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Abstract: Magnetizing currents of a line-side interphase lour
transformer applied in three-phase twelve-pulse voltage bail DAl DAs Voure +
output type rectifiers are analyzed. Waveforms of the i ot
transformer voltages are derived. It is shown that fluxes
of the core limbs contain a significant zero-sequence
component, resulting in stray flux and high magnetizing
currents. Application of three single-phase cores is
proposed. The results are experimentally verified.
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1. INTRODUCTION

A magnetic device applied in the three-phase
twelve-pulse voltage output type rectifier showrFig. 1
is analyzed in this paper. The device is designhted
dotted rectangle in Fig. 1, and it is named lirdesi
interphase transformer [1]. Three-phase rectifadrshe
output voltage type are analyzed in [1-4]. They are V2 Vs Vm
characterized by a simple and robust construction, | L L
requiring only passive elements. Analysis of a
voltage-loaded six-pulse rectifier applying sinuksbi

DB2| DB4| DB6|
A a A

approximation is given in [5]. The analysis applies V2 v Vl_ -

the continuous conduction mode. In the case resisti Fig. 1. Therectifier
losses can be neglected, an exact solution foreittéeier

model is presented in [6]. The analyses of [5, & a 2. THE WAVEEORMS

extended for the twelve-pulse output voltage type

rectifiers in [7]. Experimental verification of the

sinusoidal approximation approach is given in [8]. 5

e : _ T

The line-side !nterphase fcransformer mpgt voltages v =V, sm(ax—(k—l)—j 1)

Vi s kD{l 2,3}, in the continuous conduction mode 3

have twelve-pulse waveforms, obtained as linedor kD{l 2, 3} . The voltage system does not contain the

combinations of the output voltages, and vg, . To zero-sequence component since

obtain proper twelve-pulse voltage waveforms, the v, +v, +v; =0. (2)

line-side interphase transformer turns ratio shdiddset The rectifier is connected to the mains as a thviee-

to p= (\/5—1)/2-~~ 0.366 [1]. The line-side interphase system, resulting in

transformer output currents aiig, and iy, while the . b+ =0 _ @) .

input currents are, , kD{l 2’3}. according to Kirchhoff's current law. The line-side

Goal of this paper is to determine magnetizing';merphase transformer input voltages are given by

It is assumed that the rectifier is supplied by an
undistorted symmetrical three-phase voltage system

currents of the line-side interphase transformeithia Vo =V — % 4)
continuous conduction mode of the rectifier, and to dt

analyze how does the transformer construction affec  According to (2) and (3), this provides

magnetizing currents. Vi + Vo, +V, =0 (5)



Table 1.Values of the rectifier output terminal voltages

DA, DByp Voutp Voutm
1 1 2 1
. EVOUT _EVOUT
T | 2 | 3-43 3
£, TVOUT - ?VOUT
2 1 J3 3-43
3 ?VOUT - TVOUT
2 2 1 2
EVOUT - EVOUT
'10 30 60 90 120 150 180 210 240 270 300 330 360 DAJP = DA. + D% + DI% (14)
wt [deg]
. . . . D =DA,+DA,+D 15
Fig. 2.Waveforms of i, (black), i,, (red), and ig, (blue) Ao A+ DA+ DA, (15)
DB, = DB, + DB, + DB, (16)

which is used to determing, ;, andvg;q, - and
It is assumed that capacitance of the filtering

capacitor is large, resulting in negligible outpaitage ) DBoy = DB, + DB, + DB?' ) (,17)
ripple. In that case, the output voltage In thg contlngous cqnductlon mode, in each diodkgler
V.o =v._ -y (6) and in each time point three diodes are conducting
. ouT OUTP OUT™ DAJP + DADN - 3 (18)
is assumed as constant.
The sinusoidal approximation [7, 8] assumes cusrengnd
of the inductors as sinusoidal, specified by DBy + DBy =3. (19)
. ) 27T Voltages of the line-side interphase transformer
he =l msin ax—qo—(k—l)? (") output terminals can take only two values,,» and

where | is the input current amplitude, ang is the Vournw » depending on the corresponding output current

phase |agg|ng of the input currents with regard taolanty In terms of the diode state funCtionSi,Sth
corresponding phase voltages. Values for both ef tiexpressed as

parameters are determined applying the sinusoidal Vac = DAy Voure + DAY Voumm (20)
approximation analysis [7, 8]. and

' Aqgordmg Lo the eq]yatmns 7th§1t .characterlze the Ve = DBy Voure + DByyVoury - (21)
ine-side interphase transformer [7, 8], its outpuirents The line-side interphase transformer input voltages

are given by are determined by (4) of [8]. Summing up the input
ﬂ—(k—l)z—ﬂj ®8) terminal voltages and applying (5), the first edquat

i =\/_3T2_1Imsin(a1—(o+

12 3 over Vg, andvgq, is obtained as
and ((2 - \/§)DAJP + (\/§ _1)DBJP)VOUTP +
I . N e
|Bk:T|msm a,t—qu—ﬁ—(k—l)? ) +12-+/3)DA,, + W3 -1DByy Noyru =0
2. . . ) _ while the second one is
Waveforms ofi, iy, andiy for ¢ =45° are given in Vour =Voure = Voum - (23)
Fig. 2. As already stated, in the continuous conductionenad

Polarity of the line-side interphase transformeipati  e4ch diode bridge, in each time point, three dicates
currentsi, andig, determine states of the diodes in the.onducting. As a consequence of Kirchhoff's current

diode bridges as law, all three of the conducting diodes cannot twenf
1ifi, >0 the upper diode group (odd indexed), neither fréwa t

DA ={O i <0 (10)  lower diode group (even indexed), meaning thatast
1 one diode in each group must be conducting. Thurs, f

Lifiy <O the two diode bridges there is a total of four flues

Poic = 0,if iy >0 =1-DAy, (11)  combinations for the numbers of conducting diodes,

summarized in Table 1. For each of the combinations
|1 ifig >0 there is a solution for the rectifier output teralin
DBya = 0, if iy, <0 (12) voltages, as given in Table 1. For the input cusen
assumed by (7), resulting waveforms of the output
o terminal voltages are given in Fig. 3.
DB. = 1if ig <0 -1-DB (13) After the rectifier output terminal voltages are
20, if ig >0 2k1 known, the line-side interphase transformer output

for kD{l 2, 3}. At this point, it is convenient to define terminal voltages are determined according to (@)

- . ) , (21), and the resulting waveforms far, and vg, are
auxiliary variables that contain numbers of conthgct shown in Fias.4 and 5 The line-side interohase
diodes in a certain diode group as wn in - Fgs. : Ine-sice interp

transformer output terminal voltages determineitipeit

and



voutm / Vout, voutp / Vout

Fig. 3.Waveforms of v (red) and v q, (blue)
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Fig. 4. Waveformof v,
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Fig. 6. Waveformof vy,

Fig. 7.Equivalent magnetic circuit for the line-side
interphase transformer core
terminal voltages according to (4) of [8], and the
resulting waveform ofv;, is shown in Fig. 6, which is
used in [7, 8] to complete the sinusoidal approxiom
based analysis.

3.MAGNETIZING CURRENTS
Let us assume that the line-side interphase
transformer is wound around a three-phase threle-lim
core that can be modeled by an equivalent magnetic
circuit shown in Fig. 7. Limb reluctance is reprmsel
by R, while the leakage air reluctance is represenyed b

R, In practice, R, >>R_. Perfect coupling is
assumed. The limb fluxes®, are generated by
magnetomotove forces, , kD{l 2, 3}. It is assumed

that the magnetizing current is associated to tinelings
with the normalized number of turns equal to 1lpalt
number of turns being. Thus, the voltages across the
magnetizing windings are

Vvk = Yk ~ Vi (24)
for k D{l 2, 3}. It is convenient to express the

magnetizing voltages in terms ofv,, and vy,
determined by (20) and (21) as
— Va T Ve

vy, = 25

"= (25)

Voltages across the transformer windings are
obtained as time derivatives of the correspondin |
fluxes ®, multiplied by the corresponding number of

turns of the winding, according to Faraday’s lawr the
magnetizing windings, this results in
V., = n&
Mk dt .
Waveforms of all three of the magnetizing voltages
depicted in Fig. 8. These waveforms result in tingbl
fluxes shown in Fig. 9, being determined applyi@§)(
The system of magnetizing voltages contains sicgmifi
zero-sequence component, shown in Fig. 10.
Conservation of flux yields
P, =D, +D, +P, (27)
resulting in a significant stray flux with the wdeem
shown in Fig. 11. SinceR, <<R_,, magnetomotive

force drop acrossR, reluctances is negligible in
correspondence to the magnetomotive force dropsacro
R,o- In this manner, the magnetomotive forces required
to magnetize the core are obtained as
FL=F,=F=R,®,.

(26)

(28)
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Fig. 8.Voltages across the magnetizing windings

vm1 / Vout

vm2 / Vout

vm3 / Vout

0.15

0.1
0.05
0
-0.05
-0.1

-0.15

flux1 / (Vout / w)

0 30 60 90 120 150 180 210 240 270 300 330 360

0.15

0.1
0.05
0
-0.05
-0.1

-0.15

flux2 / (Vout / w)

0 30 60 90 120 150 180 210 240 270 300 330 360

0.15

0.1
0.05
0
-0.05
-0.1

-0.15

flux3 / (Vout / w)

0O 30 60 9 120 150 180 210 240 270 300 330 360
wt [deg]

Fig. 9. Waveforms of the limb fluxes
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Fig. 10.Zero sequence of the voltages across the
magnetizing windings
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Fig. 11.Waveform of the stray flux

The magnetomotive forces are obtained as a praafuct
the magnetizing current and the number of turnshef
magnetizing winding,

Fe =Niyy - (29)
Taking the time derivative of (28) yields
dF, do,
—= . 30
prals (30)

Substituting (26), (27) and (29) into (30) provides

d('jl\;:lk =L, VM1+VI\:/I-32+VM3 (31)
where
Lo = 3% (32)

is the zero sequence magnetizing inductance.
According to (31), all three of the magnetizing

currents have the same waveform, proportional ® th

waveform of @, given in Fig. 11, but with the amplitude

equal to

Immax: L m N RmO VOUT . (33)
6(3+\/§) n w
To reduce the magnetizing curren®®,, should be
reduced as much as possible. This may be achieved

applying five-limb core, core of the shell type, or
applying three single-phase cores.

4. VA RATING OF THE LINE-SIDE INTERPHASE
TRANSFORMER
After the voltages and currents of the line-side
interphase transformer are known, its VA rating tan
determined. According to [9], in the case three
single-phase cores are applied the VA rating oheace

IS
6+3V2-/6
Sy = Wﬂ Pur = 445% P, ;. (34)

5.EXPERIMENTAL RESULTS

To verify the results, two rectifier models weredeaa
one using the line-side interphase transformer \aith
three-phase core, and the other one with three
single-phase cores. The rectifiers were operatetth wi
V., =32V, and the diagrams were recorded at

lour =5A where the three-phase core provided

Vour =20V, while the version with single-phase cores

providedV,,; =27V, indicating increased efficiency.
Waveforms ofi,, Vy, i, andv,, are shown in

Fig. 12 for the three-phase core version, while tfo
single-phase version the same waveforms are given i
Fig. 13. The waveforms of,, andv,, are in agreement
with the predictions of Fig. 4, except for the ktig
curving caused by the resistive voltage drop on the
windings, pronounced in the three-phase version.
Currentsi, andi,, are distorted in the three-phase

case. Waveforms offy +i,, +i, andig, +ig, +ig, that

contain the waveform of the magnetizing currents,
accompanied by the waveforms ef,, and v,,, are

shown in Figs. 143® version) and 153x1® version).
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Comparing the waveforms, it is concluded that ie th
three-phase version the magnetizing currents ahécesl
for about 27 times, resulting in reduced ringingreats
and losses. The waveforms @f, andv,,, are distorted

in comparison to the prediction of Fig. 8 for tksistive
voltage drop across the windings, not included hia t
analysis. However, the analytical approach sucuabgsf
predicted relevant behavior.

6. CONCLUSIONS

Magnetizing currents of the line-side interphase
transformer are analyzed in the paper. Wavefornthef
transformer voltages are derived assuming sinukoida
input currents. From the transformer voltage wanef)
the limb fluxes are determined. It is shown that fllaixes
of the core limbs contain a significant zero-seaqaen
component, resulting in stray flux and high magrneg
currents. To control the stray flux and to redube t
magnetizing currents, either five-limb core, shgfle
core, or three single-phase cores should be applied
Application of three single-phase cores is expenitaiéy
verified as an appropriate solution.
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