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Abstract — This paper presents the modeling and control
of a single-stage isolated current rectifier with power
factor correction based on Full-Bridge and Flyback
topologies. The state-space averaged model of the
converter for step-down and step-up operation modes is
presented, as well as the design and analysis of the digital
control system. Experimental results based on a 3.5 kW
prototype are presented to verify the performance of the
proposed control system.

Keywords — Modeling and control of static converters,
Digital control, Power factor correction.

[. INTRODUCTION

Switching-mode power converters with power factor
correction (PFC) have been widely used to supply a stable
voltage for electronic equipment [1],[2]. These converters are
designed to guarantee a regulated output voltage as well as to
draw an input current with sinusoidal waveform, in order to
comply with the international standards [3].

Many PFC converter applications require galvanic
isolation between the mains and the load. These applications
normally employ two-stage converters, where a boost PFC
pre-regulator converter is cascaded to a dc-dc isolated
converter [4]-[6]. Although two-stage PFC circuits offer
excellent performance in terms of input power factor, holdup
time capability and low-frequency ripple in the output
voltage, they have the disadvantages of low-power density.
In order to provide a cost effective and high-density solution
for PFC rectifiers, several single-stage PFC converters have
been proposed, such as the Flyback-Push-Pull [7], Full-
Bridge Boost [8], [9] topologies, among others.

The Full-Bridge-Flyback topology [10] was proposed to
overcome some drawbacks of the Flyback-Push-Pull and
Full-Bridge-Boost topologies. The main features of this
converter are the constant switching frequency, step-down or
step-up operation, high power level capability and the
absence of an auxiliary pre-loading circuit to control the
inrush current. On the other hand, the efficiency of this
converter is highly dependent on the leakage inductance. As
a result, this topology has several advantages that make it
attractive for many applications, in particular if planar
transformers are available to mitigate it main drawback.

This paper presents the modeling and digital control of an
ac-dc power factor correction (PFC) circuit based on the
isolated Full-Bridge—Flyback topology. The control scheme
uses two cascaded control loops: a current loop, which is
used to track the input current reference; and a voltage loop
to obtain a regulated output voltage. The design of the
controllers is based on frequency response techniques, using
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the small-signal averaged models of the converter presented
in the paper. Experimental results for a 3.5kVA converter are
provided to validate the proposed control technique.

The paper is organized as follows. Section II presents the
system description, including the converter features and
control loop structure. Section III presents the small signal
averaged model of the duty-cycle to input current in both
operating modes, while the small-signal input current to
output voltage model is shown in Section IV. Section V
presents the design procedure for both control loops. Section
VI presents the experimental results to validate the proposed
control scheme.

II. SYSTEM DESCRIPTION

Fig. 1 shows the digitally controlled PFC converter. The
circuit is composed of a line diode rectifier (D, D,, D; and
D,), a Flyback coupled inductor (L), four main switches (S,
S,, S; and S;), a Full-Bridge transformer (7}), two Flyback
diodes (D5 and D), four Full-Bridge diodes (D, Dg, Dy and
D) and an output filter capacitor (C,). It is assumed unitary
turn ratio for both transformer 7; and coupled inductor L..

This converter can operate in two different modes,
according to the input and output voltage levels, as can be
observed in Fig. 2. When the rectified input voltage (v;,) is
lower than the output voltage referred to the transformer
primary (v,’) the converter operates in step-up mode. On the
other hand, the converter operates in step-down mode when
v;, 18 higher than v,”. Assuming a unitary turn ratio in 77 and
L, the transition between the operation modes occurs when
the duty cycle is equal to 0.5.

The PWM switching strategy uses two comparators and
two sawtooth waveforms with a 180° phase-shift between
them, as shown in Fig. 1. In this strategy, the control action d
is sampled once in each sawtooth cycle for the digital
implementation of the pulse-width modulator. The command
signals of S| and S, are obtained from the comparison of the
control action d with one sawtooth waveform (v,), while the
command signal of §, and S; are obtained from the
comparison of d with the other one (v,). The pulse-width
modulation pattern for the main switches is illustrated in
Fig. 3. As can be seen, the modulation strategy is the same in
both conduction modes but the resulting PWM pattern is
different.

Considering that the switching frequency is much higher
than the fundamental frequency, the input voltage is constant
and the proposed converter can be analyzed as a dc-dc
converter. Assuming the continuous conduction mode
(CCM), the converter has four stages in a switching period
for each operation mode [10]. From these considerations, the
dc voltage gain of the converter in step-up and step-down
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Fig. 2 Operation modes of the ac-dc converter.

operation modes, respectively, can be derived:

V D
=9 - 1
v~y 1D ()
V
M joon = V" =2D 2)

1
where ¥, is the output voltage, V;, the input voltage and D is
the duty cycle.

As can be seen in (1) and (2), both operation modes in
CCM present the same dc voltage gain when the duty cycle
reaches 0.5. Consequently, this converter presents a smooth
transition between operating modes.

The digital average current mode control used on this
project is shown in Fig. 1. This control technique uses two
cascaded control loops: a current loop, which is used to track
the input current reference; and a voltage loop that is used to
obtain a regulated output voltage. Fig. 4 shows the block
diagram of cascaded control loop, where 7, = 1 / f; is the
sampling period.

For proper operation of both control loops, it is presumed
the dynamic decoupling (time-scale separation) between the
current and voltage dynamics. In PFC converters, the
condition for timescale separation is guaranteed with a small
input inductance L. and a large output capacitor C,, as
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Fig. 3 PWM pattern. (a) Step-up mode. (b) Step-down mode.

demonstrated in [13]. In this case, the input current has a
dynamic behavior much faster than the output voltage.

The design of the current loop is based on the small-signal
ac model of the converter. This model considers the duty-
cycle to input current characteristic of the rectifier. On the
other hand, the model used to design the voltage loop is
based on the transconductance of the converter. This small-
signal model considers the input current to output voltage
characteristic of the converter.
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III. DUTY-RATIO TO INPUT CURRENT
STATE-SPACE AVERAGED MODEL

A. Step-up Mode

This section presents the ac small-signal model of the
CCM Full-Bridge-Flyback isolated current converter shown
in Fig. 1 in step-up mode. The objective is to derive the
transfer function from duty-ratio to inductor current, using
the state-space averaging technique [11], [12].

This modeling technique is based on the piecewise-linear
model of the converter. This converter has four operation
stages that are represented by two equivalent circuits shown
in Fig. 5. The equivalent circuit shown in Fig. 5(a) describes
the converter when all switches are simultaneously on, while
Fig. 5 (b) presents the equivalent circuit when S} and Sy, or S,
and S; are switched off. The duty-cycle used to match the
equivalent circuit with the converter is given by:

D, =2D-1 3)

The state-space averaging approach requires a common
set of state variables for all equivalent circuits. Both
equivalent circuits have dimension two if 7} is assumed as an
ideal transformer.

The magnetizing current i;(¢) of the coupled inductor has
been considered as state variable to derive the CCM state-
space averaged model of the converter. The input current
ir,(f) cannot be directly used because the small-ripple
approximation cannot be considered [11], as can be seen in
Fig. 3. As a result, the state variables, inputs and outputs are
defined, respectively, as follows:

x(t) =i (1) v, ()] (4)
u(t)=[vi, (1)] )
v ()= [ize (1)] (6)

where the magnetizing current is given by:

iLc (t) = inf (I) + l.Lsf (I) (7)
The linear state-space models are given by:
dx (1)

K =A;x(1)+B,u(r)

dt , =12 (®)
y(1)=C;x(1)+E;u(z)
where i represents the operating stage and:

L, 0
K:{o C} ©)

o

The state-space representation for stage 1 is given by:
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Fig. 5 Equivalent model of the converter operating in
step-up mode. (a) Stage 1. (b) Stage 2.

AR
A, = B, =
0 -1/R, 0 (10)

¢, =t o] E, =[0]
On the other hand, for stage 2, the model is given by:
0 -1/2 1/2
A, = B, =
{1/2 —I/RJ { 0 } (11)
c,=1 o E, =[0]

The linearized small-signal ac averaged model of the
converter for quiescent operating point is given by [11]:

Kd’iTgt):A;;(t)+Bﬁ(t)+B'a7 (12)

y(t)=Cx(¢)+Eu(t)+E'd

where:

A=(2D-1)A,+(2-2D)A, (13)
B=(2D-1)B, +(2-2D)B, (14)
C=(2D-1)C,+(2-2D)C, (15)
E=(2D-1)E, +(2-2D)E, (16)
B'=2(A;-A,)X+2(B,-B,)U (17)
E'=2(C,-C,)X+2(E, -E,)U (18)
X=-A"BU (19)

This model is valid for small ac variations around an
equilibrium point, where the steady-state values for D, U and
X are known. So the transfer function from control to
inductor current is given by:

y(s)=[C(sI—K'1A)’1 K‘IB'+E’}0AZ(3) (20)

As a result, the model is given by:

G, (5)= i (s) L 2bls+b0 1)
d(s) s’ +as+a,
where:
o Ve "o LRC.
R (1-D)
b=CR,([R,(1-D)] a=L, (22)
b, =R, (1-D?) a, =R, (1-D)’
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Fig. 6 Equivalent model of the converter operating in
step-down mode. (a) Stage 1. (b) Stage 2.

The relation between the averaged input current i,(f) and
averaged magnetizing current i;(¢) is given by:

<inf, (r)) =[2d(t)-1](i, (t)>+%<iu (1)) (23)

Applying the small perturbation analysis in (23) and
neglecting the dc and second-order terms of the resulting
equation [11], we obtain the following linearized ac
equation:

iy (5)= DGurea (s)d (s)+1,. (D)d(s) (24)
where:
2V} 1-D
L (D)=o— s (25)

0 ' in max

The substitution of (21) and (25) into (24) results:

: 2
G, (s) _ lLizf (S) _GS +c¢s+c, (26)

d(s) sz+als+a0

where:
G :azch(D)7 Clszb1+a11Lc(D)’

27)
¢, =Dkb,+ayl, (D)
B. Step-down Mode

This section presents the ac small-signal model of the
CCM Full-Bridge-Flyback isolated current converter shown
in Fig. 1 in step-down mode. The objective is to derive the
transfer function from duty-ratio to inductor current, using
the state-space averaging technique.

This converter is represented by the equivalent circuits
shown in Fig. 6. The equivalent circuit shown in Fig. 6 (a)
describes the converter when S; and S,, or S, and S5 are
switched on, while Fig. 6 (b) presents the equivalent circuit
when all switches are simultaneously off. The duty-cycle
used to match the equivalent circuit with the converter is
given by:

Dyyn =2D (28)

The state-space averaged model in step-down mode is also
derived from the magnetizing current i;.(¢) of the coupled
inductor. As a result, the state variables, inputs and outputs
are given by (4)-(6).

The linear state-space model in the stages 1 and 2,
respectively, are given by:
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A |0 s |
"Tl1 -1/R, "o (29)

¢ =[ o]  E=[0]
. 0 -1 B. - 0
1 -1/R, >0 (30)
C,=[1 0] E, =[0]

where K is given by (9).

The linearized small-signal ac averaged model of the
converter for the quiescent operating point is described by
(12), where:

A=2DA +(1-2D)A, (31)
B=2DB, +(1-2D)B, (32)
C=2DC,+(1-2D)C, (33)
E=2DE +(1-2D)E, (34)

and B’, E’, X are given by (17)-(19), respectively.

From (12), we obtain the small-signal averaged model
from duty-cycle to magnetizing current. This model is given
by (21), where:

k=v,/(L.D) a, =1
1
bl =1 a, =E (35)
1 1
b — = —
’ RDCO aO LCCO

The relation between the input current i,(¢f) and
magnetizing current i;(f) is given by:

(i, (1)) =2{a (1)) {i,. (1)) (36)

Applying the small perturbation analysis in (36) and

neglecting the dc and second-order nonlinear terms of the

resulting equation, we obtain the following linearized ac
relation:

i (s)=2DGrea (s)d (s)+21, (D)d(s)  (37)

where:
V 3
I, (D)=——*—— 38
e ( ) 2RUD2 V;ﬂ l'ﬂ(*l)(2 ( )
The substitution of (35) and (38) into (37) results:
G (s) = iL,:f (s) _ 02252 +os+c, (39)
d(s) s*+as+a,

where:

¢, =21, (D), ¢ =2Dkb+2al, (D), “0)

¢, =2Dkb,+2a,l, (D)

IV. INPUT CURRENT TO OUTPUT VOLTAGE
SMALL-SIGNAL AVERAGED MODEL

This section presents the small-signal averaged model
from input current to output voltage of the Full-Bridge-
Flyback isolated current converter shown in Fig. 1. Due to
the nonlinear characteristic of the converter, the linear
transfer function is derived for a quiescent operating point.

The model utilizes power balance equations that are
averaged over a semi-cycle of the input voltage. As a result,
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Fig. 7 Equivalent circuit used to derive the input
current to output voltage model

the frequency range of this model is only accurate from dc to
2 f1, where f is the input voltage frequency.

Fig. 7 shows the equivalent circuit representation of the
output stage of the converter. The transfer function from the
full-bridge converter current iz to the output voltage v, is

given by:
v,(s)  1/C,
i(s) s+1/RC,

The relation between the current ij and the i, is non-
linear. The linearization for the nominal quiescent operating
point is performed considering the power balance of the
converter:

(41)

P, =PEn, (42)

where 1 is the efficiency of the converter.

Assuming a unitary power factor and that the capacitor C,

is large enough to produce an output voltage with small
ripple, we can rewrite (42) as:

LV =1V n

o o ac ac (43)

where [,. and V. are the rms values of the input current (i)

and input voltage (v,.), respectively, and /, and ¥, are the dc
values of the output current and output voltage, respectively.

Assuming the relation between the rms value of the input

current and the average current in the inductor L is:
2\21, (44)

J— 1” .
I, :;J.\/EIM sin(at)dat = ~
0

and [UZE and m, =\/§VM/ v, we obtain the following

relation:

—_amnl,,
] = el
” 4
The quiescent operating point averaged model is derived
replacing (45) in (41):

G (S)_ VO(S) _ﬂmun. 1/C0
’ i, (s) 4 s+l/RC,

(45)

(46)

V. CONTROL DESIGN

This section presents a digital control design for the
converter parameters given in Table 1. In this case, this
converter is used in the input stage of a double-conversion
UPS, whose dc bus voltage is higher than the input voltage.
As a result, the converter only operates in step-up mode.

The digital control system has been implemented in the
DSP TMS320F2812, and then the design methodology of the
current and voltage controllers considers the main
characteristics of this DSP [14]. The crossover frequency of
the current loop gain was chosen as 7.5 kHz to achieve a
good dynamic performance and the crossover frequency of
the voltage loop gain was chosen as 12 Hz to synthesize low-
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Table 1
Converter parameters

P,=35kW Nominal output power
V,=400V Nominal output voltage
Vae=220 Vims Nominal input voltage
fi=60 Hz Input voltage frequency
fi=75kHz Switching frequency
R,=457Q Nominal load resistance
C,=29 mF Output converter capacitance
Ly=Ly=L.=200 pH Input converter inductance
n=0.9 Efficiency of the converter

; i
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T
(b)

Fig. 8 Detailed digital control structure.
(a) Current loop. (b) Voltage loop.

THD input currents. Consequently, the input current has a
dynamic behavior much faster than the output voltage and
the control loops are dynamically decoupled [13].

A. Current Loop

A block diagram of the digital system used to control the
input current is presented in Fig. 8(a), where Ci(2) is a digital
proportional-integral (PI) controller.

A first-order low pass filter was included in the feedback
path to obtain the average value of the current iz,

1/R,C,
's+1/R,C,

Ip
where #; is the current sensor gain. The parameters of this
filter are shown in Table 2.

The pulse-width modulator can be approximated by a
zero-order hold (ZOH) because the switching frequency is
much higher than the reference signal frequency [15].
Therefore, the discrete-time transfer function of G;H(s) is

given by:
6122 = Ja () 0

The design of the digital PI controller was based on the
frequency response method using the w-plane methodology
[15]. Consequently, it is necessary to obtain the open-loop
transfer function 7(w) in w-domain. For the system shown in
Fig. 8(a), this transfer function is given by:

T (W) = Ky, C, ()G, ()

pwm"“ad i

H,.(s)=h,.HW (s)="h 47)

(43)

(49)
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Table 2
Control system parameters

fi=75kHz Sampling frequency
R,=1kQ Resistance of low-pass filter
Cp=10nF Capacitance of low-pass filter
hi=0.1 Current sensor gain
h,=0.005 Output voltage sensor gain
hyin=0.0042 Input voltage sensor gain
kwa=2"%3 A/D converter gain
Fipum=1/2000 PWM gain
where £,,,, is the PWM gain, k,, is the A/D converter gain
and:
I+=w
_ 2
z=—2 (50)
I-—=w
2

Applying the w-plane transform (50) to the transfer
function C{z), the w-domain transfer function of the PI
controller can be given by:

C (w)=k, th“)f (51)

i

where k; and ; are the parameters to be designed.

From (26) and (27), one can verify that the duty-ratio to
input current transfer function Gy(s) depends on the duty-
cycle. Therefore, the transfer function G;H(w) also depends
on the operating point. This is particularly important for PFC
converters, because the input voltage is variable. Fig. 9
shows the frequency response of GHj(w) for two distinct
input voltage levels: V;, = 1 V (slightly higher than lower
value) and V;, = 311 V (peak value). One can observe that
this transfer function present larger phase-shift and smaller
magnitude at high frequencies when ¥, = 1 V. Consequently,
the current compensator was designed for this operating
point (¥, = 1 V) to ensure minimum values of phase margin
and crossover frequency at all operating points.

The specifications imposed to the digital control system are
a minimum phase margin equal to 45° and a minimum
crossover frequency equal to 7.5 kHz, which results in a
crossover frequency equal to 7.75 kHz in the w-plane [15]. As
a result, the transfer function of the PI current controller is:

C (w)= 0.39w+753.5

w
The discrete-time current controller is derived from w-
plane to z-plane transform:

(52)

C(z)= 0.395z —10.385 (53)
z—
whose discrete-time differences equation results in:
d(k)=d(k-1)+0.395¢ (k)—0.385¢ (k—1)  (54)

Fig. 10 presents the frequency response of the open-loop
transfer function 7(w) with the compensator shown in (52).

B. Voltage loop

A block diagram of the digital control system used to
regulate the output voltage is shown in Fig. 8(b), where C,(z)
also is a digital PI controller.
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Fig. 10 Frequency response of the open-loop
transfer function Ty(w).

It is assumed that the input current is constant over a
switching period to derive the discrete-time transfer function

of G,(s), then:
Gv(z)=2{[1_eﬂ ]Gv(s)} (55)
s

Fig. 11 shows the frequency response of G,(w), which is
obtained by applying the w-plane transform (50) in G\(z), with
nominal load and nominal amplitude modulation depth ().

For the system presented in Fig. 8(b), the w-domain open-
loop transfer function 7,(w), utilized to design the voltage
controller, is given by:

_ 1 w
L (w)=k,kouh, 7—=C, (w)G, (w) (56)

m"ad
ad""i
where £, is the voltage sensor gain, 1/(k, k) is the low-
frequency gain of the current loop, and £, is the equivalent
multiplier gain, given by:
k, =h k,V, (57)

vin"vad " in

where K =2V

inmax

/T

Applying the w-plane transform (50) to the transfer
function C,(z), the w-domain transfer function of the PI
voltage controller can be given by:
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(58)

where k, and o, are the parameters to be designed.

The zero ®, of the PI controller is placed to cancel the
pole of G,(w). The gain £, is adjusted to obtain the specified
crossover frequency of T,(w).

As a result, the transfer function of the PI voltage
controller is:

s w+7.5431

C,(w)=7.04197-10" (59)

Then, the discrete-time voltage controller can be
computed by using the w-plane to z-plane transform:

3 1073
CV(Z):7.0423 107 2z-7.0416-10

z—1
whose discrete-time differences equation is given by:

(60)
iy, (k) =i, (k=1)+7.0423-10% ¢, (k) ~7.0416-10¢, (k—1) (61)

As can be observed from Fig. 12, the resulting phase
margin of 7,(w) is 90° and the crossover frequency is 12 Hz.

Magnitude (dB)

Phase (deg)

Frequency (Hz)
Fig. 11 Frequency response of G (w).

Magnitude (dB)

-90

Phase (deg)

10" 10” 10’ 10°
Frequency (Hz)
Fig. 12 Frequency response of the open-loop

transfer function 7,(w).
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VI. EXPERIMENTAL RESULTS

A prototype of the closed-loop converter shown in Fig. 1
was built in our lab to verify the performance of the digital
control system under distinct practical conditions. The digital
controllers were implemented on DSP TMS320F2812 from
Texas Instruments. The main parameters of the prototype and
control system are presented in Table 1 and in Table 2,
respectively.

Fig. 13 shows the input current, input and output voltage
waveforms with a resistive load equal to 58.6 Q, an output
voltage equal to 400 V and nominal input voltage. At this
operating point, the converter operates only in step-up mode,
the total harmonic distortion (THD) of the input current

o bt it iyt g e,

Vo

Fig. 13 Step-up mode: input current, input and output voltage
waveforms (100 V/div, 10 A/div, 5 ms/div).

lac Ty

W W\ mw\}m HL \U! \Vl\

Fig. 14 Step-up mode: input current (top) and output voltage
(bottom) under a sudden load change from 244 Q to 122 Q
(10 A/div, 10 V/div, 50 ms/div).

WWWMWMWWWW

Fig. 15 Step-up mode: input current (top) and output voltage
(bottom) under a sudden load change from 122 Q to 244 Q
(10 A/div, 10 V/div, 50 ms/div).
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waveform is 3.65% and the input power factor is 0.99.

Fig. 14 shows the input current and the output voltage
during a sudden load change from 244 Q to 122 Q. The
output voltage waveform was measured in ac mode to obtain
a better visualization. On the other hand, Fig. 15 presents the
same waveforms during a sudden load change from 122 Q to
244 Q. Both results illustrate the satisfactory transient
performance of the closed-loop system.

VII. CONCLUSION

This paper presented a systematic procedure to design a
digital control system for the Full-Bridge-Flyback isolated
rectifier with power factor correction. The design of the
controllers was based on frequency response techniques,
using the small-signal models of the converter. The duty
ratio-to-input current models for each operation mode were
obtained from state-space averaging, whereas the input-
current-to-output voltage model was derived from power
balance analysis.

Experimental results show that the closed-loop system has
a good steady-state and transient performances, even with
sudden load changes.
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