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Abstract: This paper shows a new technique to cancel of a given converter. This method requires the use of
the low frequency harmonics (8, 5, 7 ...) of the input  one current sensor in each interleaved module when
current in Boost converters which operate in the this technique is used. In this paper a technique to
discontinuous current mode with no need of current cancel the low frequency harmonics which has no
sensor in the Boost inductor. The proposed control nheed of current sensors is presented. The paper’'s
scheme eliminates the necessity of any type of current objective is reached using a look-up table to
sensors with no loss of performance or overcurrent ‘memorize’ the current references using an indirect
risks. These features are obtained by controlling the method. Each reference is normalized for each Vo/Vp
switch on-time. Input voltage fluctuations are also ratio, where Vo is the output voltage and Vp is the
considered whose normally cause some harmonic input voltage amplitude. This method is possible due
current reappearing with the use of the proposed to the normalized peak current references be
technique. An improved new technique is then dependent only of the ratio Vo/Vp. It is independent
introduced to reach the research goal. Practical results of any other kind of converter parameter like output
and simulations prove the efficiency of the new power, switching frequency, etc ... The power stage

technique presented in this paper. implemented in this paper where the proposed
harmonic cancellation technique were applied is
|. INTRODUCTION shown in Fig. 1. The block diagram of the full

In an unity power factor operation, the line currentircuitry is shown in Fig. 2.

must flow in phase with the source voltage and mus

contain only the fundamental component in order t L 4
suppress harmonic currents. The requirements abc Filter 3
the harmonic components of the input curren

imposed by the present IEC 1000-3-2 has forced tt ==
use of different solutions rather than the classice
rectifying stage followed by a bulk capacitor. PFC Zsp4
Boost converters operating in Discontinuous-
Inductor-Current-Mode is popular from low to
medium power levels, although this operation mode
shows input current distortion [1] due to variable Il. AVERAGE INPUT CURRENT ANALYSIS OF THE

dead time between current pulses. In [2], a technique CONVENTIONAL DICM B 00OST CONVERTER

was published to eliminate the line-frequencyFor a fixed frequency operation the input current
harmonics by using a modulation in the power switchwvaveform of the conventional Boost converter is
on-time. This modulation was achieved by using analyzed considering it as triangular pulses along the
clock transition of a fixed frequency signal to initiatesemi-period. To simplify the analysis some
the conduction and an adequate inductor peak curregbnsiderations are assumed:

reference to obtain the turn-off signal. This peaka) the input voltage is constant over one switching
current reference modulates the inductor peak curreperiod and its value is taken at the middle of the
envelope producing a null theoretical harmonicswitching period;

content in the low frequency spectrum. This referenck) the power switch on-time is constant within a half-
is calculated according with the particular parameterine cycle, as used in conventional Boost converters;

LOAD

Fig. 1- Implemented power stage.



L pLL | LEOP(I:I?ﬁP Select)  yoltage i
- ine
TABLE |1 transducer
| :
1]
m
Vref £ D/A P ton BOOST Output
+ controller t a
converter Erl Converter Woltbge
t
1]
r
1
PWM
Triangular Carrier
voltage
transducer

Fig. 2 — Block diagram of the full circuitry.
¢) the switching frequency is much higher than th&he average input current waveform shown in Fig. 3
line frequency. Hence, the average input current iwas obtained using (4) with the following values:

formulated as follows: D=0.15; T=100 us; P.=1400 W; L=78H; =60
ot =D.Ts () Hz; Vp=110.\/2 V; w=2160 rad/s; a=1.2.
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whereD is the duty cycleTs is the switching period,
@ is the initial angle of the&,.m period, andGyum Is

the angle of the switching periotBw.=2.7f.Ty). Fig. 4 - FFT analysis of the average input

current waveform shown in Fig. 3.

Using (1), (2) and (3), gives:
D2T.V Sin%i * frequency harmonic components and the fundamental
g (4) component for somea® ratios. As seen is this table,
2L sin%- + epwm@ the low-frequency harmonic components are greater

Gpme Table 1 shows the percentage ratios between the line-

a —_—
when the & parameter becomes closer to 1.

where &’ is the ratio between the output voltage and Table 1 - Percentage ratios between the line-frequency
. . _ harmonic components and the fundamental component.
the input voltage amplitud@=Vo/Vp).

a 3 oh v on
1.05 56.6% 29.8 % 159% 8.499
1.2 34.3% 9.14 % 287% 0.719
1.4 23.6 % 3.34 % 0.82% 0.039
1.6 18.2 % 1.43% 045% 0.059
1.8 14.8 % 0.57 % 0.31% 0.099
2.0 12.6 % 0.13% 0.26% 0.099
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Notice that these percentage values are dependent
- i only of the @ parameter, being independent of any
gl 1) : other converter parameter such as power, switching
Fig. 3 - Average input current waveform frequency, etc... That is, if there is a Boost converter
with line harmonic distortion. operating at the discontinuous inductor current mode,
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these values are always valid. This is proved in [2]
by the Fourier Analysis of the input current in the 7t
Boost converters operating at discontinuous inductor

current mode. 5\/
o \/
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ll. C ONTROL MODE FOR THE PROPOSED 5 =

16
L INE-FREQUENCY HARMONIC T
CANCELLATION TECHNIQUE 2t

14

1.2

As seen in Fig. 3 and 4 and in Table I, the harmonic S

content of the Boost converter operating in the TR T gedegeesy
. . o line-harmonic cancellation.

ratio gets closer to the unit. In [1], it is shown a

relation between the low frequency harmonic content

and the &' ratio where the solution to reduce these IV. CONTROL SCHEME

harmonic components is to increase the Vo/Vp ratiay, this paper, the output power is controlled using the
However, to eliminate the input current harmonics inswitch on-time as the control variable, and keeping of
Boost converters which operate with any possiblggyrse, the,, modulation constant. Another fact to be
Vo/Vp ratio, the switch on-time must be modulatedsonsidered is the input voltage fluctuations. These
within the half line cycle in order to produce afyctyations produce a dynamic variation in the ratio
sinusoidal average input current. This requires a NONy0/Vp making the previously calculatés) erroneous
sinusoidal inductor peak current envelope and it igg the input voltage changes. This error results in
reached through a different switch —on-timeénarmonic reappearing. To eliminate this problem a
modulation. The conventional PWM must be theneg|-time correction of thea® parameter in (7) must
modified. The average input current must follow the,e ysed. This is obtained by creatilgg tables not

equation below, only for the variousd parameters to be used within
| =K .sin%- + epwm@ (5) the converter but also making tables for these same
B ‘a’ values considering th¥, fluctuations (tables for

‘a’+ A%), whereA% is the input voltage fluctuations
given in percentage ratio. The choiceAak based on
) how significant is thé\% fluctuation for a givend
9 1 Vp'Sin%i + Eon (ton toff) parameter in the harmonic reappearing. Fig. 7 shows
Ka.sin%i + "ZW““ E:E. o7 the harmonic reappearing when the voltayg
s fluctuates fronV, — 20 % up tdv, + 20%, and so, no
(69n-line correction of the look-up tables is made. The
chosen&’ parameter is 1.2.

Using (2), (3) e (5) gives,

and so,

2K, LT, %— sin%i + epgm %E

Lon = v (7)

[o]

In this manner, a table was created for all possible
values oft,, along the semi-period, makir@§jto vary
from 0° up to 180°. Also, new tables must be created
if different ‘a’ ratios are to be used in the same Boost
converter, hence, making it an adjustable converter. ‘ ‘ . ‘ .

a 200 400 600 800 1000 1200
In Fig. 5 we can see sorg modulation curves for a Frequency iH2)
total low frequency harmonic cancellation of different Fig. 6 ‘u;'r:]; tor:ethne %:‘ﬁg%%?;t?g#t current
‘a’ ratios. Fig. 6 shows the FFT analysis of the input '
current obtained with this corrected
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We conclude from now on that the total number of
necessary tables to cover a considerable range of
fluctuation values oY/, is for some &’ ratios,
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Table 4 — Relation between the ‘a’ parameter and the
necessary number,pfdbles
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Harmonic percentage in relation to the fundamental component

" ‘a No. Tables Range of fluctuation covered

101 T
a=1.2 15 tables V, +15%

_020% -15% -10% -5% Vp +5% +10% MSI% +20%
Percentage variation of the input line voltage a:14 7 tables Vp + 14%
Fig. 7 — Harmonic cancellation error for various a-1.6 7 tables V, + 18%

harmonic components using an ‘a’ equal to 1.2.
a=1.8 5 tables Vp £16%
. rd . .

It is clearly seen that the™3harmonic reappearing a=20 3 tables Vp £ 20%

gets significant with only/, + 2%, that means, a table
for this fluctuation must be obtained whe&yV, =

1.2. As a consequence, we must have new tables for
Vp+ 4%, V, £ 6%, V, + 8%, V, = 10%, V, + 12% and
Vp £ 14%. Fluctuations greater than14% were not

V. PRACTICAL RESULTS
considered in this study. This quantitativeThe experimental results of the conventional PV\/M
consideration of a significant ™3 harmonic Bgost converter and thg Boost converter operating
v(\_gth the proposed technique are shown as follows.

reappearing is based on international standards, liK

the IEC 1000-3-2. In this work only values betweenThe waveforms of the input current in both operation

1% and 2% are accepted as the maximuth 3moqles were recorded using a digital real-.tlme
oscilloscope. The frequency spectrum of the input

harmonic reappearing. After bypassing this pre-
! ppearing yp ng S P urrent was obtained from MATLAB software.

established limit, the table must be change h h h liditv of the h . i
recurringly, if necessary, to another one more €y show he valdily of the harmonic canceling

adequate taking into account the existing quctuationteChmque' Thed ratio adopted is 1.2. The switching
These limits for somea’ values are as follows frequency used was 10 kHz. The necessary tables for
’ the on-time modulation were stored in an EPROM
look-up table, where a voltage transducer connected
to the mains helps to select the table to be used. A
PLL synchronized with line voltage is used to select
5o dynamically the data of a given EPROM look-up
table for every angle of the 60 Hz line voltage. The
%output voltage control is the same of the conventional
With this values it is possible to calculate the value oBoost converter and the controller modulates the
A% for each &’ ratio, analog voltage of a D/A converter to control the
output power. A comparator produces a pulse
Table 3 — Relation between the ‘a’ parameters Atie sequence with a constant frequency (PWM) with a
fluctuation in “\f* and the number of tables. variablet,, which controls the output power as well
as to cancel the input current harmonics. Fig. 8 shows
a=1.2  Anew table for each 2% of \;, fluctuation | the Boost inductor current waveform of the
a=1.4 A new table for eact 4% of Vj, fluctuation | conventional Boost converter, while Fig. 9 shows the
filtered line current in this operation mode. Fig. 10
shows the Fast Fourier Analysis of the converter's
a=1.8 A new table for each 8% of \;, fluctuation | line current without the application of the proposed
technique.

Table 2 — Limits for the'3harmonic reappearing
(percentage value in relation to the fundamental).

‘a parameter 1.2 1.4 1.6 1.8
3% harm./fund  1.43% 1.33% 1.25% 1.19% 1.15

a=1.6 A new table for each 6% of \, fluctuation

a=2.0  Anew table for eact 10% of \}, fluctuation
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Fig. 11 — Boost inductor current waveform of the
Boost converter using the proposed technique.
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Fig. 8 — Boost inductor current waveform of the

conventional Boost converter.
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Fig. 12 — Filtered line current in the Boost converter
using the proposed technique.
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Fig. 9 — Filtered line current in the conventional o
Boost converter.
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Fig.13 — FFT of the line current with correction.
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VI. CONCLUSION

] The Boost converter operating in discontinuous input
0 At b Jrony -

D S0 o current mode (DICM) has been widely accepted by
Fig. 10 — FFT of the line current without correction industry for power factor correction in low and

medium power applications. Zero Current Switching

: : n$ZCS) in the switch turn-on instant is another
Fig. 11 shows the Boost inductor current wavefor dvantage in DICM Boost converters. which reduces
of the Boost converter using the proposed techniqu@, vant g€ | v » Wi u
while Fig. 12 shows the filtered line current. Fig. 13SWitching losses.
shows the Fast Fourier Analysis of the converter'dn conventional Boost converters two control modes
line current with the application of the proposedhave been used: a fixed frequency with a fixed duty
technique. As seen in these figures, the low frequenaycle where the turn-on switch time is constant

harmonics are eliminated. (usually in DICM) and by using the input inductor
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