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Dynamic Modeling and Controller Design for a
Single-Stage Single-Switch Parallel
Boost-Flyback–Flyback Converter
Heng-Yi Li and Hung-Chi Chen, Member, IEEE

Abstract—In general, partial power of the parallel ac/dc converter is processed only once and transferred directly. In order to
keep the output voltage constant, the switching duty ratio in the
parallel converter must vary with the line phase. It means that
the operating point of the parallel ac/dc converter changes with
the variation of input voltage, which would be a challenge for controller design. In this paper, the dynamic modeling of a single-stage
single-switch parallel boost-flyback–flyback converter is developed
by the linearization of its large-signal equations. To overcome the
modeling uncertainty due to the variation of operating point, the
feedback controller is designed based on the boundary of the mode
to obtain zero steady-state error, fast rise time, and heavily damping within input voltage range. Both the derived dynamic modeling
and the designed voltage controller are demonstrated by the provided simulation and experiment results.
Index Terms—Average model, dynamic model, power factor correction, single-stage.

I. INTRODUCTION
HE electronic dc loads are widely supplied by the utility
system via ac/dc converters. Conventional ac/dc converters
use one ac/dc stage [i.e., power factor correction (PFC) stage]
to yield sinusoidal input current and one dc/dc stage to regulate
output voltage. The dc/dc stage needs a fast voltage control
loop, and the PFC stage needs three control loops [1]: a wide
bandwidth loop for shaping the input current, a slower loop for
output voltage regulation, and the low-pass-filtered line-voltage
rms loop to ensure input-output power balance. Thus, the above
two-stage topology is able to yield good performance, but shows
their drawbacks of complex circuit and high cost.
For the purpose of simplicity and cost down, two-stage ac/dc
converters are integrated to become single-stage (S2 ) ac/dc
converters, such as boost integrated/flyback rectifier/energy
storage/dc-to-dc converter (BIFRED) [2], boost input current
shaper [3], [4], and parallel converter [5]–[7], in which only
one output voltage loop is needed and input current shaping is
automatically achieved.
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In addition, the converter’s small-signal transfer function is
very important for controller design [8]. Unlike dc/dc converters, the variations in the input ac voltage and the resulting effects
on the variations of the switching duty ratio must be considered
in the modeling of ac/dc converters. For those S2 ac/dc converters integrating a discontinuous conduction mode (DCM) boost
inductor with a dc/dc stage [2]–[4], the duty ratio has to be
held relatively constant to regulate output voltage and shape
input current. The small-signal modeling of such converters
with constant duty ratios can be obtained with double averaging
method [9], Fourier series substitution [10], and verified by the
frequency response measurement technique [11].
Large-signal method [12] and switched transformer average
model [13] are able to find the small-signal modeling of the
other S2 parallel converters with varying duty ratio [5]–[7] or
more than one operation modes [5], [6]. Nevertheless, the controller design for S2 parallel converter operating under universal voltage and load variation is seldom to see in the published
literatures.
Recently, a high-performance single-stage single-switch (S4 )
parallel boost-flyback–flyback converter for universal input had
been presented in [14] and its switching duty ratio may be
constant or varied with line phase under various load power. Although the detailed operation principle and circuit design procedure have been introduced, the dynamic property is yet not investigated. Therefore, this paper proposes the small-signal modeling and the controller design for S4 parallel boost-flyback–
flyback converter.
First, the nonlinear large-signal equations are described according to the operation principle, and then the small-signal
models are developed as the state space equations. From the
equations, the uncertainty of transfer function caused by the
change of operation point is investigated. To overcome the uncertainty problem, an optically isolated feedback compensator
for current mode control is proposed. The compensator is designed according to the transfer function at the mode boundary
and assures small steady-state error, fast rise time, and heavily damping within operation range. Finally, the simulation and
experiment results demonstrate the proposed small-signal modeling and the designed controller.
II. S4 PARALLEL BOOST-FLYBACK–FLYBACK CONVERTER
The proposed S4 parallel boost-flyback–flyback ac/dc converter with optocoupler feedback current mode controller is
plotted in Fig. 1 [14]. The PFC boost-flyback semistage (LB ,
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Fig. 1. Schematic diagram of S4 parallel boost-flyback-flyback converter with
optocoupler feedback current mode controller.

DB , T1 , DO 1 , DI 1 , S, Db ), which is composed of boost cell (LB ,
DB , DI 1 , S, Db ) and flyback cell (T1 , DO 1 , DI 1 , S, Db ) yields
input current shaping function and gives two energy-processing
paths simultaneously, and the flyback dc/dc semistage (T2 , DO 2 ,
DI 2 , S, Db ) provides dc voltage output regulation ability. The
functions of input current shaping and output voltage regulation
are performed with one optocoupler output feedback current
mode controller.
From Fig. 1, it can be seen that the average input current
iin (t) is divided into iD I 1 (t) and iD B (t) through the operation of boost-flyback semistage. Among these two currents,
iD I 1 (t) is transformed to iD O 1 (t) by the flyback cell of
boost-flyback semistage, and then transferred to RL directly. Alternatively, iD B (t) is mainly buffered in CB during vin peak,
then transformed to iD O 2 (t) by the flyback dc/dc semistage,
and then transferred to RL . The output current IO is primarily
supplied by iD O 2 (t) in low line voltage duration.
There are three magnetic elements in an S4 parallel
boost-flyback–flyback converter: LB , T1 , and T2 , and each
element may operate at either continuous conduction mode
(CCM) or DCM. The magnetic elements of boost-flyback
semistage (LB and T1 ) are kept to operate in DCM to yield
input current shaping, whereas the transformer in flyback
dc/dc semistage (T2 ) may either always operate in DCM or
CCM. Thus, there are two operation modes in the S4 parallel
boost-flyback–flyback converter.
The first operation mode while the boost-flyback semistage
operates in DCM–DCM and the flyback dc/dc semistage
operates in CCM is defined as the M1 mode. M2 mode is the
other mode while three magnetic elements operate in DCM.
The switching duty ratio at M1 mode is constant, but the
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switching duty ratio at M2 mode must vary with the input
voltage. The illustrated waveforms within a switching period
for the waveforms for M1 and M2 modes are shown in Fig. 2(a)
and (b), respectively.
When t0 ≤ t ≤ t1 , control switch S is turning on, flyback
input diode DI 1 conducts, and DB , DO 1 , and DO 2 are cutoff.
Because the boost inductor LB and the flyback transformer primary inductance LM 1 are in series, they are charged by the
input current. The current iL B , which is equal to iD I 1 and the
magnetizing current of T1 iL M 1 , increases linearly from zero.
Meanwhile, the current iD I 2 , which is equal to the magnetizing current of T2 iL M 2 , also increase linearly from its initial
value while in M1 mode and from zero while in M2 mode. At
the moment t1 , S is turned OFF. The currents iL B , iD I 1 , and
iL M 1 reach the same peak value ipk 1 and the currents iD I 2 and
iL M 2 reach another peak value ipk 2 .
When the main switch S is OFF at t1 , and in t1 ≤ t ≤ t3 ,
the diodes DI 1 and DI 2 are OFF, and DB , DO 1 , and DO 2 are
ON. The magnetic energy of inductor LB is transferred to CB
and the magnetic energies of the transformers T1 and T2 are
transferred to the load RL simultaneously. Consequently, the
energy discharging in T1 produces the result that iL M 1 and
iD O 1 (=n1 × iL M 1 ) both decrease linearly to zero at t2a and
keep zero until t3 , and iL B and iD B decrease linearly to zero
at t2b . The energy discharging in T2 gives the result that both
iL M 2 and iD O 2 (=n2 × iL M 2 ) decrease linearly to none zero
final values at t3 for M1 mode and to zero at t2c for M2 mode.
Since M1 and M2 modes are to be discussed, three cases of
the combination of operation modes may be yielded within a
half line cycle. Case I is for M1 mode, case II is for both M1
and M2 modes, and case III is for only M2 mode. The major
current waveforms and the corresponding duty ratio waveforms
are depicted in Fig. 3.
To simplify the analysis, some assumptions are made as
follows.
1) All circuit components are ideal.
2) Since switching frequency fS = 1/TS is far greater than
line frequency fL = 1/(2 · TH L ), the input voltage vin (t)
represented as the rectified line voltage Vpk |sin (ωL × t)|
is approximated to a constant over one switching period,
where Vpk is the ac voltage amplitude and ωL = π/TH L .
3) Since bulk capacitor CB is sufficiently large, bulk capacitor voltage is assumed to be constant within one half line
cycle.
4) In this paper, the moving average notation x(t) of a waveform x(t) over a switching period TS is employed and
defined as follows [15]

x (t) ≡ x (t)T S

1
=
TS



t+T S

x (τ ) dτ .

(1)

t

III. SMALL-SIGNAL MODELING
In this section, both small-signal modeling for S4 parallel
boost-flyback–flyback converter and current mode control with
optocoupler feedback loop are developed for controller design.
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Fig. 2. Illustrated waveforms within one switching period: (a) for DCM–DCM boost-flyback semistage + CCM flyback dc/dc semistage (M1 mode); (b) for
DCM–DCM boost-flyback semistage + DCM flyback dc/dc semistage (M2 mode).

A. Modeling of M1 Mode
It can be seen from Fig. 1 that there are five energy storage
elements LB , LM 1 , LM 2 , CB , and CO in the converter. For M1
mode, both LB and LM 1 operate in DCM, and their initial and
final inductor currents vanish in each switching period TS . Thus,
these inductor currents should not be selected as state variables.
Whereas LM 2 operates in CCM, and thus, only vC B , vC O , and
transformer magnetizing current iL M 2 are chosen as the state
variables in the following small-signal modeling.
Based on the definition (1), the average state variable description of the converter is
d vC B (t)
= iC B (t)
dt
d vC O (t)
= iC O (t)
CO
dt
d iL M 2 (t)
= vL M 2 (t) .
LM 2
dt
CB

(2a)
(2b)

d iL M 1 (t)
= vL M 1 (t) = 0
dt

vO (t) = vC O (t) .

(2c)

(3a)

(3b)

(4)

From the waveforms in Fig. 2, the averaged variables in (2a)–
(3b) can be written as
1
1
iC B (t) = ipk1 d2 − (ipk2 + ipk2 − ΔiL M 2 ) d
(5a)
2
2
1
iC O (t) = n1 ipk1 d1 +
2
1
n2 (ipk2 + ipk2 − ΔiL M 2 ) (1 − d) − iO (5b)
2
(5c)
vL M 2 (t) = vC B (t) d − n2 vC O (t) (1 − d)
vL M 1 (t) =

Moreover, in DCM, the zero-averaged inductor voltage over
a switching period is independent of the duty ratio. Hence, two
constraints are given by
LM 1

d iL B (t)
= vL B (t) = 0
dt
and the output equation is expressed as
LB

vL B (t) =

LM 1
vin (t) d − n1 vC O (t) d1
(LB + LM 1 )

(5d)

LB
vin (t) d − (vC B (t) − vin (t)) d2
(LB + LM 1 )
(5e)

where
ipk1 =

vin (t)
d × TS
LB + LM 1

(6a)
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Substituting (6a)–(6c) and (7a) and (7b) into (5a) and (5b)
yields
iC B (t) =

2
(t)
α · d2 · vin
− iL M 2 (t) d
(vC B (t) − vin (t))

(8a)

iC O (t) =

2
(t)
β · d2 · vin
+ n2 iL M 2 (t) (1 − d) − iO
vC O (t)

(8b)

where
α=

LB
2fS (LB + LM 1 )2

(9a)

β=

LM 1
.
2fS (LB + LM 1 )2

(9b)

Substituting (5c) and (8a)–(9b) into (2a)–(2c) yields
CB

2
α · d2 · vin
d vC B (t)
(t)
=
−iL M 2 (t) d (10a)
dt
(vC B (t) − vin (t))

CO

2
d vC O (t) β · d2 · vin
(t)
=
dt
vC O (t)

+ n2 iL M 2 (t) (1 − d) − iO

(10b)

d iL M 2 (t)
= vC B (t) d − n2 vC O (t) (1 − d) . (10c)
dt
In (10a) and (10c), CB is sufficiently large, and vC B  can be
considered as a constant VC B in spite of vin (t) is variable. Besides, a dynamic equation linearized around the operating point
is derived as follows. Small perturbations: vC O  = VC O +
ṽC O , iL M 2  = IL M 2 + ĩL M 2 , vin = Vin + ṽin , iO = IO + ĩO ,
and d = D + d˜ are introduced into (10a)–(10c).
Thus, the small-signal model is given by
 
x̃˙ = [A] · [x̃] + [B1 ] ṽin + [B2 ] ĩO + [B3 ] d˜
LM 2

ỹ = [C] · [x̃]

(11)

where the parameters are expressed as
[x̃] = [ ĩL M 2
⎡ a11

Fig. 3. Operation waveforms in a line cycle. (a) Case I (M1 mode only).
(b) Case II (both M1 and M2 modes). (c) Case III (M2 mode only).

ipk2
ΔiL M 2

1
= iL M 2 (t) + ΔiL M 2
2
vC B (t)
=
d × TS
LM 2

vC O (t)
.
iO =
RL

(6b)
(6c)
(6d)

Substituting (5d) and (5e) into constraints (3a) and (3b) yields
vin (t)
LM 1
d1 =
d
(LB + LM 1 ) n1 vC O (t)

(7a)

vin (t)
LB
d2 =
d.
(LB + LM 1 ) (vC B (t) − vin (t))

(7b)

ṽC O ]T

⎢ LM 2
[A] = ⎣
a21
CO
⎡ b
⎤

a12 ⎤
LM 2 ⎥
,
a22 ⎦
CO

211

⎡ b
111
⎢ LM 2
[B1 ] = ⎢
⎣ b
121

⎡ b
311
⎢ LM 2
[B3 ] = ⎢
⎣ b

⎤

b111 = 0,
b121 =

b211 = 0,

a22 = −

⎥
⎥,
⎦

CO

⎢ LM 2 ⎥
⎥
⎥,
⎥,
[B2 ] = ⎢
⎣ b
⎦
⎦
221
321
CO
CO
a11 = 0, a12 = −n2 (1 − D)
a21 = n2 (1 − D),

⎤

[C] =

10
01

βD2 Vin2
1
−
VC2 O
RL

b311 = VC B + n2 VC O

2βD2 Vin
, b221 = − 1,
VC O

b321 =

2βDVin2
− n2 IL M 2 .
VC O

(12)
˜
In (11), [x̃] is the vector of state variables, d is the system
input, which is manipulated by the controller, ṽin and ĩO stand
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for the exogenous disturbances, which are not manipulated by
the controller, and ỹ is the sensed or measured output. Hence, the
following five transfer functions for M1 mode can be derived
from (11) and (12) by Laplace transformation: the open loop
audio susceptibility GV V = ṽO (s)/ṽin (s), the line-to-inductor
current transfer function GI V = ĩL M 2 (s)/ṽin (s), the duty ratio˜
the duty ratioto-output transfer function GV D = ṽO (s)/d(s),
˜
and
to-inductor current transfer function GI D = ĩL M 2 (s)/d(s),
the open loop output impedance ZO = ṽO (s)/ĩO (s), where s is
a complex variable.
B. Modeling of M2 Mode
For M2 mode, LM 2 operates in DCM, (5a)–(5c) are given by
1
1
ipk1 d2 − ipk2 d
2
2
1
1
iC O (t) = n1 ipk1 d1 + n2 ipk2 d3 − iO
2
2
vL M 2 (t) = vC B (t) d − n2 vC O (t) d3 = 0
iC B (t) =

(13a)
(13b)

vC B
d × TS .
LM 2

(14)

2
α · d2 · vin
d2 vC B (t)
d vC B (t)
(t)
=
−
dt
(vC B (t) − vin (t))
2fS LM 2

(15a)
CO

2
β · d2 · vin
d2 vC B (t)2
d vC O (t)
(t)
=
+
− iO
dt
vC O (t)
2fS LM 2 vC O (t)

(15b)
LM 2

d iL M 2 (t)
= 0.
dt

(15c)

By linearizing (15a) and (15b), parameters in (12) can be reduced to
{x̃} = [ ṽC B ṽC O ]T
⎡ a11 a12 ⎤
⎢ CB CB ⎥
[A] = ⎣
,
a21 a22 ⎦
CO CO
⎤
⎡b

⎡b

111

⎡b

⎤

⎢ CB ⎥
⎥,
[B1 ] = ⎢
⎣b
⎦
121
CO

211

⎤

⎢ CB ⎥
⎥,
[B2 ] = ⎢
⎣b
⎦
221
CO

311

⎢ CB ⎥
⎥,
[B3 ] = ⎢
⎦
⎣b

[C] = [ 0 1 ]

321

CO
a11 = −
a21 =

αD2 Vin2
D2
,
2 − 2f L
(VC B − Vin )
S M2

b311 =

2αDVin2
DVC B
−
VC B − Vin
fS LM 2

b121 =

2βD2 Vin
,
VC O

b321 =

2βDVin2
DVC2 B
+
.
VC O
fS LM 2 VC O

b211 = 0,

b221 = −1,
(16)

It can be seen that GV V (s), GV D (s), and ZO (s) for M2 mode
can be derived from (11) and (16). From (12) and (16), it can
be seen that the input voltage Vin = Vpk |sin (ωL × t∗)|at t∗
in the model is time dependent, RL is varied within required
range, and D is not fixed in M2 mode. Furthermore, the smallsignal modeling of M1 is quite different from that of M2 mode.
These modeling uncertainties would be a challenge to design a
compensator with robustness.
C. Modeling of Current Mode Control With
Optocoupler Feedback

By substituting (7a), (7b), and (14) into (13a)–(13c), and substituting the results into (2a)–(2c), (10a)–(10c) can be expressed
as
CB

αD2 Vin (2VC B − Vin )
,
(VC B − Vin )2

(13c)

where
ipk2 =

b111 =

a12 = 0

D 2 VC B
βD2 Vin2
D2 VC2 B
1
, a22 = −
−
−
fS LM 2 VC O
VC2 O
2fS LM 2 VC2 O RL

As mentioned in [16], the current mode control possesses the
advantages of input voltage feed forward characteristic and easy
of making current limiting. Besides, it is also widely used in both
traditional flyback converter [16] and super-buck converter [17].
And the optocoupler is the most popular and widely used for
necessary isolation of analog error signal. Hence, the commercially available IC UC3844 associated with TL431-based optically feedback circuit is employed to implement the switching
control of parallel boost-flyback–flyback converter as shown in
Fig. 1. The output voltage signal vO is transferred to UC3844 via
TL431 and optocoupler, the switch current iS is sensed and fed
back to the comparator, then the duty ratio d of control switch
S is well controlled.
Its necessary components include TL431 with the calculation circuit (RO 1 , ZC 2 ), the optocoupler, and the compensator
of current mode control. The TL431, which consists of voltage
reference, amplifier, and driver, is designed as a shunt regulator
for modulating the LED current in response to the feedback
voltage error. The TL431-based optocoupler configuration that
introduces two feedback paths and provides not only isolation
but also the output voltage error amplifying function GE A was
discussed in the literatures [8] and [18]. Then, an error voltage is
yielded from the optocoupler output, and the current command
is further generated from the compensator AO C , which is implemented using the compensating network (ZC 3 , ZC 4 ) connected
externally. Through properly choosing the low-pass filter ZE
and the current compensation network according to the power
stage dynamic behavior, the excellent current mode control is
yielded. The small-signal model of the optocoupler feedback
circuit is derived with Laplace transformation as follows.
For M1 mode, the flyback dc/dc semistage operates in CCM.
With the CCM current mode control model proposed by Ridley
[19], and the control voltage is expressed asvC  = VC + ṽC ,
the duty ratio perturbation d˜ is related to its control perturbation
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TABLE I
CONVERTER SPECIFICATIONS AND PARAMETERS OF COMPONENTS

TABLE II
OPEN LOOP POLES AND ZERO FOR VARIOUS PHASES

Fig. 4. Small-signal modeling of S4 parallel boost-flyback-flyback converter.
(a) M1 mode. (b) M2 mode.

ṽC and inductor current perturbation ĩL M 2 by the relation of
d˜ = FM (ṽC − He (s)Rsen ĩL M 2 )

TABLE III
PARAMETERS OF CONTROLLER AND OPTOCOUPLER CIRCUIT

(17a)

where
FM =

1
,
(Sn + Se )TS

Sn =

VC B × Rsen
.
LM 2

(17b)

In (17a) and (17b), the sampling gain He (s) = 1, the slope
of saw-tooth ramp Se can be ignored and the current mode
control modulator gain FM is equal to the on-time slope of the
current-sense waveform Sn as the duty ratio is smaller than 0.5
for UC3844. The small-signal block diagram of parallel boostflyback–flyback converter with optocoupler feedback current
mode controller for M1 mode is shown in Fig. 4(a), and the
control-to-output transfer function is given as
GV C (s) =

FM GV D (s)
ṽO (s)
=
.
ṽC (s)
1 + FM Rsen GI D (s)

(19)

The small-signal modeling of parallel boost-flyback–flyback
converter with optocoupler feedback current mode controller
for M2 mode is shown in Fig. 4(b), and the control-to-output
transfer function is given as
GV C (s) = FM GV D (s).

−GE A (s) =

(18)

For M2 mode, the flyback dc/dc semistage operates in DCM.
According to the DCM current mode control model [20], d˜ is
given by
d˜ = FM ṽC .

The output voltage feedback amplifier transfer function is
given by

(20)

ZC 2 (s)
ṽK (s)
=−
.
ṽO (s)
RO 1

(21)

The transfer function of compensator of optocoupler is given
by
−AO C (s) =

ZC 4 (s) × ZE (s) × CT R
ṽC (s)
=−
ṽR F (s)
ZC 3 (s) × RF

(22)

where ṽR F (s) = ṽO (s) − ṽK (s) and CTR is current transfer
ratio.
The output-to-control transfer function can be expressed as
ṽC (s)
= −AO C (s) (1 + GE A (s)) .
ṽO (s)

(23)
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TABLE IV
DC GAIN, GAIN CROSSOVER FREQUENCY, AND PHASE MARGIN AT TRANSITION ANGLE FOR VARIOUS CONDITIONS

TABLE V
DC GAIN, GAIN CROSSOVER FREQUENCY, AND PHASE MARGIN AT DIFFERENT PHASE FOR VARIOUS CONDITIONS
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Theoretically calculated waveforms of the parallel boost-flyback-flyback converter at va c = 265 Vrm s and Po u t = 60W in a line cycle.

The loop gain is derived as
T = GV C (s)AO C (s)(1 + GE A (s)).

(24)

B. Controller Design

For the case of GE A (s)  1, (24) can be obtained as
T ≈ GV C (s)GC (s)

(25)

where GC (s) is the controller transfer function.
GC (s) = AO C (s) · GE A (s).

pensator should be stable over the operation range, especially at
the transition angle.

(26)

As mentioned in [8], it is desirable to maximize loop gain T in
order to achieve the best rejection of line and load disturbances.
IV. CONTROLLER DESIGN
A. Model Uncertainty
To investigate the characteristic of the model obtained in the
preceding section, the parallel converter of the design specifications and component values listed in Table I are taken as an
example. By substituting the parameters in Table I into (11),
(12), and (16), it can be seen that the coefficient matrices would
vary as the operating point changes, and is so-called model
uncertainty.
The open loop poles and zero of various line phases (ωL × t
= 0 to π/2) at a certain condition (vac = 85 Vrm s and Pout =
30W) are listed in Table II. The effects of the second pole and
zero are ignored, because they are both far away from the origin
and on the left real axis. It can be seen that the dominant pole
moves toward the origin when phase is near the transition angle,
which is between (π/20)3 and (π/20)4. In addition, the locations
of poles and zeros on both sides of the transition angle violently
change when the line phase crosses the transition angle, because the dynamic equations of M1 and M2 modes are quite
different. Hence, the closed loop system with designed com-

In order to generate correct duty under different operation
modes and points, the controlled system had to possess small
rising time, low overshoot, and zero steady-state error. Since
the coefficient matrices in (12) and (16) vary as the operating
point changes, especially the open loop poles and zero of the
system move as the line phase increases and violently change
at transition angle. However, large phase margin can prevent
the fluctuation at the transition angle. In addition, it is proposed by [12] that a distortion in input current appears if loop
bandwidth is not enough. Hence, the compensator is designed
so that the loop gain has desired dc gain, gain crossover frequency, and phase margin at the transition angle over the operation range. The feedback control loop shown in Fig. 1 is
implemented with ZC 2 = RC 2 + C C 12 ×s , ZC 3 = RC 3 || C C 13 ×s ,
and ZC 4 = RC 4 || C C 14 ×s . Consequently, the transfer functions
of error amplifier and compensator can be obtained as
g1 ((s/ω2 ) + 1)
(27a)
GE A (s) =
s
and
g2 ((s/ω3 ) + 1)
AO C (s) =
(27b)
(s/ω4 ) + 1
where
1
,
RO 1 · CC 2
1
,
ω2 =
RC 2 · CC 2
g1 =

RC 4 · RE · CT R
,
RC 3 · RF
1
1
ω3 =
, ω4 =
.
RC 3 · CC 3
RC 4 · CC 4
g2 =

(27c)
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Fig. 6.
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PSPICE simulation waveforms of the parallel boost-flyback-flyback converter at va c = 265 Vrm s and Po u t = 60 W.

pole ω4 near the crossover frequency ωC , setting the zeros ω2
and ω3 below ωC , and near the pole of the plant. The good
output regulation accuracy can be achieved by increasing dc
gain, which can be expressed as
gdc = GV C (0) · AO C (0).

Fig. 7. Experimental waveforms of the parallel boost-flyback-flyback converter at va c = 265 Vrm s and Po u t = 60 W.

In (27a), there is a pole at zero frequency so that the gain could
be kept high at dc level. The design criteria of the parameters
in (27c) are shaping the loop frequency response by placing

(28)

Consequently, the designed corresponding circuit parameters
are listed in Table III. The dc gain gdc , the gain crossover frequencies ωg c , and the phase marginsPm of loop gain for various
conditions at the transition angle and different phases are listed
in Tables IV and V. It can be seen that the worst performance values of compensated system are dc gain of 58.4818 dB, crossover
frequency of 7.2448 × 104 rad/s, and phase margin of 15.9036◦ .
It can be seen that the minimum phase margin or less stability
under each case occurs at ωL · t = 0. This is because the parallel
converter works as a dc-to-dc flyback converter when the phase
is zero, and the flyback is nonminimum phase in nature [15].
The phase margin can be expended by increasing CO . However,
the crossover frequency would be lower with large CO , so there
is a compromise between response time and stability.
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TABLE VI
MEASURED POWER FACTOR, LOAD REGULATION, AND VOLTAGE RIPPLE

Fig. 8.

PSPICE simulation dynamic response of the parallel boost-flyback-flyback converter at va c = 80 Vrm s . (a) Positive load step. (b) Negative load step.
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Fig. 9. Experimental dynamic response of the parallel boost-flyback-flyback
converter at va c = 80 Vrm s . (a) Positive load step. (b) Negative load step.

tally measured waveforms in Fig. 7 are similar in iac shape
and steadily stable in vO . It can be seen in Fig. 7 that iac
is slightly distorted form iL B  because of the characteristics
of line filter and snubber. This doesn’t affect discerning the
modes of M1 and M2 . Hence, the theoretical model can be
verified.
To show the input current shaping and output voltage regulation, the measured power factor, output voltage, and output ripple with various line inputs and output loads are tabulated in Table VI. The data tabulation shows that the converter with properly designed controller has high power factor and small steady-state error over the entire operation
range.
The PSPICE dynamic waveforms for positive load changing
from 97.2 to 48.6 Ω are shown in Fig. 8(a) and the waveforms
for negative load changing from 48.6 to 97.2 Ω are shown in
Fig. 8(b); Fig. 8(a) and (b) is at vac = 85 Vrm s . The output
ripple voltages are 0.21V at 97.2 Ω and 0.26V at 48.6 Ω , the
steady-state error is smaller than 0.5%, and the settling time is
smaller than 1.111 ms.
The measured dynamic waveforms for positive load stepping
from 0.555 to 1.110 A are shown in Fig. 9(a), and the waveforms for negative load changing from 1.110 to 0.555 A are
shown in Fig. 9(b). Fig. 9(a) and (b) is measured at vac = 85
Vrm s . The overshoot or dropped voltages are smaller than 0.1V,
the settling time is smaller than 2 ms, and the output ripple
voltage is very small. Accordingly, the simulation and experiment results in Figs. 8 and 9 match well in the superior dynamic
response.
Moreover, the duty cycle and the line current are adjusted to
the new load conditions instantaneously. Hence, the converter
does not need several line cycles to reach the new steady-state
conditions. Because the controlled system possesses fast dynamic response and tightly regulated output voltage, input current iac  possesses low harmonics and the converter has high
power factor as shown in Table VI.
VI. CONCLUSION

V. SIMULATION AND EXPERIMENT RESULTS
Since the small-signal behavior predicted by means of the
average model cannot be measured with frequency instrument
directly, the validation of the proposed model together with
designed feedback control loop will be verified in the time domain. The specifications of the prototype are shown in Table I,
except CO = 1000 μF for higher stability, and the parameters
of control circuits are shown in Table III.
For comparison purposes, the theoretical calculation, PSPICE
simulation, and experimentally measured waveforms of the
boost-flyback–flyback at vac = 265 Vrm s and Pout = 60 W
are put together and shown in Figs. 5–7.
It is clear that the waveforms of theoretical calculation in
Fig. 5 and PSPICE simulation in Fig. 6 correspond very well
in iL B , iD B , iD I 1 , iD O 1 , and iD O 2 . The waveforms
correspond well in d for M2 mode, but PSPICE d waveform for
M1 mode varies because of the feedback effect of vO ripple.
Furthermore, the PSPICE simulation in Fig. 6 and experimen-

In this paper, the dynamic modeling and controller design
for optocoupler feedback current-mode controlled S4 parallel boost-flyback ac-to-dc converter are proposed. The parallel boost-flyback ac-to-dc converter operates as other parallel converters have duty cycle varied with line phase to keep
output constant and two operation modes in a half line cycle.
First, the large-signal models of M1 and M2 modes are described according to the operation principle. After linearizing
the large-signal models, the small-signal models are developed
as the dynamic equations, which involve input voltage and load
current as disturbances. From the equations, the small-signal
transfer functions could be derived. It can be shown that the
transfer function varies as the operation point changes, especially at the transition angle. To solve the problem of model
uncertainty, a robust controller implemented with an optically
output feedback circuit and current mode control is proposed.
By properly designing the zeros and poles of feedback amplifier and compensator, the loop gain could have enough dc
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gain, crossover frequency, and phase margin at all conditions.
Hence, the controlled converter possesses small steady-state error, fast rise time, and heavily damped within operation range.
The theoretical model, PSPICE simulation, and experimentally
measured waveforms match well in steady state and dynamic
response. Hence, the model and dynamic of parallel boostflyback converter with the designed compensator are verified
over wide operation range by the results of simulation and
experiment.
REFERENCES
[1] L. H. Dixon, Jr., “High power factor preregulator for off-line power
supplies,” in Unitrode Switching Regulated Power Supply Design Manual.
Merrimack, NH: Unitrode Corp., 1990.
[2] M. J. Willers, M. G. Egan, J. M. D. Murphy, and S. Daly, “A BIFRED
converter with a wide load range,” in Proc. IEEE IECON, Bologna, Italy,
1994, pp. 226–231.
[3] C. Qian and K. M. Smedley, “A topology survey of single-stage power
factor corrector with a boost type input-current shaper,” IEEE Trans.
Power Electron., vol. 16, no. 3, pp. 360–368, May 2001.
[4] L. Huber, J. Zhang, M. M. Jovanovic, and F. C. Lee, “Generalized topologies of single-stage input-current-shaping circuits,” IEEE Trans. Power
Electron., vol. 16, no. 4, pp. 508–513, Jul. 2001.
[5] A. Lazaro, A. Barrado, M. Sanz, V. Salas, and E. Olias, “New power factor
correction AC–DC converter with reduced storage capacitor voltage,”
IEEE Trans. Ind. Electron., vol. 54, no. 1, pp. 384–397, Feb. 2007.
[6] S. Luo, W. Qui, W. Wu, and I. Batarseh, “Flyboost power factor correction
cell and a new family of single-stage AC/DC converters,” IEEE Trans.
Power Electron., vol. 20, no. 1, pp. 25–34, Jan. 2005.
[7] O. Garcia, P. Alou, J. A. Oliver, J. A. Cobos, J. Uceda, and S. Ollero,
“AC/DC converters with tight output voltage regulation and with a single control loop,” in Proc. Appl. Power Electron. Conf. (APEC), 1999,
pp. 1098–1104.
[8] Y. Panov and M. M. Jovanovic, “Small signal analysis and control design
of isolated power supplies with optocoupler feedback,” IEEE Trans.
Power Electron., vol. 20, no. 4, pp. 823–832, Jul. 2005.
[9] V. J. Thottuvelil, D. Chin, and G. Verghese, “Hierarchical approaches
to modeling high-power-factor AC-DC converters,” IEEE Trans. Power
Electron., vol. 6, no. 2, pp. 179–187, Apr. 1991.
[10] J. Y. Choi and B. H. Cho, “Small-signal modeling of single-phase powerfactor correcting AC/DC converters: a unified approach,” in Proc. Power
Electron. Spec. Conf. (PESC), 1998, pp. 1351–1357.
[11] R. B. Ridley, “Frequency response measurements for switching power
supplies,” in Proc. Unitrode Power Supply Design Seminar, 1999, pp. A1–
A12.
[12] A. Lazaro, A. Barrado, J. Pleite, J. Vazquez, and E. Olias, “New approach
of average modeling and control for AC/DC power supplies which operates
with variable duty cycle,” in Proc. Power Electron. Spec. Conf. (PESC),
2004, pp. 652–658.
[13] K. Rustom, W. Qiu, C. Iannello, and I. Batarseh, “Five-terminal switched
transformer average modeling and AC analysis of PFC converters,” IEEE
Trans. Power Electron., vol. 22, no. 6, pp. 2352–2362, Nov. 2007.
[14] H. Y. Li, H. C. Chen, and L. K. Chang, “Analysis and design of a single
stage parallel AC-to-DC converter,” IEEE Trans. Power Electron, vol. 24,
no. 12, pp. 2989–3002, Dec. 2009.

827

[15] R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics.
Norwell, MA: Kluwer, 2001.
[16] T. H. Chen, W. L. Lin, and C. M. Liaw, “Dynamic modeling and controller
design of flyback converter,” IEEE Trans. Aerosp. Electron. Syst., vol. 35,
no. 4, pp. 1230–1239, Oct. 1999.
[17] M. Karppanen, J. Arminen, T. Suntio, K. Savela, and J. Simola, “Dynamical modeling and characterization of peak-current-controlled superbuck
converter,” IEEE Trans. Power Electron., vol. 23, no. 3, pp. 1370–1380,
May 2008.
[18] T. Tepsa and T. Suntio, “Adjustable shunt regulator based control systems,”
IEEE Trans. Power Electron Lett., vol. 1, no. 4, pp. 93–96, Dec. 2003.
[19] R. B. Ridley, “A new continuous-time model for current-mode control,”
IEEE Trans. Power Electron., vol. 6, no. 2, pp. 271–280, Apr. 1991.
[20] R. B. Ridley, “A new continuous-time model for current-mode control
with constant frequency, constant on-time, and constant off-time, in CCM
and DCM,” in Proc. IEEE Power Electron. Spec. Conf. (PESC), 1990,
pp. 382–389.

Heng-Yi Li was born in Taipei, Taiwan, in August
1963. He received the B.S. degree from the National
Taiwan University of Science and Technology, Taipei,
the M.S. degree from National Taiwan University,
Taipei, both in mechanical engineering, in 1988 and
1990, respectively, and the Ph.D. degree form the
Institute of Electrical and Control Engineering, National Chiao-Tung University, Hsinchu, Taiwan, in
2010.
He is currently a Staff Member at the Institute
of Nuclear Energy Research, Taoyuan, Taiwan. His
main responsibilities include plasma power development and computer controlled system design. His research interests include ac-to-dc PFC circuit, high
frequency inverter, system modeling, and control.

Hung Chi Chen (M’06) was born in Taichung, Taiwan, in June 1974. He received the B.S. and Ph.D. degrees from the Department of Electrical Engineering,
National Tsing-Hua University, Hsinchu, Taiwan, in
1996 and 2001, respectively.
In 2001, he was a Researcher at the Energy
and Resources Laboratory, Industrial Technology Research Institute, Hsinchu, Taiwan. In August 2006,
he joined the Department of Electrical Engineering,
National Chiao-Tung University, Hsinchu, Taiwan,
where he is currently an Associate Professor. His research interests include power electronics, PFC, motor and inverter-fed control,
DSP/MCU/FPGA-based implementation of digital control.

