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Abstract: Experimental verification of the sinusoidal
approximation approach in analysis of three-phas
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twelve-pulse output voltage type rectifiers is prasd in ’ DA PR A% o

the paper. The rectifier operating parameters A

dependence of the output voltage on the outputeatirr Voo lc v
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the output power, the power factor, and the efficie
are determined applying sinusoidal approximatioheT
analytical predictions are verified on a low-powet
experimental rectifier model.
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1. INTRODUCTION

In this paper, suitability of the sinusoidal
approximation approach in modeling of the rectifie
presented in Fig. 1 is analyzed. The rectifier gf. E is
proposed in [1], and it consists of three couplin
inductors, a line-side interphase transformer, tiade
bridges, and a filtering capacitor. The line-sidi L L L
interphase transformer splits the input currents ai
provides equal load sharing between the diode bsidg
Besides, it provides appropriate phase shift tamfor . -
twelve-pulse voltages’, , V;,, and v;, on the basis of Fig. 1.The rectifie
Va» Vaos Vas: Vers Ve, and Vg,. The twelve-pulse the case resistive losses in the rectifier candggested,

there is a closed-fom analytical solution that cevihe
voltages Vi, Vi, ar_1d Vig are connef:ted_to the rectifier behavior, having the same computation
three-phase power line by the coupling inductorgomplexity as the sinusoidal approximation based
Current filtering at the output side of the reetifis not  so|ution of [5]. However, resistive losses, i.erreat
required, causing the rectifier to be of the outynltage  gependent losses, cannot be covered by such solutio
type. Actually, the current flowing to the filtedn An extension of [6] is given in [7], where a closiedm
capacitor and the load contains very low ripplee Thsolution of the rectifier of Fig. 1, is given fohe
rectifier is simple and does not require any cdltb continuous conduction mode, as well as the solution
switches, neither the high frequency switching. Shupased on the sinusoidal approximation. Comparison o
related electromagnetic interference issues, ise®a the solutions is provided, indicating that the eliéince
losses, and reduced reliability are avoided. between the exact and the sinusoidal approximation

The basic structure proposed in [1] is extended igased solution is lower than in the case of thepsize
[2, 3] to provide 18-pulse operation and the re¥dlsw  rectifier, due to the twelve-pulse operation andisth
of energy in the recuperation mode. An extension t&duced harmonic content of the rectifier voltages!
24-pulse operation and detailed analysis of théfi&C cyrrents at the AC side. Again, the exact and the
are given in [4]. Although the rectifier structuis sjnuysoidal approximation based solution have theesa
simple, it is hard to analyze it. In [5], sinusdidacomputational complexity. Unfortunatelly, the exact
approximation approach is applied to analyze si&®u solution cannot take account of resistive losses,
output voltage type rectifiers while they operatethe dependent on the rectifier currents. In the arearevthis
continuous conduction mode. In [6], it is shownttlta type of losses is relevant, sinusoidal approxinmtio
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Table 1.Definitions of index functions 2.2. Normalization

k 1 (k) 1 (k) In order to generalize the results, normalizatidn o
1 2 3 variables should be introduced. It is convenient to
> 3 1 normalize the circuit voltages to the phase voltage
3 1 > amplitude
m= iv. (6)
should be used, being the only choice, but justifiéth ) ) Vin
the good agreement with the exact solution in tagec The time variable should be replaced by the phageea
the resistive losses were absent from the circuit. variable
Application of the sinusoidal approximation to the $=at. (7)
analysis of the rectifier of Fig. 1 is given inghpaper, In the case the currents are normalized according t
and closed-form expressions for the dependencéeof t . _al.
output voltage on the output current, as well asaihitput J _V_I (8)

m

power, the power factor, and the efficiency onabgput

voltage are given. Experimental results obtainedhen governing equations for the inductors reduce from

rectifier model are presented and compared to the di =V, —Vp, (9)
analytical predictions. dt
to
2. SINUSOIDAL APPROXIMATION di _
A m, — My (10)

2.1. Preliminaries for kD{:L 2 3}'

Let us assume that the rectifier is supplied by a T4 preserve the form of Ohm’s law, resistances
three-phase voltage system should be normalized to

v, :Vmsin(at —(k—l)z?ﬂj 1) p:i R. (11)

for kD{l 2,3}.

To simplify the notation and to reduce the numlfer o
equations that needs to be written to charactetize Sinusoidal approximation approach in the circuit
line-side interphase transformer (actual number @fnalysis assumes negligible higher-order harmonic
equations is nine, and cannot be reduced regartiiess components of all ac waveforms. In the case of the
compact notation), let us define the index functionrectifier of Fig. 1, the approximation is done amnduthe
“next” 1 (k) and “previous” | (k) defined for inductors: their terminal voltages are assumed as
sinusoidal, as well as their currents. Let us assthmat
Nthe inductor currents are

2.3. Sinusoidal approximation

kD{l 2, 3}. Definitions of these functions are given i
Table I, being based on modular arithmetic withlihse 277
equal to 3, but shifted for 1 to meet the common i = Jmsin(qﬁ —w—(k—l)—j (12)
indexing of phases. 3

After the index functions are introduced, equationfor kO{L 2,3, where ¢ is the phase shift of the phase
that characterize the line-side interphase transorare currents with regard to the corresponding phasages.

given by According to (2), (3), and (5), this results in thee-side
— 1 i p i ( interphase transformer output currents
Ak T ko 1(k) -
p*i p+2 jAkz\/_sTlJmsin(;ﬁ—(ﬁl—];—(k—l)z?ﬂ] (13)
+
gy = P I+ P L) 3) d 2
p+2 p+2 an 5
and , 3-1. . /4 2
1 p+1 0 JBk=T‘]m8|n(¢_¢_ﬁ_(k_l)?j' (14)
Vi = + Bk ~ (VAL (k) _VBL(k)) (4)

= % V,
p+2 A p+2 p+2 Generalizing the result of [5] to two three-phasedd
for kO{1, 2,3} . There is a total of nine such equations iPridges, the rectifier output current is given by

the expanded form, six of them relating currents a Jour :E(\/E_\/E)‘]m (15)
three of them relating voltages. m
To provide twelve-pulse waveforms ®f,, v;,, and Which is used in [7]. _
v, and to cancell out harmonic componentssatt 1 Each of .the inductors has one ter_mlna}l connected to
T3 : o '’ corresponding phase voltage, which is assumed as
nON, the line-side interphase transformer turns ratigjn,soidal by (1). The inductor currents are intetl as

according to [1] should be set to sinusoidal by (12), which is an approximation. To
_ J3-1 ~ 0366 5 complete the sinusoidal approximation, waveformghef
P= o YT (5) line-side interphase transformer input voltages, ,

kD{l 2, 3}, should be approximated by their sinusoidal
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08 2.4. Solution for the rectifier operation parametes
08 e A phasor diagram that relates normalized voltages
phi [deg] and currents of the circuit shown in Fig. 3 is givia
Fig. 2.The line-side interphase transformer input ~ Fi9. 4. According to theanormahzatlon (6)
voltage, v;, , forg =45° ‘Mk‘ =1 (29)
i, L R while according to (10)
- . V=[5 (20)
v, Re2 Ve Since
19 = 30 (1)
Fig. 3.The AC-side equivalent circuit per one phase and .
[Nin| = My, (22)

representations. In [7], detailed analysis is pentx
assuming constant output voltage, and the wavefafms normalized amplitudes of the AC quantities areteelas
vy, are obtained as twelve-pulse staircase, depicted i (MTm+me)2 +J2=1 (23)

Fig. 2 in the case oim;,. It should be noted that the which provides amplitude of the line-side interghas
waveform of Fig. 2 is obtained neglecting losseshia transformer input voltage fundamental harmonic as
line side interphase transformer and the diodeshén M;,, = /1_351 - (24)
diode bridges. Approximate representation of,

Since
waveforms by their fundamental harmonics results in 2
. 21T M, = _(\/g - \/E)M ouT (25)
My = Mo sin ¢ - - (k1) = (16) , ton
3 and since according to [7]
where n
J, = ~(—)J (26)
2 m _ ouT
M, :TT(\/E_\/E)MOUT 17) 3\/6 &

the output voltage and the output current areedlas

which is derived in [7]. It is important to undewi here 7
that the waveforms ofv, are synchronized to the Moyr =E((\/g+\/§)\/36—(2+\/§x7ﬂom)2 -

corresponding waveforms @f, , having the same phase. - 2710(2+\/§)J )=

Thus, the remaining nonlinear part of the rectifieat oor

contains the line-side interphase transformer, diogle =\/2.3021— 2.3554) ;> —1.534700 -
bridges, and the filtering capacitor, may be repné=d 27)

by three resistors of the normalized resistance This is the most important relation that arisesrfrthe
_Re My, _24 243 Mour sinusoidal approximation. All other rectifier optoa
Pe=—F= = (18) - - : -
a J, T Jout parameters are derived applying this equation.
which is the resistance emulated at the line-side Normalized output power is given by
interphase transformer input. In this manner, gwifier  Four = MourJour =

is at the AC side represented by three identicedali 36 -2
equivalent circuits shown in Fig. 3 for one phaskis = MOUT(\/ﬂZ(l*',02)‘16(2‘\/5)Mc2m -

: reuits . 1 -+ p?
equivalent circuit is an essential result of sindab P
approximation, and it provides the most important —2(\/6—\/5) om)
information regarding the rectifier behavior. Ineth (28)
equivalent circuit of Fig. 3, it is assumed thasiséve and reaches its maximum for
losses can be modelled by a series resist&c€his [
resistance is suitable to model conduction loseethé Wzo (29)
inductors. out

at



Movr =2 L+4B)1+ 0 - pf1e 07 (30)

37
PouT max ZZ( 1+,02 _p) (31)

The rectifier power factor, which is the same as th
displacement power factor in the case the sinukoid
approximation is applied, is obtained from the pias
diagram of Fig. 4. as

PF=DPF=M,,+0A],, =

of

Vout [V]

:E(\/g—\/E)M +,0 4 J (32) 0 1 2 3 4 5 6 * 7
Vi out Sl\/g — \/Ei out lout [A]
where M,,; and J,; are related according to (27). Fig. 5.Dependence of the output voltage on the

output current: crosses—experimental data; solid

The analyses performed up to this point did noé tak ) : —
line—analytical prediction

into account forward voltage drop across the dioties
cases when the input voltages are low, forwardagelt
drop significantly affects the results. The forwaaitage

120

drop can be incorporated in the analysis knowirg the 100 N
actual output voltage is lower than predicted foiceé -
the diode forward voltage drop. In the case of th %0 +
rectifier efficiency, this technique yields 5
— M ourJour e
,7 - 3 ) (33)
(M our t 2M D)‘]OUT + Ep‘]m 40
where M, is normalized value of the forward voltage 2
drop, while J,, and J,,; are related by (26).
3. EXPERIMENTAL RESULTS vout
To verify the analytical predictions, a low-power Fi9- 6.Dependence of the output power on the output
rectifier model is built. The model is designedbferate voltage: crossesl—explerlmde_ntgl data; solid line—
with the phase voltage amplitude &, =32V . The analytical prediction
coupling inductors are measured at the output ntioe 1
lour =4 A, which is the point close to the maximum ol £
the output power. The measurement is performed | 0s
digital post processing of the voltage and currer
waveforms recorded across the inductors. Avera( o8

inductance of the inductors is measured &
L=17464mH, and inductances of all three inductors

are within £35% of the average value. Analyzing the
rectifier losses at the same output current, theévatpnt
per phase resistance is determined Rs 0.784Q,

corresponding tqo = 0.1429.

Dependence of the output voltage on the outpi
current is shown in Fig. 5, where crosses repregent )
experimental data points, while the solid line pras  Fig- 7-Dependence of the power factor on the output
denormalized analytical prediction of (27). Gooc Voltage: crosses—experimental data; solid line—
agreement between the results is obtained, extghea analytical prediction
low output voltages where both the input curremid tie  excellent agreement with the analytical predictions
output current increase due to the saturation ef trhgain'
coupling inductors. The input current THD cannot be predicted applying

In Fig. 6, dependence of the output power on thgnysoidal approximation, since the higher order
output voltage is given. Again, the results aregood  parmonics are neglected. Prediction for the inputent
agreement with the anal_ytical predictions of (28). THD is given in [7] as a result of the exact sautiof

Dependence of the input power factor on the outpye rectifier model. However, the exact solution is
voltage is presented in Fig. 7. Excellent agreemetit  yajlable only in the case losses are negligible, i

the analytical predictions of (32) are achieved.,-q. Experimentally obtained values of the input

Depende:nce_ of th? rectifier efﬂuency on the o.mpucurrent THD are given in Fig. 9, accompanied by the
voltage is given Fig. 8. Experimental data are m a
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4. CONCLUSIONS
Sinusoidal approximation approach in analysis of

+ three-phase twelve-pulse output voltage type lecsifis
% experimentally verified. To perform the analysisséd
on sinusoidal approximation, the rectifier inputremts
g o are assumed sinusoidal, and resulting waveforntheof
g rectifier voltages, primarily the input voltagestbé line
S W side interphase transformer, are obtained. Thetinpu

voltages of the line side interphase transformex ar

approximated by their fundamental harmonics, which

causes all voltages and currents at the rectifiersidle to

be sinusoidal. An equivalent circuit that represethte

o 5 10 15 22 2 . 3 4 4 rectifier AC side is derived. Analyzing the equizal
vout[v] circuit, corresponding phasor diagram is derivetictv

Fig. 8.Dependence of the rectifier efficiency on the relates quantities that yield to the equation thkites the

output voltage: crosses—experimental data; solid ~output voltage and the output current. This retati®

20

0

line—analytical prediction essential to derive all other rectifier operating
parameters. The output power, the power factor,thad
s rectifier efficiency are determined. To verify the
analytical results, a low-power rectifier modelhilt.
s * Regarding the output voltage, the output power, the

power factor, and the efficiency, the experimengsults

and the analytical predictions are in an excellent
agreement. Regarding the input current THD, the
agreement between the experimental results and the
analytical prediction of [7] is relatively good, thisome
differences caused by the input voltage THD and the
saturation of coupling inductors at high outputrents.

THD() [%]
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