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Abstract: Buck-Boost power-factor-correction (PFC) converter with average-current-model (ACM) control is a
nonlinear circuit because of the multiplier using and large change in the duty cycle, so its stability analysis must be
studied by nonlinear model. In this paper double averaging method is used for describing the model of this
converter. By this model we would be able to explain the low frequency dynamics of the system and identify
stability boundaries according to circuit parameters and also nonlinear phenomena of this converter are detected.

Keywords: Averaged model, bifurcation, buck-boost converter, double averaging, power factor correction

INTRODUCTION

In traditional switching power supplies the input ac
voltage is rectified by the usual capacitor filter
following the input bridge rectifier, caused severely
distorted input line current waveform. These lines
current consists of very narrow spikes with fast rise and
fall time. These kind of pulses cause so many problems
such as radio frequency interface (RFI) problems and
higher temperature rise and decreased reliability in
filter capacitor (Pressman Abraham, 1998). Therefore
the aim of power-factor-correction (PFC) is to
maximize or correct the power factor by forcing the
input line current to be sinusoidal, and in phase with the
input line voltage, and as free from line harmonics as
possible. Many researchers considered boost converter
to achieve unity power factor because of its simplicity
(Orabi and Ninomiya, 2003a, b). Apart from boost
converter in many applications other dc-dc converter
may be used for PFC circuits (Huliehel et al., 1992), for
instance buck-boost converter. Buck-boost converter
can be used for PFC application, because it has simple
circuit and also its output voltage can be either higher
(like a boost converter) or lower (like a buck converter)
than the input voltage. In this paper we study buck-
boost converter under average current mode (ACM)
control. Lack of the consideration on the nonlinear
model of buck-boost PFC converter made us to develop
nonlinear model in order to identify the low frequency
dynamics. This analytical nonlinear model is based on
double averaging method, which first, applies the
standard averaging over the switching period and then
applies generalized averaging over the mains period

(Chu et al., 2007). After applying averaging twice, over
the switching period and the mains period, double
averaged model will be obtained, therefore we are
capable to identify stability boundaries according to
circuit parameters.

PFC buck-boost converter under ACM control: The
system under study is a buck-boost PFC converter
under ACM control which consists of inductor L, diode
D, switch Q and capacitor C connected in parallel to
load R. The switch Q and the diode D are always in
complementary operating states during the continuous-
conduction-mode (CCM) operation. It means that the
switch is in ON state until the diode is in OFF state and
vice versa.

The control loop circuit is constructed of feedback
and feed forward loop. We select ACM control because
it is less sensitive to commutation noises, due to current
filtering (Rossetto et al., 1994). Figure 1 shows the
schematic of the buck-boost PFC converter under
average current control (Yun et al., 2004).

By using ACM control we achieve near unity
power factor, so the input current follow the input

voltage and the “ideally shaped” input -current
waveform can be expressed as:
iL(t):M‘mmt‘ (1)

in,rms

where wy, is the mains angular frequency and p(t) is the
feedback variable which is derived from the output
voltage.
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Fig. 1: Buck-boost pfc converter under acm control

v, (t) = \/EVm ‘sin (omt‘ (2)
=Dy 3)

The feedback loop model in frequency domain is:

P(s) _ -G 4)
V,(s) s+l

0

where Gf and 1f is the voltage error amplifier dc gain
and the cut-off frequency. In the time domain, “4” can
be written as:

Tp % +p(t) = _Gf(vo _Vrcf) (5)

where Vref is the reference output voltage.

Nonlinear analytical model: In this section we find
nonlinear analytical model of buck-boost PFC
converter.

Standard averaging: Since the power semiconductors
will either be conducting or blocking, the time-
dependent switching function d(t) can be used to
describe the allowed switch states of each structure,
(e.g., d (t) =1 for the on state circuit and d(t) = 0 for the
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off state circuit). By assuming the duty cycle d as the
average value of d(t), and operating in continuous
conduction mode, and supposing the power
semiconductors as controlled ideal switches, the state
space averaged model as a function of d can be written

as (Silva, 2001):
d (6)
+ |:L:|[Vin]
0

. 0o 14
I | _ L |
Helica ¥ o]
Vo - — o
C RC

The state-space averaged model “6” is also the
state-space model of the circuit represented in Fig. 2.
Hence, this circuit is designated as the standard
averaged equivalent circuit of the converter and allows
the determination, under small ripple and slow
variations of the average equivalent circuit of the
converter switching cell (power transistor plus diode).

We write down Kirchhoff's law equations over this
model:

LIy —dv, +vi () ™
dt
dvy, v, . .
de—t"fK"ﬂL =di (®)
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After combining ““7” and “8” and eliminating duty
cycle we get:
Cdv,’

0

dt

2
Vo vao

R R

0

dv, _
dt

2

in + ViniL (9)

The power flowing through inductor L is normally
much smaller than that in capacitor C operating near the
line frequency. So by ignoring the dynamics of the
inductor and replacing “1” in “9” we have:

Cdvo2 dv, vo2 ViV,

> dt Vin " + R + R p(t)(1—cos2m,,t)
(10

Generalized averaging: In this section, we take

generalized averaging over the mains period

(Sanders et al., 1991), In generalized averaging method,
we take Fourier series expansion of every state variable
with the fundamental frequency being the line
frequency, wy,. For any variable x(t), we have the
following form:

X(t) = ay +a,e )" + [alej“’mt]' +a,el?ent 4 [azejz“’mtr
an

-jnow,v

dr 12)

a)m T
=— X(7).e
o [l 22 x@)
wm

where n = 0, 1, 2 and superscript * denotes complex
conjugation, and a, is the dc component, a; is the
fundamental frequency component at w,,, and a, is the
second harmonic component at 2wy,.

The time derivative of the nth coefficient is
computed to be:

[da(t)} _ Ot ”da(r) ko, dak(t)+Jk -
dt |y 277t~ dr dt
(13)
Besides the relations in (Wong et al., 2006), we
obtained the following relations:
[a(t).‘sina)mt‘]k :%(ak,l — ) (14)
[@\sin%tq _dda, (k+D _jda 4 K=Dopnayx
dt 2 dt 2 1ot 2
(15)

Double averaged model: After applying averaging
twice, over the switching period and the mains period,
the nonlinear model based on double averaging will be
obtained. To avoid confusion due to mix-up of
subscripting indices, we define x as vo andy as p (t).

d(vo+vin)

Fig. 2: Standard averaged model, where d is defined by the acm control

By applying foregoing averaging to “5” and “10” we get three equations from each of them. Now by applying

generalized averaging to “10” we have “16”:

Cd jdx, o jax g e XS 2% + 2%
Ed—(x0 + 2%, 42X + 2%, + 2%0;7) +/2.C V. (**I—mel—g d—i— 2”‘ X )+%+
2
2X%, +2x2- f V *
r R I - (X1 X ) =Yoo~ Yor (16)
C d . j C 1 .
7T(2X0X1 + 2(Xpp Xop + XpiXoi + J(XipX2i = XqiXa¢)) + (meJr E)»(2X0X1 + 2(XpiXai + XprXar + J(Xyr Xgi
dx f )
Xluxzr)))+fcvun(1 —Z —nX) + Jvm (X =%) =¥~ a7
2 dt 2
c dx; 1 i 18
?E( (x")? +2xOx2)+ICv.n(f2idt‘+5wmxl) + (jon m—)((x]) +2xOxz)—fJ "y =y - L0 (18)
By applying this averaging to “5” this equation is written as:
dy,
76 D04 yy = -G (X ~Vier) (19)

dt
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d :
Tf%Jr(meffHM:—Gle (20)
tfd(}l/—f+(j2mmrf + 1y, =-G;x, 21)

Thus “16-21” are nonlinear analytical model based on double averaging method for PFC buck-boost converter
under ACM control.

Steady state analysis: In steady state analysis we put all time derivative to zero and with the assumption of x0 =V ¢
and also we put all the second harmonic components to zero so we have:

3
{Xlr} R ! 5 @mRC .|:YIr} (22)
Xi | Xp(4+ @y C2R?) —%mec 3 Vi
{YIr:|: -1 G¢ Gty {Xlr:| (23)
Vil 147w, ~Crtram  Gr [ X

From “22” and “23” the signal transfer function is “24”. The magnitude of the total loop gain | Tx| is obtained
from the eigen value of the matrix M. “24” and “25” are shown below:

3
Mo ] Gy Girron R ! 5 @mRC 24)
1+ 70y | ~Ct7t@m Gt |x)(4+ 0, C?R?) —lmeC 3
2
3
-2G,R
. 8 25)

X1

X, (1 —%wmzcmf Jr%\/l—%mzcmf 30,1, +%u)mzC2R2(wmzr,~2 -3))

Stability boundaries curves: Our purpose in this section is to identify stability boundaries according to circuit
parameters. The input voltage is a rectified sine wave repeating at 2w,,,. So we expect that all variables in the system
repeat at this frequency (Orabi et al., 2002c¢). If the variables change its operation and repeat at half of the expected
frequency, i.e., wy, the operation would be undesirable and device stresses would violently changed. In fact “period-
doubling” bifurcation is occurred (Banerjee and Verghese, 2001).

In order to have stable operation | Tx| <1, so the condition Tx<1 is equivalent to “26”:

G;R(0,’CRt, -2+ \/1—4031n2CRTf -30,%1,’ +%wm2C2R2(wmztfz -3))
X, >

26
4+ 0, °CRH(1+w,21,7) (26)

Although, double averaged model for buck-boost PFC converter is different from the boost PFC converter, the
stability criterion for buck-boost PFC converter is exactly the same equation which is derived in (Wong et al., 2006)
for the PFC boost converter. To indicate the above results we plot boundary curves from “25”. Figure 3 shows
stability boundaries according to circuit parameters:

The y-axis is vo and x-axis is load resistance. We observe the following results from Fig. 3.
The lower limit vo increases as Gf increases.

The lower limit of vo increases as tf decreases.

The lower limit of vo increases as the output capacitance decreases.

It shows clearly that, below the lower limits of vo, the system will become unstable and fail to operate at the
frequency 2wy,. Thus the period-doubled operation will begin (Orabi et al., 2002a).
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Fig. 3: Stability boundaries of buck-boost PFC converter with: (a) Gf = 50A and tf = 20 ms, w,, =27 (60) rad/s, (b) C = 800 mF
and tf = 20 ms, w, = 27 (60), (c) Gf = 50A and C = 800 mF, w,,, = 27 (60) rad/s
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Fig. 4: (a) The input current, (b) The input voltage, (c) The output voltage ripple, (d) The power factor
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Fig 6: (a) The output voltage ripple in period doubling bifurcation case (simulation result), (b) The power factor
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Table 1: Out put voltage loop in different loads (the system operate
in unstable condition)

Resistance load (ohm) Output voltage (volt)
325 19.5

425 20

525 20.4

625 20.8

725 21.3

825 22

950 222

Table 2: Out put voltage loop in different loads (the system operate
in unstable condition)

Resistance load (ohm) Output voltage ripple
300 55

400 56

500 57

600 58

700 58.8

800 59.6

900 60.2

SIMULATION RESULTS

A PFC buck-boost converter under ACM control
has been simulated in MATLAB SIMULINK for
verification results. The circuit schematic is shown in
Fig. 1. We test the simulation for 3 different conditions
such as:

47

Gf =031, T =8ms,C = IOOIUF

First of all the operation is examined over the
above conditions which is shown in Fig. 4, the input
current is periodic at the line voltage frequency and the
output voltage ripple is periodic at the double line
frequency. So the system is operating in the stable
condition. The power factor is very high (0.98).

This simulation has been performed to verify the
stability area predicted by double averaged model. As
shown in Fig. 5. At the top of boundary curve system is
stable.

Gf =5.81Tf :8mS:C:300ﬂF

In the second condition system moves to be
unstable as shown in Fig. 5, the output ripple voltage
became periodic with the double period in stable case.
This is period doubling bifurcation instability. The
important point that is highlight for industrial view is
the low result power factor (lessens to 0.77) that means
that the PFC converter is lost its operation. Figure 6
shows the output voltage ripple at 324 resistance load.

We test the system at this condition (G¢= 0.31, tr=
8ms, C = 100 pF) in different resistance load. The
following result in Table 1 is obtained.

Gy =163,7¢ =8ms,C =300uF

This condition is the same as previous condition
and the system moves to be unstable as shown in Fig. 7.

Also the system is simulated in different load
condition so the output voltage values are in Table 2.

In Fig. 8 the stability boundaries that derived from
analytical model are verified by simulation results. The
data which is obtained from the simulation match well
with the analytical results.
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CONCLUSION

PFC converter treats as nonlinear circuit system,
and so the stability analysis must be studied from the
nonlinearity view point (Orabi et al., 2002b). Since
there weren’t enough stability information about buck-
boost PFC converter, in this paper we applied double
averaging method to produce nonlinear analytical
model for buck-boost PFC converter. We derived
closed-form stability conditions from this model. Also
we identified the stability boundaries. Finally, the
simulation results proved the analytical results with a
good matching.
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