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Analysis and Harmonics Suppression of Input Current in a
Three-Phase Single-Stage Full-Bridge PFC Converter

Abstract. In this paper, the quality of input current waveforms was investigated for a three-phase single-stage full-bridge power factor correction
(PFC) converter, which operates in DCM mode. The three-phase input current expression of the PFC converter was derived, and the parameter
which can determine the input harmonics current was analyzed in details. Based on them, the method of sixth order harmonics injection was
adopted in the control circuit to suppress its input harmonics current. Finally, computer simulation and experimental results prove the validity of the
analysis in this paper.

Streszczenie. Zbadano jako$¢ ksztattu pradu wejsciowego tréjfazowego petnomostkowgo uktadu korekcji wspotczynnika mocy PFC pracujgcego w
trybie DCM. Analizowano parametry wptywajgce na zawarto$¢ harmonicznych tego pradu. Zaproponowano uktad wstrzykiwania harmonicznych w
celu poprawy jako$ci pradu. (Analiza i ttumienie harmonicznych pradu wejsciowego tréjfazowego pefnomostkowego przeksztaftnika PFC)
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Introduction

To comply with the international standards, such as IEC
555-2, high power quality achievement with low harmonic
current and high power factor is increasing required in the
power supply systems. Power factor correction (PFC)
technique is a most effective method to reduce harmonic
current and increase power factor [1-5]. There are two kinds
of PFC due to the different circuit structures: two-stage and
single-stage approaches. Compared with two-stage PFC,
single-stage PFC has the advantages such as high
efficiency, simplicity and low cost. At present, single-stage
PFC is an important researching orientation of PFC
techniques [6-8].

The isolated full-bridge boost topology is attractive in
applications such as isolated DC/DC converter, single-
phase and three-phase single-stage PFC, because: (1) it
can realize electrical isolation between input and output
sides and output voltage regulation, (2) achieve soft-
switching for all switches, and (3) avoid short-through
problem of the bridge legs switches [9, 10]. While the main
drawbacks of the topology are: (1) due to the existing of the
transformer leakage inductance, there is a voltage spike
across each bridge leg switch, (2) an additional starting-up
circuit is required to establish an initial output voltage [11,
12]. To solve these drawbacks, a number of techniques
have been proposed. In an effort to suppress the voltage
spike across the bridge leg switches, a method based on
active clamp technique is introduced in [13-16], a passive
clamping technique is proposed in [17], and two passive
snubber method are proposed in [18, 19] respectively. For
the starting problem, a flyback winding is coupled with boost
inductor to realize starting-up of the DC/DC converter in [12,
20, 21], and two starting method based on flyback mode are
presented for three-phase PFC in [22, 23] respectively.

In this paper, aiming at a three-phase single-stage PFC
converter based on isolated full-bridge boost topology and
active clamping technique, the problems of input current
analysis and harmonics suppression are investigated, and
the validity of the analysis is proved by computer simulation
and experimental results.

PFC converter and its basic principle

The PFC converter with active clamping circuit is shown
in Fig.1, where the active clamping circuit that made up of
Sc and Cc is to suppress the voltage spike. The driving
signal of each switch is shown in Fig.2, where duty cycle of
switches S-S is fixed at 50%, the switching state of S4, Sz
is contrary to that of Sz, S4 respectively, and the switching

phase between S or S3 and S, or S4 can be controlled. The
switch Sc opens when the bridge diagonal leg switches (S1,
S4 or Sy, S3) are turning on, and the dead time {41, 42 are
used to avoid that Sc opens when the bridge leg switches
are shorted (S1, S, or S3, Sy are turning on).
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Fig.1 The PFC converter with active clamping circuit
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Fig.2 Driving signal of each switch

The converter operates in discontinuous current mode
(DCM). When the bridge leg switches are shorted, the boost
inductors L,, L, L. are charged by three-phase input
source, and their current i a, ib, iLc increases from zero
almost linearly. When the bridge diagonal leg switches turn
on, the output current is provided by both three-phase input
source and boost inductors, and i, iLb, iLc decreases. It can
be seen that the process above is repeated periodically, the
discontinuous current ia, ib, iic follow envelopes which is
proportional to the respective phase voltage, so PFC and
AC/DC conversion can be achieved.

Analysis of input current

To simplify the analysis, the following calculation is
during the time Oswit<m/6, where upn<0<uan<ucn (Uan, Ubn, Ucn
are the phase voltage of three-phase input source). The
converter operates in DCM, so there are four stages in each
charging period T of the boost inductors L,, Ly, Lc.. The
waveforms of iia, i, iic during one charging period are
shown in Fig.3.
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Fig.3 Waveforms of iia, iis, i.c during one charging period

Stage 1 (fo~t1): The bridge leg switches are shorted, i,
iLb, fLc increases from zero and the output current is
provided by the capacitor C alone. In this stage, the
following relationship can be obtained:

di, di u
u, —L—(’; +L (’; =uy, | @O =" (1)
di di u
1) uC“—L%+L%:ubn:> i, () = Z (t—1,)
u, +u, +u, =0 . u,,
an n cn 1) = t—t
i, +iy +i, =0 hel) =" (0=1)

where, La=Lpy=L=L.

Stage 2 (ti~fz): The bridge diagonal leg switches are
turning on, iia, i, iLc begin to decrease and the output
current is provided by both the three-phase input source
and the boost inductors L, Ly, Lc. In this stage, the following
relationship can be obtained:

di di
u, —L U L =y
dt dr
. _pdhe U, +L =y =
dr

@)
R e
i (1) =“%(t1 —t0)+2nl]°3%(t—tl)
()= 1) -T2 e )

Where U, is the output voltage of the PFC converter and n
is the voltage ratio of the transformer T.

Stage 3 (f>~t3): The switching mode is the same as that
of stage 2. In this stage, the current of the phase which is
minimum among three-phase reduces to zero, in other
words i ,=0. So the following relationship can be obtained in
this stage:

d; d;
u, —L ch—nU +L lLb:ub
cn o dt n:>
i, +ip, =0
(3)
i, (0)=0
. . uy, +nU, —u,
iy () = =iy, =————=(t=t,)+ 1,

2L

where /br=i|_b(t2).
Stage 4 (f3~T): In this stage, iLa, iib, iLc reduces to zero
and the output current is provided by the capacitor C alone.
Here we define: ton=t1-fp is the time that the bridge leg
switches are shorted and the boost inductors are charged,

toi1=to-t1, toro=t3-f2 are the time that the bridge diagonal leg
switches are turning on and the boost inductors are
discharged. So the duty cycle of this PFC converter can be
defined:

t
4 D="n
) T

From (2), tofr1, Ior, Ior can be calculated:

3u
5 fy = ——= DT
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Where I=ii o(2).
From (3) and (6), {1 can be calculated:
=2LI,,

(7) bp=——————
1 u, +nU —u,,

From Fig.3, the relationships of iia, i, iLc Can be
obtained:

T I
(8) J‘O iLadt = La; : (ton +toff1)
T Iiyoe I T 1oy I
(9 ,[0 iydt = Lbzp - lon = k2 : Lottt +%tofﬂ
T 1. I 1 I
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where [Lapeak, ILbpeak, ILcpeak are the peak value of iia, i, fc
during one charing period of the boost inductors, which can
be calculated as:

Lapeak — L an

(11) L =21,

Lbpeak L n

t
_ ‘on
I Lepeak L Ue,

So from (8), the mean value of i, during one charging
period of the boost inductors can be calculated:

D*TnU, sin wt
2L \3M —3sin ot

(12)

Laavg =

In (12), M is the voltage ratio of the converter, which is
defined as:
(13) M =nU, /\BU
where U is the maximum value of uan, Upn, Ucn.

The charging frequency of of the boost inductors Lg, Ly,
L. is much higher than the frequency of the three-phase
input source, so we can use the mean value of i, during
one charging period as shown in (12) as the instantaneous
value of i, during the time O<wt<m/6. Analogously, the
instantaneous value of i, during the time m/6swt<m/3 and
m/3swt<m/2 can be calculated from (9) and (10). So the
instantaneous value of i 4 during the time O<wit<n/2 can be
calculated.
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While, in the time other than 0swt<m/2, the exppression
of i, are similar to that in OSwt<m/2, so we ignore them here.
From (14), we can see that as the voltage ratio M increases,
the quality of the input current will be increase. As shown in
(15), when M became infinity, the input current will be
normal sinusoidal.

2

DT
()=
5] 2L

(15) lim i U sin wt
M —o0 La[0.

Harmonics suppression of input current

The PFC converter in Fig.1 is with three-phase three-
wire input, so the order of its input current harmonics is
6k+1 (k is natural number), namely, the main orders of
harmonics are: 5, 7, 11, 13, 17, 19. From (15), we can see
that the power factor (PF) will increase and the total
harmonic distortion (THD) will decrease as the voltage ratio
M increases. However, the voltage stress of each switch will
be increasing when M increases, so this method can not be
adopted. The method of sixth order harmonics injection has
been studied in the three-phase single-switch PFC
converter [24-26], and it is also suitable for the PFC
converter in Fig.1. So it can be adopted and analyzed.

Expression of the duty cycle after a sixth order harmonic
being injected in the control circuit is:

(16) D) = D{l+msin(6a)t+3?n)}

where m is the modulation ratio, and 0<m<1.

Generally, the content of 5th order harmonic is larger
than others, so the three-phase input current can be
approximated as:

i, =1 sinot + I, sin(Swt + )

(17) i, =1, sin(ot —2?“)-!— I, sin(Sot —g)

4 s
ii, =1, sin(wt ——) + I, sin(Swt +—)
3 3

where [y is the fundamental current and /5 is the 5th

harmonic current.
From (14) and (16), after fourier analysis, we can get
approximately:

(18)

ii, =1 sinwt + (I, —ml ) sin(Swt + m) —ml, sin 7wt

) . 2n . T . 2n
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. 4n ) s ) 4n
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From (18), we can see that: after a sixth order harmonic
being injected in the control circuit, the content of 5th order
harmonic decreases and the content of 7th order harmonic
increases. The THD is calculated from (17) and (18)
respectively, and we can see that: after a sixth order
harmonic being injected in the control circuit, the THD of the
PFC converter is decreasing obviously, as shown in (19).

THD = \/(]5 _’"11[)22'+'(’"11)2 <§_5
1 1

(19)

Fig.4 is the typical circuit of sixth order harmonics
injection, and Fig.5 shows the waveforms of Uy and Ui
The harmonics injection signal Uiy is injected into the PWM
controller of the PFC converter, and the duty cycle can be
regulated to suppress the 5th harmonic current. In fact, the
variable of duty cycle d(t) is proportional to Uy, so during
one line cycle, the duty cycle can be expressed as:

(20) D(t)=D[1+d(1)]

After fourier analysis, the periodic function d(t) can be

expressed as:

(21) d(t)= imk cos(6kwt)

Where my is the modulation ratio of 6kth harmonic current.

—

PN N

Uy—

Upy——

U

Uy

L]inj

Fig.5 Waveforms of Uy

g 9

d Ui nj

From (21), we can see that the injection signal contains
the 6kth harmonics components. From the analysis above,
it can be seen that the content of 6k+1th harmonics current
can be improved with the 6kth harmonics signal injection.

Simulation and Experiment

Computer simulation and prototype experiment are
carried out to verify the analysis in this paper, where
La=Ly=Lc=76pH, Cc=4pF, C=1000uF, n=2, the switching
frequency of S¢-S4 is 20kHz. Fig.6-Fig.9 show the
simulation results and Fig.10-Fig.12 show the experimental
results.

Fig.6 shows three-phase input current waveforms, we
can see that the PFC converter operates in DCM, and the
peak of its input current is sinusoidal.
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Fig. 6 Simulation results of three-phase input current

Fig.7 shows the harmonics analysis of input current, and

it shows that the main order of harmonics is: 5, 7, 11, 13, 17,

19. Fig.8 and Fig.9 show that the power factor (PF) of the
PFC converter will increase and its total harmonics
distortion (THD) will decrease as the voltage ratio M
increase, which verifies the analysis above.
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Fig.10 Waveforms of Input voltage and current of phase A

Fig.10 shows the input voltage and current waveforms
of phase A. We can see that the discontinuous input current

follow envelopes which is proportional to the respective
voltage.

Fig.11 is the waveform of Ui, which is the injection
signal. Fig.12 gives the experimental results of the 5th and
7th harmonics current content in the input current. We can
see that: after the method of sixth order harmonics injection
is adopted, the content of 5th harmonic in input current is
suppressed obviously and the total harmonics distortion
(THD) also decreases, which verifies the analysis above.
From the simulation results, we can see that compared to
the content of 5th and 7th harmonics, the content of other
orders harmonics is very small, so their influence on the
THD of the input side can be neglected.
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Fig.12 Comparation of input current harmonics before and after
harmonics injection

Conclusions

Analysis and harmonics suppression of input current in
a three-phase single-stage PFC converter is investigated in
this paper. The three-phase input current expression of the
PFC converter is derived in details, through which it
concludes that the voltage ratio M can determine the quality
of the input current waveforms. After harmonics analysis of
the input current, the method of sixth order harmonics
injection is adopted to suppress the input harmonics current
of the PFC converter. Through 6kth harmonics signal being
injected into the duty cycle of the PFC converter, the
content of 6k+1th harmonics current can be improved
efficiently. Finally, simulation and experiment results verify
the analysis of this paper.
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