

The operation process, the VF-PCM and discrete-ZVS
combination control strategy of CrCM ACF converter are
introduced in details in Section II. In section III, the current
close-loop model of CrCM ACF converter is simplified by the
linear combination of single VF-PCM and discrete-ZVS con-
trol model. Therefore, the current close-loop transfer function
is obtained after the single VF-PCM and discrete-ZVS model
is derived by sampled-data modeling method respectively.
In Section IV, the control-to-output transfer function of CrCM
ACF converter is developed by considering the sampling
effect and the modulator gain of the two control models,
respectively. Then the frequency characteristic of the proposed
model is analyzed by comparing with single VF-PCM, Sun-
tio’s average model, and equivalent circuit model. In section
V, the SIMPLIS simulation results are presented to verify
the accuracy of the proposed sampled-data model. Moreover,
a VF-PCM and discrete-ZVS controlled CrCM ACF prototype
is designed and tested, the experimental results are given. The
conclusion is summarized in Section VI.

II. VF-PCM AND DISCRETE-ZVS CONTROL STRATEGY

Fig.2 shows the waveforms of CrCM ACF converter. iz, and
irm are the resonant and magnetizing current, respectively. Vg
is the gate signal of primary power switch S1 and Sy, Vg is
the voltage between the drain and source of the primary main
power switch Sj. Based on these waveforms, the operation
process of CrCM ACF converter can be classified as four main
operating modes from ¢ = fg to t = 4.
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Fig. 3. The main equivalent circuits of CrCM ACF converter.

The first one is energy storage mode from ¢t =y to t = 11.
The energy stored in magnetizing inductor L,, and leakage
inductor L, are charged by input source V;,, so iz, and iz,
are increased linearly. Since the energy cannot be transferred
from primary to secondary, the output voltage V, is stabled
by output capacitor C,.

The second one is the first ZVS realization mode for the
clamp power switch Sy in Tq; from t = # to t = 1.
During this mode, L,, and L, are resonant with the parasitic
capacitance C,gs of Sy, and then the voltage between the drain
and source of Sj is discharged by iy, and i;,,. Thus, the ZVS
of S» can be realized if the body diode of S; start to flow
current.

The third one is energy transfer mode from ¢t = 1, to
t = 3. Due to the energy can be delivered from primary
to secondary, L,, is clamped by V,. L, is resonant with the
clamp capacitor C;, so iz, and iy, are varied sinusoidally and
linearly, respectively.

The fourth one is the second ZVS realization mode for S;
in Tgy from ¢t = t3 to t = t4. In this mode, because of L,, is
not clamped by the output voltage V,, so which is also join
into the resonant process with L, and the parasitic capacitance
Coss of S1. Vyy is discharged by iy, so the ZVS of S; can
be reached if Vj, is decreased to zero.

The equivalent circuit of the four modes are shown in Fig.3
(a)-(d), respectively. The detailed operation processes can be
referred in [4]-[6].

VF-PCM and discrete-ZVS control method is very suitable
to be used for a high performance CrCM ACF converter. The
VE-PCM and discrete ZVS control diagram is shown in Fig.4.
As the figure shown, current mode control is used to obtain
high performance, and which include a voltage loop and a
current loop. In the voltage loop, the output voltage V, is
sensed by a resistance network consisting of two resistors R,
and Ry, then through a compensator and an isolator to generate
compensated voltage V.. In the current loop, there are two
control modules. The one uses PCM control to regulate the
conduction time T,, of St to stable the output voltage, and the
other one applies ZVS control to adjust the switching period
T to get high-efficiency.

According to the waveforms shown in Fig.2, for a high-
efficiency, the start time of the main power switch S; should
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Fig. 4. The circuit topology and corresponding control diagram of CrCM
ACF converter.
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be set at the zero-crossing point of the magnetizing current
irm-. Therefore, in the PCM control module, the comparator
CMPI1 is used to compare the sensed magnetizing current sig-
nal V;; which is generated through a sampling resistance Ry,
and zero, then to determine the start time of S;. Sy is turned
on if iz, is reached to zero. For a high dynamic characteristic,
the same as the PCM control in [10], the comparator CMP2 is
applied to compare the compensated voltage V., the sensed
current signal Vs, and the slope compensation M., and then
to determine the end-time of Si. S; is switched off if iy,
is reached to V. minus the relative compensated slope value.
Therefore, the conduction time of S; can be performed in
every switching cycle if the start time and end time of S
are determined in the PCM module. Afterwards, the clamp
power switch Sy is conducted complementarily with S;. The
start time S arrives after the dead time Tq; is finished. The
conduction time of Sy equals to the switching period 7y minus
the two dead times, Tq; and Tg>. Where, Tq; and Tgp are two
constants, and which are used to realize the ZVS of S, and
S1, respectively.

At the turn-off moment of S;, the magnetizing current iz,
is locating at its peak [,, so just a small dead time Tq; is
needed for the ZVS realization of S,. In other words, the ZVS
of S, can be easily realized cause of its needed energy is
sufficient in Tq;. However, i1, is nearby its valley [, during
the turn-off instant of S, the energy used to realize the ZVS
of S; maybe not enough in Tg2. Hence, the ZVS of S; may
not be realized in Ty at some operation status, such as in
low input voltage and high load current conditions. Therefore,
for a high-efficiency CrCM ACF converter, the magnetizing
current valley I, should be regulated to ensure the ZVS of S;
can be achieved no matter what conditions. It is an effective
way to adjust 7, by changing the switching period 7§ in every
switching cycle. The larger T is, the larger conduction time
of S; is, and the larger I, is generated to ensure that ZVS
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of S; can be achieved. However, redundant /, will result in
additional power loss, so Ty should be controlled precisely.

In the ZVS control module, the comparator CMP3 is applied
to compare Vy; and zero to estimate the ZVS status at the
turn-on instant of S;. The edge detector is used to check the
output signal variation of CMP3, and then to regulate the
switching period T; of the next switching cycle. If Vy, is
smaller than zero, indicates that ZVS of S| has been realized,
then the next switching period Tg[n+1] will be decreased
by the period regulator. On the contrary, Ti[n+1] will be
increased. To clearly express the adjustment law of T, and
convenient for the following sampled-data modeling, a ZVS
control signal V; is used in Fig.2 to illustrate the control
strategy of 7; in CrCM ACF converter. In an established
operation status, regulate 7 to generate proper [, value, equals
to the turn-off moment of S is determined by the suitable ZVS
control signal V. Therefore, V; can be represented by 7, in
(1). Note that, the same to the refresh time of 7, which is at
the start time of every cycle, the update instant of V also is
set at this moment.

Vi = R, (1)

Accordingly, based on the PCM and ZVS control modules,
the conduction time 7,, and switching period 7y can be
regulated for a high dynamic high-efficiency CrCM ACF
converter. Owing to T,, and 7y vary in every switching cycle,
the duty ratio cannot be regarded as the single control signal
in variable-frequency PCM (VF-PCM) controlled CrCM ACF
converter. Otherwise, due to the switching period 7; only
update at the start time of Sy, the regulation law of switching
period is discrete, so the ZVS control can be called “discrete-
ZNS control”.

By using energy transfer principle, the input power can
be calculated by (2). Through averaging and approximating
the current waveform of Sj, the average input current [;; is
expressed in (3). Otherwise, based on the triangular waveform
of ip,, duty ratio D, the decrease time Ty, and the switching
period 7, can be easily expressed by (4), (5) and (6), respec-
tively.

Vo1,
Pin:VinIin: — (2)
I, T, 1,T,
L ©
27,
T, T,
D — r+ a2 4)
T+ Tax+ Ty
I, —1,)L
ry = o= tn 5)
nV,
Ty =T, +Tr+Ta2 (6)

where, V;;, and V, are the input and output voltage, respec-
tively. I, is the full load current. 7 is the presumptive operation
efficiency. n is the ratio between primary and secondary
winding of ACF transformer. L,, is the magnetizing inductor.
T, is the conduction time of Sy. I, is the peak current of iz ,.
I, is the minimum negative current of iy,,.

Associate with (1) - (6), the relationship between Ty and
other system parameters can be deduced by (7). This expres-
sion represents the change regulation of 7 at different line and
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load status, to regulate 7y at different turn ratio n, magnetizing
inductor L,,, and output voltage V,, and then to obtain an
optimal working efficiency #. This equation also gives the
relationship between 7y and V;, which will be used in the
modeling process.

T — (1 = D)RsVinVonn +2R;Volo Ly — DViy LinnVa
T D(1 — D)Ry Vi, Vony

(N

III. SAMPLED-DATA MODEL OF CURRENT CLOSE-LOOP

According to mentioned above, in order to obtain high effi-
ciency in high frequency applications, CrCM ACF converter
should be operated at variable-frequency, the conduction time
To,n of S1 and switching period Ty should be changed to
regulate output voltage V,, and ZVS status. Therefore, duty
ratio D can’t be regarded as the single control signal to
model the variable-frequency CrCM ACF converter. Although
replaced duty ratio D by conduction time 7,,, average mod-
eling method can be used in variable-frequency converter,
the accuracy is limited at half of the switching frequency,
and the small signal influence of the discrete ZVS control
process can’t be contained. By considering the switching
status in every cycle, sampled-data model remains much high-
frequency information [31], but which hasn’t been well applied
in variable-frequency CrCM converter due to duty ratio D and
switching period 7 changed synchronously in every regulating
cycle. To solve this problem, replace duty ratio D by the
discrete conduction time 7,,[n] of Sy, an accurate sampled-
data model of VF-PCM and discrete-ZVS controlled CrCM
ACF converter at variable-frequency is established in this
paper.

Fig.5 shown the steady state and perturbed magnetizing
current waveforms of CrCM ACF converter. To express it
clearly, there are two points have been simplified. Firstly,
the current waveforms in 7, are replaced by using a straight
line, but they are still regarded as resonant form in calculating
process. The slope of the straight line is approximated as
M [34]. Secondly, the resonant current iz, and the gate signal
of S, are concealed to avoid visual confusion.

As shown in Fig.5, the steady state and perturbed waveforms
are expressed by solid and dotted line, respectively. T,, and
T,, are the steady state and perturbed conduction time of Si,
respectively. 7y and 7 are the steady state and perturbed
switching period, respectively. From this figure, it can be
clearly seen that 7, and 7y are changed when a small signal
perturbation is added on the magnetizing current iz,,. By using
simple parallelogram law, the conduction time perturbation Ton
can be obtained by (8).

Ton =T, — Ton = D'T, — DT, (8)
where, D and D’ are the steady state and perturbed duty ratio,
respectively. Add perturbation on D’ and T/, namely D' =
D+d, T, =T + 7,. Then (8) can be transferred to

Typ = (D +d)(Ty + Ty) — DT, = Tyd + DTy +dT,  (9)

Neglect high-frequency nonlinear small signal terms,
the small signal linear relation among T,,, d and T is given
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CrCM ACF converter.

in (10). According to (7), the perturbation relationship between
d and T can be got in (11).

7Awon = TsdA + Dfs (10
d D(1 — D)nV,R
Hy = — = ( )nV, R (11)

7, nVoRy(1+ (2D — DTy) + L Va

Substituting (11) into (10), equations (12) and (13) can be
derived. Through these two equations, the conduction time
perturbation f‘on can be transformed into the control signal
d or T, directly and easily. These two equations are much
beneficial to the needed control signal transformation, and (12)
will be used in the following discrete-ZVS control modeling

process.

Ton = (TyHa; + D)y (12)
A D .
Ton = (Ts + _)d (13)

Hy;

A. Model Simplification

From Fig.5, it also can be seen that the VF-PCM control
signal V. and discrete-ZVS control signal V; jointly deter-
mine the operation status of CrCM ACF converter. Therefore,
to derive an accurate sampled-data model, both of the influence
of VF-PCM and discrete-ZVS control need be considered.

Fig.6 shows the perturbed waveforms of CrCM ACF con-
verter. The black solid line is the steady state waveforms,
the black dotted line is the perturbed waveforms when the
perturbation 0, and 9, are occurred synchronously. The blue
and green dotted lines are applied for auxiliary analysis.
Relative to steady state, the blue dotted line is the perturbed
waveform when the perturbation 0. only been happened.
Compare with the blue dotted line, the green dotted line is the
perturbed waveform when only considering the perturbation
0a. According to the distribution of the magnetizing current

perturbation Rsl: Lm at time [n+D]7y, the total perturbation

Vetv,
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A
fl RSZALm3 [n+D]
* R.\l;\LmZ[n D]
‘\‘ eR.J‘/.m/lnfDl
0 S
vd 4
Vd-v,
0
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Fig. 6. The perturbed waveforms of CrCM ACF converter.

Ry z?Lm[n + D] included three parts, namely

ngLm[n + D] = ngLml[n + D]
+ Ryipm2[n + D] + Rsipms[n + D] (14)

~

where, R is the current sampling resistance. RsiL,nl [n+D]
represents the perturbation when o, is only considered.

Rsi Lm2 [n+D] represents the perturbation when 04 is only con-

sidered. Rsl: Lm3 [n+D] is the synthetic action of the two per-
turbation signals, which represents o, is formed passively since

04 is considered. Through simple anglysis, Rgl: Lm3 [n+D] can

be approximately substituted by Ryipma [n+D] with a scale
factor.

me(my + my)
mimo

Ryipmsln + D] ~ Ryizmaln + D] (15)

where, m and mj are the rising and falling slope of the
magnetizing current, respectively. m, is the external compen-
sated slope. Substituting (15) into (14), the total magnetizing

current perturbation Rsi Lmln + D] at time [An—i—D]TS can be
calgulated by the linear combination of Rsi'Lml [n+D] and
Rsipm2 [n+D].
Ryipmn + D] = Ryipm[n + D]+ KuRsipma[n + D]
(16a)

where,

me(my + my)
mimy

K,=1+ (16b)

According to (16), the control-to-current transfer function
can be derivedAby the linear combination of the two terms [35].
Because of Ryifm1 [n4D] represents the small signal influence
of the single VF-PCM control, Rsi Lm2 [n+D] represents the
small signal influence of the single discrete-ZVS control,
the current close-loop modeling process can be simplified by
the two single control strategy. Therefore, the total current
close-loop model can be separated into single VF-PCM control
and discrete-ZVS control model.
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B. Single VF-PCM Control Model

The sampled-data modeling method has widely used in
the PCM controlled converter [29], [32], [33], but which are
mainly in constant-frequency converter. Fig.7 shows the per-
turbed waveforms to derive the single VF-PCM control model
in CrCM ACEF converter. As the figure shown, the conduction
time perturbation 7,,, the switching period perturbation Ty
and the magnetizing current perturbation Rsz: Lm are produced
result from the PCM control signal perturbation 0.

By adding auxiliary line, using parallelogram law and
similar triangle rule, based on the conduction time perturbation
f},,, of S1, the following difference equations can be obtained.

ngLm[n+D] = ngLG[n_1+D]+(m1+m2)f0n[n + D]

(17)
~ m A A
vc[n+D]=m—CRSsz[n—1+D]+(m1+mc)Ton[n+D]
2
(18)

These two equations show the small signal perturbation
relationship between magnetizing current i7,,, PCM control
signal o, and conduction time f‘on in VF-PCM control. Due
to the different intermediate control variable, the two equations
are different to the difference equation in CF-PCM con-
trol [35]. Through combining these two equations, and using
z-transformation, the transfer function of VF-PCM control
model in z-domain is given as

Rschm(Z) O pb
H,(z) = — = 19a
rO=0 T gt
where,

my — Mg
= — 19b
G.pb my+ m. ( )

m

Opa = m—;apb (19¢)

By using the transfer equation from s-domain to z-domain
z=e'"s, and multiplying by the sample and hold func-
tion lzeTi . Then the VF-PCM control transfer function in

s-domain can be derived in (20).

1 —eTs

sTs

s;Lm(S) _ A pb
De(s) 1= (1 —oapg)esT

R
Hp(s) = (20)
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Use Padé approximation
T. sTy)?
ST LH OB 6 1207 on
= v =
_ 8Ty 6T92 52— 6fs + 12f2
=5+ I 15

The simple style close-loop transfer function of VF-PCM
control can be easily obtained.

ngLm(S) _ 12apbfsz

De(s)  apas? + (12 = 60pq) fo5 + 120 pa 2
(22)

Hp(s) =

C. Discrete-ZVS Control Model

Fig.8 shows the perturbed ZVS control signal waveforms
in CrCM ACF converter. According to the control strategy of
discrete-ZVS control, every refresh time of 7 is at the turn-on
instant of S;. Therefore, in order to derive an accurate small
signal model, the control signal V; also need updating at this
moment. Hence, a discrete perturbation —o, is added on Vy
to imitate the regulation strategy of T, which is only changed
at the turn-on moment of Sj, and kept constant in a whole
switching cycle.

The conduction time T7,,, the switching period 7y and
the magnetizing current Rgir,, change with the ZVS control
signal V;. The same to VF-PCM control model, by using
parallelogram law and trigonometric approximation, the dif-
ference equation of discrete-ZVS control can be derived.

A ¢ mi+my
Rsipmln + D] = Rlem[n—l—i—D]—Tvd[n—l—i—D]

1

— (my +m2)Tpuln + D] (23)

Equation (23) shows the relationship among the conduction
time perturbation T,,, the magnetizing current perturbation

Rsl: Lm» the ZVS control signal perturbation 04. Because of
the discrete renewal law of 04 in every switching cycle, there
is only one difference equation in ZVS control. Therefore,
to deduce the control-to-current transfer function, the pertur-
bation relationship between f},,, and 04 need to be derived
firstly. According to (7), the perturbation relation between T,
and 04 can be obtained.

e — (24)

T, L
Od Ry(1 — D)nV,
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Combille (24) and (12), the perturbation relationship
between T,, and 04 is given as.

fon = (Tstt + D)Htl)ﬁd (25)

Substituting (25) into (23), the difference equation of dis-
crete ZVS control model can be deduced in (26). Note that
T,n [n + D] is affected by 04 [n — 1 4+ D], not by b4 [n + D].

Ryipm[n 4+ D1=Ryipmln—1+ D]+ Bydaln—1+D] (26a)

where,

By =

mi +my

- (ml + m2)(Tstt + D)Htl) (26b)

mj
The same operation is processed in VF-PCM control model.
Through z-transform, considering the sample and hold effect,
the transfer function of discrete ZVS control model is derived
in (27). Use Padé approximation, the approximate s-domain
transfer function of discrete ZVS control model is given
in (28).

_ ngLm(s) . ,Bveiﬂwx

e P

H ( _ ngLm(S) _ ;vis(sz _6fss + 12f52)
)= T T S 6hs +12/2)

27)

(28)

D. Total Current Close-Loop Transfer Function Gi. (s)
According to Fig.6 and (16), the total current close-loop
transfer function is the linear combination of the VF-PCM
and discrete-ZVS control model transfer function. Therefore,
after substituting (22) and (28) into (16), the full-order current
close-loop transfer function can be derived in (29).

Gic(s)
_ Kiss* +Kizs® +Kins> +Ki1s+Kio
55246 fis +12£2) (0 pas? + (12 — 60 pg) fss+ 120 pa f2)

(29a)
where,
Kio = 144 f 00y Km (29b)
Kit = —144f2(apa — DPoKm —app)  (29¢)
Kio = 12f3((50pa — 6) By Km + 6app) (29d)
Kiz = —12f2((@pa — 1)BoKm — app) (29€)
Kis = fsapaﬁuKm (291)

IV. SMALL SIGNAL MODEL OF VF-PCM AND
DISCRETE-ZVS CONTROLLED CRCM ACF CONVERTER

A. Control-to-Output Transfer Function G (s)

The small signal modeling strategy of the VF-PCM and dis-
crete ZVS controlled CrCM ACF converter is shown in Fig.9.
The corresponding control-to-output transfer function G, (s)
is defined as vour (S) /vc_toral (s). Where, v¢ rorq1 (S) 1S an
assumed total control signal and which has considered the
combined influence of VF-PCM and discrete ZVS control
effect. From this figure, it can be seen that the total model

Ho|
A
P p T,
Ve + on
‘ S— Fw
A A
Vetol : Vour,
A : fw
v, iy s
: i Current-to-output
H:l R, P : module
Current Loop module
Fig. 9. Modeling strategy of CrCM ACF converter.

includes two modules, current loop module, and current-
to-output module. Therefore, the control-to-output transfer
function G, (s) can be derived by multiplying the two parts.

In the current control loop module, VF-PCM control signal
0. and discrete ZVS control signal ¢/, are the input signals;

magnetizing current i, is the output signal. Base on (16), 0
represents the proportion K, has been considered. Gj;(s) is
the conduction time to magnetizing current transfer function
in VF-PCM control model. G;(s) is the switching period to
magnetizing current transfer function in discrete ZVS control
model. These two transfer functions can be deduced by
the variable-frequency average modeling method introduced
in [28].

Rs is the gain of magnetizing current sensor. As the sim-
plified control circuit shown in Fig.4, circuit delay are usually
existed in the applied sampling circuit of VF-PCM and ZVS
control module, so which may have a big influence on the
finally modeling result. Therefore, these problems need to be
considered in the control-to-output transfer function derivation
process. In Fig.9, H,, and H,, are the used sampling gain to
illustrate the circuit detection delay of VF-PCM and discrete-
ZVS control module, respectively. They are can be represented
by the sampling transfer function in (30) [36].

s-T
He(s) = T 1
which has a pair of double poles at the half of switching
frequency. Generally, based on the sampling theory, it only
considers the frequency zone [0, f;/2]. Then, the two-order
approximation of (30) is given as
2

(30)

H()~ b —> 41 (la)
S) xR — a
‘ w2 wy - 0
Where
wn =7 - f (31b)
2
0. =—= (31c)
T

Similarly, the used comparators in VF-PCM and discrete
ZNVS control module are nonlinear components [37]. There-
fore, the regulating ability also need to be considered if the
small signal model is derived. In Fig.9, F,, and F,, are
the modulator gain of VF-PCM and discrete ZVS control
module respectively, which represent the ability to regulate the
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Fig. 10. Frequency response comparison at different operating status.

conduction time 7,, and switching period Ty in VF-PCM and
discrete ZVS control model, respectively. To fully taking the
comparator errors into considered, by using the similar method

in [31], Fyp and Fy, can be deduced by (32) and (33).
Hp(s)
Fpp = P (32)
" (RsHel)Hv(s) - l)Git(s)
H,
Fuy = () (33)

(RsH ¢y Hy(s) — I)Gif(s)

The current-to-output module transfer function G,;(s),
defined as Doyr (S) /f Lm(s). Although the average model
ignores many high frequency signals result from the averaged
and linearized process, it’s enough to modeling the current-to-
output transfer function. Therefore, followed by the average
modeling method of CrCM converter introduced in [28],
the magnetizing current-to-output transfer function G,;(s) is
given as (34).

Gvi(s)
_ Lul(DLwLyC)s*> HLw D(1-D)*)s— Ryn* (1 - D)*]
~ n(1=D)[(LyLyCrCyR1)s>+ (L L,Crn%(1+4 D))s?
H1=-D)* Ry (> C; (Lin+L H+L i Co)s—Lim (14D) (1-D)?]
(34)

Consequently, according to the small signal model frame-
work in Fig.9, the control-to-output transfer function G, (s)
is given as
RSFmpGit (S)Gl)i(s)
1+RsHemepGit (S)

RSFvaif(S)Gvi(s)

G =
UC(S) 1+RSHgUEnUGif(S)

(35)

B. Frequency Response Curve Comparison

By utilizing MATLAB software, the frequency response
curves of the control-to-output transfer function G, (s) at

1
Frequency (Hz)

(e) V=200V, ¥,=20V, ,=700KHz

1
Frequency (Hz)

(f) ¥,=300V, ¥,=20V, £=750KHz

different operating conditions are shown in Fig.10. In order
to validate the modeling effect of the proposed sampled-data
model of VF-PCM and discrete-ZVS controlled CrCM ACF
converter, the single VF-PCM control model which not con-
tain ZVS control effect, the Suntio’s model [28] which uses
averaging algorithm, and Park’s equivalent circuit model [29]
are also provided.

In Fig.10 (a)-(c), the input voltage is fixed at 100V, but
the output voltage change from 5V to 15V with a step 5V.
In Fig.10 (d)-(f), the output voltage is stabled at 20V, but the
input voltage increase from 100V to 300V with a step 100V.
In all the operating status, to regulate the ZVS realization,
the switching frequency should be changed, so which is
assumed increasing from 500KHz to 750KHz with a step
50KHz, respectively. Note that, the switching period is not
just increased by input voltage, which is determined by input
voltage and load current synchronously. This will be illustrated
later.

Due to the same modeling principle, the frequency response
curves of the equivalent circuit model and Suntio’s aver-
age model are agreement with each other. By comparing
the proposed sampled-data model with single VF-PCM and
average model, it can be seen that, in most cases, when
the discrete-ZVS control strategy is used to realize ZVS
status and improve operating efficiency, the control-to-output
frequency response curves are changed. The reason is that the
regulating principle of CrCM ACF converter has varied since
the discrete-ZVS control process is utilized to regulate the
switching period. For instance, when load current increases,
the output voltage start decreasing, the conduction time of
primary main power switch S; will be improved by the
VF-PCM control to make the output voltage return. On the
other hand, a smaller negative magnetizing current valley I,
(or a positive 1)) is produced since the increased load current,
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TABLE I
SIMULATION PARAMETERS

Parameter name

Quantity

100V-380V
20V
65W
600K-1MHz
32uH
1.8uH
50nF
200uF

Vi Input voltage

Vou Output voltage
Output power

fs Switching frequency
Ly Magnetizing inductor
L. Resonant inductor
C, Clamp capacitor
C, Output Capacitor

so a larger switching period will be generated by the discrete
ZVS control to stable [, at the original value. However,
the increased switching period results in a decreased output
voltage, which is contrary to the improved conduction time of
S1. Therefore, the regulating process of the proposed control
method is different to PCM control, and there are a different
frequency characteristic between them. Accordingly, the accu-
racy of single VF-PCM and average model are suspected
when the ZVS control strategy is adopted, and the control
characteristic and dynamic performance will be affected if the
questioned model is used in control loop design.

By comparing the average model with single VF-PCM
model, due to the averaged and linearized modeling process,
the high frequency information is ignored, average model just
can fit well with the single VF-PCM control model in low and
middle frequency band, even though the conduction time also
has been regarded as the control signal.

V. SIMULATION AND EXPERIMENTAL VERIFICATION
A. SIMPlis Simulation Comparison

SIMPLIS simulation software is accurately and popularly
utilized in many small signal model verifications [33], [35].
Therefore, in order to verify the proposed sampled-data model,
SIMPLIS simulation software is used and a VF-PCM and
discrete-ZVS controlled CrCM ACF converter is simulated.
The simulated parameters of CrCM ACF converter are shown
in table I.

The comparison results between the proposed model and
SIMPLIS simulation at three different operating conditions
are shown in Fig.11-13, respectively. It is explicitly shown
here that the proposed model is basically consistent with the
SIMPLIS simulation results. Although there is small difference
in the middle frequency band between the proposed model
and SIMPLIS simulation results, the proposed model still can
be used for control loop analysis and compensator design
due to the influence of discrete ZVS control is considered.
Therefore, the proposed sampled-data model is more accurate
than the single VF-PCM and average model if the VF-PCM
and discrete-ZVS control strategy is adopted in CrCM ACF
converter.

B. Experimental Results

To further verify the proposed sampled-data model, a 65W
19.5V output digital VF-PCM and discrete-ZVS controlled

Bode plot
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Fig. 11.  SIMPLIS simulation verification G, when V;;, =120V, V,, =20V,
100% load.
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SIMPLIS simulation verification G, when V;;, =380V, V,, =20V,

CrCM ACF converter is designed and tested. The designed
ACF prototype is shown in Fig.14, and the designed
specification is same as simulation parameters in table I.
Fig.15-16 show the voltage and current waveforms of CrCM
ACF converter at different operating conditions, respectively.
Fig.15 is the case when input voltage is 130V and 100%
load. Fig.16 is the case when input voltage is 200V and 50%
load. It is clearly seen that the ZVS status of the primary
main power switch Sy is fitly realized at the turn on instant
by adopting the VF-PCM and discrete-ZVS control strategy.
By comparing with the two operating conditions, because of
the different input voltage and load current, the energy stored
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Fig. 14. Prototype of ACF converter.
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Fig. 15. The voltage and current waveforms when V;,, =120V, 100% load.
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Fig. 16. The voltage and current waveforms when V;;,, =200V, 50% load.

in magnetizing inductor L,, which is used to realize ZVS of
S; is different, then the needed valley current 7, and switching
period 7 are also different.

The variation rule of magnetizing current valley 7, can
be calculated by (36). According to this equation, in a con-
stant switching frequency, Fig.17 given the relation among
the needed negative current [,, input voltage V;, and load
current /,. The absolute value of I, increases as V;, increases
and/or I, decreases. Hence, when the switching frequency
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Fig. 19. The tested efficiency at different period and input voltage when
(a) I, = 3A and (b) I, = 1.5A.

is fixed, the ZVS of S; may be realized with difficulty
at low input voltage and high load, and the energy used
to realize ZVS maybe redundant at high voltage and light
load. Therefore, the need optimal switching period should be
regulated for a proper ZVS realization, and which should be
adjusted to increase as input voltage decreases and/or load
current increases.

P, I, 1 nVyVin
Vinn n 2L fs nVo + Vig
By utilizing the proposed discrete-ZVS control method,

the switching period is regulated and an appropriate negative
magnetizing current is generated at every operating status, then
the ZVS of Sy problem is solved. Fig.18 presents the tested
best switching period at different operating conditions by using

I, (36)
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discrete-ZVS control method. It can be seen that the switching
period increases as input voltage decreases and/or load current
increases.

Regulating switching period not only realize the ZVS of Sy,
but also improve the operating efficiency. Fig.19 shows the
tested efficiency at different input voltage and load current
when switching period changes. It can be seen that the largest
efficiency only can be obtained when ACF converter worked
at the best period than another switching period. The power
loss of power switch include turn-on loss and conduction loss
during dead time T;>. When the switching period 7 is smaller
than the best Ty, the ZVS can not realized, so the turn-on loss

100us/div

Fig. 23.  Dynamic response from full-load to half-load at V;, = 130V.
B g
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Fig. 24.  Dynamic response from full-load to half-load at V;, = 250V.
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Fig. 25.

will be increased. When the switching period T is larger than
the best T, the flow current time across the body diode will
be increased, and then the conduction loss will become large.
Therefore, the best efficiency point only locate at the best
switching period in a determined operating status.

Based on the designed CrCM ACF converter, the frequency
responses at different work statuses are measured using net-
work analyzer PSM1735, and the range of frequency mea-
surements is conducted from 10Hz to 1MHz. In experiments,
the working condition is selected as low input voltage high
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load, middle input voltage middle load, and high input voltage
light load, which are considered for representing the working
range of the VF-PCM and discrete-ZVS controlled CrCM ACF
converter. Fig.20-22 show the comparison of measured and
calculated frequency characteristic curves of the control-to-
output transfer function G, (s). It can be seen that the results
of the proposed sampled-data model are in excellent agreement
with the measurements in every frequency response test points.

Based on this CrCM ACF prototype and the proposed
sampled-data model, the dynamic responses between different
load statuses are measured. The compensating principle is
followed by [38], [39]. Fig.23-25 show the dynamic responses
when load steps from full-load to half-load, and the input
voltage V;, is set at 130V, 250V, and 380V, respectively. In the
three conditions, when the load current changed from full-load
to half-load, the needed regulating time 7} is 720us, 585us, and
505us, respectively. The generated voltage overshoot Ve, is
1.5V, 1.45V, and 1.2V, respectively. These parameters show
good stability and transient responses for changes in load
current, so which can satisfy the dynamic requirement in
low power adaptor applications. Therefore, for engineering
applications, the proposed sampled-data model can be well
used in VF-PCM and discrete-ZVS controlled CrCM ACF
converter.

VI. CONCLUSION

This paper proposes an accurate small signal model of
VE-PCM and discrete-ZVS controlled CtCM ACF converter
by using sampled-data modeling method. In the modeling
process, the VF-PCM and discrete ZVS control process are
all considered to obtain the complete frequency characteris-
tic. The widely used control signal, duty ratio, in constant-
frequency converter is replaced by the condition time of
main power switch in CrCM ACF converter due to the
variable-frequency switching characteristic. Through analysis,
the total current close-loop transfer function can be deduced
by the linear combination of the VF-PCM and discrete ZVS
control model. Therefore, the VF-PCM and discrete-ZVS
control model is established, respectively. After considering
the sampling effect (H,, and H.,) and the modulator gain
(Fup and Fy,) of the two control models respectively, the
control-to-output transfer function is developed. By comparing
the proposed model with the single VF-PCM control model,
Suntio’s average model, and equivalent circuit model, it can
be illustrated that the frequency characteristic has changed
if the discrete-ZVS control method is adopted in CrCM
ACF converter for high-efficiency. To verify the accuracy of
the proposed sampled-data model, the SIMPLIS simulation
and experimental results are also compared with. The com-
parison results show that the proposed model is basically
agreement with the simulated and tested frequency response
curve. In addition, the corresponding dynamic response from
full-load to half-load express that the proposed sampled-data
model can be well used in engineering applications.
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