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Abstract—Critical conduction mode (CrCM) active clamp fly-
back (ACF) converter is regarded as a good candidate to be applied
in high-frequency small power supplies. This article focuses on the
modeling, analysis, and controller design of CrCM-ACF converter.
The small signal model of the converter is derived based on a zero-
input resonant equivalent circuit and extended describing function
(EDF) method for the first time, then the obtained full-order model
is simplified to a low-order model. This procedure establishes an
insightful understanding about the effects of the converter pa-
rameters and working conditions. Based on the simplified model,
a control loop compensator is designed in a single-loop voltage-
feedback control scheme for high dynamic performance. An ex-
perimental prototype of digital controlled CrCM-ACF converter is
built, the accuracy of the derived model is verified by comparing
with experimental and simulation results. The performance of the
compensator is experimentally evaluated by applying abrupt load
current and reference voltage changes in the operating conditions
of the converter. From the experimental results, it is demonstrated
that the derived analytical model and designed compensator are
effective in regulating the output voltage in CrCM-ACF converter.

Index Terms—Active clamp flyback (ACF) converter, continuous
conduction mode (CCM), controller design, critical conduction
mode (CrCM), extended describing function (EDF) modeling.

I. INTRODUCTION

THE rapid development of power electronics results in
the optimization of power adapters are developed toward

smaller size, higher power density, and higher efficiency. It is
effective to decrease the size and improve the power density by
increasing switching frequency, but it increases the power loss
of the widely used hard switching flyback converter in small
power supplies [1], [2]. By adding a clamp capacitor and a clamp
power switch in flyback, active clamp flyback (ACF) converter
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has a smaller voltage stress and a higher efficiency since the
zero voltage switching (ZVS) of primary power switches can be
realized [3]. Therefore, ACF is regarded as a good candidate to
be used in small size high-frequency adapters.

According to different working status, ACF has two modes,
continuous conduction mode (CCM) [4], [5] and critical conduc-
tion mode (CrCM) [6], [7] (hereafter referred as “CCM-ACF”
and “CrCM-ACF,” respectively). Due to the different operating
characteristic, CCM-ACF is more similar to a pulsewidth modu-
lation (PWM) converter rather than a resonant converter, CrCM-
ACF is a half-PWM half-resonant converter. It was demonstrated
that CrCM-ACF is better than CCM-ACF in the aspects of ZVS
range, EMI problems and the zero current switch-OFF (ZCS)
ability of output rectifier in high-frequency applications [8].
Therefore, CrCM-ACF has been implemented in many high-
frequency prototypes [9], [10]. However, since the distinctive
asymmetric half-PWM half-resonant operating characteristic,
the accurate small signal model of CrCM-ACF converter has not
been presented. Hence, the designed controller in the prototype
is usually by cut-and-trial method, which increases the design
time and is disadvantageous for the performance prediction of
the system. Therefore, this article focus on the accurate small
signal modeling and control-loop compensator design of CrCM-
ACF converter. The main operating process and performance
comparison between CCM and CrCM ACF converter will be
illustrated in details in the following section.

The conventional state space averaging method (SSA) has
been popularly used to model many PWM converters [11]–[13],
as well as ACF converter [14]. However, SSA only can be
used to model CCM-ACF rather than CrCM-ACF owing to
the resonant performance of CrCM-ACF cannot be reflected
by the linearized and averaged modeling principle. The phase
plane [15]–[16] and signal flow graph [17]–[18] are two graphic
modeling methods, which are intuitive and easy to analysis.
However, their modeling principle are also based on SSA, so
the accurate small signal model of CrCM-ACF converter still
cannot be derived by these two methods. The sampled-data or
discrete-time [19], [20] approach is effective to capture the inher-
ent sampling nature and predict the small signal characteristic in
resonant converters. However, only the numerical solution of the
small signal model can be derived at specific operating condi-
tions, which makes the designed compensator is a big challenge
and becomes unmanageable if the operation of the converter
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involves different modes. In addition, the computational process
of modeling procedure is too complex for practical use [21]. This
article utilizes the extended describing function (EDF) method
to derive the small signal model of CrCM-ACF converter. EDF
is a systematic approach to developing the small signal model
to investigate the stability characteristic for different control
status, and which is widely used in resonant converts [22]–[26].
The advantage of implementing EDF as the modeling method
is that the resonant performance of CrCM-ACF can be fully
expressed. This advantage results in an excellent performance of
the behavior and response of the converter in steady and transient
state.

In EDF modeling procedure, each of the state variables has a
sinusoidal waveform. However, the unsymmetrical half-PWM
half-resonant operating process results in the state variables of
CrCM-ACF are not varied sinusoidally, so which limits the
application of EDF in CrCM-ACF converter [27]. Therefore,
a zero-input resonant equivalent circuit is proposed for the first
time, and then the accurate small signal model of CrCM-ACF
converter is derived by EDF method. Based on the derived
model, the frequency characteristic is analyzed, and control loop
compensator in a single-loop voltage-feedback control system is
designed. The contributions of this article may be summarized
as follows.

1) The proposed zero-input resonant equivalent circuit inte-
grate the PWM and resonant operating processes, transfer
the asymmetry half-PWM half-resonant mode to a pure
resonant process, which provides a new modeling idea for
the active clamp converter.

2) The comparison among the derived model, the simulation
and experimental results show the obtained model can
be accurate up to the half of switching frequency. The
simplified model has a very clear zero-pole style, which
is very beneficial for the frequency characteristic analysis
and controller design in CrCM-ACF converter.

3) The designed high-frequency compensator in a single-
loop, voltage-feedback control system, which is better
that the widely used PI or PID controller. This procedure
presents a clear controller design step, which is beneficial
for the application of CrCM-ACF converter.

4) The detailed studies and experiment based on the derived
model and designed controller are presented. The stability
performance investigation leads to the conclusion that the
designed controller has the ability to predict the steady
state and dynamic responses of the converter.

The rest of this article is organized as follows. In Section II,
the main operating processes and characteristics between CCM
and CrCM ACF converter are compared and analyzed in de-
tails. Then, the SSA average model of CCM and CrCM ACF
converter are compared with simulation results, respectively. In
Section III, a zero-input resonant equivalent circuit is proposed
according to the operating behavior of CrCM-ACF converter.
Afterward, the corresponding small signal model is derived
based on EDF modeling method. In order to use the small
signal model in control loop, the obtained high order model
is simplified and analyzed. In Section IV, based on the obtained
control-to-output transfer function, a high-performance control

Fig. 1. Topology of ACF converter.

loop compensator is designed for CrCM-ACF converter. In
Section V, a CrCM-ACF prototype is designed to verify the
derived small signal model and implement the designed com-
pensator. Finally, Section VI concludes this article.

II. COMPARISON BETWEEN CCM AND CRCM
ACF CONVERTER

A. Operating Characteristic Comparison

The topology of ACF converter is shown in Fig. 1. S1 and
S2 are the primary main and clamp power switch, respectively.
Coss1 and Coss2 are the parasitic capacitor of S1 and S2 re-
spectively, D1 and D2 are the parasitic body diode of S1 and
S2, respectively. Moreover, Lm and Lr are the magnetizing and
leakage inductor, respectively, and are usually integrated in the
transformer of ACF converter. Cr and Co are the clamp and
output capacitor, respectively. SD is the secondary rectifier, RL

is the load resistor, and n is the turn ratio of the transformer.
In addition, Vin and Vo represent the input and output voltage,
respectively.

The key waveforms of CCM and CrCM ACF converter are
shown in Fig. 2(a) and (b), respectively. Vgs is the gate signals of
S1 and S2. iLr and iLm are the resonant and magnetizing current,
respectively. Vds is the voltage between the drain and source of
S1, and VCr is the voltage across Cr. iD is the current through
SD. Iv is the minimum magnetizing current. Td1 is the dead time
between the turn-OFF moment of S1 and the turn-ON moment of
S2. Td2 is the dead time between the turn-OFF moment of S2 and
the turn-ON moment of S1. Ts is the switching period, and D is
the turn ratio.

In CCM-ACF converter, there are three main operation modes
from t= ta0 to t= ta6. The first one is energy storage mode (Ma1)
from t = ta1 to t = ta2. During this mode, the energy stored in
Lm and Lr are charged by Vin, so iLr and iLm are increased
linearly. Since the energy cannot be transferred from primary to
secondary, Vo is stabled by Co. The equivalent circuit of mode
Ma1 is shown in Fig. 3(a).

The second one is energy transfer mode (Ma2) from t = ta3
to t = ta4. During this time interval, the energy can be delivered
from primary to secondary, the voltage across Lm is clamped by
Vo. Lr resonant with Cr. The equivalent circuit of mode Ma2 is
shown in Fig. 3(b).
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Fig. 2. Key waveforms of (a) CCM and (b) CrCM ACF converters.

Fig. 3. Main equivalent circuits of ACF converter. (a) Ma1 or Mb1. (b) Ma2
or Mb2. (c) Ma3. (d) Mb3.

The third one is ZVS realization mode (Ma3) from t = ta4
to t = ta5 in Td2. Although the energy also can be transferred
from primary to secondary, the main purpose of this mode is to
realize the ZVS of S1. When S2 turn-OFF, the resonant object of
Lr is changed from Cr to Coss1. Then, Vds is decreased and the
ZVS of S1 can be reached. The equivalent circuit of mode Ma3

is shown in Fig. 3(c).
The same as CCM-ACF converter, there are also three similar

main operation modes from t = tb0 to t = tb4 in CrCM-ACF
converter. The energy storage mode Mb1 is from t= tb0 to t= tb1,
which has an identical operation process to Ma1. The energy
transfer mode Mb2 which is from t = tb2 to t = tb3 also has
a similar operation process to Ma2. However, the difference of
them is that, the resonant deepness of the resonance process

between Lr and Cr in Mb2 is more thorough than Ma2. Therefore,
unlike the energy in Ma2 that cannot be wholly transferred from
primary to secondary, the energy can be fully delivered in Mb2.
Since the energy which used to actualize the ZVS of S1 in CrCM-
ACF is disparate with CCM-ACF converter, the ZVS realization
mode Mb3 from t = tb3 to t = tb4 is different to Ma3. The energy
applies to realize ZVS is stored in Lr in CCM-ACF, while that
is mainly stored in Lm in CrCM-ACF converter. Therefore, in
Mb3, Lm also join into the resonance process with Lr and Coss1,
to realize the ZVS of S1. The equivalent circuit of modes Mb1

and Mb2 are similar to Ma1 and Ma2, respectively. The equivalent
circuit of mode Mb3 is shown in Fig. 3(d). The detailed operation
processes of CCM and CrCM ACF converter can refer to [4],
[5] and [6], [7], respectively.

By comparing with the operation processes, it can be seen that
the main difference between CCM and CrCM ACF converter is
the ZVS realization mode. In CCM-ACF converter, the energy
used to realize the ZVS of S1 in Ma3 is stored in Lr, so an
incomplete resonant current iLr waveform in Ma2 is needed
to provide the initial ZVS energy at the turning point t = ta4.
However, this ZVS energy reduces with load decreases. At light
load current, ZVS may lost, then resulting in a poor efficiency
[28]. An additional inductor is usually required to store enough
energy for full ZVS, but it also increases the size of the system.
Although increasing switching frequency can reduce the size
effectively, it aggravates the ZVS performance of CCM-ACF
converter. Moreover, the ZCS of SD cannot be reached, which
may generate voltage oscillations and noises. Due to these limi-
tations, CCM-ACF is not suitable for small size high-frequency
applications.

Unlike CCM-ACF converter, iLm is reversed to negative dur-
ing every switching cycle to make ZVS come true in CrCM-ACF
converter. By controlling the minimum negative magnetizing
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current Iv, the ZVS of S1 can be completely realized in Ma3

no matter what operating condition is [28]. In addition, because
the ZVS do not relies on iLr, the operation mode Mb2 can be
designed to have an absolute resonance process between Lr and
Cr, and then the ZCS of SD can be achieved at the turn-OFF

instant. Therefore, CrCM-ACF can be switched efficiently and
cleanly, and which has a higher performance than CCM-ACF
converter in high-frequency systems.

Different operation processes perform different waveforms,
and then give expression to different characteristics. Therefore,
the linearly changed current waveform exhibits a PWM per-
formance, while the sinusoidally changed current waveform
expresses a resonant performance. Since the linearly and si-
nusoidally varied current waveforms coexist in one switching
cycle, CrCM-ACF converter has a synthetical performance of
PWM and resonant converter. Hence, CrCM-ACF is a half-
PWM half-resonant converter. On the contrary, although the
resonance processes also exist, CCM-ACF converter is more
similar to a PWM converter rather than a resonant converter.
Therefore, the small signal model, which can reflect the fre-
quency characteristic of CrCM-ACF converter, would be differ-
ent from CCM-ACF converter.

B. Average Model Comparison

SSA modeling method is widely used for control loop analysis
and compensator design in many converters. The small signal
model of ACF converter, which is derived by SSA, has also
been presented in [14]. The relative analytical model of control-
to-output transfer function is given as (1), shown at the bottom
of this page.

SIMPLIS simulation software is popularly and effectively
applied in small signal verification [29]. The Frequency response
comparison between SIMPLIS simulation results and SSA aver-
age models of CCM-ACF and CrCM-ACF converter are shown
in Figs. 4 and 5, respectively. From these two figures, it can be
seen that, the frequency response curves of the average model are
highly agreement with the simulation result in CCM-ACF con-
verter, while which is hardly in agreement with the simulation
result in CrCM-ACF converter. The reason is that the resonance
processes and characteristic of CrCM-ACF converter cannot be
reflected by SSA model.

III. SMALL SIGNAL MODEL OF CRCM-ACF CONVERTER

Using EDF modeling method, the resonance processes in
resonant converter are embodied completely. Therefore, in order
to include and express the resonance performance of CrCM-
ACF converter, the accurate small signal model of CrCM-ACF
also should be derived by EDF method. However, the needed
nonlinear differential equation group [26] in CrCM-ACF con-
verter cannot be obtained directly owing to the half-PWM half-
resonant operating principle. Therefore, a zero-input resonant

Fig. 4. Frequency response comparison between simulation result and average
model in CCM-ACF converter.

Fig. 5. Frequency response comparison between simulation result and average
model in CrCM-ACF converter.

equivalent circuit is proposed to derive the nonlinear differential
equations first, and then the accurate small signal model is
derived by EDF method.

A. Zero-Input Resonant Equivalent Circuit

According to the operating characteristic of CrCM-ACF con-
verter, when it works in Mb1, the energy is mostly stored in
Lm, and which is not transferred to the output side. Only when
it operates in Mb2, the energy is delivered from primary to
secondary. Therefore, the only correlation between the two
modes is that the initial energy of Mb2 is determined by Mb1. If
adding this initial energy into the equivalent circuit of Mb2, the

Gvd_SSA(s) =
vo(s)

d(s)
=

VinLm[(DLmLrCr)s
2 + (D(1−D)2Lm)s−RLn

2(1−D)4]

n(Lm + Lr)[(LmLrCrCoRL)s
4 + (LmLrCr)s

3 + (1−D)2RL

·(n2Cr(Lm + Lr) + LmCo)s
2 + ((1−D)2Lm)s+ n2(1−D)4RL]

(1)
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Fig. 6. Zero-input resonant equivalent circuit of CrCM-ACF converter.

two equivalent circuits of Mb1 and Mb2 can be integrated and
replaced by a zero-input resonant equivalent circuit, as shown
in Fig. 6. Furthermore, the half-PWM half-resonant operating
process of CrCM-ACF can be fully expressed by this resonant
equivalent converter. Then, EDF can be used to derive the ac
model of CrCM-ACF converter.

Note that, compared to switching period Ts, the dead time
Td1 and Td2, which are used to realize the ZVS of S1 and S2
respectively, are very small. Therefore, in order to derive the
control-to-output transfer function more easily, the operation
process in Td1 and Td2 are ignored, and only the working
processes in Mb1 and Mb2 are considered.

Compared with the equivalent circuit of Mb2 in Fig. 3(b),
it can be discovered that there are four additional controlled
sources in this zero-input resonant equivalent circuit. These
controlled sources are used to represent the needed initial energy
of Mb2. At steady state, the initial energy of Mb2 is stored in Lm,
Lr, Cr, and Co. Therefore, if the initial energies of Lm, Lr, Cr,
and Co is calculated, the needed initial energy of Mb2 will be
determined.

According to circuit theory, the initial energies of the four
passive elements can be represented by their initial voltage or
current values, respectively, so which can be obtained if their
initial voltage or current values are known. The start of Mb2 also
is the end of Mb1 if Td1 is ignored. Hence, the initial voltage or
current values of the four components in Mb2 can be substituted
by the corresponding finish values at the turn-OFF moment t= tb1
of Mb1, which are given as (2)–(4), respectively

iLr0(t) = iLm0(t) =
vin(t)

Lm + Lr
(DTs − Td2) (2)

vCr0(t) = nvo(t) +
Lr

Lm + Lr

D

1−D
vin(t) (3)

vCo0(t) = vo(t) (4)

where iLr0(t) and iLm0(t) are the initial current value of Lm and
Lr in Mb2, respectively. vcr0(t) and vco0(t) are the initial voltage
value of Cr and Co in Mb2, respectively.

By using the four controlled sources, the initial energy of Mb2

is reflected by the initial voltage or current values of Lm, Lr, Cr,
and Co. By adding these controlled sources into the equivalent
circuit of Mb2, the zero-input resonant equivalent circuit is
formed to express the resonance characteristic of CrCM-ACF

converter. Because of the main part of this zero-input resonant
equivalent circuit relies on the resonance process in Mb2, the
resonant performance of CrCM-ACF converter can be mostly
embodied. Meanwhile, since the initial values of the four con-
trolled sources are determined by the PWM process in Mb1, the
PWM performance of CrCM-ACF converter is also included.
Therefore, the half-PWM half-resonant operating performance
of CrCM-ACF converter can be completely expressed by this
resonant equivalent circuit. Based on it, the needed nonlinear
differential equation group can be obtained, and the accurate
small signal model of CrCM-ACF converter can be derived by
EDF modeling method.

B. EDF Modeling

From this zero-input resonant equivalent circuit, the needed
nonlinear differential equation group of CrCM-ACF converter
is given as follows:

Lm
diLm(t)

dt
= nvo(t) · sgn

(
1

2
− 1

2

diLm(t)

dt

)
(5a)

Lr
diLr(t)

dt
= vCr0(t) +

(
vCr(t)− Lm

diLm(t)

dt

)

· sgn
(
1

2
− 1

2

diLm(t)

dt

)
(5b)

Cr
dvCr(t)

dt
= − iLr0(t)− iLr(t) · sgn

(
1

2
− 1

2

diLm(t)

dt

)

(5c)

Co
dvCo(t)

dt
= n(iLm(t)− iLr(t)) · sgn

(
1

2
− 1

2

diLm(t)

dt

)

− vo(t)

RL
+ io(t) (5d)

vo(t) = vCo(t) + vCo0(t). (5e)

In EDF modeling procedure, all the state variables are de-
composed into their Fourier coefficients. To simplify the EDF
modeling procedure, only the fundamental components of the
Fourier series of the variables need to be considered, and the
higher harmonic components are neglected. Then, the matrix
form of the small signal model of CrCM-ACF converter is given
as follows:

dx̂

dt
= Ax̂+Bû+ cŷ (6a)

ŷ = Dx̂ (6b)

where

x̂ = [ îLms îLmc îLrs îLrc v̂Crs v̂Crc v̂Co ]
T (6c)

û = [ v̂in d̂ ŵs îo ]
T (6d)

ŷ = [v̂o]. (6e)

All the variables in (6c)–(6e) represent the ac small signal
perturbation of the relative variables. By substituting the de-
composed state, input and output variables into (5), equaling the
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TABLE I
DETAILED PARAMETERS

small signal terms of sin(·), cos(·), and dc components to each
other. The calculated state, input and output matrix are shown in
(7), as shown at the bottom of this page, where the undetermined
parameters are given in the Appendix.

Based on (6) and (7) the transfer function between the output
voltage and various control variables can be obtained by using
the inverse Laplace transform.

C. Model Simplification and Analysis

The detailed circuit parameters in this article are shown in
Table I. By using MATLAB, the frequency response curve is
shown in Fig. 7. In this figure, Vin and Vo are set at 120 and
19.5 V, respectively, fs is set at 600 kHz. In engineering, it is
better to use a low-order model for control loop analysis and
compensator design. However, the obtained small signal model
is a high-order model due to the state variables are decomposed
by the sine and cosine terms of their Fourier series in EDF
modeling procedure. Moreover, the needed poles and zeros,
which are concealed in the high-order model, are hard to be
calculated. Although the numerical solution of theses poles and
zeros can be obtained by zpk function or plot by pzmap function
in MATLAB, the influence factor of these poles and zeros still
cannot be determined directly.

Fig. 8 shows the pole-zero map by using pzmap function.
It can be seen that there are six zeros and seven poles exist

Fig. 7. Frequency response curve of the full order analytical model in CrCM-
ACF converter.

in the derived high-order analytical model. However, most of
them are high-frequency poles and zeros, which are larger than
switching frequency and nonsignificant for real applications.
Therefore, the gained high-order model is not useful for control
loop design, and which need to be simplified by eliminating the
non-significant zeros and poles.

According to (6) and (7), the full-order analytical model can
be calculated. By simplifying the coefficients in the full-order
model and decomposing the simplified coefficients, an idealized
control-to-output transfer function, which have a zero-pole form
can be obtained. Due to the complicated mathematical compu-
tation in the derivation process, the simplified transfer function
is directly given as (8)

Gvd_simp(s) =
Kg(s− wz)

(s+wp1)(s+wp2)(1+
s

Qnwn
+ s2

wn
2 )

(8a)

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 Ωs 0 0 0 0 0
−Ωs 0 0 0 0 0 0
0 0 0 Ωs

1
Lr

0 0

0 0 −Ωs 0 0 1
Lr

0

0 0 − 1
Cr

0 0 Ωs 0

0 0 0 − 1
Cr

−Ωs 0 0
32nD(1−D)ks

Co

32nD(1−D)kc

Co
− 8nLr(1−D)ks

CrCo
−n(1−D)kc

Co
0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(7a)

B =

⎡
⎢⎢⎢⎣

0 0 1
Lm+Lr

D2

1−D
1

Lm+Lr

D2

1−D
D(DTs−Tm)
(Lm+Lr)Cr

D(DTs−Tm)
(Lm+Lr)Cr

0
nD3(1−D)Vo

12Lm

nD5(1−D)Vo

4Vin
3LmTs

−D4(D+2)
4(1−D)(Lm+Lr)

−VinD
4(D+2)

12(1−D)(Lm+Lr)
−D4(1−D)Ts

2(Lm+Lr)Cr

−15D4(1−D)Ts

(Lm+Lr)Cr

nD3(1−D)(ILm−ILr)
4VinCo

ILmc −ILms ILrc −ILrs VCrc −VCrs 0
0 0 0 0 0 0 1

Co

⎤
⎥⎥⎥⎦

T

(7b)

C =
[

nD2(1−D)3

Lm

nD2(1−D)3

Lm
−nDTs

Lr
−nDTs

Lr
0 0 − 1

RLCo

]T
(7c)

D =
[
0 0 0 0 0 0 1

]
(7d)
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Fig. 8. Pole-zero map of the full order analytical model in CrCM-ACF converter.

where

Kg =
21D4π3Vin

3fs
3LrCr

2(1−D)
(8b)

wz =
4fs

5D(1−D)
(8c)

wp1 = D(1−D)Lm(DΩs
2Co + (1−D)fsR

2
L
) (8d)

wp2 =
D(D − 1)2(2n2(Lm + Lr)Kc −RLCoKs)

ΩsLr(CoLm − Ωs
2LmLrCoCr)

(8e)

wn =

√
5

2
Ωs (8f)

Qn =
2
√
5

9DΩs
2LrCr

(8g)

The simplified transfer function is a four-order analytical
model, which contains one right-half-plane zero wz and four
poles. Where the four poles include a low-frequency pole wp1,
a high-frequency pole wp2 and a pair of conjugated poles wp3,4.
The zero-pole map of the simplified model is shown in Fig. 9, and
which unites with the frequency response curve of the simplified
model is also shown in Fig. 10.

In Fig. 9, the four poles are much closer to imaginary axis by
comparing with wz. Therefore, according to control theory, the
influence of the four poles is much larger than wz. However, wz is
an unstable zero, which may result in an unstable system. Hence,
wz also need to be considered in compensator design process.
In Fig. 10, by comparing with switching frequency fs line, the
bandwidth is quite small, thus it should be improved. However,
the oscillation peak results from the conjugated poles wp3,4 may
be larger than 0 dB if the bandwidth increased a lot. Therefore,
the conjugated poles wp3,4 is also need to be concerned when
designing the control loop compensator.

To further investigate the effect factor of these zero and poles,
the zero-pole displacement map relates to several key circuit
parameters which are switching frequency fs, duty cycle D,
magnetizing inductor Lm, and clamp capacitor Cr are plotted

Fig. 9. Poles and zero of the simplified analytical model.

Fig. 10. Frequency response curve of the simplified model in CrCM-ACF
converter.
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Fig. 11. Zero-pole displacement map when (a) switching frequency, (b) input
voltage or duty cycle, (c) magnetizing inductor, and (d) clamp capacitor varies.

in Fig. 11(a) and (b), respectively. In Fig. 11(a), when fs in-
creases, no obvious variations on wp1, but wp2, wp3,4, wz are all
moving away from the imaginary axis. In Fig. 11(b), when D
decreases, wp1, wp2, and wz have the similar shifting principle
to fs increases, but wp3,4 are moving closer to the imaginary
axis. Note that, D is usually designed below 0.5 in flyback
type converter. Hence, Fig. 11(b) is plotted during D < 0.5. In
Fig. 11(c), only wp2 has definite change away from imaginary
axis if Lm increases. In Fig. 11(d), if Cr increases, there are no
change on wp1 and wz, but there are clear change on wp2 and
wp3,4.

In conclusion, wp1 has little variation if these parameter
changes, but wp2 will be shifted away from the imaginary axis
if fs, Lm, Cr increase or D decreases if D < 0.5. The main effect
factors of wp3,4 are fs and Cr, wp3,4 will be shifted to the negative
infinity if fs and Cr increase. But, there is a small opposite effect
when D varies, wp3,4 will be shifted closer to the imaginary axis
as D decreases if D < 0.5. The main effect factors of wz are fs
and D, wz will be moved to the positive infinite as fs increases
or D decreases if D < 0.5.

IV. CLOSE-LOOP COMPENSATOR DESIGN

It is very useful and effectively to implement a high perfor-
mance controller for a high stability and fast dynamic CrCM
ACF system. Therefore, a close-loop compensator is designed
based on the simplified small signal model, and which will be
utilized in a digital controlled CrCM-ACF converter.

The complete control loop of CrCM-ACF converter is shown
in Fig. 12. Vref is the reference value of Vo, and Vs is the sampling
value of Vo. Ve is the difference between Vref and Vs. Gcomp(s)
is the needed compensator. Hd(s) and Hs(s) are the gain of
gate driver and sampling resistor network, respectively, and they
can be expressed by a constant gain as shown in (9) and (10),

Fig. 12. Total loop model of CrCM-ACF converter in s-domain.

respectively. Therefore, the main part which is applied to design
the close-loop compensator is the plant model of CrCM-ACF
converter. Based on the simplified control-to-output transfer
function Gvd˙simp(s), the total open-loop transfer function of
CrCM-ACF converter is given as (11)

Hd(s) = Vgs (9)

Hs(s) =
Rb

Ra +Rb
(10)

Gloop(s) = Gvd_simp(s) ·Hd(s) ·Gcomp(s) ·Hs(s) (11)

where Ra and Rb are the two resistor, to sense the output voltage.
Empirically, the needed control loop should have a suitable

bandwidth, a large low-frequency gain, sufficient phase margin
which is around 30–60°, and gain margin which is larger than
10 dB. According to the operating characteristic of CrCM-ACF
converter, the minimum switching frequency locates at low input
voltage and high load current. Therefore, to obtain a perfect
bandwidth, the optimal case to design the controller also should
be set at this condition, which is 120 V input voltage and 3.3 A
load current in this article. Besides, Vo is 19.5 V, fs is 600 kHz.
The design procedure of the high performance control loop
compensator is shown as follows in details.

1) From the frequency response analysis mentioned above,
the low-frequency gain is very small, so which should be
improved. Hence, an integral unit is needed to increase the
low-frequency gain.

2) The cross-frequency of the CrCM-ACF plant model is also
small, about 3 kHz at the designed operating conditions.
The suitable bandwidth wc is usually set in the 1/10 to
1/5 of fs. Therefore, to get a high dynamic CrCM-ACF
converter, wc should be chosen as large as possible. Hence,
wc is set at the 1/5 of fs, which is around 120 kHz in this
article.

3) Generally, there is a “−1” descending slope in middle
frequency band to achieve a stable dynamic process. How-
ever, the two poles wp1 and wp2 in the simplified model
and the added integral unit form a “−3” descending slope
when passing wc. Therefore, two zeros wcz1 and wcz2 are
needed to increase the descending slope. In this article,
wcz1 is set at middle of wp1 and wp2, wcz2 is equal to wp2.

4) The right-half-plane zero wz limits the bandwidth and
upraises the frequency response cure, so which has a
negative effect on the dynamic performance. To eliminate
this bad influence, a poles wcp1 is set at wz to counteract
the slope-up after wz.

5) Since the bandwidth is increased, the harmonic peak re-
sults from the conjugated poles wcp3,4 may be larger than
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Fig. 13. Frequency response comparison of CrCM-ACF converter with and
without compensation.

0 dB line to perform repeatedly crossing. Therefore, a
two-order differentiation element is needed to eliminate
this resonance peak. The parameters of this differentiation
unit are same to the two-order oscillation elements of
wcp3,4 in the simplified model.

6) Moreover, to damping the high-frequency noise of the
system, a high-frequency pole wcp2 is needed to decrease
the high-frequency gain quickly. wcp2 is set at the three
times of wz in this article.

According to the above detailed procedure, the designed
control loop compensator is given as (12a), the needed poles
and zeros in this high performance controller are also given in
(12b)–(12g), respectively.

Gcomp(s) =
Ks(s+ wcz1)(s+ wcz2)(s

2 + as+ b)

s(s+ wcp1)(s+ wcp2)
(12a)

wcz1 =
1

2
(wp1 + wp2) (12b)

wcz2 = wp2 (12c)

a =
9

4
DΩs

3LrCr (12d)

b =
5

4
Ωs

2 (12e)

wcp1 = wz (12f)

wcp1 = 3wz (12g)

where Ks is the dc gain of the designed compensator. wcz1 and
wcz2 are the zeros in the designed compensator, which is set at
5 and 10 kHz, respectively. wcp1 and wcp2 are the poles in the
designed compensator, which is set at 300 and 900 kHz, respec-
tively. a and b are the coefficients of the two-order differential
element.

The frequency response comparison of CrCM-ACF converter
with and without compensation is shown in Fig. 13. It can be
observed that, the bandwidth and low-frequency gain are all

Fig. 14. Photograph of the prototype of CrCM-ACF converter.

TABLE II
DESIGN SPECIFICATION

improved by using the designed compensator. After compensa-
tion, the bandwidth is 124 at a 600 kHz switching frequency.
Moreover, the phase margin is 57.4°, and the gain margin is
13.6 dB, which can satisfy the control request. Moreover, there
is “−1” descending slope when crossing the bandwidth point,
the oscillation peak is eliminated, and the high-frequency gain of
the total open-loop is decreased rapidly. Therefore, the proposed
compensator can be further applied in CrCM-ACF system.

V. EXPERIMENTAL RESULTS AND HARDWARE

IMPLEMENTATION

A. Frequency Response Verification

To verify the proposed small signal model, a digital controlled
CrCM-ACF prototype is designed, as shown in Fig. 14. This
CrCM-ACF prototype includes two parts, power, and control
board. The ACF topology and gate driver circuit are included
in the power board, the sampling and control circuit are built in
the control board. The designed specification of this CrCM-ACF
prototype is shown in Table II. The designed circuit parameters
can refer to Table I in details.

Based on the designed digital CrCM-ACF converter, the pri-
mary key waveforms at different load status are shown in Figs. 15
and 16. Vin and Vo are set at 120 and 19.5 V, respectively, in these
two figures. Io is set at full load current 3.3 A in Fig. 15, while
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Fig. 15. Primary key waveforms of CrCM-ACF converter at full load.

Fig. 16. Primary key waveforms of CrCM-ACF converter at half load.

it is half load condition 1.67 A in Fig. 16. iLm is plot as a red
dotted line due to it cannot be tested directly by oscilloscope.

In Figs. 15 and 16, the turning point of Vds from high to low
also is the end of Mb2 and the start of Mb3 in Fig. 2(b). From the
tested current waveforms, it can be seen that, iLr and iLm have
been equaled before this turning point. Moreover, the resonant
current waveform is a sinusoidal curve, which is different from
the linear resonant current waveform in CCM-ACF converter in
[4] and [5]. Therefore, the designed ACF converter is operated
in CrCM, and all the energy is transferred to the output side in
the resonance process Mb2. Since Io is reflected by iLr and iLm
synchronously, it can be inferred that, SD can realize ZCS easily
at its turnOFF instant.

By using the circuit parameters in Table I, the frequency
response curves at different load currents are simulated and
presented, as shown in Fig. 17. The load currents are set at 100%,
50%, and 25%, the input and output voltage are set at 120 V
and 19.5 V, respectively in this figure. From Figs. 10 and 17, it
can be analyzed that the low-frequency pole wp1 will become
larger and the high-frequency pole wp2 will become smaller if
the load current increases, but the amplitude of variation is not

Fig. 17. Frequency response comparison at different load currents.

Fig. 18. Frequency response verification when Vin = 120 V, Io = 3 A,
fs = 600 kHz.

large. Therefore, the whole frequency response curve has a small
variation if the load current changes.

Based on the designed CrCM-ACF prototype, the frequency
response curves at different operating status are tested using
network analyzer. The simulation results are also presented to
verify the accuracy the frequency response of the derived model.
Figs. 18–20 show the comparison of the frequency response
curves among the derived full-order model, simplified model,
simulation results, and measured results of the control-to-output
transfer function. In these three figures, the working conditions
are selected as low input voltage high load, middle input voltage
middle load, and high input voltage light load for representing
the wording range of CrCM-ACF converter. Hence, Vo is set at
19.5 V. Vin is set at 120, 250, and 380 V, respectively. Io is set
at 3, 2, and 1 A, respectively. In CrCM-ACF converter, in order
to realize the ZVS of S1 and obtain high efficiency, fs should
be changed to regulate Iv [30]. Therefore, fs is set at 600 kHz,
800 kHz, and 1 MHz, respectively.

In real applications, the useful range of frequency response
curve is located at low and middle frequency band, which is
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Fig. 19. Frequency response verification when Vin = 250 V, Io = 2 A,
fs = 800 kHz.

Fig. 20. Frequency response verification when Vin = 380 V, Io = 1 A,
fs = 1 MHz.

usually smaller than the half of switching frequency. From
Figs. 18–20, it can be seen that, the proposed full-order ana-
lytical model is excellently agreement with the simulation and
experimental results except those beyond the half of switching
frequency. The discrepancy is because of the side-band effect
[2]. It also can be observed that the simplified model, which
removes the nonsignificance zeros and poles, are also highly
coincident with the simulation and experimental results in the
range of the half of switching frequency.

B. Hardware Implementation

To Further verify the practicability of the simplified analytical
model and proposed compensator, a digital feedback control
loop is implemented, as shown in Fig. 21. From Table II,
the adopted digital controller is a microcontroller unit (MCU)
STM32F334, which is produced by STMicroelectronics Com-
pany. This MCU has integrated the analog-to-digital converter
(ADC) and high-resolution timer (HRTIM) module, which also
has the programmable logic and optional unit (LOU).

Fig. 21. Adopted digital close-loop control scheme of CrCM-ACF converter.

In Fig. 21, Vs[k] is the sampling value of Vo, Vref[k] is the
reference value of Vo, Ve[k] is the difference between Vs[k] and
Vref[k], and Vc[k] is the compensated value of Ve[k]. Using two
sampling resistor Ra and Rb and an isolator, Vo is sensed by
ADC module, and then Vs[k] is obtained. Perform the operation
in (13), Ve[k] is calculated, and then which is compensated to
produce Vc[k] by the used digital compensator. The relationship
between Vc[k] and Ve[k] is given as (14), where Gcomp(z) is
obtained by transferring the designed s-domain compensator
Gcomp(s) into z-domain, as shown in (15)

Ve[k] = Vref [k]− Vs[k] (13)

Vc[k] = Ve[k]Gcomp(z) (14)

Gcomp(z) =
Kz(a0 + a1z

−1 + a2z
−2 + a3z

−3 + a4z
−4)

b0 + b1z−1 + b2z−2 − b1z−3 + b4z−4

(15a)

where

Kz =
Ks

2Ts
(15b)

a0 = (T 2
s b+ 2Tsa+ 4)(Tswcz1 + 2)(Tswcz2 + 2) (15c)

a1 = 4(bwcz1wcz2T
4
s + ((awcz2 + b)wcz1 + bwcz2)T

3
s

− 4(a+ wcz1 + wcz2)Ts − 16) (15d)

a2 = 2(3bwcz1wcz2T
4
s − 4((a+ wcz2)wcz1

+ awcz2 + b)T 2
s + 48) (15e)

a3 = 4(bwcz1wcz2T
4
s − ((awcz2 + b)wcz1 + bwcz2)T

3
s

+ 4(a+ wcz1 + wcz2)Ts − 16) (15f)

a4 = (bT 2
s − 2aTs + 4)(Tswcz1 − 2)(Tswcz2 − 2) (15g)

b0 = (Tswcp1 + 2)(Tswcp2 + 2) (15h)
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Fig. 22. Dynamic responses during load steps between 3 and 1.5 A. (a) Negative load step from 3 to 1.5 A. (b) Positive load step from 1.5 to 3 A.

Fig. 23. Dynamic responses when reference voltage steps between 19.5 and 12 V. (a) Negative reference step from 19.5 to 12 V. (b) Positive reference step from
12 to 19.5 V

b1 = 2(T 2
s
wcp1wcp2 − 4) (15i)

b2 = −4Ts(wcp1 + wcp2) (15j)

b4 = − (Tswcp1 − 2)(Tswcp2 − 2). (15k)

According to the value of Vc[k], D is changed by LOU in
every switching cycle. Through HRTIM and gate driver, the
relative control signals can be generated to control the turn-ON

and turn-OFF states of S1 and S2, so Vo can be regulated.
Based on this digital control scheme, the tested dynamic

waveforms during negative and positive load steps between
high load and middle load are shown in Fig. 22(a) and (b),
respectively. Vo is set at 19.5 V, and Io is varied between 3
and 1.5 A. In Fig. 22(a), when a negative load step occurs from
3 to 1.5 A, the generated voltage overshoot Vover is 0.35 V, and
the needed regulating time Tin is 660 μs. In Fig. 22(b), when
a positive load step happens from 1.5 to 3 A, the undershoot
voltage Vunder is 0.42 V, but a smaller regulating time Tip which
is 575 μs is needed to stabilize Vo again.

The same to traditional flyback converter, ACF also will be
widely used in small power adapters, such as PC and phone
chargers, so multioutput voltages will be a common function in
ACF converter. Therefore, the dynamic responses during refer-
ence voltage steps are also presented to verify the effectiveness
of the designed control loop compensator, as shown in Fig. 23(a)
and (b). The reference voltage Vref is changed from 19.5 to 12 V
and from 12 to 19.5 V, respectively, in these two figures. When
Vref has a negative steps from 19.5 to 12 V, a 1.05 ms regulating
time Tvn is needed to change the output voltage. While, when a
positive reference voltage steps from 12 to 19.5 V, the regulating
time Tvp is 1.43 ms. The simulation results of the corresponding
negative and positive reference steps are also given in Fig. 24(a)
and (b), respectively. By comparing with the regulating time
during reference steps, there is a small difference between the
simulation and experimental dynamic responses when using the
designed controller.

These parameters when load and reference variations reflect
the dynamic performance of CrCM-ACF converter by using the
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Fig. 24. Simulation of the dynamic responses when reference voltage steps. (a) Negative reference step from 19.5 V to 12 V. (b) Positive reference step from 12
to 19.5 V

implemented close-loop compensator. The tested dynamic per-
formances can meet the requirements if CrCM-ACF converter is
adopted in small power supplies. Therefore, the proposed small
signal model and designed digital compensator can be well used
in CrCM-ACF converter.

VI. CONCLUSION

An accurate small signal model of CrCM-ACF converter,
which is derived by EDF modeling method is proposed in this
article. In the modeling process, a zero-input resonant equivalent
circuit is used to express the half-PWM half-resonant operating
characteristic of CrCM-ACF converter for the first time. Then the
full-order analytical model of CrCM-ACF converter is derived
using EDF method. For easy to apply, the derived high-order
control-to-output transfer function is simplified to a low-order
model. To verify the obtained small signal model, the simulation
and experimental results are presented based on a 65-W 19.5-V
output CrCM-ACF prototype. The comparison results show that
the obtained model is highly agreement with the simulation and
measurement results. Finally, a high performance compensator
is designed by using the simplified model, and which is utilized
in CrCM-ACF system. The actual measurement results show
that the derived small signal model and designed compensator
can be well used in CrCM-ACF converter.

APPENDIX

The undetermined parameters in the matrix model (7) are
given as follows:

Ωs = 2πfs (16)

ILms =
n(1−D)Vo

ΩsLm
(17)

ILmc = − n(1−D)Vo

ΩsLm
(18)

VCrc =

D(D − 1)(DTs − Tm)ΩsLrVin

+D2LrVin − nVo(1−D)(Lm + Lr)

(1−D)(Lm + Lr)(Ωs
2LrCr − 1)

(19)

ILrs = − ΩsCrVCrc − Vin

Lm + Lr
·D(DTs − Tm) (20)

VCrs =

D(1−D)(DTs − Tm)ΩsLrVin+
D2LrVin − nVo(1−D)(Lm + Lr)

(1−D)(Lm + Lr)(Ωs
2LrCr − 1)

(21)

ILrc = − ΩsCrVCrs+
Vin

Lm + Lr
·D(DTs − Tm) (22)

Ks =
ILms − ILrs√

(ILms − ILrs)
2 + (ILmc − ILrc)

2
(23)

Kc =
ILmc − ILrc√

(ILms − ILrs)
2 + (ILmc − ILrc)

2
. (24)
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