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Abstract—In this article, a simple 18-pulse star rectifier using two
new passive auxiliary circuits at dc link is proposed for reducing
the harmonics content in ac line current. The proposed rectifier
combines a double-star rectifier and four-tapped interphase reactor
(FTIPR) with four diodes. Passive auxiliary circuits increase the
state of the output voltage and current of the double-star rectifier,
thereby increasing the pulse number of the load voltage and step
number of the input line current. When FTIPR is optimally de-
signed, passive auxiliary circuits convert double-star rectifier to 18-
pulse star rectifier. Tap ratios of the FTIPR are determined based
on minimum total harmonic distortion (THD) of the input line
current and minimum ripple of the output voltage. The proposed
rectifier simultaneously reduces ripple of the output voltage and
THD of the input line current. A prototype is developed to verify
the theoretical analysis through experimental results. Theoretical
THD of the input line current is about 10.1%, whereas experimental
THD is about 5.44%.

Index Terms—18-pulse star rectifier, interphase reactor (IPR),
passive auxiliary circuit, tap ratio, total harmonic distortion (THD).

I. INTRODUCTION

THE demand of direct current (dc) is rapidly increasing in
the industry. But the electrical utility generates alternating

current (ac) and distributes to the consumer at fixed frequency.
Therefore, diode rectifier is widely used in industrial application
for converting ac power to dc power [1]. However, the traditional
three-phase star and bridge rectifier distort the input line current
by injecting harmonics and THD of the input line current fails to
satisfy the requirement of the IEEE-519 standard [2]. Therefore,
several methods are proposed for diode rectifier to decrease
harmonics injection in the input line current [3]–[14]. Among
them, multipulse rectifier is an efficient approach for reducing
THD of the input line current [3]–[7]. Main designing goal of
the multipulse rectifier is to obtain higher pulse number because
harmonics reduction capability depends on pulse number. But
higher pulse number makes the phase-shifting transformer more
complicated and requires more number of diode.
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Among the multipulse star rectifiers [4]–[7], double-star recti-
fier is widely used due to high reliability and simple constriction
of the transformer. But input line current THD of the double-star
rectifier is about 31%, which is much higher than the acceptable
level specified by the IEEE-519 standard. Therefore, active in-
jection method at dc-link is proposed for the double-star rectifier
to reduce THD of the input line current [8]. Active injection
method generates harmonics current through controlling the
semiconductor switches of the active injection circuit and then
generated harmonics current is injected to the load. It eliminates
harmonics from the input line current when generated harmonics
current satisfies the several conditions. However, active injection
method does not reduce ripple of the output voltage, requires
complex control circuit, and unable to decrease the harmonics
when one switch of the active circuit is broken down.

Installing passive auxiliary circuit at dc-link of the recti-
fier is an interesting method to increase the amount of pulse
of the rectifier without any modification of the phase-shifting
transformer [9]–[13]. Passive auxiliary circuit simultaneously
improves the power quality at the output side and input side
of the rectifier. Dual-tapped interphase reactor (DTIPR)-based
passive auxiliary circuit can double the pulse number of the
output voltage of the double-star rectifier by turning ON the two
diodes on the tapped alternately which effectively reduces THD
of the input line current [9]. However, input line current THD
of 12-pulse rectifier is much higher than the acceptable level
specified by the IEEE-519 standard, and DTIPR-based passive
auxiliary circuit is connected series with the load which increases
conduction loss. In [10], interphase reactor (IPR) with secondary
winding (IPRSW)-based passive auxiliary circuit is proposed,
which converts double-star rectifier to 12-pulse star rectifier.
IPRSW-based passive auxiliary circuit generates rectangular
current which is circulated through the load to increases the state
of the output voltage and output current of each star rectifier, and
then multiplies the number of pulses of the double-star rectifier
by twice. However, IPRSW-based passive auxiliary circuit re-
quires extra secondary winding in the IPR and its harmonics
reduction ability is limited. Tapped interphase reactor with sec-
ondary winding (TIPRSW)-based passive axillary circuit can
multiply the pulse number of the rectifier by three times [12],
[13]. However, TIPRSW-based passive auxiliary circuit requires
extra secondary winding in the IPR, which increases system
complexity as well as the kilovolt-ampere (KVA) rating of the
IPR. Triple-tapped interphase reactor (TTIPR)-based auxiliary
circuit requires two MOSFETs and three diodes to multiply the
pulse number of the rectifier by three times [14]. However,

https://orcid.org/0000-0002-7099-3808
https://orcid.org/0000-0002-0506-5976
mailto:m.a.malekb88@gmail.com
mailto:agmagk@gmail.com
https://doi.org/10.1109/TPEL.2021.3129262


5584 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 5, MAY 2022

Fig. 1. (a) Proposed 18-pulse star rectifier. (b) Tap structure of FTIPR. (c) Winding configuration of FTIPR.

TTIPR-based auxiliary circuit requires complicated control cir-
cuit to turn ON the MOSFETs.

The aim of this article is to improve the harmonics rejection
ability of the double-star diode rectifier by designing two new
passive auxiliary circuits at dc link. The proposed passive auxil-
iary circuits increase the pulse number of the output voltage and
step number of the input line current of the double-star rectifier
by three times. Four-tapped interphase reactor (FTIPR) of the
passive auxiliary circuits has four tap points but passive auxiliary
circuits do not require any control circuit and thyristor/MOSFETs.
Tapped points of the FTIPR are designed optimally in order to
convert double-star rectifier to 18-pulse star rectifier. THD of the
input line current is obtained about 5.44% in the experiment,
which is lower than the theoretical value of 10.1% due to
leakage inductance of the transformer. The proposed rectifier
does not require phase-shifting transformer, active device, and
secondary winding of the FTIPR, thereby making it simple,
passive, inexpensive, and robust.

II. CIRCUIT CONFIGURATION

Fig. 1(a) shows the circuit configuration of the proposed 18-
pulse star rectifier. It consists of two star rectifiers, delta/star/star
transformer with two passive auxiliary circuits. Output terminals
of star rectifier-I (SR-I) and star rectifier-II (SR-II) are connected
to B and E taps of the FTIPR, respectively. Diodes Dr and Ds

are connected to C and D taps of the FTIPR, respectively, which
is named first passive auxiliary circuit (FPAC). It is connected
in series with the load. Second passive auxiliary circuit (SPAC)
is constituted by connecting the diodes Dx and Dy in A and F
terminals of the FTIPR, respectively. FPAC increases the output
currents state of the SR-I and SR-II, which converts double-star
rectifier to asymmetrical 12-pulse star rectifier without SPAC.
SPAC further increases the output currents and output voltages
state of the SR-I and SR-II by injecting rectangular current to
the load, and then upgrades asymmetrical 12-pulse star rectifier
to 18-pulse star rectifier.

Tap structure and winding configuration of the FTIPR are
shown in Fig. 1(b) and (c), respectively. FTIPR has four taps on
its winding, which is denoted as B, C, D, and E. O is the center
point of the FTIPR; Nk is the number of turn of the winding OC

and OD; N1 is the number of turn of the winding BE; and N2 is
the number of turn of the winding AB and EF. Tap ratios k and
x of the FTIPR are defined as

k =
Nk

N1
(1)

x =
N2

N1
. (2)

III. OPERATION MODE

Operation of the proposed 18-pulse star rectifier depends on
the relation among the voltages across the windings of the FTIPR
and output voltage. Voltages across the windings AB, BE, and EF
are denoted as vt, vn, and vt, respectively, and output voltage of
the proposed rectifier is denoted as vL. According to the relation
among vn, vL, and vt, the proposed rectifier has four operation
modes. Four operation modes are explained as follows.

R-Mode: Whenever vn > 0 and vt+(k+0.5)vn<vL, the pro-
posed rectifier operates under R-mode, which is shown in
Fig. 2(a). In this mode, diode Dr of the FPAC is forward biased
and ON-state, and other diode Ds is reverse-biased and OFF-state.
SR-I and SR-II both work, and SR-I output current is1 and SR-II
output current is2 flow through diode Dr to supply the load.
Diodes Dx and Dy of the SPAC are reverse-biased and OFF-state,
the currents ix and iy are zero, and SPAC does not work. Assume
the output current iL is constant and considered as IL. The current
relationship in this mode is expressed as{

ix = 0

iy = 0
(3)

IL = is1 + is2. (4)

The magnetomotive force (MMF) relation of the FTIPR is
expressed as

is1(0.5N1 − kN1) = is2(0.5N1 + kN1). (5)

From (4) and (5), the currents is1 and is2 are determined as{
is1 = (0.5 + k)IL

is2 = (0.5− k)IL.
(6)
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Fig. 2. Operation mode. (a) R-mode. (b) Y-mode. (c) S-mode. (d) X-mode.

The relations among SR-I output voltage vs1, SR-II output
voltage vs2, output voltage vL, and voltage vn are determined as

vL = vs1 − (0.5− k)vn (7)

vL = vs2 + (0.5 + k)vn (8)

vn = vs1 − vs2. (9)

Y-Mode: Whenever vn > 0 and vt+(k+0.5)vn > vL, the
proposed rectifier operates under Y-mode, which is shown in
Fig. 2(b). In this mode, diode Dr of the FPAC is forward-biased
and ON-state, and other diode Ds is reverse-biased and OFF-state.
Diode Dx of the SPAC is reverse-biased and OFF-state, other
diode Dy is forward-biased and ON-state, and rectangular-shaped
current iy is injected to the load through the diodes Dr and Dy.
SR-II is reverse-biased because cathode terminal voltage vt of
the diodes of SR-II is higher than the anode terminal voltages
(va2, vb2, and vc2). SR-I conducts and its output current is1 flows
through diode Dr to supply the load. The current relationship in
this mode is expressed as{

is2 = 0

ix = 0
(10)

IL = is1 + iy. (11)

The MMF relation of the FTIPR is expressed as

is1(0.5N1 − kN1) = iy(N2 + 0.5N1 + kN1). (12)

From (11) and (12), currents is1 and iy are determined as

is1 =
k + x+ 0.5

x+ 1
IL (13)

iy =
0.5− k

x+ 1
IL. (14)

The relations among vs1, vs2, vL, and vn are determined as

vL =
k + x+ 0.5

x+ 1
vs1 (15)

vs2 =
x

x+ 1
vs1 (16)

vn =
1

x+ 1
vs1. (17)

S-Mode: Whenever vn < 0 and −vt − (k+0.5)vn < vL, the
proposed rectifier operates under S-mode, which is shown in
Fig. 2(c). In this mode, diode Dr of the FPAC is reverse-biased
and OFF-state, and other diode Ds is forward-biased and ON-state.
SR-I and SR-II both work, and SR-I output current is1 and SR-II
output current is2 flow through diode Ds to supply the load.
Diodes Dx and Dy of the SPAC are reverse-biased and OFF-state,
currents ix and iy are zero, and SPAC does not work. The current
relationship in this mode is expressed as

IL = is1 + is2 (18){
ix = 0

iy = 0.
(19)

The MMF relation of the FTIPR is expressed as

is1(0.5N1 + kN1) = is2(0.5N1 − kN1). (20)

From (18) and (20), currents is1 and is2 are determined as{
is1 = (0.5− k)IL

is2 = (0.5 + k)IL.
(21)

The relations among vs1, vs2, vL, and vn are determined as

vL = vs1 − (0.5 + k)vn (22)

vL = vs2 + (0.5− k)vn (23)

vn = vs1 − vs2. (24)

X-Mode: Whenever vn < 0 and −vt − (k + 0.5)vn > vL, the
proposed rectifier operates under X-mode, which is shown in
Fig. 2(d). In this mode, diode Dr of the FPAC is reverse-biased
and OFF-state, and other diode Ds is forward-biased and ON-state.
Diode Dx of the SPAC is forward-biased and ON-state, and other
diode Dy is reverse-biased and OFF-state, and rectangular-shaped
current ix is injected to the load through diodes Ds and Dx. SR-I
is reverse-biased because cathode terminal voltage −vt of the
diodes of the SR-I is higher than the anode terminal voltages
(va1, vb1, and vc1). SR-II conducts and its output current is2 flows
through diode DS to supply the load. The current relationship in
this mode is expressed as{

is1 = 0

iy = 0
(25)
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IL = is2 + ix. (26)

The MMF relation of the FTIPR is expressed as

is2(0.5N1 − kN1) = ix(N2 + 0.5N1 + kN1). (27)

From (26) and (27), the currents is2 and ix are determined as

is2 =
k + x+ 0.5

x+ 1
IL (28)

ix =
0.5− k

x+ 1
IL. (29)

The relations among vs1, vs2, vL, and vn are determined as

vL =
k + x+ 0.5

x+ 1
vs2 (30)

vs1 =
x

x+ 1
vs2 (31)

vn = − 1

x+ 1
vs2. (32)

Fig. 3 shows the waveforms of different parts of the proposed
rectifier under optimum tap ratios. Voltages vn and vt of the
FTIPR are shown in Fig. 3(a) and (b), respectively. Current
through diodes Dr and Ds of the FPAC are denoted as ir and is,
which are shown in Fig. 3(c) and (d), respectively. Rectangular-
shaped current iy and ix of the SPAC are shown in Fig. 3(e) and
(f), respectively. As shown in Fig. 3(c)–(f), diodes Dr, Ds, Dy,
and Dx of the passive auxiliary circuits are turned ON three times
per cycle. Fig. 3(g) and (h) show the output currents of the SR-1
and SR-II, respectively. As shown in Fig. 3(g) and (h), FPAC
and SPAC increase the state of the output currents of SR-1 and
SR-2, thereby increasing the step in the input line current to 18
numbers. Fig. 3(k) shows the input line current which contains
18 steps per cycle. FPAC and SPAC also increase the state of the
output voltages of SR-I and SR-II, which are shown in Fig. 3(i)
and (j), respectively. The changes in the voltages of the SR-I
and SR-II increase the pulse number of the output voltage of the
proposed rectifier from 6 to 18, which is shown in Fig. 3(l).

IV. OPTIMUM TAP RATIO OF FTIPR

The analysis of operation mode shows that the output currents
of SR-I and SR-II are function of the tap ratios of the FTIPR,
which indicate input line current also function of the tap ratios.
Output voltage of the proposed rectifier also depends on the tap
ratios. Therefore, tap ratios affect THD of the input line current
and ripple of the output voltage. In this section, optimum tap
ratios are determined from the view of minimum THD of the
input line current and ripple of the output voltage.

A. Optimum Tap Ratio Based on Minimum THD of Input Line
Current

The relation between input line currents and tap ratios is
established in this section for finding the optimal tap ratios from
the viewpoint of minimum input line current THD. Therefore,
switching functions Sa1, Sb1, Sc1, Sa2, Sb2, and Sc2 are intro-
duced for establishing the relation between ac-side input line

Fig. 3. (a) Voltage vn of FTIPR. (b) Voltage vt of FTIPR. (c) Current ir through
diode Dr of FPAC. (d) Current is through diode Ds of FPAC. (e) Current iy
through diode Dy of SPAC. (f) Current ix through diode Dx of SPAC. (g) Output
current is1 of SR-I. (h) Output current is2 of SR-II. (i) Output voltage vs1 of
SR-I. (j) Output voltage vs2 of SR-II. (k) Input line current ia. (l) Output voltage
vL of the proposed 18-pulse star rectifier.

currents and dc-side currents. Sa1 is expressed as

Sa1 =

{
1, for 0 ≤ ωt ≤ 2π

3

0, for 2π
3 ≤ ωt ≤ 2π.

(33)

Other switching functions Sb1, Sc1, Sa2, Sb2, and Sc2 can
be determined by shifting Sa1 with −120°, −240°, −180°, 60°,
−60°, respectively. The relation between input side currents and
output side currents of the SR-I and SR-II can be expressed as⎡

⎢⎣
ia1

ib1

ic1

⎤
⎥⎦ =

⎡
⎢⎣
Sa1

Sb1

Sc1

⎤
⎥⎦ is1 (34)
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⎡
⎢⎣
ia2

ib2

ic2

⎤
⎥⎦ =

⎡
⎢⎣
Sa2

Sb2

Sc2

⎤
⎥⎦ is2. (35)

For the simplicity of analysis, assume turn ratio of the
delta/star/star transformer is one. According to the Kirchhoff’s
current law, the input line currents of the proposed rectifier can
be determined as⎡

⎢⎣
ia

ib

ic

⎤
⎥⎦ =

⎡
⎢⎣
Sa1 − Sc1 Sc2 − Sa2

Sb1 − Sa1 Sa2 − Sb2

Sc1 − Sb1 Sb2 − Sc2

⎤
⎥⎦

[
is1

is2

]
. (36)

The expressions of currents is1 and is2 can be determined
from the analysis of operation mode and expressed as

is1 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 ωt ∈ [0 + 2nπ
3 , β + 2nπ

3 ]

(0.5− k)IL ωt ∈ [β + 2nπ
3 , π

6 + 2nπ
3 ]

(0.5 + k)IL ωt ∈ [π6 + 2nπ
3 , π

3 − β + 2nπ
3 ]

k+x+0.5
x+1 IL ωt ∈ [π3 − β + 2nπ

3 , π
3 + β + 2nπ

3 ]

(0.5 + k)IL ωt ∈ [π3 + β + 2nπ
3 , π

2 + 2nπ
3 ]

(0.5− k)IL ωt ∈ [π2 + 2nπ
3 , 2π

3 − β + 2nπ
3 ]

0 ωt ∈ [ 2π3 − β + 2nπ
3 , 2π

3 + 2nπ
3 ]

(37)

is2 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

k+x+0.5
x+1 IL ωt ∈ [0 + 2nπ

3 , β + 2nπ
3 ]

(0.5 + k)IL ωt ∈ [β + 2nπ
3 , π

6 + 2nπ
3 ]

(0.5− k)IL ωt ∈ [π6 + 2nπ
3 , π

3 − β + 2nπ
3 ]

0 ωt ∈ [π3 − β + 2nπ
3 , π

3 + β + 2nπ
3 ]

(0.5− k)IL ωt ∈ [π3 + β + 2nπ
3 , π

2 + 2nπ
3 ]

(0.5 + k)IL ωt ∈ [π2 + 2nπ
3 , 2π

3 − β + 2nπ
3 ]

k+x+0.5
x+1 IL ωt ∈ [ 2π3 − β + 2nπ

3 , 2π
3 + 2nπ

3 ]

(38)

where n = 0, 1, 2, 3, 4, ….
The input line current ia can be determined by substituting

(37) and (38) into (36) and expressed as

ia =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0 ωt ∈ [0, β]

(0.5− k)IL ωt ∈ [β, π
6 ]

(0.5 + k)IL ωt ∈ [π6 ,
π
3 − β]

k+x+0.5
x+1 IL ωt ∈ [π3 − β, π

3 + β]

IL ωt ∈ [π3 + β, π
2 ]

(39)

where β is the initial conduction angle. Initial conduction angle
β is determined as

β =

[
tan−1

{
2√
3
(x+ 0.5)

}]
− π

3
. (40)

From (39), the rms value of the input line current is determined
as

Ia = IL ×
√√√√ 2

π

[
(1.5 + 2k2)

(π
6
− β

)
+

2(k+x+0.5)2

(x+ 1)2
β

]
.

(41)

Fig. 4. Relation among THD, x, and k.

Fig. 5. Relation between THD and tap ratio k when x = 1.8794.

The rms value of fundamental component of the input line
current is determined as

I1a =
2
√
6IL
π

[
k +

√
3

4
(1− 2k) cos β +A1 sinβ

]
(42)

where A1 = (k+x+0.5
x+1 − 2k+3

x+1 ).
THD of the input line current is defined as

%THD =

√
I2a − I21a
I1a

. (43)

THD of the input line current is calculated by substituting
(41) and (42) into (43). Optimum tap ratios are obtained by
minimizing the THD of the input line current. The relation
among tap ratios k, x, and THD is shown in Fig. 4. It is seen
from Fig. 4 that THD of the input line current is minimum when
k = 0.1527 and x = 1.8794. Hence, optimum values of tap ratios
k and x are 0.1527 and 1.8794, respectively, and under these
optimum values, THD of the input line current is about 10.1%.
When x = 1.8794, the relation between THD and tap ratio k is
shown in Fig. 5. When k = 0.1527, the relation between THD
and tap ratio x is shown in Fig. 6.

B. Optimum Tap Ratio Based on Minimum Ripple Factor of
Output Voltage

The relation between output voltage and tap ratios is estab-
lished in this section for finding the optimum tap ratios from the
viewpoint of minimum output voltage ripple factor.
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Fig. 6. Relation between THD and tap ratio x when k = 0.1527.

Expressions of the voltages vs1, vs2, and vn can be determined
from the analysis of operation mode and expressed as

vs1 =

⎧⎪⎨
⎪⎩

x
x+1

√
3Vm sin

(
ωt+ π

2

)
ωt ∈ [0, β]√

3Vm sin
(
ωt+ π

6

)
ωt ∈ [β, 2π

3 − β]
x

x+1

√
3Vm sin

(
ωt− π

6

)
ωt ∈ [ 2π3 − β, 2π

3 ]

(44)

vs2 =

⎧⎪⎨
⎪⎩

√
3Vm sin

(
ωt+ π

2

)
ωt ∈ [0, π

3 − β]
x

x+1

√
3Vm sin

(
ωt+ π

6

)
ωt ∈ [π3 − β, π

3 + β]√
3Vm sin

(
ωt− π

6

)
ωt ∈ [π3 + β, 2π

3 ]

(45)

vn =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

− 1
x+1

√
3Vm sin

(
ωt+ π

2

)
ωt ∈ [0, β]

−√
3Vm cos

(
ωt+ π

3

)
ωt ∈ [β, π

3 − β]
1

x+1

√
3Vm sin

(
ωt+ π

6

)
ωt ∈ [π3 − β, π

3 + β]√
3Vm cos (ωt) ωt ∈ [π3 + β, 2π

3 − β]

− 1
x+1

√
3Vm sin

(
ωt− π

6

)
ωt ∈ [ 2π3 − β, 2π

3 ]

(46)

where Vm is the amplitude of the input phase voltage.
According to the relationship among vs1, vs2, vn, and vL, the

output voltage is determined as

vL =
√
3Vm

×

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

k+x+0.5
x+1 sin

(
ωt+ π

2

)
ωt ∈ [0, β]

√
3
2 (0.5− k) sin (ωt) + 1

2 (1.5 + k) cos (ωt)

ωt ∈ [β, π
6 ]√

3
2 (0.5 + k) sin (ωt) + 1

2 (1.5− k) cos (ωt)

ωt ∈ [π6 ,
π
3 − β]

k+x+0.5
x+1 sin

(
ωt+ π

6

)
ωt ∈ [π3 − β, π

3 + β]
√
3
2 sin (ωt) + k cos (ωt) ωt ∈ [π3 + β, π

2 ]√
3
2 sin (ωt)− k cos (ωt) ωt ∈ [π2 ,

2π
3 − β]

k+x+0.5
x+1 sin

(
ωt− π

6

)
ωt ∈ [ 2π3 − β, 2π

3 ].

(47)

The rms value of the output voltage is determined as

VL =
√
3Vm ×

√√√√ 3

2π

{
A2+A3k+A4k2+

A5(k+x+0.5)2

(x+ 1)2

}

(48)

Fig. 7. Relation among RF, x, and k.

Fig. 8. Relation between RF and tap ratio k when x = 1.8794.

where

A2 =

[
π

4
− 3β

2
+

3

4
sin

(π
3
− 2β

)]

A3 =
√
3
[
1− cos

(π
3
− 2β

)]
A4 =

[π
3
− 2β − sin

(π
3
− 2β

)]
, A5 = [2β + sin(2β)] .

The average value of the output voltage is determined as

VL(a) =
6
√
3Vm

π

[
k +

√
3

4
(1− 2k) cosβ +A6 sinβ

]
(49)

where A6 = (k+x+0.5
x+1 − 2k+3

x+1 ).
Ripple factor (RF) of the output voltage is defined as

%RF =

√
V 2
L − V 2

L(a)

VL(a)
. (50)

RF of the output voltage is calculated by substituting (48)
and (49) into (50). The relation among tap ratios k, x, and RF is
shown in Fig. 7. Fig. 7 shows that RF of the output voltage is
minimum when k = 0.1527 and x = 1.8794. Hence, optimum
values of tap ratios k and x are 0.1527 and 1.8794, respectively,
and under these optimum values, RF of the output voltage is
about 0.455%. When x = 1.8794, the relation between RF and
tap ratio k is shown in Fig. 8. When k = 0.1527, the relation
between RF and tap ratio x is shown in Fig. 9.
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Fig. 9. Relation between RF and tap ratio x when k = 0.1527.

Fig. 10. Spectrum of input line current.

From the aforementioned analysis, it can be confirmed that
the optimum values of tap ratios k and x are 0.1527 and 1.8794,
respectively, and THD of the input line current and RF of the
output voltage are minimum for these optimum values. Under
optimum tap ratios, the proposed passive auxiliary circuits con-
vert double-star rectifier to 18-pulse star rectifier. When k =
0.1527 and x = 1.8794, initial conduction angle β is determined
from (40) and value of β is

β =
π

18
. (51)

When k= 0.1527 and x= 1.8794, Fig. 10 shows the spectrum
of the input line current. As shown in Fig. 10, THD of the
input line current is about 10.1% and the proposed 18-pulse
star rectifier eliminates lower than 17th-order harmonics.

V. RATING OF PASSIVE AUXILIARY CIRCUIT

A. Peak Reverse Voltage (PRV) Rating of Diode

Peak reverse voltage (PRV) rating of the diode Dx is deter-
mined in Y-mode because in this mode, reverse voltage across
the diode Dx is maximum. For a similar reason, PRV rating of
the diode Dy is determined in X-mode. PRV ratings of the diodes
Dx and Dy are the same and expressed as

vDx(PRV) = vDy(PRV) =
2x+ 1

x+ 1

√
3Vm. (52)

PRV ratings of diodes Dr and Ds are determined in X-mode
and Y-mode, respectively. PRV ratings of the diodes Dr and Ds

are the same and expressed as

vDr(PRV) = vDs(PRV) =
2k

x+ 1

√
3Vm. (53)

Fig. 11. Experimental setup for validating the proposed 18-pulse star rectifier.

TABLE I
SPECIFICATIONS OF EXPERIMENTAL PROTOTYPE

B. Current Rating of Diode

From the analysis of operation mode, current through diode
Dx is expressed as

ix =

⎧⎪⎨
⎪⎩

0.5−k
x+1 IL ωt ∈ [0 + 2nπ

3 , π
18 + 2nπ

3 ]

0 ωt ∈ [ π18 + 2nπ
3 , 11π

18 + 2nπ
3 ]

0.5−k
x+1 IL ωt ∈ [ 11π18 + 2nπ

3 , 2π
3 + 2nπ

3 ].

(54)

Under optimum tap ratios, the maximum and rms values of the
currents through diodes Dx and Dy are the same and calculated
as {

ix(max) = iy(max) = 0.12062IL

Ix = Iy = 0.04924IL.
(55)

Furthermore, from the analysis of operation mode, current
through diode Dr is expressed as

ir =

⎧⎪⎪⎨
⎪⎪⎩

0 ωt ∈ [0 + 2nπ
3 , π

6 + 2nπ
3 ]

IL ωt ∈ [π6 + 2nπ
3 , π

2 + 2nπ
3 ]

0 ωt ∈ [π2 + 2nπ
3 , 2π

3 + 2nπ
3 ].

(56)

The maximum and rms values of the currents through diodes
Dr and Ds are the same and calculated as{

ir(max) = is(max) = IL

Ir = Is = 0.7071 IL.
(57)

C. KVA Rating of FTIPR

In this section, KVA rating of the FTIPR is determined under
optimum tap ratios. The rms values of the currents for each
winding of the FTIPR need to be determined. The currents
through windings AB and EF are equal to currents iy and ix,
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Fig. 12. (a) Input line current (simulation). (b) Spectrum of input line current (simulation). (c) Input line current (experimental). (d) Spectrum of input line current
(experimental) of double-star six-pulse rectifier.

Fig. 13. Waveforms of output voltage and output current of double-star six-pulse rectifier. (a) Simulation. (b) Experimental.

respectively. The rms values of the currents through windings
AB and EF are the same and calculated as

IAB = IEF = 0.04924IL. (58)

From the analysis of operation mode, the rms values of
the currents through windings BC and DE are the same and
calculated as

IBC = IDE = 0.55993IL. (59)

Furthermore, the rms value of the current through the winding
CD is calculated as

ICD = 0.29199IL. (60)

From (46) and (51), the rms value of the voltage vn is calcu-
lated as

Vn =
√
3Vm × 0.25734. (61)

Furthermore, from (49) and (51), the average value of the
output voltage is calculated as

VL(a) =
√
3Vm × 0.87493. (62)

Therefore, KVA rating of the FTIPR is calculated as

SFTIPR =
1

2
{xVnIAB + (0.5− k)VnIBC + 2kVnICD

+ (0.5− k)VnIDE + xVnIEF}

=
√
3VmiL × 0.08533

= 9.75%VL(a)IL. (63)

In the proposed 18-pulse star rectifier, KVA rating of the
FTIPR is 9.75% of the load power.
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Fig. 14. (a) Input line current (simulation). (b) Spectrum of input line current (simulation). (c) Input line current (experimental). (d) Spectrum of input line current
(experimental) of the proposed 18-pulse star rectifier.

Fig. 15. Waveforms of output voltage and output current of the proposed 18-pulse star rectifier. (a) Simulation. (b) Experimental.

Fig. 16. Waveforms of voltage vn, current ir, and current is. (a) Simulation. (b) Experimental.
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Fig. 17. Waveforms of voltage vt, current iy, and current ix. (a) Simulation. (b) Experimental.

Fig. 18. Waveforms of voltage vs1, voltage vs2, current is1, and current is2. (a) Simulation. (b) Experimental.

VI. SIMULATION AND EXPERIMENTAL RESULT

Simulation and experimental results are presented in this
section to verify the overall performance of the proposed 18-
pulse star rectifier. Photograph of the experimental prototype
is shown in Fig. 11 and specifications of the experimental
prototype are given in Table I. Simulation is carried out in
the MATLAB/Simulink, and specifications in Table I are also
considered in the simulation.

When FPAC and SPAC are not used in the proposed rectifier
scheme, the proposed rectifier operates as double-star six-pulse
rectifier. Fig. 12(a) and (b) shows the simulation waveforms of
the input line current and its spectrum of the double-star rectifier,
respectively, and Fig. 12(c) and (d) shows the corresponding ex-
perimental waveform of the input line current and its spectrum,
respectively. Simulation and experimental values of THD are
30.67% and 22.28%, respectively, and fifth harmonics is the
lowest order harmonics. Experimental value of THD is lower
than the simulation value of THD due to leakage inductance of
the delta/star/star transformer.

Simulation and experimental waveforms of the output voltage
and output current of the double-star rectifier are shown in Fig.
13(a) and (b), respectively. Output voltage and output current of

the double-star rectifier contain six pulses per cycle. Because of
the unbalance in the grid voltage and slight asymmetry in the
experimental setup, magnitude of each pulse is not the same in
the experimental result. Resistor is used as a load, and 5.3 and
4.57 Ω resistance of the load are considered in simulation and
experiment, respectively, to limit the 10-A load current.

When FPAC and SPAC are used, the proposed rectifier op-
erates as 18-pulse star rectifier. Fig. 14(a) and (b) shows the
simulation waveforms of the input line current and its spectrum
of the proposed 18-pulse star rectifier, respectively. As shown in
Fig. 14(b), THD of the input line current in simulation is 10.04%
and the lowest harmonic is 17th order. Fig. 14(c) and (d) shows
the experimental waveforms of the input line current and its
spectrum of the proposed 18-pulse star rectifier, respectively,
showing THD of the input line current as 5.44%, which is less
than the simulation value of 10.04% due to leakage inductance of
the delta/star/star transformer. The experimental input line cur-
rent contains small amount of fifth- and seventh-order harmonics
due to unbalance in the grid voltages and slight asymmetry in
the experimental setup. Compared with the double-star rectifier,
the proposed passive auxiliary circuits have strong harmonics
suppression ability.
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Simulation waveforms of the output voltage and output
current of the proposed 18-pulse star rectifier are shown in
Fig. 15(a), which contain 18 pulses per cycle. Experimental
waveforms of the output voltage and output current of the
proposed 18-pulse star rectifier are shown in Fig. 15(b). Output
voltage and output current are smoothed due to leakage induc-
tance of the delta/star/star transformer; therefore, 18 pulses per
cycle cannot be identified in experimental results. Resistor is
used as a load, and 4.79 and 4.27 Ω resistance of the load are
considered in simulation and experiment, respectively, to limit
the 10-A load current.

Fig. 16(a) shows the simulation waveforms of the voltage vn
of the FTIPR, and the currents ir and is of the FPAC; and Fig.
16(b) shows the corresponding experimental results. Frequency
of the trapezoidal shaped voltage vn is three times of the grid
frequency. Diodes Dr and Ds are alternately turned ON three
times per cycle.

Fig. 17(a) shows simulation waveforms of the voltage vt of the
FTIPR, and the currents iy and ix of the SPAC; and corresponding
experimental results are shown in Fig. 17(b). Frequency of the
trapezoidal shaped voltage vt is three times of the grid frequency
and magnitude is 1.8794 times of the voltage vn. Diodes Dy and
Dx are turned ON three times per cycle.

Fig. 18(a) shows the simulation waveforms of the output volt-
ages and output currents of SR-I and SR-II; and Fig. 18(b) shows
the corresponding experimental results. The state of the output
voltages and output currents of SR-I and SR-II is increased due
to the operation of the FPAC and SPAC. The changes in the
voltages and currents of SR-I and SR-II upgrade double-star
rectifier to 18-pulse star rectifier. The waveforms of Fig. 18 are
consistent with the theoretical waveforms, which are shown in
Fig. 3(g)–(j).

VII. CONCLUSION

Two passive auxiliary circuits are proposed for double-star
rectifier to achieve 18-pulse star rectifier operation. FPAC and
SPAC need FTIPR along with four additional diodes. FPAC
and SPAC increase the state of the output voltages and output
currents of SR-I and SR-II, which upgrade double-star rectifier
into 18-pulse star rectifier. Tap ratios of the FTIPR are optimally
designed from the viewpoint of minimum THD of the input
line current and minimum ripple of the output voltage. Under
optimum tap ratios, output voltage of the proposed rectifier
contains 18 pulses per cycle and input line current contains 18
steps per cycle. After using the FPAC and SPAC in double-star
rectifier, experimental THD of the input line current reduces
from 22.28% to 5.44%. The existing double-star rectifier can
be easily converted into proposed 18-pulse star rectifier without
much modification within the existing system design. Since only
four diodes and FTIPR are used in FPAC and SPAC, the proposed
rectifier is completely passive.
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