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Abstract: Three-phase diode bridge rectifiers are widely employed in various industrial
applications because of their inherent simplicity, robustness, low electromagnetic inter-
ference and good overall performance. However, their use causes harmonic distortion
in the electric power network line currents due to their nonlinear nature, which, in turn,
affects the electric power quality. The fundamental approach to limit the line currents’
total harmonic distortion (THD) introduced by the diode bridge rectification systems is
based on increasing the number of steps in their waveform per power supply cycle and
drawing them closer to the pure-sine waveforms. This can be achieved by employing
the conventional twelve-pulse rectification system composed of two parallel connected
six-pulse diode bridge rectifiers, in which the DC circuit is expanded on the auxiliary
circuit responsible for adequately shaping the line currents’ waveforms per power supply
cycle. When the auxiliary circuit is connected to the interphase reactor (IPR) additional
(secondary) winding, the ability of the rectification system to reduce the line current THD
depends mainly on the auxiliary circuit current waveform and its parameters. This paper
provides a space vector analysis of the twelve-pulse diode bridge rectifier operation. It
leads to devising a formula for the auxiliary circuit current related to the phase angle of the
rectification system line currents’ space vector and the load current, which has been missing
in the literature so far. The formula explicitly defines the auxiliary circuit current waveform
that guarantees the optimal line currents’ THD for the twelve-pulse diode bridge rectifier
which is expanded with the auxiliary circuit connected to the IPR secondary winding. The
theoretical studies are validated through experimental investigations.

Keywords: rectifiers; harmonic reduction; power system harmonics; power quality; indus-
trial power systems

1. Introduction
Three-phase diode bridge rectifiers are widely employed in various industrial applica-

tions, such as adjustable speed drives, renewable energy conversion systems, high-voltage
DC transmission, and battery charging, which results from their inherent simplicity, robust-
ness, low electromagnetic interference and good overall performance [1,2]. On the other
hand, the use of diode bridge rectifiers causes harmonic distortion in the electric power
network line currents due to their nonlinear nature. This, in turn, affects the quality of
electric power.
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The fundamental approach to limit the line currents’ total harmonic distortion (THD)
introduced by the diode bridge rectification systems is based on incorporating the sup-
plementary diode bridge rectifiers connected in series or in parallel with the base one.
This, in turn, involves the need to augment the secondary windings’ phase number of
a phase-shifting transformer, and thus, the use of multi-winding transformers or auto-
transformers with the adequate secondary windings’ arrangements as, e.g., in [1,3,4]. This
enables shaping of the line currents by increasing the steps’ number in their waveform per
power supply cycle and, by doing so, drawing them closer to the pure-sine waveforms
with increasing diode bridge rectifiers’ number incorporated in the rectification system.
The number of diode bridge rectifiers also determines the pulse number of the rectification
system DC output voltage waveform per power supply cycle, affecting the DC power
quality. This is why the pulse number of the DC output voltage waveform is one of the
classification parameters for rectification systems.

The conventional twelve-pulse diode rectifier can be used here as a representative
of the abovementioned approach. It is composed of two parallel connected six-pulse
diode bridge rectifiers, whose independent operation is ensured by an interphase reactor
(IPR). In case when the 30 degrees phase shift between the line-to-line voltages of the
two diode bridge rectifiers is realised correctly through phase-shifting transformers or
autotransformers, the twelve-step line currents and the twelve-pulse DC output voltage
waveforms per power supply cycle are achieved. This results in the cancellation of the 5th
and 7th harmonics from the line currents, and their theoretical THD is about 15%. The
further elimination of the line currents’ higher harmonics and also an increase in the DC
output voltage waveform pulses’ number can be achieved by incorporating one or two
more parallel connected diode bridge rectifiers, achieving eighteen-step or twenty-four-step
line current waveforms, respectively. This, however, increases the cost and complexity of
the overall rectification system since the multi-winding transformer or autotransformer
with adequate secondary winding arrangements is required.

The elimination of the line currents’ higher harmonics is also achieved by employing a
rectification system with a less complex structure, e.g., the conventional twelve-pulse diode
bridge rectifier, in which the DC circuit is expanded on the auxiliary circuits responsible for
adequately shaping the line currents’ waveforms per power supply cycle. Not all of them,
however, have an impact on shaping the DC output voltage waveform. These auxiliary
circuits are composed of uncontrolled devices (diodes) [5–15], controlled devices (pulse
width modulation converters) [16–22], or a combination of both [23,24]. In the literature,
they are called passive, active, and hybrid auxiliary circuits, respectively.

Miyairi et al. found that the proper arrangement of the double-tapped IPR turn ratio
with the use of two additional diodes in the DC circuit of a rectification system doubles
the number of steps in the line current waveforms per power supply cycle, which results
from the basic rectifier structure [5]. The advantage of this finding was then effectively
taken up by other researchers, and the conventional twelve-pulse diode bridge rectifier
could operate with twenty-four-step line current waveforms per power supply cycle [6–9].
The twenty-four-step line currents’ waveforms were also achieved by the twelve-pulse
diode rectifier, where the auxiliary circuit was realised by the single-phase diode-full-wave
rectifier [10] or the single-phase diode bridge rectifier [11] fed from the IPR secondary
winding. Then, Gao et al. presented that the cooperation of the two types of passive
auxiliary circuits, i.e., the two diodes fed from the IPR double-tapped primary winding
and the single-phase diode bridge rectifier connected to the IPR secondary winding,
enabled the twelve-pulse diode rectifier to operate with the thirty-six-step line current
waveforms per power supply cycle [12]. The thirty-six-step line current waveforms of
the rectification system were also obtained by Lian et al. and Prakash P et al., where the
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single-phase diode-full-wave rectifier was fed from the IPR secondary winding [13,14].
Prakash P et al. considered the autotransformer with the zigzag connected secondary
windings, which eliminated the need for the zero-sequence blocking transformer [14].
Abdollahi et al. proposed a twelve-pulse diode bridge rectifier, where the auxiliary circuit
was composed of two two-winding tapped IPRs, a single-phase diode bridge rectifier,
and two auxiliary diodes [15]. This enabled the rectification system operation with a line
current THD of about 1%. This was the lowest when compared to the abovementioned
rectification systems with passive auxiliary circuits.

The passive auxiliary circuits have simpler structures, but their harmonic reduction
abilities are, in general, limited when compared with the active circuits. The implemen-
tation of the active auxiliary circuit in the twelve-pulse diode bridge rectifier DC circuit
can effectively eliminate the (12 n ± 1)-th harmonics from the line currents through the
modulation of the diode bridge rectifiers’ output currents (n = 1, 2, 3, . . .). The two main
ways of the active auxiliary circuits’ implementation in the twelve-pulse diode rectifier
DC circuit can be distinguished. The auxiliary circuits can directly follow the diode bridge
rectifiers [16,17] or can be incorporated into the IPR secondary winding [18–22]. Both recti-
fication system configurations can provide near-sinusoidal waveforms of the line currents.
However, the latter configuration of the rectification system exhibits some advantages
over the former. Since the active auxiliary circuit is isolated from the rectifier DC circuit
through the two-winding IPR, the current of the auxiliary circuit can be reduced by an
adequate arrangement of the IPR turn ratio. This results in a reduction in the switching
power loss when compared with the case of the active auxiliary circuit being connected
in series with the main power flow path. Moreover, the active auxiliary circuit isolated
from the diode bridge rectifier DC circuit is not exposed to line disturbances, and its failure
does not interrupt the proper operation of the twelve-pulse diode bridge rectifier, which is
crucial for electric power network stable operation [2,18]. This rectification system is the
subject of the presented consideration and will be called the twelve-pulse diode bridge
rectifier with the active IPR (AIPR) further in the paper.

This is natural that the ability of the twelve-pulse diode bridge rectifier with the
AIPR to reduce the line currents’ higher harmonics depends strictly on the auxiliary circuit
current waveform and its parameters (i.e., amplitude, frequency and phase) [21]. Choi
et al., Lee et al. and Meng et al. assumed the triangular waveform with a frequency
of six times the power supply frequency and the amplitude adequately related to the
load current for the auxiliary circuit current [18–20]. Such an auxiliary circuit current
waveform was concluded from the irregular and discontinuous waveform resembling
the triangular waveform, which was determined on the six-pulse diode bridge rectifiers’
switching functions for the pure-sine line current. This assumption was verified through
experimental investigations on the twelve-pulse diode bridge rectifier with AIPR operation,
which resulted in a line current THD of about 1%. However, a clear-cut mathematical
proof for such an auxiliary circuit current waveform was not included in these works.
Pajchrowski et al. only presented formulas describing the waveform of the auxiliary circuit
current without explanations of their theoretical background [22].

The literature lacks a complete mathematical description explicitly determining the
waveform of the auxiliary circuit current, which provides the optimisation of the line
current THD of the twelve-pulse diode bridge rectifier with the AIPR. This paper fills in
the foregoing gap. The space vector analysis of the twelve-pulse diode bridge rectifier
operation is carried out. This results in devising the formulas for the six-pulse diode bridge
rectifier output currents and the auxiliary circuit current which are related to the phase
angle of the rectification system line currents’ space vector and the load current. It is
found that the alternate loading of the parallel connected six-pulse diode bridge rectifiers
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directly impacts the line currents’ space vector phase angle and, thus, the line currents’
waveforms. Finally, the auxiliary circuit current waveform is determined for the case of
the continuous phase angle changes of the line currents’ space vector of the twelve-pulse
rectification system with the AIPR. At the constant load current, this case corresponds to
the line currents’ space vector that continuously shifts around along the dodecagon and,
thus, to the twelve-section near-sine waveforms of the twelve-pulse rectification system line
currents. The resulting waveforms have the lowest THD, which can be achieved under the
operation of the twelve-pulse rectification system with the AIPR. In consequence, the near-
triangular waveform is determined for the auxiliary circuit current whose frequency and
amplitude are consistent with the triangular waveform assumed in previous works [18–20].

This paper consists of five sections. Section 2 briefly addresses the mathematical
background included in previous works [18–20]. They lead to the relationships between
the auxiliary circuit current, the load current, and the line current of the twelve-pulse
rectification system with the AIPR which were devised on the six-pulse diode bridge
rectifiers’ switching functions. Section 3 is devoted to the space vector analysis of the
twelve-pulse diode bridge rectifier operation. As a result, the formula for the auxiliary
circuit current related to the line currents’ space vector phase angle and the load current of
the twelve-pulse rectification system with the AIPR is devised. This section also includes a
comparison of the frequency components and resulting THD for the line currents of the
twelve-pulse diode rectifier with the AIPR, in which the auxiliary circuit current takes the
near-triangular waveform considered in this paper or the triangular waveform assumed in
previous works [18–20]. In addition, the comparison also covers the line currents’ frequency
components obtained for the case of the auxiliary circuit current waveform corresponding
to the waveform of the voltage across the AIPR primary winding. This results from the fact
that such a voltage waveform is also near-triangular shaped with a frequency of 300 Hz.
The theoretical studies are validated through experimental investigations in Section 4. The
conclusions are presented in Section 5.

Some parts of the study included in this paper were previously presented in the
author’s conference paper [25]. However, a comprehensive description of the proposed
approach for the operation analysis of the twelve-pulse diode bridge rectifier with the AIPR
in relation to other researchers’ works has not been published so far.

2. Determination of the Auxiliary Circuit Current Based on the Six-Pulse
Diode Bridge Rectifiers’ Switching Functions with the Assumption of
Pure-Sine Line Currents

Figure 1a,b present the schematic diagrams of the twelve-pulse diode bridge recti-
fier with the AIPR, where the isolated transformer and autotransformer are employed,
respectively, for the proper phase shift between the line-to-line voltages of the two
diode bridge rectifiers. The schematic diagrams of the windings’ connections of the iso-
lated transformer and autotransformer are depicted in Figures 2a and 3a, respectively.
Figures 2b and 3b present the voltage phasor diagrams resulting from the winding con-
nections of the isolated transformer and autotransformer, respectively. The rectifiers’
line-to-line voltages determine their switching functions.
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Figure 1. The schematic diagrams of the twelve-pulse diode rectifiers where the proper phase shift 
between the rectifiers’ line-to-line voltages is provided by (a) transformer and (b) autotransformer. 

Figure 1. The schematic diagrams of the twelve-pulse diode rectifiers where the proper phase shift
between the rectifiers’ line-to-line voltages is provided by (a) transformer and (b) autotransformer.
(The star symbols indicate the voltage polarity of the transformer or autotransformer secondary
windings with respect to the primary windings.).
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Figure 3. The schematic diagram of the autotransformer: (a) windings’ connections; (b) voltage 
phasors’ diagrams. 

Figure 2. The schematic diagram of the isolated two-winding transformer with delta-wye (∆-Y)
connected windings: (a) windings’ connections; (b) voltage phasors’ diagrams. (The star symbols
indicate the voltage polarity of the transformer or autotransformer secondary windings with respect
to the primary windings.).
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The following theoretical studies are conducted with the assumption that the rectifica-
tion system load does not impact the rectifiers’ line commutation and ensures a constant
load current iDC with a negligible AC component. This assumption would theoretically be
the case for a rectification system loaded with a DC current source. Then, the line-to-line
voltages uab and ua1b1 (denoted by the red arrows in Figure 1a,b and the red phasors
in Figures 2b and 3b, respectively) determine the switching functions Sa1 of Rectifier I
included in Figure 1a,b. These switching functions are presented in Figure 4a,b for the
rectification system with the isolated transformer and autotransformer, respectively.
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where: ia1, ib1, ic1, iDC1 and ia2, ib2, ic2, iDC2 are the input and output currents of Rectifier I
and Rectifier II, respectively.

The magnetomotive force relationship of the AIPR can be articulated as

Np(iDC2 − iDC1) = Nsix, (2)

where Np is the turns’ number of the AIPR primary winding sections being half of the total
turns’ number of the AIPR primary winding, Ns stands for the turns’ number of the AIPR
secondary windings, and ix denotes the auxiliary circuit current.

Based on the above equation and Kirchhoff’s current law, the relationship between the
rectifiers’ output currents and the load current is

iDC1 + iDC2 = iDC, (3)
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the formulas for the rectifiers’ output currents can be presented in the following form:

iDC1 =
1
2

(
iDC − Ns

Np
ix

)
and iDC2 =

1
2

(
iDC +

Ns

Np
ix

)
. (4)

Employing Equations (1) and (4) in the formulas for the line currents iA of the rectifi-
cation systems with the unity-rated voltage ratio isolated transformer (5) and autotrans-
former (6):

iA = ia2 +
1√
3
(ia1 − ic1), (5)

iA = ia1 + ia2 +
2 −

√
3√

3
(ic2 − ib2 + ib1 − ic1), (6)

the relationships between the auxiliary circuit current, load current and line current for
these rectification systems are determined by Equations (7) and (8), respectively [18–20]:

ix =
Np

Ns

[
2iA −

(
Sa2 +

1√
3
(Sa1 − Sc1)

)
iDC

]
Sa2 − 1√

3
(Sa1 − Sc1)

, (7)

ix =
iA − 1

2 iDC

[
Sa1 + Sa2 +

2−
√

3√
3
(Sb1 − Sc1 + Sc2 − Sb2)

]
Ns

2Np

[
Sa1 − Sa2 +

2−
√

3√
3
(Sb1 − Sc1 + Sb2 − Sc2)

] . (8)

Taking the pure-sine waveform of the line current iA and bonding its root-mean-square
value to the load current iDC for the rectification systems with the isolated transformer (9)
and autotransformer (10) by assuming the input and output power equality, the auxiliary
circuit current waveforms presented in Figure 5 are obtained [18–20]:

iA =
2
√

3
π

iDC sin
(

ωt − π

6

)
, (9)

iA =

√
π + 3

3π

2 +
√

3
2
√

2
iDC sin

(
ωt − π

6

)
, (10)

where ω stands for the angular frequency ω = 2πf, f is the power supply frequency, and t
stands for time. The initial phase angle −
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where: ia1, ib1, ic1, iDC1 and ia2, ib2, ic2, iDC2 are the input and output currents of Rectifier I and 
Rectifier II, respectively. 

The magnetomotive force relationship of the AIPR can be articulated as 

( ) xiNiiN s1DC2DCp =− , (2)

where Np is the turns’ number of the AIPR primary winding sections being half of the 
total turns’ number of the AIPR primary winding, Ns stands for the turns’ number of the 
AIPR secondary windings, and ix denotes the auxiliary circuit current. 

Based on the above equation and Kirchhoff’s current law, the relationship between 
the rectifiers’ output currents and the load current is 

DC2DC1DC iii =+ , (3)

the formulas for the rectifiers’ output currents can be presented in the following form: 

π results from the assumed initial phase angle of
the supply voltage eA (Figures 2b and 3b) and the unity power factor. Moreover, all current
waveforms presented in this paper are related to the load current iDC and are expressed in
percentage units (p.u.).

Figure 5 presents that the obtained auxiliary circuit current waveforms are irregular
and exhibit discontinuities at specific time intervals. Moreover, Meng et al. presented that
although the auxiliary circuit current determined in the above-described approach provides
a pure-sine waveform of the line current iA, it causes distortions and discontinuities in
the other line currents’ waveforms iB and iC [20,21]. Based on all of that, the researchers
in [18–21] assumed a triangle waveform with a frequency of six times the power supply
frequency and the amplitude adequately related to the load current for the auxiliary circuit
current. The experimental investigations indicated that such an auxiliary circuit current
provided a similar THD of about 1% for each line current of the twelve-pulse rectification
system with the AIPR. However, the mathematical proof for this auxiliary circuit current
waveform was not included. Meng et al. also presented the phasic relations between the
auxiliary circuit current and the output line-to-line voltages of the autotransformer for
synchronisation issues of this current in real applications [20,21].
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Figure 5. The auxiliary circuit current for the unity (2Np/Ns) ratio (black line) determined for the
assumed pure-sine line current iA (blue line) per power supply cycle for the rectification system with
(a) isolated transformer and (b) autotransformer.

3. Determination of the Auxiliary Circuit Current Based on the Space
Vector Analysis of the Twelve-Pulse Diode Bridge Rectifier Operation

The assumption that the rectification system load does not impact the rectifiers’ line
commutation and ensures a constant load current iDC with a negligible AC component
is also applied in this section. The following analysis is conducted on the twelve-pulse
rectification system composed of two parallel connected six-pulse diode bridge rectifiers. The
required phase shift between the rectifiers’ line-to-line voltages is provided by the isolated
three-winding transformer with unity-rated voltage ratio wye-wye (Y-Y) and wye-delta (Y-∆)
connected windings. A schematic diagram of the considered rectification system is presented
in Figure 6. Figure 7a,b include a schematic diagram of the isolated three-winding transformer
windings’ connections and the voltage phasors’ diagrams, respectively.
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Figure 6. The schematic diagrams of the twelve-pulse diode bridge rectifiers employing the isolated
three-winding transformer with wye-wye (Y-Y) and wye-delta (Y-∆) connected windings. (The star
symbols indicate the voltage polarity of the transformer or autotransformer secondary windings with
respect to the primary windings.).
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Figure 7. The schematic diagram of the isolated three-winding transformer with wye-wye (Y-Y) and
wye-delta (Y-∆) connected windings: (a) windings’ connections; (b) voltage phasors’ diagrams. (The
star symbols indicate the voltage polarity of the transformer or autotransformer secondary windings
with respect to the primary windings.).

3.1. The Space Vector Analysis

The rectification system line current waveforms can be defined based on the switching
functions in Equation (1), which are determined by the line-to-line voltages of the six-pulse
diode bridge rectifiers. The switching functions Sa1 and Sa2 for Rectifiers I and Rectifier
II are presented in Figure 8a. With the considered winding connections of the isolated
three-winding transformer, the switching functions Sa2, Sb2 and Sc2 of Rectifier II are shifted
in phase by +
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where: ia1, ib1, ic1, iDC1 and ia2, ib2, ic2, iDC2 are the input and output currents of Rectifier I and 
Rectifier II, respectively. 

The magnetomotive force relationship of the AIPR can be articulated as 

( ) xiNiiN s1DC2DCp =− , (2)

where Np is the turns’ number of the AIPR primary winding sections being half of the 
total turns’ number of the AIPR primary winding, Ns stands for the turns’ number of the 
AIPR secondary windings, and ix denotes the auxiliary circuit current. 
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Figure 8. The waveforms per power supply cycle of (a) the switching functions Sa1 (cyan line) and Sa2

(magenta dash-dotted line) for Rectifier I and Rectifier II, respectively; (b) the phase “A” line currents of
the twelve-pulse rectification system (black dash-dotted line) and the six-pulse diode bridge rectifiers
with the isolated transformer wye-wye (green line) and wye-delta (blue line) connected windings.
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When disconnecting Rectifier II from the rectification system included in Figure 6, the
line currents of the six-pulse diode bridge rectifier with the isolated transformer wye-wye
connected windings are equal to the Rectifier I line currents:

i(Y−Y)
A = ia1, i(Y−Y)

B = ib1, i(Y−Y)
C = ic1 (11)

On the other hand, with Rectifier I disconnected from the rectification system presented
in Figure 6, the line currents of the six-pulse diode bridge rectifier with isolated transformer
wye-delta connected windings are expressed as

i(Y−∆)
A =

2√
3
(ia2 − ic2), i(Y−∆)

B =
2√
3
(ib2 − ia2), i(Y−∆)

C =
2√
3
(ic2 − ib2). (12)

Now, with both Rectifier I and Rectifier II operations, the line currents of the twelve-
pulse rectification system can be expressed by the sum of the six-pulse diode bridge
rectifiers’ line currents (11) and (12):

i
(

Y − Y
Y − ∆

)

A = ia1 +
2√
3
(ia2 − ic2), i

(
Y − Y
Y − ∆

)

B = ib1 +
2√
3
(ib2 − ia2),

i
(

Y − Y
Y − ∆

)

C = ic1 +
2√
3
(ic2 − ib2).

(13)

The line currents of the six-pulse and twelve-pulse rectification systems (11), (12) and
(13) can be expressed in the space vector form according to the following transformation
Formula (14). By this, the three-phase line currents are represented by the space vector
moving around on the stationary complex plane.

I =
2
3

A[iA,B,C], (14)

where: A =

[
1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

]
, [iA,B,C] =

[
iA iB iC

] T
and I is the space vector of the

three-phase line currents iA, iB and iC, A stands for the transformation matrix and [ ]T

denotes the transpose matrix.
Figure 8b presents the phase “A” line current waveforms of the six-pulse and twelve-

pulse rectification systems. Figure 9a depicts the representation of the considered rectifica-
tion systems’ line currents by the space vectors which were determined in accordance with
the transformation Formula (14). The line current waveforms and space vectors included
in Figures 8 and 9 were determined for the case of balanced loadings of the six-pulse diode
bridge rectifiers:

iDC1 = iDC2 = 0.5iDC (15)

It can be observed from Figure 9a that the line current space vectors of the six-pulse
and twelve-pulse diode bridge rectifiers form six-pointed and twelve-pointed stars per
power supply cycle, respectively. These space vectors can be described using the follow-
ing formulas:

- for the six-pulse diode bridge rectifier with isolated transformer wye-wye connected
windings:

I(Y−Y) =
∣∣∣I(Y−Y)

∣∣∣ej( (1+2k)π
6 ), (16)
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- for the six-pulse diode bridge rectifier with isolated transformer wye-delta connected
windings:

I(Y−∆) =
∣∣∣I(Y−∆)

∣∣∣ej( 2kπ
6 ), (17)

- for the twelve-pulse rectification system with isolated transformer wye-wye and
wye-delta connected windings:

I
(

Y − Y
Y − ∆

)

=

∣∣∣∣∣∣∣∣∣I
(

Y − Y
Y − ∆

)

∣∣∣∣∣∣∣∣∣e
j( (1+2k)π

12 ), (18)

where k stands for the sector number and takes the value of k = 0, 1, . . ., q − 1, q denotes the
DC output voltage waveform pulses’ number per power supply cycle, and “j” stands for
the imaginary unit j2 = −1.
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Figure 9. The line current space vectors of the twelve-pulse rectification system (black line) and the
six-pulse diode bridge rectifiers with the isolated transformer wye-wye (green line) and wye-delta
(blue line) connected windings: (a) placement on the complex plane per power supply cycle; (b)
relationship between the line currents’ space vectors of the six-pulse and twelve-pulse diode bridge
rectifiers within the first sector.

The sectors are determined by the placement of the six-pulse rectifier current space
vectors on the complex plane, as depicted in Figures 9b and 10a–f by the red dashed lines.
The sectors’ vertices form the dodecagon which is depicted by the solid red line in Figure 9a
and then in Figures 12b, 16b and 18b.
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cation system line currents’ space vector, and the load current can be described by Equa-
tions (22) and (23) for the odd sectors. The relationships valid in the even sectors are ob-
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of Equations (22) and (23). 
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Figure 10. The space vectors of the six-pulse and twelve-pulse diode bridge rectifiers within the first
sector under the six-pulse diode bridge rectifiers’ alternate loading.

The relationship between the space vectors’ amplitudes and the six-pulse diode bridge
rectifiers’ output currents can be described in the following way:

iDC1 =

√
3

2

∣∣∣I(Y−Y)
∣∣∣ and iDC2 =

√
3

2

∣∣∣I(Y−∆)
∣∣∣. (19)

Then, the following equation is valid according to Kirchhoff’s current law for a twelve-
pulse rectification system:

iDC =

√
3

2

(∣∣∣I(Y−Y)
∣∣∣+ ∣∣∣I(Y−D)

∣∣∣). (20)

Figure 9b presents the current space vectors of the six-pulse (16), (17), and twelve-pulse
(18) diode bridge rectifiers located within the first sector (k = 0). It is natural that the sum of
the line currents’ space vectors of the six-pulse diode bridge rectifiers determines the line
currents’ space vector for the twelve-pulse rectification system. At the same time, the load
current of the twelve-pulse rectification system can be expressed as the sum of the space
vectors’ amplitudes of the six-pulse diode bridge rectifiers (20), which are proportional to
the rectifiers’ output currents (19). Then, it is straightforward that the amplitude and phase
angle of the twelve-pulse diode bridge rectifier space vector can be controlled by shaping
the six-pulse diode bridge rectifiers’ output currents. Therefore, providing alternate loading
for the six-pulse diode bridge rectifiers together with the constant total load current of the
twelve-pulse rectification system, the head of its space vector can shift around along the
line constructed through sector vertices, as presented in Figure 10a–f. Only one six-pulse
diode bridge rectifier is loaded at the beginning of the sector, and its output current is
equal to the total load current (Figure 10a). The second rectifier operates with no load.
Then, the loading of one rectifier is gradually reduced while increasing the second rectifier
loading (Figure 10b–e), such that the second rectifier takes the total load current at the
boundary of the ongoing sector and the subsequent one (Figure 10f). In the case of the
continuous alternate loading of the six-pulse diode bridge rectifiers, the space vector of the
twelve-pulse rectification system shifts continuously along the dodecagon. This results
in the twelve-section near-sine waveforms of the twelve-pulse diode bridge rectifier line
currents, i.e., the waveforms of the lowest THD that can be achieved under the operation
of such a rectification system.
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The required relationship between the six-pulse diode bridge rectifiers’ output currents
and the phase angle of the twelve-pulse rectification system line currents’ space vector
can be established based on the law of sines. From Figure 9b, the following equality can
be formulated: ∣∣∣∣∣∣∣∣∣I

(
Y − Y
Y − ∆

)

∣∣∣∣∣∣∣∣∣
sin
( 5π

6
) =

∣∣∣I(Y−D)
∣∣∣

sin
(

π
6 − α

) =

∣∣∣I(Y−Y)
∣∣∣

sin(α)
. (21)

where α stands for the phase angle of the line currents’ space vector of the twelve-pulse
diode bridge rectifier.

Then, making the use of Equations (19) and (20), the relationships associating the
six-pulse diode bridge rectifiers’ output currents, the phase angle of the twelve-pulse
rectification system line currents’ space vector, and the load current can be described by
Equations (22) and (23) for the odd sectors. The relationships valid in the even sectors are
obtained by substituting the angle (
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where: ia1, ib1, ic1, iDC1 and ia2, ib2, ic2, iDC2 are the input and output currents of Rectifier I and 
Rectifier II, respectively. 

The magnetomotive force relationship of the AIPR can be articulated as 

( ) xiNiiN s1DC2DCp =− , (2)

where Np is the turns’ number of the AIPR primary winding sections being half of the 
total turns’ number of the AIPR primary winding, Ns stands for the turns’ number of the 
AIPR secondary windings, and ix denotes the auxiliary circuit current. 

Based on the above equation and Kirchhoff’s current law, the relationship between 
the rectifiers’ output currents and the load current is 

DC2DC1DC iii =+ , (3)

the formulas for the rectifiers’ output currents can be presented in the following form: 

π – α) in place of the phase angle α in the numerators
of Equations (22) and (23).
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Subsequently, making the use of Equations (22) and (23), (2) and (3), the relationships
between the auxiliary circuit current, the phase angle of the rectification system line currents’
space vector, and the load current are devised (24) and (25) for the odd and even sectors,
respectively.
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)
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Equations (22)–(25) precisely define the six-pulse diode bridge rectifiers’ output cur-
rents and the auxiliary circuit current, respectively, which provide the required phase angle
changes of the line currents’ space vector at the given load current for the twelve-pulse
rectification system with AIPR.

3.2. Determination of the Line Currents’ Waveforms and Their Frequency Components

For the case of the continuous phase angle changes of the line currents’ space vector
and the constant load current, the waveforms of the six-pulse diode bridge rectifiers’
output currents (Figure 11a) and the auxiliary circuit current (Figure 11b) are determined
from Equations (22), (23), (24) and (25), respectively. A near-triangular waveform with a
frequency of six times the power supply frequency and the amplitude adequately related
to the load current for the auxiliary circuit current is obtained (Figure 11b). With such
an auxiliary circuit current waveform, the output currents of the six-pulse diode bridge
rectifiers alternate continuously, while their sum is constant and equals the assumed load
current within the power supply cycle (Figure 11a). The line currents of the twelve-pulse
diode bridge rectifier with the AIPR are then determined based on the six-pulse diode
bridge rectifier output currents, their switching functions, and Equations (1) and (13). These
line currents are of the twelve-section near-sine waveforms, as presented in Figure 12a. The
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space vector of these line currents is calculated using Equation (14), and its placement on
the complex plane per power supply cycle is included in Figure 12b. These results confirm
the usefulness of the devised formula for the auxiliary circuit current since the resulting
waveform (Figure 11b) provides the continuous alternate loading of the six-pulse diode
bridge rectifiers (Figure 11a) and, in turn, the continuous shifting around the line currents’
space vector along the dodecagon (Figure 12b).
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Figure 11. The theoretical current waveforms per power supply cycle for the twelve-pulse diode
bridge rectifier with AIPR: (a) the output currents of the Rectifier I (green line) and the Rectifier II
(blue line); (b) the auxiliary circuit current for the unity (2Np/Ns) ratio.
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Figure 12. The theoretical line currents of the twelve-pulse diode bridge rectifier with AIPR per
power supply cycle: (a) the line current waveforms and (b) the line current space vectors.

Figure 13 presents the frequency components for the line currents of the twelve-pulse
diode rectifier with the AIPR, in which the auxiliary circuit current takes the near-triangular
waveform considered above (Figure 11b) and the triangular waveform assumed in previous
works [18–21]. In addition, Figure 13 also covers the line currents’ frequency components
obtained for the case of the auxiliary circuit current waveform corresponding to one of the
voltages across the AIPR primary winding. This results from the fact that such a voltage
waveform is also near-triangular shaped with a frequency of 300 Hz. This voltage can be
described by Equations (26) and (27) for odd and even sectors, respectively. The resulting
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line currents’ THD of the twelve-pulse diode bridge rectifier with the AIPR are 1.034%,
1.054% and 1.073% for the considered cases of the auxiliary circuit current waveform,
respectively.

up = 2 sin
( π

12

)
sin
(

α − π

12

)
uDC, (26)
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rectifier with the AIRP where the auxiliary circuit current takes: the near-triangular waveform from
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corresponding to the AIRP primary winding voltage drop (yellow bar).
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The minor differences in the line currents’ frequency components can be observed
in Figure 13. However, the lowest line current THD is obtained for the auxiliary circuit
current, which takes the near-triangular waveform determined by Equations (24) and
(25) for the continuous phase angle changes of the line current space vector and the
constant load current (Figure 11b). Figure 14 presents the absolute errors between the
auxiliary circuit current waveform from Figure 11b, taken here as the reference one, and the
waveform assumed in previous works [18–21]. The absolute errors between the waveform
in Figure 11b and the auxiliary circuit current waveform corresponding to the voltage across
the AIPR primary winding are also included in Figure 14. The average values of these
absolute errors per cycle of the auxiliary circuit current are 0.0029 (p.u.) and 0.0043 (p.u.),
respectively. It is observed that with the more deviated waveform of the auxiliary circuit
current from the one included in Figure 11b, a greater line current THD is obtained for the
operation of the twelve-pulse diode bridge rectifier with the AIPR. This confirms that the
auxiliary circuit current waveform in Figure 11b provides the optimal line current THD for
the twelve-pulse diode bridge rectifier with the AIPR. The calculation of the line current
waveforms and their frequency components were performed in MATLAB software.
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Figure 14. The absolute errors between the auxiliary circuit current waveform from Figure 11b and
the waveforms assumed in previous works [18–21] (green line) correspond to the AIRP primary
winding voltage drop (blue line).

4. Experimental Investigations
The experimental investigations are mainly focused on the verification of the theoreti-

cal studies relating the auxiliary circuit current, six-pulse diode bridge rectifiers’ output
currents, and line currents’ space vector of the twelve-pulse diode bridge rectifier with the
AIPR. These experimental investigations were conducted on a laboratory test bench, the
schematic diagram of which is consistent with that presented in Figure 6. A picture of the
laboratory test bench is shown in Figure 15.
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Figure 15. The picture of the laboratory test bench: 1—2 kVA three-winding isolated transformer
with the unity-rated voltage ratio Y-Y and Y-∆ connected windings; 2—two-winding IPR; 3—current
transducers LA55; 4—National Instruments USB-6259 device; 5—PC with National Instruments
SignalExpress software.

A 2 kVA three-winding isolated transformer with the unity-rated voltage ratio wye-
wye and wye-delta connected windings was employed to ensure a 30 degrees phase shift
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between the line-to-line voltages of the two six-pulse diode bridge rectifiers connected in
parallel. The independent operation of these rectifiers was obtained by the use of the two-
winding IPR with a unity (2Np/Ns) ratio. The tested rectification systems operated with an
inductive load, providing an approximately constant DC current. Under experimental tests,
the three-phase line currents of the tested rectification systems, the output currents of the
six-pulse diode bridge rectifiers, and the load and auxiliary circuit currents were measured
with the use of the current transducers LA55. The transducers’ output voltage signals
were registered by the National Instruments USB-6259 high-resolution, multifunction I/O
device which was controlled through the National Instruments SignalExpress software.
Data acquisition was performed at a sampling frequency of 50 kHz.

The conventional twelve-pulse rectification system operation was tested in the first
stage of the experimental investigations. Figure 16a,b present the registered three-phase
line currents and their representation with the space vector form per power supply cycle.
The experimental investigation results for the conventional twelve-pulse diode bridge
rectifier are consistent with the theoretical studies presented in Section 3.1. As observed in
Figure 16b, the line currents’ space vectors of this rectification system form the twelve-
pointed star per power supply cycle. The presence of the space vectors between the
subsequent arms of the twelve-pointed star in Figure 16b is inherent for real applications
and is related to the rectifiers’ line commutation, which was not involved in the theoreti-
cal studies.

Energies 2025, 18, x FOR PEER REVIEW 19 of 23 
 

 

A 2 kVA three-winding isolated transformer with the unity-rated voltage ratio wye-
wye and wye-delta connected windings was employed to ensure a 30 degrees phase shift 
between the line-to-line voltages of the two six-pulse diode bridge rectifiers connected in 
parallel. The independent operation of these rectifiers was obtained by the use of the two-
winding IPR with a unity (2Np/Ns) ratio. The tested rectification systems operated with an 
inductive load, providing an approximately constant DC current. Under experimental 
tests, the three-phase line currents of the tested rectification systems, the output currents 
of the six-pulse diode bridge rectifiers, and the load and auxiliary circuit currents were 
measured with the use of the current transducers LA55. The transducers’ output voltage 
signals were registered by the National Instruments USB-6259 high-resolution, multifunc-
tion I/O device which was controlled through the National Instruments SignalExpress 
software. Data acquisition was performed at a sampling frequency of 50 kHz. 

The conventional twelve-pulse rectification system operation was tested in the first 
stage of the experimental investigations. Figure 16a,b present the registered three-phase 
line currents and their representation with the space vector form per power supply cycle. 
The experimental investigation results for the conventional twelve-pulse diode bridge rec-
tifier are consistent with the theoretical studies presented in Section 3.1. As observed in 
Figure 16b, the line currents’ space vectors of this rectification system form the twelve-
pointed star per power supply cycle. The presence of the space vectors between the sub-
sequent arms of the twelve-pointed star in Figure 16b is inherent for real applications and 
is related to the rectifiers’ line commutation, which was not involved in the theoretical 
studies. 

 

Figure 16. The measured line currents of the conventional twelve-pulse diode bridge rectifier per 
power supply cycle: (a) the line current waveforms and (b) the line current space vectors. 

In the second stage of the experimental investigations, the operation of the twelve-
pulse diode bridge rectifier with AIPR was examined. The adjustable resistor played the 
role of the auxiliary circuit connected to the AIPR secondary winding. In such a way, the 
auxiliary circuit current waveform is consistent with the waveform of the voltage across 
the AIPR primary winding as pointed out in Section 3.2. Then, the properly adjusted re-
sistance in relation to the load current provides the auxiliary circuit current of a near-
triangular waveform. This auxiliary circuit current waveform leads in turn to the line cur-
rents’ waveforms which are very close to the twelve-section near-sine waveforms ob-
tained when the auxiliary circuit current is of the near-triangular waveform presented in 
Figure 11b). The theoretical studies included in Section 3.2 indicate only minor differences 

Figure 16. The measured line currents of the conventional twelve-pulse diode bridge rectifier per
power supply cycle: (a) the line current waveforms and (b) the line current space vectors.

In the second stage of the experimental investigations, the operation of the twelve-
pulse diode bridge rectifier with AIPR was examined. The adjustable resistor played the
role of the auxiliary circuit connected to the AIPR secondary winding. In such a way, the
auxiliary circuit current waveform is consistent with the waveform of the voltage across the
AIPR primary winding as pointed out in Section 3.2. Then, the properly adjusted resistance
in relation to the load current provides the auxiliary circuit current of a near-triangular
waveform. This auxiliary circuit current waveform leads in turn to the line currents’
waveforms which are very close to the twelve-section near-sine waveforms obtained when
the auxiliary circuit current is of the near-triangular waveform presented in Figure 11b). The
theoretical studies included in Section 3.2 indicate only minor differences in the line current
frequency components of the twelve-pulse rectification system when the auxiliary circuit
current takes the near-triangular waveform presented in Figure 11b and the waveform
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corresponding to the AIRP primary winding voltage drop. Therefore, such a solution for
auxiliary circuit current generation is legitimate in terms of the experimental investigations
devoted to validating the relation between the auxiliary circuit current, six-pulse diode
bridge rectifiers’ output currents, and line currents’ space vector of the twelve-pulse diode
bridge rectifier with the AIPR.

Figure 17a,b present the auxiliary circuit current and the six-pulse diode bridge rec-
tifiers’ output currents, respectively. As can be observed from these figures, the near-
triangular waveform of the auxiliary circuit current ensures continuous alternate loadings
of the six-pulse diode bridge rectifiers. In consequence, the line currents’ space vectors of
the twelve-pulse rectification system with the AIPR shift continuously over the dodecagon
(Figure 18b), and the twelve-section near-sine line current waveforms are achieved, as
presented in Figure 18a. Figure 19 presents the comparison of the line currents’ frequency
components for the conventional twelve-pulse diode bridge rectifier and the one with the
AIPR. The near-triangular waveform of the auxiliary circuit current provides a reduction in
the line currents’ THD of 11.96% for the conventional twelve-pulse diode bridge rectifier to
1.88% for the twelve-pulse rectification system with the AIPR.
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Figure 18. The measured line currents of the twelve-pulse diode bridge rectifier with AIPR per power
supply cycle: (a) the line current waveforms and (b) the line current space vectors.
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5. Conclusions
This paper presents the space vector analysis conducted for a twelve-pulse diode

bridge rectifier. As a result, a formula for the auxiliary circuit current related to the phase
angle of the rectification system line current space vector and the load current is devised.
This formula explicitly defines the auxiliary circuit current waveform which guarantees
the optimal line currents’ THD for the twelve-pulse diode bridge rectifier with the AIPR,
which is theoretically about 1.034%.

The experimental investigations confirm the theoretical studies on the relationship
between the auxiliary circuit current, six-pulse diode bridge rectifiers’ output currents,
and line currents’ space vector of the twelve-pulse rectification system with the AIPR.
It is presented that the near-triangular waveform of the auxiliary circuit current with a
frequency of six times the power supply frequency and an amplitude adequately related
to the load current ensures continuous alternate loading of the six-pulse diode bridge
rectifiers. This consequently provides the line currents’ space vector shifts continuously
along the line constructed through sectors’ vertices, leading to the twelve-section near-sine
waveform of the line currents for the twelve-pulse rectification system with the AIPR.

Future works should include studies employing the devised formula for the auxiliary
circuit current in the reference waveform generator for a pulse width modulation converter,
which operates as the active auxiliary circuit connected to the IPR secondary winding. Then,
the impact of the selected auxiliary circuit current waveforms, i.e., the one determined by
the devised formula for the continuous phase angle changes of the line currents’ space
vector and the one assumed in the works [18–21], on the line currents’ THD of the twelve-
pulse diode bridge rectifier with the AIPR is planned to be examined.
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