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Abstract - This paper presents a new technique to get unity compared to a saw-tooth whose peak value is proportional
power factor in a single-phase rectifier based on a Buck pre- g the current,j. The current,, is detected and fed into an
regulator. The proposed feedforward control technique, ntegrator circuit, which is reset at a constant interval and
allows the ulse c%fha small :OW frlquengy inductor W('jth a h'gg its output is the saw-tooth whose peak value is proportional
giggﬁ:ng'ﬁtgf ' resjget;a aan%)(’)s\‘/'\i’ 3%?('32 pg?&it;gg "’g:e to the induc;tor qurrent. The feet_dfqrward contrpl technique
presented. p_reser_1ted in this work also ellr_nlnates the input current
distortion due to the output inductor current ripple,
. INTRODUCTION however, on a different way. The difference between the
miroposed technique and the one presented by [3] is that the

The Buck pre-regulator presented in Fig. 1 has somh _ ; X
important characteristics such as the absence of inrudfformation about the output inductor current is on the

current, low DC output voltage, protection against shorfiodulation signal instead of being in the saw-tooth signal.
circuit, among others. The authors believe that this is an easier way to implement

In discontinuous conduction mode [1], with a highthis technique. o , o
frequency output inductor o the input current is zero W|thatechn|qu¢ to eliminate the_lnput currentdlstortlon
while the instantaneous value of the input voltage i§U€ to the output inductor current ripple, the current ripple
smaller than the output voltage. The input currenfould be increased to optimize the inductor size and

harmonic distortion is dependent on the ratio between tH¥€ight. However, there is a limit. This limit and another
output voltage average value and the input voltage peéqppo_rtant issues are presented in the theoretical analysis of
value. Fig. 2 shows the simulation results for an inductanceection Ill.

L, of 95uH. Depending on the design, the third and the [l. CONTROL STRATEGY

fifth harmonic components may not be in compliance with .

the IEC 61000-3-2 standard [2]. Another disadvantage of 1€ buck pre-regulator with the feedforward control

the discontinuous conduction mode is that the peak arf§chnique is presented in Fig. 6. The output voltage is
rms currents are very high, leading to high conductiof€nsor and .compared to a refe_rence voltage. The resulting
losses in the switches. error is the input of an appropriate voltage controller. The

On the other hand, in continuous conduction mode, witi{°tage controller output signal is multiplied by a sensor of
a low frequency output inductor designed in such a wa}'® rectified input voltage and divided by a sensor of the
that it behaves as a constant current source, the probl tput inductor current. The resulting modulation signal is

stated above no longer exists. However the inductor siz?MPared with the saw-tooth signal, generating the drive
and weight in this case is much bigger. The employe§'9nal to the switchsS

control technique is presented in Fig. 3. The output voltage % 7”59“ +
is sensor and compared to a reference voltage. The . Dy Dr Lo Vo
resulting error is the input of an appropriate voltage ., R

controller. A sensor of the rectified input voltage multiplies Ci==  ZSD, Col Re$ Vo

the voltage controller output signal. The resulting
modulation signal is compared with the saw-tooth signal,
generating the drive signal to the switch & Fig. 4 it is
presented the simulation results employing this control
strategy, for an inductance, bf 1H. As it can be noticed Fig. 1. The Buck pre-regulator.
the input current is practically sinusoidal and a high powet™[ v, 10 ‘
factor is achieved.

In order to optimize the size and weight, the inductance’
L, may be decreased, so it no longer behaves as a constar
current source. Although, increasing the output inductors,
current ripple distorts the input current, with a significant
third harmonic component, as shown in the simulation |
results of Fig. 5, for an inductance @f 15mH. H

Reference [3] proposes a control technique to eliminateo I, JMTITTHITL. . D Ao ——
the input current distortion due to the output inductor Time(;m;> Hafmm(iggomponem
current ripple. The difference between this technique and Fig. 2. piscontinuous conduction mode simulation results for an
the one presented in Fig. 3 is that the modulation signal is inductance b.of 95uH.
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Fig. 3. The Buck pre-regulator control diagram for the continuous Fig. 6. The Buck pre-regulator control diagram with the proposed
conduction mode. feedforward control technique.
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. o Lo of 15mH. _ Fig. 8. Simulation results of the proposed feedforward control technique
In Fig. 7(a) |t_ is presenteq the putput inductor current for an inductance J.of 15mH.
and the resulting modulation signal. Thanks to the ] ) )
feedforward control technique the modulation signal i5(6)=1speaksin(6) )
presents a distortion that eliminates the input current Al
distortion due to the output inductor current ripple. In Fig. ie(®)=1o —TS'”(Z 0) 2)

7(b) it is presented the saw-tooth signal being compared to ] ) )
the modulation signal and the resulting drive signal to the In order to find out the maximum output inductor

switch S. current ripple, (1) and (2) are made equal, resulting in (3).
In Fig. 8 it is presented the simulation results employing — Al ) ]

the proposed control strategy, for the same specifications Alo =|—0= 2(1-M; sin(6))/sin(26)  (3)

of Fig. 5. The third harmonic was almost eliminated 0

resulting in a high power factor. Where: M— modulation indexM; =ispeak/| 0>
Without the feedforward control technique there is no — ) i

information about the output inductor current, so the Alo — parameterized current ripple.

modulation signal, obtained by the multiplication of “A”

: ) A ) In order to obtain the angl where the currents touch
and “B”, results in a sinusoidal signal.

each other in one point, (3) is derived and made equal to
l1l. THEORETICALANALYSIS zero, as shown in (4). Solving (4) algebraically the aégle

A. Output Inductor Current Ripple Limit is obtained as a function of the modulation index, as shown
In a Buck converter the output current is bigger than th# Fig. 11. The currents will touch in one point always

input current. The limit for the output inductor currentbetween 45and 96. Substituting the anglé, in (3) the

ripple is the one that guarantees that the output inductdaximum parameterized current ripple is obtained as a

current equals the input current in one point only, as showiinction of the modulation index, as shown in Fig 12.

in Fig. 9. Otherwise the input current will be distorted, as — _

shown in Fig. 10. Equation (1) and (2) define the inputd2le _ 2(-sin(20)m; Cos(e)_‘z(l";"iSed@)coize))):o (4)

current and output inductor current, respectively. do [sin(26) ]
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Fig. 13. Output characteristics without the feedforward control technique.
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Equation (7) presents the transfer function of the output
voltage versus the output inductor current. The voltage

O"/ controller, presented in Fig. 15, is a proportional integral
002  oa L 06 08 1 one, in order to ensure a null static error. Its transfer
Fig. 11. Angled; as a function of the modulation index. function is defined by (8)( )
2 AV R
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Fig. 12. Maximum parameterized current ripple as a function of the Fig. 15. Voltage controller.
modulation index.

IV. DESIGNMETHODOLOGY AND EXAMPLE

The average output voltage without the feedforward A simplified design procedure and example is described

control technique is represented by (5), and with thd! this section, according to the analysis presented in
feedforward control technique is represented by (6). The€ction lll. The specifications are as follows:

output characteristics are presented in Fig. 13 and 14. A§ye= 311V fine = 60HZ Bnon=1.5kW £ =30kHZ bnonm25A

can be noticed, with the feedforward control technique thg  —g5p  =750W |=12.5A V,=60V AV,=10%V,=6V
average output voltage is dependent on the output current
and without the feedforward control technique the averagg
output voltage is independent of the output current.

B. Output Characteristics

'The input current for nominal and minimum power and
e modulation index are calculated as follows:

_ 2P500m _ 2x1500_

_ Voava M. i = 9.65A
__%ag Mj Spea '
VO avg VSpeak - 2 (5) P knom VSpeak 311
. ) 2Py 2x 750
o v _ Omin _ —
Vo ag = oavg _ Vﬂ 6) 'speakin VSpeak 311 4824
VSpeak 21, i i
Speakhom _ Speakmin _ 9.65
— — M;: = = = =0.386
Where: Vi, =Vm/anaX » o =Rgn |0/VrTmax' I Ionom IOmin 25



The maximum parameterized current ripple is calculated 40

as shown bellow.

dAly _ d 1M, sin6)_ ,_ 0, = 50°
d do sin(26)
- 1- M; sin(6,) 1-0.386x sin(50°)

Al =2 ' Ul=2 =143%
omax [ sin(20;) J X[ sinf2x5¢°) ] ’

The maximum parameterized current ripple shall occur
in the minimum power, so the current ripple is calculated.

Alg = Alg X |

=143x125=179A

Omin

Once the output inductor current ripple and the output

voltage ripple are defined, the

capacitance Lare calculated.

inductanceg, hnd

| __ Ponom  _ 1500
° 2nfjneloAly 2xmx60x25x17.9
Al 17.8
T Anfne AV, 4xmx60x6
The capacitor £rms current is calculated as follows:
Alo _ 179 _ ¢330

i =20 _
Corms 2\/5 2\/5

The high frequency input filter {land G) is calculated
according to the following procedure.

fo =fs/10=3kHz= w. =18850rad's

=8.9mH

=3.93mF= 4.3mF

(o]

=10
V
Req=- Speak  _ 311=3224Q
ISpeanqom 65

Cf = ! = 1 = O.8],J,F

Req28W, 3224x2x1x18850
Li = 21 = 1 = 3.5mH

w2 C; 18850 x0.8u

. . . . . Cf = ZMF
Adjusting the filter by simulation:
L =1.4mH

The G(s) transfer function is calculated as shown

bellow.
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Fig. 16. Bode diagram of s), H,(s) and G(s) H(s).
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V. EXPERIMENTAL RESULTS

In order to verify the principle of operation and the
control strategy the designed prototype was built. The
inductance L was designed to have a current ripple a little
smaller than the output inductor current ripple limit. In
order to implement the feedforward, multiplying A and B
and dividing by C, two dedicated integrated circuit
UC3854 [4] were used, as shown in Fig. 17.

In Fig. 18 it is presented the complete diagram of the
implemented prototype. A passive non-dissipative snubber
[5] is used, as shown in the shadow areas of Fig. 18. The
inductor L is responsible for the “lagging effect” in the
reverse recovery of diodg,Dreducing the turn on losses of

switch §. The parameter and power component
specifications are as follows:
Vs=220Vms fine = 60Hz \, = 60V R=750W

Co =2 x (4.3mF/75V) €= 2uF/280V (polypropylen)

L = 1.4mH — 42 turns (2x14AWG) on 2.8cm FeSi core
(gap = 0.28mm)

Ls = 3.4u/H - 5 turns (15 x 19AWG) on EE30/7 core

Cs=100nF & IRG4PC50W : APT30D100BN

L, = 8.9mH - 63 turns (5 x 12AWG) on 6cm FeSi core
(gap = 0.24cm)

In Fig. 19 it is presented the input voltage and current
and the input current harmonic spectrum, with the

feedforward control technique. The total harmonic
distortion, considering up to the '6@omponent, is 5.39%

The pole occurs approximately in 126rad/sec. The voltaggnd the current phase displacement is °Lré8ulting in a
compensator zero shall occur near the pole so that thgywer factor of 0.998. The input voltage presented a total

cancel each other. Choosimy,; = 67kQ and R,, = 3%Q,
C,1 is calculated.

1

-1 _oamFs = 2200F
Y 126x33x10° v

The output voltage is sensored with a gain of 0.05.

)_ K l+SRV2 CVl

Hy(9)= kyg g3, 1+s137.74
svaCvl

s0.01474

=50x1

harmonic distortion of 2.87%. In Fig. 20 it is shown the
output inductor current and the input current. As expected,
the output inductor current ripple is a little smaller than the
output inductor current ripple limit.

The input voltage and current and the input current
harmonic spectrum, without the feedforward control
technique, are shown in Fig. 21. The power factor
decreased to 0.948 and the third harmonic is significant. In
Fig. 20 (c) and 21 (b) it is presented the modulation signal

The Bode diagram of @), H(s) and the open loop With and without the feedforward control strategy. It can
transfer function are presented in Fig. 16. The crossovée€ noticed that without the feedforward control technique

frequency is about 1.5Hz.

the modulation signal is sinusoidal, and with the



feedforward control technique there is a distortion due to
the output inductor current ripple, which eliminates the
input current distortion.

In Fig. 22 it is presented the input voltage and current
and the input current harmonic spectrum, with the
feedforward control technique a little beyond the output
inductor current ripple limit. The power factor decreased t0 | csgs51
0.994. The design shall be made to reach the output ‘ *****
inductor current ripple limit on a “critical power”. S
Therefore, for a power smaller than the critical, the input == Vo
current will be distorted as shown in Fig. 21, and fora |
power bigger than the critical, the power factor will be

. Fig. 17. Block diagram of the implemented prototype
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Fig. 18. Complete diagram of the implemented prototype.
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Fig. 19. Experimental results with the feedforward control technique: (a) Input voltage (100V/div.) and input current,(8#/gipyt current

harmonic spectrum.
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Fig. 21. Experimental results without the feedforwad control technique: (a) Input voltage (100V/div.) and input curren}, ()/aiwdulation signal
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Fig. 22. Experimental results with the feedforwad control technique beyond the output inductor current ripple limit: ajtémzu¢100V/div.) and
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