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A New High-Power-Factor Three-Phase AC-DC
Converter: Analysis, Design, and Experimentation

Carlos A. Muioz, Member, IEEE,and Ivo Barbi,Senior Member, |IEEE

Abstract—This paper proposes a new high-power-factor three-
phase ac—dc converter, which is composed of a line interphase YV, ég 23
transformer (LIT) and two three-phase diode rectifiers, followed ST
by a pulsewidth modulation (PWM) dc—dc boost converter.

The active switch of the boost converter is gated at a constant
frequency such that the ac input current is discontinuous. This
procedure provides an input current shaping without the third,
fifth, and seventh harmonics. The currents that flow through the
LIT and boost inductors have such a high-switching frequency S
that ferrite cores with a small size can be utilized. XL %s %S 7—%

In addition, the output voltage is regulated by PWM to com-
pensate for line voltage variations and load change. Fig. 1. High-power-factor three-phase diode rectifier proposed in [1].

Theoretical analysis, design procedure and example, along with
experimental results taken from a 6-kW laboratory prototype are
given.
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Index Terms—AC-DC converter, harmonics, line interphase
transformer, power factor correction.

I. INTRODUCTION

NE OF THE most important research topics in power
electronics at the present time is the power factor (PF)
correction of three-phase diode rectifiers with capacitive output
filters. This kind of rectifier is mostly utilized in industrial and Input Filter | Line Inter phase
commercial applications for economic reasons. The technique l I Transformer |
proposed in [1] and shown in Fig. 1 (six-pulse rectifier) is verly, ) ) - )
simple because it uses only one active switch, with no actim@tﬁ' High-power-factor three-phase diode rectifier using the LIT proposed
control of the current. It is one of the most popular techniques
discussed in the literature due to its simplicity. Thanks to the . _
discontinuous inductor current mode, a sinusoidal input currd€ interphase transformers are relatively large because they
shaping is achieved in this circuit. operate at the line frequency. , _

Two main drawbacks of the converter mentioned above!N this paper, we propose a technique that benefits from
have been identified, namely, excessive output voltage di§ Pest features of the two mentioned circuits. Details of
the presence of fifth harmonics in the line current. the t_heore_tlcal anaIyS|_s, togeth_er with experimental results, are

A less known but not less important power-factor-correctigifovided in the following sections.
technique, suitable for high-power application, was proposed
in [2] and is represented in Fig. 2 (12-pulse rectifier). This Il. THE PROPOSEDCIRCUIT
technique is simple, offers high reliability, and, most impor- The proposed circuit [3] is shown in Fig. 3. It is formed by
tant, has been used successfully in many industrial appligaree boost inductorsZy), three line interphase transformers
tions. (LIT's) [2], two three-phase diode rectifier&{ and R;), and

Three problems exist with this converter: the output voltage pulsewidth modulation (PWM) dc—dc boost converter. A
is not controlled, it is too low for most applications, and thénree-phase high-frequency input filter is placed between the

ower main supply and boost inductors.
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Fig. 3. The proposed circuit.
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Fig. 4. Topological stages fdi°® < 6 < 15° when: (a) switchS is closed, (b) switchS is opened, first power transfer stage, and (c) swifclis
opened, second power transfer stage.

Noty =N, + Ny (1b) In a 12-pulse rectifier system, the lowest order input current

harmonics are the eleventh and thirteenth, with a balanced

The order of the harmonics of the line current that igput voltage source. Obviously, the input current harmonics
generated by a line-commutated converter can be calculafiéth and seventh are theoretically eliminated.

by The boost converter operates at constant and high frequency,
such that the currents through are discontinuous. These
n=k-p+t1 (2) discontinuous currents also circulate through the LIT. There-
fore, the bulky low-frequency LIT used in the classic 12-pulse
where rectifier system can be replaced with a ferrite core LIT, with
n order of harmonics; a significant size reduction.
p number of pulses; Nonideal operating conditions, such as input voltage unbal-

E 1,2,3 - ance, input voltage distortion, inequality among the transform-



92 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 14, NO. 1, JANUARY 1999

ers that form the high-frequency LIT, and the LIT magnetizing L
current component, prevent the complete elimination of the [N g
harmonics fifth and seventh. However, as it will be experi- L
mentally demonstrated in Section VI of this paper, they are e
very small. L
By W
() (b)
[ll. PRINCIPLE OF OPERATION v
In order to simplify the analysis, the following is assumed. L N, 0
« The switching frequency is much higher than the line l—f\nﬁ‘“——_— C
frequency. LN, 0
* The semiconductors are ideal. '_’L = ;{}0— EEI H
* The transformers have negligible magnetizing currents. | Ry
¢ The high-frequency input filter is removed.

« The output circuit has a large capacitor.
« The phase sequence is positive (abc).

The phase voltages are given by

(© (d)

Fig. 5. Equivalent circuit fo0° < 8 < 15° when: (a) switchS is closed,
(b) switch S is opened, first power transfer stage, (c) switthis opened,
second power transfer stage, and (d) zero inductor currents.

Ve = Vi, Sin(wt) (32)
vy = Vpr Sin(wt — 120°) (3b)  switching frequency, respectively,
Ve = Vi Sin(wt 4+ 120°). (30) Ik = % Ton. ()

The operation of the converter is cyclically repeated every The equivalent circuit of the first stage is the same for
30°. Therefore, its operation can be completely characterizafl the topological combinations, while the corresponding
once the interval from Oto 3(° is described. instantaneous phase voltage may differ. Therefore, the final

In the interval from O to 15, the polarities of the input current of this stage has a sinusoidal envelop as shown in
voltages remain unchanged, as shown in Fig. 4. Fig. 8.

The topological stages along a switching period inside thisWith a small high-frequency input filter, the input current
interval are described as follows. becomes a practically sinusoidal waveform with only small

1) First Stage—Energy Storage, Fig. 4(alduring this eleventh and thirteenth harmonic current components.
stage the switcly is kept closed. The LIT secondary windings
are short circuited by the rectifieds, and R, and the boost V. RELEVANT ANALYSIS RESULTS

inductor currents rise linearly. The equivalent circuit is shown . . . .
y q An analysis was made using an equivalent single-phase

in Fig. 5(a). A - o ~ 4ko S

2) Second Stage—First Power Transfer Stage, Fig. 4(q I:r(i:uig fgr wﬁ e(;;mcal situation and = 15°, which is shown
During this second stage, the switshis kept off. Due to the T
presence of the LIT, the current, continues rising linearly Vi (2+ \/3) V. 5
while the currentg, and:y_ start decreasing linearly. This o~ 6 © (°a)
stage ends at the instant that the current through the winding (\/6 + \/5)
N, reaches zero. The equivalent circuit is shown in Fig. 5(b). Vi = 5 ek (Sb)

3) Third Stage—Second Power Transfer Stage, Fig. 4(c):.|.he voltage ratio is defined as
During this stage, the currents through the boost inductors de-

crease linearly and reach zero simultaneously. The equivalent 8= & (6)
circuit is shown in Fig. 5(c). Vi
4) Fourth Stage—Zero Inductor Currents, Fig. 5(d)fter The output current is given by
the currents become null in the boost inductors, all rectifiers are 243 Vi 1
blocked and the load is supplied only by the output capacitor. Io = 2 @)

Fig. 5 shows the equivalent circuits for each ideal case 8 fs-L 0.7894 — 1

Fig. 7 shows the typical instantaneous currents for the bog@?ere
inductors from 0 to 15°. For 15° < # < 30°, a similar op-
eration will occur with basically the same equivalent circuits.

The only equivalent circuit difference occurs in the first powel7,, rms value of the line-to-line voltage;
transfer stage, which is presented in Fig. 6. All currents sta¥{, output voltage;
decreasing linearly. A% peak phase input voltage;
The final currents at the end of the first stage can bk line boost inductor;
expressed by (4), whergiy and I, are the instantaneous fs switching frequency;

input phase voltage and the peak boost inductor current at the duty cycle
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Fig. 6. (a) Topological circuit at the first power transfer stageifo? < 6 < 30° and (b) equivalent circuit.
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Fig. 10. Output characteristics.
Fig. 8. Boost inductor current at the line frequency. The boost inductor peak current, or the switch peak current,
can be obtained by
- . v
and normalizing one obtains Ly = 0.816 - - LL D s, (10)
- Is
- 1
Io=D"—"—— (8a) To help the design, the normalized current stresses are
0.7895 — 1 L i .
- ) indicated in Figs. 11-13, respectively.
8= ﬂ (8b) The other current stresses can be obtained using the follow-
0.789 - Io ing expressions.

By analytical and numerical approaches, the most relevant Q\Zfsrage diode current in each diode of the bridge recti-

curves representing the behavior of the output characteristics
are shown in Fig. 10. They represent the output voltage versus Ippm =0.166 - (Io + Ism). (12)
the output current, taking the duty cycle as a parameter.

To ensure the discontinuous current mode (DCM) operation,
the storage inductal. must be lower thalpc, given by Iper =0.732 Igcs. (12)

* The rms boost inductor current

V2on o - * The peak voltage across the switch

(9)

LDCM =038 —— - I,
/3 -Po- fS VRRM = V(). (13)
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Fig. 11. Total normalized rms output current before the principal switch.
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Fig. 12. Normalized average switch current.
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Fig. 13. Normalized rms switch current.

The LIT number of turns can by obtained as follows.
1) Total secondary number of turns

(1 — D max) - Vo - 10*

Nr =
r B-fs-Bm- Ae

(14)
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Fig. 14. Total harmonic distortion obtained by numerical analysis.
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Fig. 15. Power factor obtained by numerical analysis.

where
Bm =maximum magnetic flux density
Ae =core area

2) Primary number of turns

N, =0.155- Np. (15)
3) First secondary number of turns

N, = 0.423 - Nr. (16)

Other relevant analysis results concern the PF and the total
harmonic distortion (THD). For a sinusoidal input voltage, the
PF, before the input filter, is expressed by

Cos (/)(1)

PF= —— (17a)
v/1+THD?
2.1
2
THD = —+—. (17b)

I

For passive rectifiers th&€os¢ is unity. The THD is
obtained by a numerical approach, as shown in Fig. 14. Those
characteristics (Figs. 14 and 15) show that the PF is higher
than 0.996 forg > 1.5 and the THD is very low.
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Fig. 16. Regenerative snubber.

3 -
032 0O ~ Experimental | 1
ﬂ \\0\ \g 025 X values  \ 1.5 2 2.5 ﬂ 3
2.8 D= 021 o |~ !
WMEE
2.6 \ \ :
2.4

2.2

2 \ K\"{ \gb\ 732 1/ > °°‘y
N N 8

Fig. 18. Total harmonic distortion.
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V. DESIGN PROCEDURE B

A

simple design procedure is presented for the proposEd. 19. Power factor.

topology. An example is given for the following specifications:

1)

2)

3)

4)

Vir =220 V (60 Hz) Vo = 400 V Figs. 11-13. Therefore

Po=6000W 7=09 fs=26kHz Irep =11 Iser =09 Lsm =045
Ire; =255 A Isep =135 A I, =6.75 A
With 3 given in (6) (in Fig. 10), the normalized output Irey =186 A Ippm =3.61 A.
current and the maximum duty cycleD(max), are 5) The maximum blocking voltage of the semiconductors,
obtained. Therefore is given by (14)
=181 Ip =020 D max=0.3. Verrm =400 V.

6) By selecting a THORNTON'S E65/36 IP6 core, and by
using (14)—(16), the number of turns are calculated. The
obtained number of turns are

Nr=45 Ny=19 N,=T.

With the output power, normalized output current and
efficiency given, the maximum inductaL) that ensures
DCM operation can be obtained by using (9). Therefore

L=376uH Io=15A.
The LIT is formed by 12 E65/36 ferrite cores with a total
With the established inductor value, the peak switaheight of 10 kg, while the LIT weight for low-frequency
current is given by (10). Therefore operation was 32 kg.

1. =545 A.
pk = 9% VI. EXPERIMENTAL RESULT

With D max and the output current established, the A laboratory prototype has been set up with the parameters
current stresses can be obtained from (11) to (13) aadd specifications obtained in Section V. The value used for
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Fig. 20. Experimental line current and phase voltage. Fig. 23. Experimental input and output current in the LIT.
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Fig. 24. Experimental efficiency.
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» - and seventh harmonics in the input current are reduced. The
// I eleventh harmonic amount is equal to 5% of harmonic dis-
\v” tortion. The little low-frequency distortion<(11th harmonic)

] which can be seen is caused by the preexistent voltage line
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Fig. 22. Switch voltage and current.

distortion.

Fig. 22 shows that the snubber circuit operation provides
soft commutation for the IGBT.

Fig. 23 shows the displacement between inpii) (and

output ({g) LIT current, and Fig. 24 shows the efficiency for

the boost inductor i€ = 24 ;H, taking into account the trans-

former’s leakage inductance and the necessary demagnetizing

time. The output capacitor i€, = 3200 uF.
The selected semiconductors are

a large load range.

VIl. CONCLUSIONS

From the theoretical and experimental studies presented in

diode bridge rectifie~ MUR1550
output diode— 2 x MUR1550 .
main switch— 2 x IRGPC50U (IGBT)

Due to the turn-off losses of insulated gate bipolar tran-
sistors (IGBT’s), it is necessary to apply soft switching to
obtain the expected power. Fig. 16. presents a passive circuif
to attenuate the turn-off losses. It is a regenerative snubber
for the principal switch. A complete study of this snubber
can be found in [4]. This circuit is very robust as it does not
have any auxiliary active switch. Experimental results from a
6-kW 400-V prototype are shown in Figs. 17-23. From thd1]
laboratory prototype, the estimated limit on the magnetizing
current to achieve DCM operation is shown in Fig. 17. 2]

Figs. 18 and 19 show the graphical comparison between
analytical and experimental values. In these figures, all th
continuous lines are analytical values. These results verify the
analytical approach. 4]

Figs. 20 and 21 verify the predicted behavior and indicate
that a PF of 0.998 and a THD of 6% have been obtained for

this paper, we draw the following conclusions.

The theoretical analysis and the design methodology have
both been experimentally verified.

The proposed technique is suitable for many commercial
and industrial applications, such as conventional and
uninterruptible power supplies.

The design guidelines provide a simple procedure for the
selection of components.
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