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- Abstract
The three-phase diode rectifier with a capacitive filter is highly
sensitive to line voltage unbalance, and may cause significantly
unbalanced line currents even under slightly unbalanced voltage
condition. This paper presents an analysis of this ‘unbalance
amplification’ effect for an ideal rectifier circuit without ac- and dc-
side inductors. The voltage unbalance is modeled by introducing a
deviation voltage superimposed on balanced three-phase line
voltages. With proper approximations, closed-form expressions for
symmetrical components of the line current and current unbalance
factor are derived in terms of the voltage unbalance factor, filter
reactance, and load current. The validity of analytical predictions is
confirmed by simulation.

Keywords: uncontrolled rectifier, diode rectifier, voltage unbalance,
current unbalance, power quality

I. INTRODUCTION

As vast majority of modern power converters are
supplied from ac lines via uncontrolled diode rectifiers, the
input line current characteristics of diode rectifiers have
significant impacts on power quality. Unfortunately, the
diode rectifiers are not friendly to supply lines due to their
highly nonlinear nature. Most diode rectifiers are accom-
panied by large smoothing dc capacitors that. shorten the
conduction period of rectifying devices, resulting in pulse-
shaped line current rich in harmonics.

In three-phase rectifiers, not only the harmonics but
also the unbalance of input current is one of primary
concerns in field applications. As the smoothing capacitor
keeps dc voltage very close to the peak of line-to-line
voltage, the current flows over brief periods to charge the
capacitor in the vicinity of line voltage peaks. Therefore, a
slight variation of the voltage peak in some phase(s), or a
small voltage unbalance may cause a significant variation in
line current waveforms, that is, highly unbalanced line
currents. Similar ‘unbalance amplification’ is observed in
induction motor drives where negative-sequence impedance
is much smaller than positive-sequence impedance, yielding
the current several times more unbalanced than the line
voltage. Diode rectifiers, however, are far more sensitive to
the voltage unbalance due to their nonlinear behavior under
unbalanced voltage supply. As a result, it is not uncommon
to encounter rectifier currents significantly unbalanced even
when the supply voltage unbalance is well below a usually
acceptable level.

Unbalanced rectifier currents cause detrimental effects
including: Uneven current distribution over the legs of the
rectifier bridge that increases the conduction loss and may
cause failure of rectifying devices; Increased RMS ripple
current in the smoothing capacitor; Increased total RMS line
current and harmonics, in particular, non-characteristic
triplen harmonics that do not appear under balanced
condition [1-3].
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As most industrial and commercial power lines are
more or less unbalanced, care should be taken in designing
and installing diode rectifiers to keep the current unbalance
within an acceptable level, and to avoid the above
undesirable effects. Although the effects have been well
recognized in field applications [1, 4-6], only a few works
have been devoted to the theoretical investigation of the
input current characteristics of a diode rectifier under
unbalanced voltage condition. Some analytical approaches
can be found in [2], [3], and [7], but they assume continuous
dc current to examine third harmonic characteristics, which
seems not to be valid in frequently encountered disconti-
nuous current operation.

This paper is intended to establish a basic relationship
between the voltage unbalance and the current unbalance of
a three-phase diode rectifier. To attain a better physical
understanding, an analytical approach is made. The effects
of ac- and dc-side inductors are neglected, to ease the
analysis and to give a worst-case figure of current unbalance.

II. REPRESENTATION OF VOLTAGE UNBALANCE

The most popular way of representing the voltage

-unbalance is the maximum percent deviation of line voltages

from their average value. Although this definition is simple
and useful in field applications, it is not suitable for
analytical purpose nor adequate to properly represent various
unbalance conditions. Therefore, in the following analysis,
the voltage unbalance factor defined with symmetrical
components is used, which is expressed in a complex form

Vv,

u=ue? =2 1
v oy
where i
2
v, 1 1 a a* ||V, =
Vv, =3 1 a*> alV, (a=e3). 2)
V, 1 1 1)V,

It should be noted that (2) is defined with line-to-line
voltages instead of phase voltages, considering that the
rectifier behavior is more effectively described with line-to-
line voltages. As a natural consequence, the zero-sequence
component, V,, is trivially zero.

In order to evaluate current unbalance, the line voltages
should be determined first for given voltage unbalance
condition. This requires an inverse relationship of (1) and (2).
The relationship can be derived by introducing the voltage
deviation AV superimposed on a balanced set of line
voltages, that is,

v, =V
V, =a +AV. 3)
V_=aV-AvV

@
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In the above expressions, V, 1is taken as a reference
phasor fixed on the real axis, and its magnitude, ¥V, is the
nominal rms line-to-line voltage. Substituting (3) into (2)
results in the positive- and negative-sequence voltage as

1

V, =V+j—=AV 4
» IR 4

V =—jav. (5)

NE)
_ Substituting (4) and (5) into (1) yields the deviation
voltage expressed in terms of the voltage unbalance factor as

AV =BV, ©)
1+u

With the above equation, the line voltages in (3) can be
determined for given unbalance factor, while associated
symmetrical components are given by

1
=V 7
P 1+u @
vV =—2p ®)
1+u

_ The above relationships show that not only the
magnitude but also the argument of the voltage unbalance
factor needs to be specified to determine the line voltages.
When only the magnitude of the voltage unbalance is given,
the symmetrical components and the line voltages can be
obtained as follows.

Writing down the negative-sequence voltage explicitly,

V, =V, +jV, ©®
and accordingly, from (4) and (5),

V,=V-V,=V-V -}V, (10)

gives the voltage unbalance ratio
N
u=too N1 (11)
v, ,/(V-V,)Z +V}
It can be shown that (11) reduces to
u? ’ u ’
(V,+l_u2 V) +V}=(l_u2 V) (12)

which shows that, for given unbalance factor, the phasor of
the negative-sequence component lies on a circle. As the
deviation voltage is proportional to the negative-sequence
voltage, the phasors of the unbalanced line voltages also
draw circles as illustrated in Fig. 1.

The phasor loci in Fig. 1 are drawn for 20% voltage

unbalance factor. In normal operating conditions, however, -

the voltage unbalance is usually restricted to be less than 2-
3%. Under these circumstances, (6)-(8) reduces to

AV = j\BBuV (13)
\A 4 (14)
V,=uV. (15)

Eq. (15) indicates that the phasor locus of the negative-
sequence voltage is centered very closely to the origin and
has the radius proportional to the voltage unbalance factor.
Accordingly, the loci of line voltages are approximately
centered at their balanced phasor locations for a few per cent
voltage unbalance factor.

Constant-u locus (¥ =20% )

Fig. 1 Phasor loci of symmetrical components and line voltages for
given voltage unbalance factor

1I1. OPERATING MODES OF RECTIFIER UNDER
UNBALANCED VOLTAGE CONDITION

Fig. 2 shows a three-phase diode rectifier circuit with a
capacitor filter. For simplicity, the load is supposed to be a
constant current sink of I,, and the effects of line side
inductance are not considered (L =0). Fig. 3 shows the
voltage and current waveforms of the rectifier circuit under
balanced condition. In the rectifier output, six line voltages
appear sequentially as indicated in the figure. In the vicinity
of peak of each line voltages, a brief charging period appears
and is followed by a discharging period that approaches to
60 degrees as the capacitor becomes large and/or the load
current decreases. The voltage droop during the discharging
period is approximately given by

vl =Zx (16)

where X is the reactance of the filter capacitor at line
frequency. When balanced, ¥, represents the peak-to-peak
ripple of the rectifier output, to give the ripple factor defined
as

V .
=— . 17
=5 17
which is referred to the ‘voltage droop ratio’ in the following.
The voltage droop ratio represents combinational effects of
the load current and filter capacitance in describing the
behavior of the rectifier under unbalanced voltage condition.

When unbalanced, the peaks of the line voltages are not
uniform, but fluctuate periodically over a cycle. Fig. 4 shows
the deviated six line voltages where V, and V, are
deviated by AV while V,, and V, deviated by -AV.
In time axis, the variation of the peak voltages over a half
cycle appears as shown in Fig. 5. It is clear from Fig. 4 that
the same variation repeats every half cycle.

- 809 -



i I,
—

]

\|

Al

a
L=

wt

Fig.3 Rectifier waveforms of balanced operation

Fig. 5 assumes a small voltage unbalance factor so that
the center of a circle coincides the peak of the reference
balanced voltage. The radius of the circles in Fig. 5 is given
by

AV =JouV . (18)

Therefore, the unbalanced peak voltages varies in the range
of 2r+av according to the phase angle of the deviation
voltage, ¢. The position of the peak voltages in time axis
also varies, however, the effect of the phase shift is neglec-
ted to avoid complication.

Under the assumption of small charging period, the
variation of the output voltage of the rectifier over a cycle
can be represented as a pulse train shown in Fig. 6. In view
of Fig. 5, the peak line voltages are given by

Vv, =¥ (19)
V2V, =2V + AV cos(g+7) (20)
2V, =2V — AV cos(¢— ) 1)

where y =27/3.

As shown in Fig. 6, there are three distinct modes of
operation. In Fig. 6(a), all six peak voltages appear in the
rectifier output, causing six charging period over a cycle,
which is referred to 6-pulse mode of operation. In Fig. 6(b),
two peak voltages are submerged below the rectifier output
voltage resulting in a 4-pulse mode of operation. If one of
the three line voltages is significantly larger than the others,
then only two charging period appears as in Fig. 8(c),
resulting in the 2-pulse mode of operation.

Fig. 4 Unbalanced line voltage phasors that appear at the rectifier output

Lo § p+n/3 $+21/3
A \
t AV = J6uy

Vv g L X
Vv, v, J2v,, V2v,,

7 ¢ A AR 7
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Fig. 5 Variation of line-to-lirie peak voltages in time axis
—
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(b) 4-pulse mode
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(c) 2-pulse mode

Fig. 6 Operation modes under unbalanced condition

The 4-pulse mode is further divided into three different
operating modes according to which line voltages appear in
the rectifier output. For instance, Fig. 6(b) shows the case of
V,,and V, active in the rectifier output, which is referred
to the ab-bc mode in the following. The bc-ca mode and the
ca-ab mode are defined in a similar manner. The 2-pulse
mode is also divided into three modes: ab, bc, and ca mode
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where only V,,, ¥, , and ¥V, appears in the output,
respectively. Therefore, there are seven different modes of
operation in total.

Which mode the rectifier operates in depends on the
degree of voltage unbalance, phase angle of the deviation
voltage, and the voltage droop during the discharging period
(V,). For example, by examining Fig. 6(b), the condition for
ab-bc mode of operation is given by

N2V, -V, >V, (22)
V2V, -2V, <\2¥, 23)
V2V, -V, <2V, (24)

If (23) does not hold, then ¥,  will be submerged,
giving the condition for the ab mode of operation as

V2v, -V, >V, (25)

2V, -2V, > N2, (26)

The conditions for all seven modes can be established
in a similar way. With (16), (17) and (19)-(21), it can be
shown that the conditions reduce to the following relation-
ships between the voltage droop ratio, voltage unbalance
factor, and the phase angle of the deviation voltage:

ab-be-ca mode (6-pulse)

p>u, and p>u and p>u, @27
ab-bc mode

p<u and p>-u,/2 and p>u, (28)
bc-ca mode

p<u, and p>-u,/2 and p>uy, 29)
ca-ab mode

p<u, and p>-u /2 and p>y €)
ab mode _

p<u and p<-u,/2 (31)
bc mode

p<u, and p<-u,/2 32)
ca mode

p<u, and p<-—u /2 (33)

where

U, = VBucos ¢ (34)

1, =Bucos($-7) (35)

4, =\3ucos(g +7) (36)

Fig. 7 shows the operation modes in the plane of
complex voltage unbalance factor. Six solid lines divide the
whole area into seven regions each corresponds to one of the
operation modes described above. The triangle at the center
represents the 6-pulse region given by (27). The circle
inscribing the triangle corresponds to u=p/ 3, or
|aV{= p¥ . If the voltage unbalance factor is.less than this
value, the rectifier operates in 6-pulse mode regardless of the
phase of the deviation voltage. And above this value, the
rectifier operates in 6-pulse or 4-pulse mode, depending on
the phase of the deviation voltage. This holds until the
voltage unbalance factor reaches u=2p/ V3 which is
indicated by the circle circumscribing the triangle. Further
increase of voltage unbalance will make the rectifier to
operate in 2-pulse or 4-pulse mode. The larger the voltage
unbalance factor is, the narrower the region of phase angle
of deviation voltage for 4-pulse mode of operation. But at
the phase angles of 30°, 150° and -90° the 2-pulse mode
never occurs. And at the phase angles of 60°, 180° and -60°

the 4-pulse mode never occurs.

1 :
p= 'E"o $=-90°

Fig.7 Operation modes in the complex unbalance factor plane

IV. LINE CURRENT UNBALANCE IN 6-PULSE MODE

The waveform of i, in Fig. 3 is composed of charging
current pulses. Assuming short charging periods, the current-
time area of a current pulse is approximately given by
AV, :

- Xc
where AV, is the increment of the output voltage due to the
charging current pulse.

To simplify the analysis, in the following, the current
pulses are approximated to square pulses that have the same
area with that of the actual current pulses. With this
approximation, the dc and line side current waveforms in 6-
pulse mode can be represented as shown in Fig. 8.

4 4
Vi, .| ) V.| V.| Y.

N3 N Y

]

A~wCAV, = G7)

» Dt

—
—

D

“ U

Fig. 8 Approximated line currents for six-pulse mode of operation
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The subscripts of current pulses in the figure indicate
associated active line voltages that appear at the output. Due
to half-cycle symmetry, the current pulses i, and i, are
of the same area, 4,,, and so on. Combining (37) and (19)-
(21) gives the area of the current pulses as follows:

Ay = [V, — AV cos(g +7)] 38)
XC
1 .
4, ——X—C[V,—AVCOS¢] (39)
A, =1V, = AV cos(¢ =) (40)

C
The current pulses in i, are distributed over three-
phase line current, and each phase of the line currents
appears to be_a combination of two of three current pulse

pairs, i, (-4, ), i, ~(~1,), and I, —(-7,). A current
pulse pair has the Fourier coefficient
a, —iﬁsm n6 (41)
Tn 2

where & and 6 represent the magnitude and width of the
current pulse, respectively. If n8 in (41) is sufficiently
small, the Fourier coefficient is approximated to

z-z-h9=— (42)
F 4 4
which is valid for low order harmonics, namely, the

fundamental and third harmonic component.
Therefore, from (38)-(40), the fundamental component
of the current pulse pairs are given by

V2 W21

I, =24 =——[V —AV cos(g+7)] (43)
p 4 T X¢

I, N2 4, Y2 [V, = AV cos #] (44)
Vi1 T Xc

L,=224, =2 Ly _Alcosp-n] (45
V4 T Xc

As the fundamental component due to i, (-7, ) pair
is in-phase with the reference phasor V, , the phasors of
three-phase line currents are given by

Inl = Ialzl —alcal (46)
L, =a'l,, -1, (47)
Irl = a'Ical - a'ZIbcl (48)
which yield the symmetrical components
1
I, =—3—(l—a)(1‘,,,l +1,+1,) (49)
I, =§(1—az)(1m +al,, +a’l ). (50)

and the unbalance factor of fundamental current’
I 1, +al,, +a’l
S 51
Ipl Iab|+lbcl+Ical
By substituting (43)-(45) into (49)-(51), the symmetri-
cal components and current unbalance factor are repre-
sented in terms of the line voltage deviation or the voltage
unbalance factor. The positive-sequence current reduces to
2y,
=(l-a)——= 52
( ) 7 X, (52)

or, with (16),
=(1- a)—l = \/7 es, (53)
The negatxve-sequence current is
1, f,, i” 10 (54)
or with (18),
I, = %XLC ue’®'® (55)

Above expressions clearly show the effects of three
parameters — the voltage unbalance factor (or the deviation
voltage), the load current, and the reactance of the capacitor
filter. The load current is reflected to only the positive-
sequence current while the voltage unbalance factor has an
effect on the negative-sequence current only.

The negative-sequence current is proportional to the
voltage unbalance factor and inversely proportional to the
filter reactance. With (15), the magnitude of negative-
sequence current is related to the negative-sequence voltage
as

- (56)
(m/3)X,
which clearly shows that the negative-sequence impedance
of the rectifier is solely determined by the capacitive filter
reactance.
The expression of the current unbalance factor is, from
(52) and (54), given by

i 14

27,
With the voltage droop ratio, defined in (17), above equation
can be written down as

u 31

u 2 p

The voltage droop ratio, p, corresponds to the output
voltage ripple factor in balanced case. As the ripple factor is
usually limited to a few percent, the above equation indi-
cates that the current unbalance is as large as several tens
times the voltage unbalance, showing unbalance amplifica-
tion effect, unless proper line side inductance is provided.

Zu (57)

(58)

V. LINE CURRENT UNBALANCE IN 4- AND 2-PULSE
MODE

. Fig. 9 shows a 4-pulse mode of operation. Shown is the
ab-bc mode where the current waveforms of phase a and
phase c is similar to that of single-phase rectifier while only
phase b carries four pulses per cycle. In this case, the pulse
areas are given by

Ay =1V, = AV cos($+7)]

c

(59

A =12V, + AV cos(g+7)] (60)
C
which gives the magnitude of fundamental component of
current pulse pairs:
T=La, =2 Ly _avcosgen
P

7 X

(61)
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Fig.9 Line currents in 4-pulse mode

2 V2 1

I, =—A ———[ZV, +AV cos(é+¥)]
/4 r X.

Comparing Fig. 9 with Fig. 8 shows that line current
phasors and their symmetrical components in ab-bc mode
can be obtained by simply removing I, terms from 6-
pulse case. Therefore,

1
1, = E(l —a)(U ) +13e1)

(62)

(63)

1.
- 5(1 -a’)(l,, +al,,) (64)
Similar procedure applies for bc-ca and ca-ab mode
and it can be shown that the positive-sequence current is

given by
V2, 2
=(- a) —_r
X, 3
which invariably holds for all 4-pulse modes.
The negative-sequence current, on the other hand,
depends not only the magnitude but also the phase of the
deviation voltage:

ab-bc mode (n/3<¢<nm)

N/

-jni6
le

(65)

(66)

I, =5 —a[V, —a’AV cos(¢+7)]
r X,
be-camode (-7 /3<¢<x/3)
L, = V2 1 N
t ——[V a“AV cos(g+7)] (67)
/4
ca-ab mode (—7zc< ¢<-m/3)
f 1 .
I, = a’[V, -a AVcos(¢+7)] (68)

[
From the above expressions, the current unbalance

factor is given by

e 62(1J2+L61+1
p) 3 p 3

where

(69)

cos(¢+y) m/3<¢=<nm
c=qcos(p—y) x/3s¢p<x/3

cos¢ -m<g<s-m/3

The 2-pulse mode of operation is illustrated in Fig. 10.
The figure assumes the ab-mode wherein V,, is the largest
among the line voltages. Phase ¢ does not conduct and the
rectifier operates like a single-phase rectifier fed by 7, .
The area of the current pulse is

37,

A, = 70
s = (70)
to give the magnitude of the fundamental current as
2, 2,
Iy = Ay = ()
T T X
\/]
'y 'y
~—] ) A
| V2 JEV,,1 il Vv JEV,‘T
» 0t
i L=0 =0 |%L =0 IL=0

o [Pa E

» O

> ot

— O

Fig. 10 Line currents in 2-pulse mode

Comparing Fig. 10 with Fig. 8 shows that line current
phasors and their symmetrical components in ab mode can
be obtained by removing [, and [, terms from 6-pulse
case. Therefore,

1, =%(l-a)la,,I (72)

I,= %(l—az)lm (73)

The positive-sequence current in (72) reduces to the
same expression as in 6- and 4-pulse mode, which holds for
bc and ca mode as well. The magnitude of the negative-
sequence current is the same with that of the positive-
sequence current, independent of the voltage unbalance. For
completeness, the negative-sequence curent in all three 2-
pulse modes is given below.

abmode(n/6<9p<57/6)

1, =~2/31,¢"" (74)
becmode (m/6<¢<97m/6)

1, =2/31,a¢™" (75)
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camode(97w/6<¢<137/6)

I, =+2/31,a%"" (76)
And it is apparent that the current unbalance factor is
pu=1 an

VI. CHARACTERISTICS OF UNBALANCED LINE
CURRENT

With the expressions of symmetrical components given

above, the phasor loci for various voltage unbalance factor
are depicted in Fig. 11. The positive-sequence current is
fixed in the complex plane as long as the dc load current is
kept constant. As the negative-sequence current never
exceeds the positive sequence current in magnitude, its
phasor locus is constrained within the circle drawn with
dashed lines. The negative-sequence current is further
constrained within the triangle that inscribes the circle.
Three comners of the triangle represent the phasor locations
in 2-pulse mode given by (74)-(76), and the sides of the
triangle represent the phasor locus in 4-pulse mode given by
(66)-(68). The inside region of the triangle represents 6-
pulse mode.
In 6-pulse mode operation, the negative-sequence
current leads the positive-sequence current by the phase
angle of the deviation voltage, drawing a circle for given
voltage unbalance factor. For a voltage unbalance factor less
than p/\/E»T , the circle is well within the triangle and the
rectifier operates in 6-pulse mode all over the phase angle.
When u= p/«/3_ , the locus inscribes the triangle and its
_radius is one-half the magnitude of the positive-sequence
‘current, resulting in 50% current unbalance factor. For
p/ B <u<2p/ NE) , the negative-sequence phasor lies on a
side of the triangle in 4-pulse mode or on a circle in 6-pulse
mode, depending on its phase angle. For u>2p/ 3, the 6-
pulse mode no more appears. The phasor is fixed at one of
three comers of the triangle in 2-pulse mode and moves
along the sides of the triangle in 4-pulse mode.

l":fg 0<u<p/J§
u=p/\/§
“‘\/\ plB<u<2plS3
N u>2p/3
be / ab

Real

!
j
/
2
= -1(216)
L= JZILe
3
I’,
/
,

~

ca-ab

Fig. 11 Phasor of the positive-sequence current and phasor loci of the
negative-sequence current

The variation of the current unbalance factor versus the
voltage unbalance factor is plotted in Fig. 12, for the phase
angle from 0° to 120°. The figure shows that, as the voltage
unbalance factor increases, the current unbalance factor
linearly increases from 0 to 50% and then varies in a rather
complicated manner until it reaches to 100%. An exception
is the case of ¢=30° where the current unbalance factor
remains at 58%(1/ NE) ). This is because, as can be observed
in Fig. 7, the rectifier stays at 4-pulse mode and never gets
into 2-pulse mode at this phase angle. Another interesting
case is at ¢ =60° where 4-pulse mode does not exist and
the current unbalance factor increases linearly all the way to
100%.

120

(%]
100} P
| #=10°
80 §=20°
60| $=30°
40+
20}
00 5 r
10 15
u {%]
120
#1%]
100 |
8oL
60 $=30°
40L
204
|
0 L "
0 5 u [%] 10 15
120
#[%]
100f $=60°
¢=120°
80t
=110°
60 ¢
wl #=100°
201
[ L 2
0 5 10 15
u [%]

Fig. 12 Current unbalance factor vs. voltage unbalance factor

Fig. 13 is the three-dimensional representation of Fig.
12 showing the variation of the current unbalance factor
versus the complex voltage unbalance factor. The figure
clearly shows a distinction between the 6-pulse, 4-pulse, and
2-pulse mode that appear as the corn-shaped part at the
center, three valleys, and three flat areas at the top,
respectively.

- 814



- using [%]

ucos ¢ [%] t 5 g g "

Fig. 13 Current unbalance factor vs. complex voltage unbalance factor

. To confirm the validity of the analytical results given
above, simulation is carried out with MATLAB/SIMULINK.
With simulated line current waveforms of a three-phase
diode rectifier for various operating conditions, the
fundamental current unbalance factor is calculated and is
shown in Fig. 14. For clarity, only the results for ¢=0°
and 60° are shown. It is obvious that theoretical curves
generally show good agreement with simulation results.

100
#[%}
8ol

601

40

20+

» > @ O

p=2%,
p=2%,
p=5%,
p=5%,

$=0°
¢ =60°
p=0°
$=60°

0 s L I 1 i L I 1 It
0 1 2 3 4 5 6 7 s 9 10
u [%]

Fig. 14 Simulation results with theoretical prediction

VII. CONCLUSION

This paper gives an analysis of the line current
characteristics of a diode rectifier under unbalanced line
voltages. It is shown that the line voltage phasors lie on
circular loci centered at balanced phasor locations for usual
voltage unbalance factor of a few percent. This greatly
simplifies the répresentation of the output voltage variation
of the rectifier, which gives the condition of seven distinct
operating modes of the rectifier in terms of the voltage
unbalance factor and voltage droop ratio that represents
combinational effects of the filter reactance and load current.

In each mode of operation, analytical formulas of
symmetrical components of fundamental line currents and
current unbalance factor are derived. They show that the
negative-sequence current and the current unbalance factor
are highly sensitive to the voltage unbalance while positive-
sequence current is not affected by the voltage unbalance.

The analysis is based on the following assumptions:

1. The voltage unbalance is relatively low

2. Capacitor charging period is very short

3. Effects of line-side reactance are negligible

The first assumption seems to be valid in most practical
situations as the voltage unbalance factor is usually
restricted within 2-3%. The second assumption implies that
the filter capacitor is sufficiently large and/or the load
current is small. Therefore, the analysis is valid only when
the voltage droop ratio, or the ripple factor in balanced case
is relatively low. Simulation results show that the analytical
predictions for the voltage droop ratio of less than 5 % are
largely acceptable.

The third assumption can be met if the capacity of the
rectifier is far smaller than the short circuit capacity of the
supply network. The line inductances normally encountered
in distribution network may cause the current unbalance to
be considerably less sensitive to the voltage unbalance than
predicted in this paper. Nevertheless, the approach made in
this paper can be justified in that it provides a figure of
worst-case, theoretical maximum of current unbalance in an
analytical manner, which is useful in designing the supply
system for a rectifier or assessing the impact of voltage
unbalance on power quality of an existing network feeding
rectifier loads.
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