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Abstract—Constant-on-time control (COTC) is typi-
cally used to regulate the output voltage of boundary-
conduction-mode (BCM) boost converters, while also en-
suring the input line current has a near-unity power factor.
The downside of COTC is that the input line current drawn
by the converter suffers from zero-crossing distortion. This
distortion of the input line current reduces the converter’s
power factor. In this work, a digital closed-loop control
scheme is designed to reduce the zero-crossing distor-
tion based on the average-current-mode control (ACMC)
technique, which is commonly used in the control of
continuous-conduction-mode (CCM) boost converters. A
digital controller is designed for a 600 W interleaved BCM
boost converter using a TMS320F28069 microcontroller.
The performance of the ACMC controller is compared to
that of a COTC controller.

Keywords - Power-factor correction, boost con-
verter

I. INTRODUCTION

For power-factor correction (PFC) applications in the
power range of 300 W to 600 W, the combination
of a bridge rectifier and an interleaved BCM boost
converter is a popular topology [1]-[6]. The BCM boost
converter offers advantages such as small inductor
size, and low switching losses due to zero-voltage
and near-zero-voltage switching. The interleaving of
two channels makes the converter a more suitable
choice for higher power applications up to 600 W
by reducing the output capacitor current ripple, and
also reducing the input current ripple, thus allowing a
smaller differential-mode electromagnetic interference
(EMI) filter to be used [7]. At higher power levels, the
high rms switch and inductor currents degrade the use
of the BCM topology, making the CCM boost converter
a more popular choice [8]-[10].

The output voltage of the BCM boost topology is
normally regulated using COTC [11]-[13]. However,
the resonance between the MOSFET drain-source ca-
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pacitance and boost inductor causes a zero-crossing
distortion of the input line current which degrades
the power quality of the converter [14], [15]. Different
methods have been proposed in literature to reduce the
zero-crossing distortion of the BCM boost converter.
Previous analog solutions have attempted to reduce
the input line current zero-crossing distortion, by in-
creasing the converter’s on-time based on the instan-
taneous value of the input voltage [16], [17]. Other
analog solutions have used similar methods, where
the on-time is increased, but based on a combined
function of instantaneous input voltage and operating
power level [18], [19]. In [20], [21] a mixed analog-
digital solution is used that increases the on-time of
the converter based on the instantaneous input voltage
and power level. Fully digital solutions have also been
proposed to reduce the zero-crossing distortion. A
digital solution described in [22] and[23] uses complex
algorithms to calculate the additional on-time required
to cancel the effects of the boost inductor and MOSFET
drain-source capacitance resonance.

All of the aforementioned schemes work very well
at reducing the zero-crossing distortion of BCM boost
converters, with different trade-offs in performance
and implementation requirements between the differ-
ent solutions. However, all of these solutions are fun-
damentally limited by the fact they are all open-loop
control methods. Therefore they all require accurate
feedforward algorithms to adjust the on-time by the
correct amount to remove the zero-crossing distortion.

ACMC is a technique that has been widely adopted
for the control of CCM boost converters used in PFC
applications [24]-[26]. An analog solution is proposed
in [27] and [28] where a closed-loop ACMC scheme is
implemented to reduce the line current zero-crossing
distortion based around the use of a sample-and-hold
scheme to generate the current reference by sampling
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the inductor current at the midpoint of the on-time.

The work presented in this paper demonstrates a
digital closed-loop control scheme, based on ACMC
using an adaptive current controller gain, that signifi-
cantly reduces the zero-crossing distortion of the input
line current. As this is a digital solution the current ref-
erence for the ACMC scheme can easily be generated
by multiplying the sensed instantaneous line voltage
by the voltage compensator output in microcontroller
software. This paper is structured as follows. Section
II describes how the valley switching operation of the
converter creates a zero-crossing distortion in the line
current. Section III introduces the control structure of
the proposed ACMC scheme. Section IV describes the
current compensator design. Lastly, Section V gives
experimental results comparing the proposed ACMC
scheme to a COTC scheme.

II. ZERO-CROSSING DISTORTION

Fig. 1 shows the simplified circuit diagram of one
channel of the interleaved boost converter, including
the MOSFET drain-source capacitance Cys.
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Fig. 1: Single channel of the boost converter and input rectifier
including MOSFET drain-source capacitance.

During a single switching cycle of the boost con-
verter operation, the inductor current linearly charges
when the MOSFET is turned on. When the MOSFET
is turned off the inductor discharges into the boost
output capacitor through the boost diode until the
inductor current reaches zero and the boost diode be-
comes reversed biased. At this point, the voltage across
the MOSFET drain-source capacitance vys charges to
the output voltage v,. As v, > v;p, the energy stored
in the capacitance Cy, discharges back through the
boost inductor causing a negative inductor current.
The zero-voltage detection circuitry is designed to
allow the energy stored in Cy;s to discharge as much
as possible to the input capacitor Cj,, before turning
the MOSFET back on. This allows the energy stored in
Cys to be saved, which improves converter’s efficiency.
However, this effect makes the inductor current iy
waveform look as shown in Fig. 2, which shows the
typical shape of the inductor current over several
switching cycles for high and low instantaneous input
voltages.

The downside to this scheme, is that when using a
simple COTC scheme during the zero crossings of the
input line voltage, the average input current drawn

i
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Fig. 2: Inductor current shape at (a) high and (b) low instantaneous
input voltages.

Fig. 3: Line current i;;n. and line voltage v;;ne waveforms with
zero-crossing distortion.

by the converter is zero. This creates a zero-crossing
distortion in the input line current, which reduces
power factor. The shape of the input line current is
displayed in Fig. 3.

III. CONTROLLER STRUCTURE

Fig. 4 and Fig. 5 show the controller structures for
the ACMC and COTC schemes, respectively. ACMC
works by multiplying the sensed instantaneous input
voltage by the output of the voltage compensator
vc to generate the current reference signal i,.¢. The
reference signal is then compared to the sensed input
current to generate an error signal that passes through
a current compensator to calculate the correct on-time
that can accurately track the reference current. In the
COTC scheme, the on-time is given by the output of
the voltage compensator. For both schemes, the on-
time modulator block is used to ensure the correct
180° degree phase shift is maintained [29], while zero-
current-detection circuitry on each inductor ensures
the converter always operates in BCM. Each control
scheme also uses a voltage compensator to regulate
the output voltage of the boost converter [30].

IV. CURRENT COMPENSATOR

Over a full-line cycle the inductor currents i7; and
ir2, and the input voltage v;, look as shown in Fig.
6. Ignoring the effects of the resonance between the
boost inductors and Cy,, the average instantaneous
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Fig. 5: Controller structure of COTC.

input current i;,, is given by the peak of the inductor
currents, for the interleaved converter.

Vin

ir1

Fig. 6: Inductor currents over many switching cycles

Fig. 7 shows how the inductor current of a single
channel iy, looks over a single switching cycle. The
average input current of the interleaved BCM boost
converter is given by twice the average of i1;, and can
be calculated by using (1).

iL1 :

ls t

Fig. 7: Inductor current over single switching cycle.

tonVin
; M

where t,,, is the switch on-time and L is the value of
the boost inductance. This equation defines the time-
averaged system model, and demonstrates how i;,
is a function of the input to the system t¢,, and the
disturbance v;,. Linearising (1) about a dc operating
point, the system can be described by the following
linear time-averaged model.
‘/in L
L ton (2)
where V;,, is the dc operating point of the instanta-
neous input voltage. By converting (2) into the Laplace
domain, the open-loop transfer function of the power
stage can be described as follows.

Iin(s) _ ‘/z

T,n(s) L
The input current to the boost converter contains a
large amount of current ripple due to the triangular
shapes of the inductor currents. Therefore, to remove
this ripple, the total input current is sensed through an
analog low-pass filter with a single pole at w,, before
being passed onto the microcontroller ADC. To obtain

lin =

lin =

®)
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Fig. 8: Control block diagram of the current loop.

a fast current compensator bandwidth, it is important
to place the pole w, at as high a frequency as possi-
ble, but still sufficiently low enough to attenuate the
switching frequency ripple from the input current. The
switching frequency of the converter described in this
work varies from 75 kHz up to 590 kHz. Therefore, the
pole w,, has been placed at 1 the minimum switching
frequency at 15 kHz.

Fig. 8 shows the control block diagram of the current
loop. The sensed input current is subtracted from the
reference signal to calculate the error signal which is
fed into the current compensator. C.(z) is the current
compensator transfer function implemented in micro-
controller software. The microcontroller introduces a
delay of 2! and a zero order hold (ZOH). The transfer
function of the current sense circuitry is given by #

Where k; is the gain of the current sense circuitry.

Based on Fig. 8, the full compensated open-loop
transfer function T, (z) that defines the system, can be
written as,

1—e TV, Kk
-1 in 7
T.(z)==z2 CC(Z)Z{ . T jp"‘l}

Vin 1 —e T
"L oz—ewoT
where T is the sampling period of the input current.

The current compensator transfer function is a type

II compensator whose transfer function in the Laplace
domain is given by;

=2 1C.(2)k

(4)

K1+ars
s 14 7s

Cels) = (5)

The bi-linear transformation s = #Z-{was substi-
tuted into (5) to calculate a transfer function for C.(z)
in the z-domain with similar characteristics to that
of the type II compensator. Therefore, C.(z) can be
calculated by;

g 2L (A4 + (- 2
- () ©

The a and 7 terms in equation (6) were chosen to
inject 45° degrees of phase at the open-loop system
cross-over frequency w., and were calculated by a
=582 and 7 = ﬁﬁ, where w. is the open-loop
cross-over frequency. The open-loop system cross-over
frequency must be less than the pole w, to ensure the
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Fig. 9: Compensated open-loop system bode plot T¢(z) variation
with instantaneous input voltage.

phase margin of the system ¢, is greater than 0° for
stability. Therefore w. was placed at 10 kHz.

The term k. in equation (6) was found by calculating
the system open-loop gain at w = w., which equals 1,
as described in (7),

| Te(e’< )] =1 @)

Substituting the terms in (4) and (6) for T.(z) and
C.(z) respectively into (7) and re-arranging, the fol-
lowing expression can be found for the digital current
compensator gain k.. k. is initially calculated at the
maximum possible input voltage of 400 V.

ke =

LT — 1] [T (14 F) + (1 = )| [T — 7|

RVl = e TTere T =T+ 37+ (=30

Fig. 9 shows the compensated open-loop Bode plot
of the system at different levels of input voltage. It
can be observed that as the input voltage drops the
controller phase response stays the same, but the cross-
over frequency of the system is dramatically decreased
from 10 kHz at 400 V, to nearly 600 Hz at 50 V. This
is a very undesirable trait, because for the current
compensator to successfully reduce the zero-crossing
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distortion, which occurs at low levels of input voltage,
it must have very fast tracking performance under this
condition.

TABLE I: Adaptive gain look-up table for k&

Vin range k Vin range k

40 < Vi <60 409

0<Vin<10 | 432 o

10

60 < Vj, <100 | 490

400
10 <Vin <15 100

15

15 < Vip <20 | 422

20 < Vip <30 | 47

g 400
100 < Vi <200 | 339

400
200 < Vi, <400 | 450

30 < Vi <40 | 4R

To counteract this undesirable behaviour at low
input voltage, an adaptive gain k£ was used to adjust
the gain of the current compensator. The value of k£ was
varied inversely with input voltage by means of a look-
up table to ensure that as the input voltage decreased,
k increased to ensure the cross-over frequency of the
system remained near 10 kHz. Table I shows the look-
up table used to calculate the gain £.

V. EXPERIMENTAL RESULTS

A 600 W prototype interleaved BCM PFC converter
was built and is capable of using either COTC and
ACMC controller structures. Fig. 10 shows the wave-
forms of v,, vin, tin and ir1, when the converter is op-
erating at rated power, with an input rms line voltage
of 200 V, using the ACMC scheme. The shape of ir;
demonstrates correct BCM operation of the converter,
and the shape of i;,, demonstrates correct interleaving
operation of the converter.

Fig. 10: Waveforms of vo, Vin, tn and ir1 at P, = 600 W and a rms
line voltage of 200 V (vo: 200 V/div, vjine: 200 V/div, 44,1 5 A/div,
ir,1: 5 A/div, timebase: 10 ms/div).

A TMS320F28069 microcontroller was used to imple-
ment the algorithms for the current compensator, volt-
age compensator and on-time modulator. The current
compensator and on-time modulator were executed at
a rate of 100 kHz, while the voltage compensator was
executed in a slower interrupt at 10 kHz.

Fig. 12 compares the power quality of the input line
current for both the COTC and ACMC schemes, at
a rms line voltage of 140V and P, = 350 W. At this

operating point the ACMC scheme has a power factor
of 0.997, while the COTC scheme has a power factor of
0.993. The direct comparison clearly displays how the
ACMC scheme successfully reduces the zero-crossing
distortion at this operating condition.

Fig. 11: vijpe and g4y at P, = 350 W and 140 V rms line voltage, for
ACMC (upper) and COTC (lower) (viine: 100 V/div, 15 2 A/diy,
timebase: 5 ms/div).

The reason for this improvement in power quality, is
that at the line current zero crossings, the current com-
pensator in the ACMC control structure, will increase
ton to draw more line current. Whereas, in the COTC
scheme t,, remains constant during the line current
zero-crossing intervals. A comparison of the variation
in t,, over four half-line cycles, for ACMC and COTC
is shown in Fig. 12.

Although the ACMC control scheme gave significant
improvement in the power quality at low-input volt-
ages, the same improvement did not occur at higher
input voltages. Fig. 13 compares the power quality of
the ACMC and COTC schemes at the same output
power of 350 W, but at a higher rms line voltage of
260 V. In this case the COTC scheme actually provided
a better power factor of 0.991, when compared to the
ACMC control scheme which had a power factor of
0.986.

Fig. 14 shows a direct comparison of power factor
of the two control schemes against load, for three
different input rms line voltages of 140 V, 200 V and
260 V. It is clear from looking at the 140 V case that
the ACMC scheme draws a much better power factor
than the COTC scheme. When the rms line voltage is
200 V, the ACMC scheme draws better power factor
at higher power levels while the COTC scheme has
better power factor at lower power levels. At 260 V,
the COTC scheme has slightly better power factor in all
cases. When the input rms voltage is higher the current
distortion of the input filter capacitor becomes the
main cause of distortion in the line current. Although
the ACMC scheme can remove the distortion caused
around the zero-crossing of the line current it cannot
help with the input filter capacitor related distortion.
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Fig. 12: Measured on-time variation at P, = 600 W and a rms line
voltage of 140 V when using (a) ACMC and (b) COTC.
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Fig. 13: vjine and igine at Po = 350 W and 260 V line voltage, for
ACMC (upper) and COTC (lower) (vijne: 100 V/div, 15me: 1 A/diy,
timebase: 5 ms/div).

Another effect that begins to take hold at higher input
voltage is the resolution of the sensed current sig-
nal seen by the microcontroller gets worse, this also
degrades the power factor of the ACMC scheme at
higher input voltages and lower power levels. Overall
the ACMC scheme significantly improved the power
quality at high power and low input voltage, but

slightly degrades power under low power and high
input voltage conditions.
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Fig. 14: Measured power factor versus output power for COTC and
ACMC controllers at an input rms line voltage of (a) 140 V, (b) 200
V, and (c) 260 V.

Both the ACMC and COTC control implementations
drew very low levels of input current harmonics that
were well below the limits set by the Class A EN61000-
3-2 standard. A comparison of the COTC, ACMC and
EN61000-3-2 harmonic limits is given in Fig. 15. Only
odd harmonics are shown, as even order harmonics
were of all near zero for both COTC and ACMC
schemes. The current harmonics were measured at a
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rms line voltage of 230 V, and a 600 W output power.
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Fig. 15: Comparison of input current harmonics measured at P, =
600 W and an input rms line voltage of 230 V with the EN6100-3-2
Class A limits.

Fig. 16 gives a direct comparison of the current
harmonics drawn using COTC and ACMC, also at
230 V rms line voltage, and 600 W output power.
The ACMC scheme draws significantly less current
at lower harmonic levels due to the reduction of the
zero crossing distortion, but also draws more current
for the higher order harmonics This is because the
bandwidth of the current compensator in the ACMC
control scheme is 10 kHz, so the on-time calculated
with ACMC will have some components up to that fre-
quency, whereas with the COTC scheme, the on-time
is calculated by the voltage compensator which has a
much lower bandwidth of 15 Hz, which strongly filters
out all the frequencies of the higher-order harmonics.
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Fig. 16: Comparison of input current harmonics measured at P, =
600 W and an input rms line voltage of 230 V.

VI. CONCLUSION

A digital closed-loop control scheme to reduce the
zero-crossing distortion of a BCM boost converter

for PFC applications, has been presented. The open-
loop system model for the system was derived, and
a current compensator was designed for the ACMC
scheme. The relationship between the operating input
voltage and the controller performance was examined,
demonstrating how at low values of the instantaneous
input voltage, the cross-over frequency of the system
is severely reduced. An adaptive gain parameter was
adopted in the ACMC scheme to improve the perfor-
mance of the controller, by ensuring the gain changed
to adjust the cross-over frequency of the system in
response to the input voltage.

Experimental results were demonstrated on a 600 W
interleaved BCM boost prototype and show a strong
increase in power factor for high output power and
low input rms voltage conditions when replacing
the COTC control scheme with ACMC. However the
ACMC scheme slightly degraded power factor at low-
power and high input voltage conditions.

The ACMC also requires the microcontroller to run
a current compensator algorithm at a fast rate of 100
kHz. This means the ACMC scheme requires greater
CPU bandwidth than the COTC scheme, making this
advanced control technique more difficult to imple-
ment on a low-cost microcontroller.
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