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Open-Circuit Fault Research on Asymmetric
Delta-Polygon 18-Pulse Autotransformer Rectifier

Unit for More Electric Aircraft
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Abstract—In aviation aircraft, autotransformer rectifier units
(ATRUs) have been widely used as front-end rectifiers. The com-
prehensive analysis of its operating characteristics under the fault
is beneficial to assessing the hazards of the faults and developing a
fault diagnosis scheme. This article investigates two types of open-
circuit (OC) faults in delta-polygon 18-pulse ATRU, namely, diode
OC fault and input OC fault. First, the effects of the diode OC fault
on five aspects are quantitatively analyzed: diode conduction angle,
output voltage ripple, winding current, input current harmonics,
and diode and transformer winding losses. Next, the operating
characteristics of ATRU are investigated under input OC fault, and
the quantitative effects of the five aspects above are also calculated.
Then, based on the affected intervals of dc output voltage, a fault
diagnosis idea dealing with two types of OC faults is discussed.
Meanwhile, the predictive maintenance objects after the fault loca-
tion are also summarized. Finally, the simulation and experimental
results validate the theoretical analysis and discussion. This work
is very significant for guiding the fault detection, fault location, and
predictive maintenance of ATRUs.

Index Terms—Autotransformer rectifier units (ATRUs), diode
open-circuit (OC) fault, fault diagnosis, input OC fault, predictive
maintenance, quantitative analysis.

I. INTRODUCTION

W ITH the development of more electric aircraft and all-
electric aircraft, more and more schemes using hydraulic

or pneumatic energy to realize the specific functions (e.g., wing-
ice protection, environment control, flight control) have been
replaced by electrical schemes [1]. The significant increase in
demand for dc power energy necessitates a front-end rectifier
with large capacity, high efficiency, small size, less weight, and
low cost. In this context, multipulse autotransformer rectifier
units (ATRUs), which effectively eliminate the harmonics in
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input current and reduce the output voltage ripple when com-
pared to a three-phase diode bridge rectifier, have attracted the
extensive attention of many researchers and engineers [2], [3].

According to the number of rectification pulses, ATRUs can
be categorized into 12- [4], [5], 18- [6]–[8], 24-pulse [9], or
even more pulses [10], [11], and the theoretical total harmonic
distortion (THD) values of their input current are 15.2%, 10.1%,
7.6%, or even lower, respectively. Apparently, as the number
of pulses increases, the THD value of the input current de-
creases gradually. While the configuration of the phase-shifting
transformer becomes more complicated, which increases the
manufacturing difficulties. Some aviation standards, such as
ISO-1540 [12] and DO160-F [13], require that the THD of
the input line current for three-phase equipment be strictly
maintained within 10%, as high harmonic emission levels may
interfere with the normal operation of other loads. Therefore,
considering the tradeoff between the current THD and trans-
former configuration complexity, the 18-pulse ATRUs are the
most appropriate choice for aviation aircraft. In addition, in
[14] and [15], the research on the different 18-pulse ATRUs
has confirmed that the asymmetric delta-polygon (DP) type has
the lowest kilovolt ampere (kVA) rating, which means that the
volume and weight of the phase-shifting transformer can be
greatly reduced. Hence, the asymmetric DP 18-pulse ATRU
is widely employed in aviation aircraft with stringent weight,
volume, and power quality requirements.

Apart from the normal operation, the characteristics of the
18-pulse ATRU under the fault conditions should also be con-
sidered due to the comprehensive performance evaluation. In
general, the overcurrent phenomenon caused by a short-circuit
fault can be detected immediately and eliminated by the fuse.
However, the open-circuit (OC) fault does not cause the ATRUs
to shut down immediately but continues to operate with poor
performance, which may cause some devices to suffer from
increased stress, resulting in a secondary fault [16]. Diode and
input OC faults are two types of typical OC faults in ATRUs. For
diode OC fault, in [17], a diode OC fault diagnosis method based
on the local and global minimum values of output voltage for
the 12-pulse parallel and series TRU was presented. However,
to avoid the complex calculation of the output voltage in [17],
a diode OC fault diagnosis method using Hausdorff distance
algorithm to extract the fault feature of the output voltage sag for
an 18-pulse ATRU was proposed [18]. Recently, considering the
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use of the single passive harmonic reduction technology in the
multipulse rectifiers, the output voltage for parallel-connected
24-pulse rectifier under diode OC fault in the main circuit and dc-
side passive harmonic reduction circuit was analyzed in [19], and
then feature parameters reflecting diode fault information were
determined. In [20], the output voltage of the 36-pulse ATRU
with the dual passive harmonic reduction circuit has also been
analyzed for the fault features. In addition, some intelligence
algorithms are used to diagnose diode OC faults in different
ATRUs. In [21], a diode OC fault diagnosis method integrating
artificial neural networks, wavelet packet decomposition, and
principal component analysis for a 24-pulse ATRU was pro-
posed, in which the wavelet packet decomposition algorithm is
used to extract the fault features of the output voltage waveform.
In [22], a diode OC fault diagnosis method using radial basis
function network groups to identify the output voltage fault
features for 12-pulse ATRU was proposed. The aforementioned
research on diode OC fault has a common characteristic, that is,
they all pay more attention to the output voltage to develop a fault
diagnosis scheme, which is obviously not inadequate in terms of
the performance evaluation of ATRUs under the fault condition.
For input OC fault, in [23] and [24], the input OC faults of
12-pulse ATRUs with an active inter-phase reactor based on the
delta- and zigzag-connected autotransformer are investigated,
respectively. However, the influence of the input OC fault on the
performance of asymmetric DP 18-pulse ATRU is still unclear,
and thus a detailed analysis is necessary.

Through the above review, previous work cannot help re-
searchers and engineers fully comprehend the effects and harm
of OC faults since the original purpose of their work is only
to determine fault features to develop fault diagnosis methods.
Meanwhile, the single fault diagnosis cannot guide the predictive
maintenance of the equipment after fault diagnosis. In fact, many
interesting performance indicators of ATRUs under fault condi-
tions should be comprehensively and quantitatively evaluated.
Unfortunately, these contents are still rare in existing research.

In this article, the asymmetric DP 18-pulse ATRU is taken
as the research object. The comprehensive influences and the
diagnosis idea of the typical two types of OC faults (diode and
input OC faults) are analyzed and discussed. This work not only
clarifies the operating characteristics of ATRU under OC fault
but also is beneficial for developing a fault diagnosis scheme
and digging the predictive maintenance objects. Moreover, the
analysis framework and approach of this paper can be easily
generalized to be extended to other multipulse rectifiers. The
rest of this article is organized as follows: Section II describes
the normal operation mode of ATRU. In Section III, the ef-
fects of the different diode OC faults on five aspects: diode
conduction angle, output voltage ripple, winding current, input
current harmonics, and losses of diode and winding are ana-
lyzed quantitatively. In Section IV, the changes in the operating
characteristics of ATRU under input OC fault are explored, and
its influences on the above five aspects are also analyzed. In
Section V, combining the analysis results in Sections III and IV,
a fault diagnosis idea dealing with two types of OC faults based
on the affected intervals of dc output voltage is discussed. In
Section VI, the simulation and experiment are implemented to

Fig. 1. Topology of the asymmetric DP 18-pulse ATRU.

Fig. 2. Winding configuration of the phase-shifting transformer.

verify the correctness of the theoretical analysis and discussion.
In the end, the conclusion is presented in Section VII.

II. NORMAL OPERATION ANALYSIS OF DP 18-PULSE ATRU

This section analyzes the normal operation mode of DP 18-
pulse ATRU, which can provide a theoretical foundation and
reference for the later analysis of the fault operation and the
discussion of the fault diagnosis idea.

Fig. 1 shows the topology of the asymmetric DP 18-pulse
ATRU that is composed of a phase-shifting transformer, a
main rectifier bridge (MRB), and two auxiliary rectifier bridges
(ARB). Phase-shifting transformers are used to modify the
magnitude and phase of the three-phase input voltage. The three
rectifier bridges that the output terminals are directly paralleled
convert ac to dc to power the load. Fig. 2 shows the placement of
the windings of the phase-shifting transformer on a three-limb
core. As can be seen, each limb has five windings, for instance,
the primary winding NCp and the four secondary windings NCs1,
NBs2, NAs3, and NCs4 on limb C. Fig. 3 shows the phasor diagram
of the phase-shifting transformer. Assuming that three-phase
input voltages are as follows:⎧⎨

⎩
vA(a) =

√
2V sin(ωt+ π/2)

vB(b) =
√
2V sin(ωt− π/6)

vC(c) =
√
2V sin(ωt+ 7π/6)

(1)
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Fig. 3. Phasor diagram of the phase-shifting transformer.

where V is the root mean square (RMS) value of input phase
voltage. According to the phasor diagram in Fig. 3, the other
two sets of three-phase output voltages of the phase-shifting
transformer can be written as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

val =
√
2KV sin(ωt+ π/2− θp)

vbl =
√
2KV sin(ωt− π/6− θp)

vcl =
√
2KV sin(ωt+ 7π/6− θp)

vaf =
√
2KV sin(ωt+ π/2 + θp)

vbf =
√
2KV sin(ωt− π/6 + θp)

vcf =
√
2KV sin(ωt+ 7π/6 + θp)

(2)

where K = 0.767 and θp = 37π/180 [15]. Ignoring transformer
leakage inductance and diode conduction voltage drop, the
instantaneous value of dc output voltage under the continuous
conduction mode can be expressed as

vDC = Sava + Salval + Safvaf + Sbvb + Sblvbl

+ Sbfvbf + Scvc + Sclvcl + Scfvcf (3)

where Sa, Sal, Saf, Sb, Sbl, Sbf, Sc, Scl, and Scf are switching
functions of 9 bridge arms in Fig. 1. According to Fig. 3 or
the voltage relations (1) and (2), the switching function of each
bridge arm in the interval ωt�[0, 2π) can be determined as
follows:

Sa =

⎧⎨
⎩

1ωt ∈ [0, 2π/9) ∪ [16π/9, 2π)
−1ωt ∈ [7π/9, 11π/9)
0 other

Sal =

⎧⎨
⎩

1ωt ∈ [2π/9, π/3)
−1ωt ∈ [11π/9, 4π/3)
0 other

Sb = Sa∠− 2π/3, Saf = Sal∠5π/9
Sc = Sal∠2π/3, Sbf = Sal∠− π/9

Sbl = Sal∠− 2π/3, Scf = Sal∠− 7π/9

Scl = Sal∠2π/3 (4)

where Sx = 1 and -1 (x = a, al, af, b, bl, bf, c, cl, cf) represent
the upper and lower diodes of bridge arm x are conducting,
respectively, and Sx = 0 means that two diodes on bridge

Fig. 4. DC output voltage waveforms under the normal operation and diode
OC faults.

Fig. 5. Waveforms of three-phase input current under normal operation and
diode OC faults.

arm x are OFF. Substituting (1), (2), and (4) into (3), the dc
output voltage waveform (blue line) is plotted in Fig. 4. It can
be observed that the output voltage is a pulsating dc with 18
subwaveforms and the first subwaveform is the wave crest of
the line-to-line voltage vacf.

Furthermore, noted that the windings NXp (X = A, B, C) are
equal in Fig. 2 and NXs1 = NXs4, NXs2 = NXs3. According to
the ampere-turn balance theory and Kirchhoff’s current law, the
following relations can be obtained:⎧⎨
⎩

NAs1iA1 +NApiA2 +NAs1iA3 = NAs2iC1 +NAs2iB3

NAs1iB1 +NApiB2 +NAs1iB3 = NAs2iA1 +NAs2iC3

NAs1iC1 +NApiC2 +NAs1iC3 = NAs2iB1 +NAs2iA3

(5)⎧⎨
⎩

iA = ia + iA1 − iC3

iB = ib + iB1 − iA3

iC = ic + iC1 − iB3

⎧⎨
⎩

ial = iA1 − iA2

ibl= iB1 − iB2

icl = iC1 − iC2

⎧⎨
⎩

iaf= iC2 − iC3

ibf= iA2 − iA3

icf= iB2 − iB3

(6)

where NAs1, NAs2, and NAp can be derived from the geometric
relation in Fig. 3 [15]. They are 0.4472, 0.2381, and 0.6015,
respectively, when the turns of virtual winding corresponding
to input phase A voltage are marked 1. Assuming that the load
current is constant Id, in combination with (4)–(6), three-phase
input current waveforms (solid line) can be plotted in Fig. 5.
Obviously, the input current is an approximate sine wave with
18 steps in one period.

III. DIODE OC FAULT ANALYSIS OF DP 18-PULSE ATRU

This section analyzes the influences of the different diode OC
faults on the five aspects. According to (4), each diode in MRB
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conducts 80° while each diode in ARB1 and ARB2 conducts
20°. Therefore, the diode OC faults can be divided into two
types: diode OC fault in MRB and diode OC fault in ARB, and
they should be analyzed separately. Here the diode bu OC fault
in MRB and diode alu OC fault in ARB are taken as examples
to reveal the mechanism of their influences on the performance
of the rectifier.

A. Diode Conduction Angle Analysis Under Diode OC Fault

When the diode bu OC fault in MRB occurs, in its working
period ωt�[4π/9, 8π/9), the wave crests of the four line-to-line
voltages associated with diode bu cannot be delivered to the
dc side due to the absence of a path to the output. From the
perspective of the time axis, in the interval ωt�[4π/9, 8π/9), the
upper diodes closest to the working interval of the faulty diode
bu will operate instead of it. This causes the second maximum
instantaneous voltage to be output. Consequently, the switching
functions of three bridge arms (b, bf, and bl) related to diode bu
OC fault are changed as follows:

Sb−buF =

{−1 ωt ∈ [13π/9, 17π/9)
0 other

(7)

Sbf−buF =

⎧⎨
⎩

1 ωt ∈ [π/3, 2π/3)
−1 ωt ∈ [4π/3, 13π/9)
0 other

(8)

Sbl−buF =

⎧⎨
⎩

1 ωt ∈ [2π/3, π)
−1 ωt ∈ [17π/9, 2π)
0 other

. (9)

From (7)–(9), the conduction angle 80° of diode bu is shared
equally by diodes bfu and blu, whose conduction angles are
changed from 20° to 60°.

Similarly, when the diode alu OC fault in ARB occurs,
the diodes au and bfu that are closest to its working interval
ωt�[2π/9, π/3) will replace it. Also, they share the conduction
angle 20° of the faulty diode alu equally. Thus, the conduction
angles of diodes au and bfu become 90° and 30°, respectively. As
a result, the switching functions of three bridge arms (al, a, and
bf) associated with diode alu OC fault are changed as follows:

Sal−aluF =

{−1 ωt ∈ [11π/9, 4π/3)
0 other

(10)

Sa−aluF =

⎧⎨
⎩

1 ωt ∈ [0,5π/18) ∪ [16π/9, 2π)
−1 ωt ∈ [7π/9, 11π/9)
0 other

(11)

Sbf−aluF =

⎧⎨
⎩

1 ωt ∈ [5π/18, 4π/9)
−1 ωt ∈ [4π/3, 13π/9)
0 other

. (12)

B. Output Voltage Ripple Analysis Under Diode OC Fault

From Fig. 4, it is easy to know that the output voltage ripple
under the normal operation is the difference between maximum
and minimum at 20° wave crest of the line-to-line voltage, and
it can be expressed as

VR−NOR =
√
2Vbc(1− cos 10◦) ≈ 0.0372V (13)

where Vbc = 1.732 V [15]. According to (3), (4), (7)–(9), and
(10)–(12), the dc output voltage waveforms under diodes bu
and alu OC faults are plotted in Fig. 4, respectively. It can be
seen from Fig. 4 that in the interval ωt�[4π/9, 8π/9), the wave
crests of the four voltages (vbc, vbcl, vbaf, vba) are not delivered
to the dc side under diode bu OC fault. According to Fig. 3,
the line-to-line voltage with the second maximum instantaneous
value is vbfc in the interval ωt�[4π/9, 5π/9), hence, the part
waveform of the voltage vbfc is output in the interval ωt�[4π/9,
5π/9). Likewise, in the intervalωt�[5π/9, 2π/3), the line-to-line
voltage with the second maximum instantaneous value is vbfcl,
thereby the part waveform of the voltage vbfcl is output in the
intervalωt�[5π/9, 2π/3). Meanwhile, in the intervalsωt�[2π/3,
7π/9) and [7π/9, 8π/9), the part waveforms of the voltages vblaf
and vbla are output, respectively. Consequently, a sag with a
width of 80° appears in the interval ωt�[4π/9, 8π/9) of the dc
output voltage, as shown in Fig. 4. The minimum voltage that
this sag can reach is calculated as

Vmin−buF =
√
2Vbfcl cos(30

◦) ≈ 1.8649V (14)

where Vbfcl = 0.8791Vbc can be derived from Fig. 3. Thus, the
output voltage ripple under diode bu OC fault can be calculated
as

VR−buF =
√
2Vbc −

√
2Vbfcl cos(30

◦) ≈ 0.5846V. (15)

Similarly, when the diode alu OC fault occurs, the voltage
vac is output by the diodes au and cd in the left-half interval
ωt�[2π/9, 5π/18) of the working interval ωt�[2π/9, π/3) of the
faulty diode alu, and the voltage vbfc is output by the diodes
bfu and cd in the right-half interval ωt�[5π/18, π/3). Hence, a
20° sag appears in the interval ωt�[2π/9, π/3) of the dc output
voltage. The minimum value of this sag is calculated as

Vmin−aluF =
√
2Vac cos(20

◦) ≈ 2.3018V. (16)

Consequently, the output voltage ripple under diode alu OC
fault can be calculated as

VR−aluF =
√
2Vac −

√
2Vac cos(20

◦) ≈ 0.1477V. (17)

From (13), (15), and (17), it can be found that the output volt-
age ripple caused by diode OC fault in MRB and ARB is about
15.7 times and 4 times that of the normal operation, respectively,
which seriously exceeds the dc voltage ripple requirement of the
relevant standards.

C. Winding Current Analysis Under Diode OC Fault

Under diode OC fault, the winding current of the transformer
will diverge from the normal operation curve. It can be known
from Section III-B that at the positions of 80° and 20° sags
caused by diodes bu and alu OC faults, the load current also
declines with the voltage drop and is less than the constant
current Id. To simplify the calculation, the load current values
at these positions are equivalently calculated as per the RMS
value, which is presented in Appendix A.

Combining (4)–(12), the current curves of all winding under
the normal operation (blue line), diode bu OC fault (green line),
and diode alu OC fault (red line) are calculated and plotted
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Fig. 6. Current waveforms of the windings under normal operation, diode bu
OC fault, and diode alu OC fault.

Fig. 7. Ratio of current RMS value for each winding after and before the diode
bu fault.

in Fig. 6, respectively. For diode bu OC fault, it can be found
from Fig. 6 that the affected interval of the winding current is
ωt�[4π/9, 8π/9), which is consistent with the position of 80°
sag in the dc output voltage. Apparently, the current iA3 and iB1

are very different from the normal condition, followed by the
current iA2 and iB2. For diode alu OC fault, all winding current
is disturbed in the interval ωt�[2π/9, π/3), and the changes in
currents iA1, iA2, and iA3 are relatively obvious.

Fig. 8. Ratio of current RMS value for each winding after and before the diode
alu fault.

Figs. 7 and 8 show the ratio of current RMS value for each
winding after and before the diode bu and alu OC faults, respec-
tively. From Fig. 7, the current of the windings NAs3, NAs4, NBs1,
and NBs2 increases significantly, which is 1.3 times the normal
condition. Second, the current iA2 and iB2 for the windings NAp

and NBp fewer increases and is 1.1 times the normal condition.
For diode alu OC fault, only the current iA2 of the winding NAs3

and NAs4 increases slightly.
From the above analysis, the diode OC fault in MRB has a

significant impact on the winding current, but the influence of
the diode OC fault in ARB on the winding current is slight.

D. Input Line Current Analysis Under Diode OC Fault

Input line current is closely related to the winding current.
According to (6) and the winding current in Section III-C, the
theoretical waveforms of three-phase input current under diode
bu OC fault (stippled line) and diode alu OC fault (dotted line) are
also calculated and plotted in Fig. 5. From Fig. 5, the three-phase
input current in the shaded areas A1 and A2 are disturbed by
diodes bu and alu OC faults, respectively. When the diode bu
is open, the wave crest of phase B input current is cut OFF, and
another two-phase line current is also distorted in the interval
ωt�[4π/9, 8π/9) owing to iA+iB+iC = 0. Due to the different
impacts of the two intervals (ωt�[2π/9, 5π/18) and ωt�[5π/18,
π/3)) caused by diode alu OC fault in shaded area A2, the
waveforms of the input line current for one cycle is equally
divided into 36 parts. From Fig. 5, taking the midpoint M1, M2,
and M3 of positive and negative half-wave of phase A, B, and
C current as the midpoint of one period for each input current,
respectively, the current values of 36 intervals from left to right
in one period of the three-phase input current under different
conditions can be reorganized as bi (i = 1, 2, …, 36) and given
in Appendix B. As a result, Fourier’s series of three-phase input
line current can be uniformly derived as

iA,B,C =
1

36

36∑
i=1

(bi) +

∞∑
n=1

2Id
nπ

sin
nπ

36

×

⎧⎪⎪⎨
⎪⎪⎩

[
18∑
i=1

(b37−i + bi) cos
(37−2i)nπ

36

]
cos(nωt)

+

{[
18∑
i=1

(b37−i − bi) sin
(37−2i)nπ

36

]
sin(nωt)

}
⎫⎪⎪⎬
⎪⎪⎭ .

(18)
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Fig. 9. Spectrum of the theoretical three-phase input current under the different cases. (a) Normal operation. (b) Diode bu OC fault. (c) Diode alu OC fault.

According to (18), the spectrum of three-phase input current
under the normal operation, diode bu OC fault, and diode alu
OC fault are plotted in Fig. 9(a)–(c), respectively.

For the normal operation, from Fig. 9(a), only 18k±1 (k = 1,
2 …) order harmonics are involved in the three-phase current,
which indicates that the multipulse rectification can indeed
eliminate low-order harmonics to reduce input current THD.

For diode bu OC fault, it can be found from Fig. 9(b) that the
THD values of three-phase input current are 16.74%, 18.42%,
and 16.74%, respectively, which increases markedly in com-
parison to normal operation. Meanwhile, both the low-order
odd harmonics with high amplitude and the low-order even
harmonics with high amplitude are contained in the three-phase
input current, which seriously pollutes the ac power grid. In
a word, not only THD values of three-phase input current
exceed the required limit (10%) in the standards ISO 1540
and DO-160F, but also the individual frequency components
are beyond the required limit in standards. Moreover, due to
asymmetrical positive and negative half-waves caused by diode
bu OC fault, the dc component in three-phase input current
increases greatly, especially in phase B current, the content is
up to 8%.

As for diode alu OC fault, from Fig. 9(c), the THD values
of the three-phase current are 11.79%, 12.38%, and 10.57%,
respectively, which increases slightly compared with the nor-
mal operation. In addition, a substantial number of low-order
harmonics, particularly even harmonics, are beyond the re-
quired limit. Meanwhile, due to the waveform cancellation
of current iA and iB in the affected interval ωt�[5π/18,
π/3), the current iC suffers less disturbance compared to
iA and iB. Thus, only harmonics with low amplitude are
generated.

E. Losses Analysis of Diode and Transformer Winding Under
Diode OC Fault

1) Diode Losses:

1©Under normal operation, the current average value (IMRBAV,
IARBAV) and RMS value (IMRBRMS, IARBRMS) through each
diode in MRB and ARB are derived in Appendix A. It can
be known from the equivalent circuit of the diode that the
conduction voltage drop across the diode consists of a constant
threshold voltage VT and voltage drop of a slope resistance
Rs. Therefore, the losses of the single diode in MRB and ARB
can be calculated as follows:

PSDMRB = VTIMRBAV + I2MRBRMSRs = 2(VTId + I2dRs)/9

PSDARB = VTIARBAV + I2ARBRMSRs = (VTId + I2dRs)/18.
(19)

Then the total losses of 18 diodes can be obtained

PTD−NOR=6× PSDMRB+12PSDARB=2VTId+2I2dRs.
(20)

2© Under diode bu OC fault, the current average value
(IbfuAV-buF, IbluAV-buF, IcdAV-buF, IadAV-buF, IcldAV-buF,
IafdAV-buF) and RMS value (IbfuRMS-buF, IbluRMS-buF,
IcdRMS-buF, IadRMS-buF, IcldRMS-buF, IafdRMS-buF) of the
affected six diodes bfu, blu, cd, ad, cld, and afd are also
derived in Appendix A. The losses of these six diodes can
be calculated as

PSDbfu−buF = PSDblu−buF = VTIbfuAV−buF

+ I2bfuRMS−buFRs ≈ 0.1532VTId

+ 0.1418I2dRs



YANG et al.: OPEN-CIRCUIT FAULT RESEARCH ON ASYMMETRIC DP 18-PULSE ATRU FOR MORE ELECTRIC AIRCRAFT 14621

PSDcd−buF = PSDad−buF = VTIcdAV−buF

+ I2cdRMS−buFRs ≈ 0.2186VTId

+ 0.2153I2dRs

PSDcld−buF = PSDafd−buF = VTIcldAV−buF

+ I2cldRMS−buFRs ≈ 0.0457VTId

+ 0.0376I2dRs. (21)

Compared with (19), the losses of the diodes bfu and blu
increase due to the increase in conduction angle induced by the
diode bu OC fault, and the ratio of their corresponding losses
after and before the fault can be calculated as

KSDbfu−buF = KSDblu−buF = PSDbfu−buF/PSDARB. (22)

Meanwhile, the total losses of 17 diodes under diode bu fault
can be calculated as

PTD−buF = 3PSDMRB + 8PSDARB + 2PSDbfu−buF

+ 2PSDcd−buF + 2PSDcld−buF

≈ 1.9459VTId + 1.9004I2dRs. (23)

Then the ratio of the total diode losses after and before diode
bu OC fault is

KTD−buF = PTD−buF/PTD−NOR. (24)

3© Under diode alu OC fault, the current average value
(IauAV-aluF, IcdAV-aluF, IbfuAV-aluF) and RMS value
(IauRMS-aluF, IcdRMS-aluF, IbfuRMS-aluF) of the affected three
diodes au, cd, and bfu under diode alu fault are derived in
Appendix A. The losses of these three diodes are calculated
as

PSDau−aluF = VTIauAV−aluF + I2auRMS−aluFRs

≈ 0.2489VTId + 0.2481I2dRs

PSDcd−aluF = VTIcdAV−aluF + I2cdRMS−aluFRs

≈ 0.2203VTId + 0.2184I2dRs

PSDbfu−aluF = VTIbfuAV−aluF + I2bfuRMS−aluFRs

≈ 0.0824VTId + 0.0814I2dRs. (25)

Compared with (19), the losses of the diodes au and bfu
increase. The ratio of their losses after and before diode alu
fault can be calculated as follows:

KSDau−aluF = PSDau−aluF/PSDMRB

KSDbfu−aluF = PSDbfu−aluF/PSDARB. (26)

Consequently, the total losses for 17 diodes under diode alu
fault are calculated as

PTD−aluF = 4PSDMRB + 10PSDARB + PSDau−aluF

+ PSDcd−aluF + PSDbfu−aluF

≈ 1.9961VTId + 1.9923I2dRs. (27)

TABLE I
RATIO OF DIODE LOSSES UNDER THE DIFFERENT DIODE OC FAULTS

Then the ratio of the total diode losses after and before diode
alu OC fault is

KTD−aluF = PTD−aluF/PTD−NOR. (28)

According to (22), (24), (26), and (28), these ratios under
the different diode OC faults are related to the load current Id,
the threshold voltage VT, and slope resistance Rs. However, the
parameters VT and Rs are determined once diodes are selected.
As a result, these ratios only depend on the load current Id. Con-
sidering the different power levels of ATRUs and thus assuming
that the range of load current Id is (0, +�), then the range of
these ratios can be easily calculated, as shown in Table I. It can
be found from Table I that the total diode losses decrease slightly
under single-diode OC fault. However, the losses of some diodes
greatly increase compared to the normal condition. Especially,
the losses of the diodes bfu and blu under diode bu OC fault are
more than 2.55 times that of the normal operation, which will
lead to their serious heating.

2) Winding Losses: According to Fig. 2, the total winding
losses of the phase-shifting transformer can be expressed as

PTW =
∑

X=A,B,C

[I2X1RMS(RXs1 +RXs2) + I2X2RMSRXp

+I2X3RMS(RXs3 +RXs4)]

(29)

where IX1RMS, IX2RMS, and IX3RMS (X = A, B, C) are RMS
values of the winding current iX1, iX2, and iX3, and RXsy and
RXp (y = 1, 2, 3, 4) are the resistance of the windings NXsy and
NXp, respectively. Considering the following relationship

R = ρL/S (30)

where ρ, L, and S are the resistivity, length, and sectional area
of the winding, respectively. Thus, (29) can be rewritten as

PTW =
∑

X=A,B,C

ρJ [IX1RMS(LXs1 + LXs2) + IX2RMSLXp

+IX3RMS(LXs3 + LXs4)]

(31)

where J = I/S is the winding current density set at the design
stage, and LXsy and LXp are the length of the windings NXsy and
NXp, respectively. In fact, the windings with the same subscript
for the different phases are wound on the same layer of three iron
core columns, therefore their length is the same. As a result, (31)
can be further simplified as

PTW =
∑

X=A,B,C

ρJ [IX1RMS(LAs1 + LAs2) + IX2RMSLAp

+IX3RMS(LAs3 + LAs4)].

(32)

Considering the turns ratio relation among the windings and
ignoring the length difference between inner and outer windings
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with the same number of turns (such as NAs1 = NAs4, NAs2 =
NAs3) on the iron core columns, (32) can be rewritten as

PTW =
∑

X=A,B,C

ρJ [(IX1RMS + IX3RMS)(LAs1 + LAs2)

+ IX2RMSLAp]

=
∑

X=A,B,C

ρJLAs1 [(IX1RMS+IX3RMS)(1 + p)+qIX2]

(33)

where p = 0.5324 and q = 1.345 are the turns ratio of the
windings NAs2 and NAp to NAs1, respectively. Therefore, the
ratio of total winding losses after and before diode OC fault can
be expressed as

KTW =

∑
X=A,B,C

[(1 + p)(I ′X1RMS + I ′X3RMS) + qI ′X2RMS]∑
X=A,B,C

[(1 + p)(IX1RMS + IX3RMS) + qIX2RMS]

(34)

where I’X1RMS, I’X2RMS, I’X3RMS are the winding current
RMS values after diode OC fault and their values are shown
in Appendix C. It can be calculated that KTW = 0.9744 under
diode alu OC fault and KTW = 1.0872 under diode bu OC fault.
Through the above analysis, the diode OC fault in ARB reduces
the total winding losses slightly, while the diode OC fault in
MRB increases the total winding losses by 8.72%. Furthermore,
as mentioned in Section III-C, the losses in windings NAp and
NBp under diode bu OC fault increase 22% due to the current
0.1049 times increased. More seriously, the losses in windings
NAs3, NAs4, NBs1, and NBs2 under diode bu OC fault become
1.726 times that of the normal operation. These windings are
heated unevenly, potentially reducing the insulation strength of
the winding and increasing the risk of a short-circuit during
long-term operation.

IV. INPUT OC FAULT ANALYSIS OF DP 18-PULSE ATRU

Input OC fault is another typical OC fault for ATRUs. In
this section, the operating characteristics of DP 18-pulse ATRU
under the input OC fault are explored and its influences on the
aforementioned five aspects are analyzed. Here the input phase
A OC fault is taken as an example.

Under phase A OC fault, only phases B and C send electricity
to the load. According to the configuration of the phase-shifting
transformer and Kirchhoff’s voltage law, it can be derived that
the relationship of the line-to-line voltages among the terminals
a, b, and c of the transformer meets

vbc = 2vba = 2vac. (35)

According to Fig. 1, the voltage across each winding can be
expressed as ⎧⎨

⎩
va′a = −vb′′b = NAs1vba/

√
3

vb′b = −vc′′c = NAs1vcb/
√
3

vc′c = −va′′a = NAs1vac/
√
3

,

Fig. 10. Phasor diagram of the voltages of 9 terminals for the phase-shifting
transformer under the input phase A OC fault.

⎧⎨
⎩

vala′ = −vafa′′ = NAs2vbc/
√
3

vbfb′′ = −vblb′ = NAs2vac/
√
3

vcfc′′ = −vclc′ = NAs2vba/
√
3

. (36)

Consequently, the voltages of the output terminals for the
transformer can be calculated as⎧⎨

⎩
val = va + va′a+ala′

vbl = vb + vb′b + vblb′

vcl = vc + vc′c + vclc′
,

⎧⎨
⎩

vaf = va + va′′a + vafa′′

vbf = vb + vb′′b + vbfb′′

vcf = vc + vc′′c + vcfc′′
.

(37)
Fig. 10 shows the phasor diagram of the phase-shifting trans-

former under phase A OC fault. It is perceived from Fig. 10 that
the voltage vbc between the terminals b and c is always maximal
among the line-to-line voltages of the arbitrary two terminals.
According to the principle of the uncontrolled rectifier, only
four diodes connected to bridge arms b and c operate while
other diodes are kept off due to the reverse bias. Consequently,
this 18-pulse rectifier is weakened to a single-phase full-bridge
rectifier with 2-pulse.

Furthermore, the aforementioned five aspects are analyzed
under input OC fault as follows.

1) For diode conduction angle, only the voltages vbc and vcb
are output to the dc side under phase A OC fault. Then
the switching functions of bridge arms b and c can be
expressed as

Sb =

{
1 ωt ∈ [0,π)
−1 ωt ∈ [π, 2π)

(38)

Sc =

{−1 ωt ∈ [0,π)
1 ωt ∈ [π, 2π)

. (39)

According to (38) and (39), the conduction angle of the diodes
bu, bd, cu, and cd changes from 80° to 180°.

2) For output voltage ripple, according to 1), it is the peak
value of the voltage vbc and can be expressed as

VR−inF =
√
2Vbc ≈ 2.4495V. (40)

3) For transformer winding current, due to the direct connec-
tion of grid three-phase voltage and MRB’s three-phase
input, the transformer winding current only contains a
small excitation current.

4) For input line current, it is easy to know that phases B
and C input current are almost sine waves, while phase A
current is zero. In high power applications, this will cause
a serious unbalance of three-phase current in the front-end
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of the equipment, further resulting in three-phase voltage
unbalance.

5) For diode and winding losses, the current average value
(IbuAV-inF, IbdAV-inF, IcuAV-inF, IcdAV-inF) and RMS
value (IbuRMS-inF, IbdRMS-inF, IcuRMS-inF, IcdRMS-inF)
through diodes bu, bd, cu, and cd are derived in Appendix
A. Therefore, the single and total diode losses can be
calculated as

PSD−inF = VTIbuAV−inF + I2buRMS−inFRs

= VTId/π + I2dRs/4

PTD−inF = 4PSD−inF = 4VTId/π + I2dRs. (41)

The ratio of the single and total diode losses after and before
input phase A fault can be respectively calculated as

KSD−inF = PSD−inF/PSDMRB

KTD−inF = PTD−inF/PTD−NOR. (42)

From (19), (41) and (42), the range of KSD-inF and KTD-inF

is determined as (1.125, 1.432) and (0.5, 0.637), respectively.
Therefore, the total diode losses under the input OC fault become
about half of the normal operation. However, the losses of
some diodes in MRB under input phase A OC fault increase
significantly, which causes these diodes to suffer from serious
heating stress.

Moreover, it can be known from 3) that in the case of the input
OC fault, only iron losses are produced in the transformer and
the winding losses are negligible.

The above analysis for phase A OC fault can also be applied to
phase B or C OC fault, and similar conclusions can be obtained.

V. DISCUSSION ON OC FAULT DIAGNOSIS AND PREDICTIVE

MAINTENANCE

It can be known from Sections III and IV that the diode and
input OC faults extremely worsen the electrical performance of
ATRU. Hence, an alert should be given immediately when the
fault occurs. Naturally, the diagnosis of two types of faults is
crucial. In this section, a fault diagnosis idea dealing with two
types of OC faults is discussed.

This diagnosis idea contains three steps: selecting the fault
feature, detecting the faults, as well as recognizing fault types
and locating them. The details are as follows.

Selecting fault feature: As analyzed in Sections III and IV,
the input line current, the winding current, the input current of
the rectifier bridges, and the output voltage are all affected when
the diode or input is open. Apparently, the realization of fault
diagnosis by current monitoring is relatively cumbersome due
to using more current sensors or the complicated calculation.
However, the affected intervals of the output voltage caused by
two types of OC faults are a significant fault feature, which can
be employed to develop a fault diagnosis scheme.

Detecting faults: As shown in Fig. 4, taking the positive
maximum point of input phase A voltage as the start point of dc
output voltage for one period, the whole period of the dc output
voltage is divided into 18 intervals equally, namely P1, P2, …,
P18. According to Sections III and IV, the affected intervals for

TABLE II
AFFECTED INTERVALS FOR OUTPUT VOLTAGE UNDER THE DIFFERENT DIODE

OC FAULTS

TABLE III
UNAFFECTED INTERVALS FOR OUTPUT VOLTAGE UNDER THE DIFFERENT INPUT

OC FAULTS

the different diode faults and the unaffected intervals for the
different input phase faults are different, which are concluded in
Tables II and III, respectively. For example, the affected intervals
are P5, P6, P7, and P8 (i.e., ωt�[4π/9, 8π/9)) under the diode bu
fault, and the unaffected intervals are P5 and P14, (i.e.,ωt�[4π/9,
5π/9) and ωt�[13π/9, 14π/9)) under the input phase A fault. To
detect the affected and unaffected intervals of one period of the
dc output voltage, the 18 ratio values of the difference between
the maximum value in the whole period and the minimum value
in each interval to the normal output voltage ripple VR-NOR are
calculated, marked as K1, K12, …, K18. According to (13) and
(17) and considering the nonideal turns ratio and the leakage
inductance of the transformer, when Ki (i = 1, …,18) is greater
than 1.5, the interval Pi (i = 1, …,18) is affected, and the fault
occurs.

Recognizing fault types and locating faults: By comparing
Tables II and III, it can be found that the number of the intervals
affected by input OC fault is far greater than that affected by
single-diode OC fault, which can be used to recognize fault types
due to the low possibility of simultaneous OC faults of multiple
diodes in practice. For example, when the number of the affected
intervals is more than 10, the input OC fault occurs. Otherwise,
the diode OC fault occurs. Then according to the specific affected
or unaffected intervals in Tables II and III, the fault location can
be determined.

Moreover, in addition to repairing the fault objects after
locating the fault, the predictive maintenance objects should also
be concerned. As mentioned in Sections III and IV, the diode
OC faults in MRB and input OC faults lead to a great increase in
the losses of some diodes and windings, which are summarized
in Table IV. These diodes and windings should be predictively
maintained.

VI. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the effectiveness and correctness of the
theoretical analysis in Sections II–V, under the limit of the
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TABLE IV
PREDICTIVE MAINTENANCE OBJECTS AFTER FAULT DIAGNOSIS

Fig. 11. Experimental platform of the asymmetric DP transformer rectifier
unit. (a) Configuration of the platform. (b) Winding configuration of the phase-
shifting transformer used in the simulation model and experimental platform.

TABLE V
SYSTEM PARAMETERS

experimental condition, an experimental platform of the asym-
metric step-down DP 18-pulse transformer rectifier unit is es-
tablished, as shown in Fig. 11(a). The winding structure of the
isolated phase-shifting transformer is shown in Fig. 11(b). It is
worth noting that the primary delta-connected windings ABC
in Fig. 11(b) are only for realizing step-down and galvanic
isolation, which does not affect the verification of the mentioned
theory analysis except for the losses. The system parameters are
given in Table V.

A. Normal Operation

Fig. 12(a) and (b) gives the simulation and experimental
results of three-phase input current under normal operation. It
can be clearly observed that each of them has 18 steps and is
nearly sinusoidal. Fig. 13 shows the spectrum of the three-phase
input current in the experimental waveforms. Compared to the
theoretical results in Fig. 9(a), the noncharacteristic harmonic
components appear in the three-phase input current. The reason
is that the nonideal turns ratio of the transformer caused by
the inevitable deviation of winding turns between the designed
noninteger value and manufactured integer value weakens the

Fig. 12. Simulation and experimental results of the three-phase input current
under normal operation. (a) Simulation result. (b) Experimental result.

Fig. 13. Spectrum of three-phase input current in the experimental waveforms
under normal operation. (a) Odd harmonics. (b) Even harmonics.

cancellation of these non-characteristic harmonics, which was
explained in detail in [25]. Moreover, the current THD value of
experimental results (about 4.6%) is better than the theoretical
value (10.1%). On the one hand, the leakage inductance leads
to the commutation overlap angle, which makes the current
flowing through the diode close to a trapezoidal wave rather
than a rectangular wave, improving the sinusoidal degree of the
input current [26]. On the other hand, from the perspective of
the filter, the leakage inductance of the transformer has a good
damping effect on the harmonic components due to the high
power frequency [25]. Thus, the input current has a lower THD
compared to the theoretical analysis. It is clear that the majority
of individual frequency components do not exceed the ISO 1540
and DO-160F requirements.

Fig. 14 illustrates the simulation and experimental results of
the dc output voltage under normal operation. As can be seen,
the dc output voltage has 18 wave crests in one period, which
is consistent with the theoretical analysis. However, the output
voltage ripple in the experimental result is about 1.3 V, which is
higher than the theoretical value. There are two main reasons.
One is that the nonideal turns ratio of the transformer results in
the different peak values of the 18 line-to-line voltages trans-
mitted to the dc side, increasing the output voltage ripple [25].
The other is that the commutation voltage drop is generated due
to the leakage inductance of the transformer, further increasing
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Fig. 14. Simulation and experimental results of dc output voltage under normal
operation. (a) Simulation result. (b) Experimental result.

Fig. 15. Experimental results of input current ib, ibl, and ibf of the rectifier
bridge under normal operation.

Fig. 16. Simulation and experimental results of the three-phase input current
under the diode bu OC fault. (a) Simulation result. (b) Experimental result.

the output voltage ripple [27], [28]. Fig. 15 shows experimental
results of the input currents ib, ibf, and ibl of the rectifier bridge
under normal operation. It can be found that the diodes bfu and
blu conduct ahead and behind diode bu, respectively. Moreover,
the conduction angle of diodes bu and bd in MRB is about 4 times
that of diodes blu, bld, bfu, and bfd in ARB, which verifies the
theoretical analysis in Section II.

B. Diode Bu OC Fault in MRB

Fig. 16 presents the simulation and experimental waveforms
of the three-phase input current under diode bu OC fault. It is
worth noting that the fifth millisecond in the simulation result
corresponds to the positive maximal point of phase A voltage.
From Fig. 16(a), the three-phase input current is only disturbed
between 5.56 ms and 6.11 ms (i.e., ωt�[4π/9, 8π/9)), and the
current symmetry is severely destroyed. The wave crest of phase
B current in the positive half-cycle is cut off, which introduces
high dc components into the ac system. The same phenomenon

Fig. 17. Spectrum of three-phase input current in the experimental waveforms
under the diode bu OC fault. (a) Odd harmonics. (b) Even harmonics.

Fig. 18. Simulation and experimental results of the dc output voltage under
the bu OC fault. (a) Simulation result. (b) Experimental result.

can be found in Fig. 16(b). Fig. 17 gives the spectrum of the
three-phase input current in experimental waveforms. The dc
components with different contents can be found in the three-
phase current. Especially in phase B current, the content is up to
7.6%. The harmonics are mainly distributed in 2nd—7th, 17th,
19th, 35th, and 37th. Importantly, the contents for the 2nd–6th
harmonics greatly exceed the requirements in the standard ISO
1540. In addition, the THD values of the three-phase input
current are 12.66%, 16.48%, and 12.53%, respectively, which
are much higher than the normal operation and higher than the
requirement (i.e., 10%).

In Fig. 18, the sags with 80° appear in the output voltage due
to the diode bu OC fault. As can be seen, the sag only occurs
between 5.56 and 6.11 ms (i.e., intervals P5, P6, P7, and P8) and
the output voltage ripple in Fig. 18(b) is about 6.7 V, which can
be used to judge the diode bu OC fault according to Table II.
Fig. 19 shows the experimental results of the sags that consist
of the different parts of the four line-to-line voltages vbfc, vbfcl,
vblaf, and vbla, which corresponds to the theoretical analysis.

Fig. 20 presents the experimental results of the affected input
current of the rectifier bridge under bu OC fault. As can be
seen, the positive half-cycle of the current ib disappears due to
the diode bu OC fault. In addition, compared with the normal
condition shown in Fig. 15, the pulse width of the positive half-
cycle of the currents ibf and ibl increases but is less than the
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Fig. 19. Verification results of the composition of the sag in the output voltage
under the diode bu OC fault.

Fig. 20. Experimental result of input current ib, ibf, ibl for the rectifier bridge
under the diode bu OC fault.

Fig. 21. Simulation and experimental results of three-phase input current
under the diode alu OC fault. (a) Simulation result. (b) Experimental result.

pulsewidth of the diode in the MRB, which reveals the working
mechanism under the diode OC fault.

C. Diode Alu OC Fault in ARB

In Fig. 21(a), the three-phase input current is only disturbed
from 5.28 to 5.42 ms (i.e., ωt�[2π/9, π/3)) under diode alu
OC fault, and this disturbance is obviously slight compared to
diode bu OC fault. The same phenomenon is also observed in
Fig. 21(b). According to the spectrum for the experimental three-
phase input current in Fig. 22, harmonics are mainly distributed
in 2nd–24th, 35th, and 37th. Among them, the 5th, 7th, 9th,
15th, and 21st odd harmonic components slightly exceed the
requirements. However, a large number of even harmonics (2nd,
4th, …, 26th) are higher than the required limit of ISO 1540.
Moreover, although THD values (7.16%, 7.5%, 5.32%) of three-
phase input current increase compared to the normal operation,
they still meet the required limit.

In Fig. 23, the position of the sags in the output voltage is at the
interval ωt�[2π/9, π/3) and the output voltage ripple (2.6 V) in
Fig. 23(b) is obviously higher than the normal value, which can

Fig. 22. Spectrum of three-phase input current in the experimental waveforms
under the diode alu OC fault. (a) Odd harmonics. (b) Even harmonics.

Fig. 23. Simulation and experimental results of dc output voltage under the
diode alu OC fault. (a) Simulation result. (b) Experimental result.

Fig. 24. Verification results of the composition of the sag in the output voltage
under the diode alu OC fault.

determine the faulty diode alu according to Table II. Moreover,
from Fig. 24, the composition of the sag caused by the diode
alu OC fault is also verified. In Fig. 25, due to the diode alu OC
fault, the positive half-cycle of the current ial disappears, and
the pulsewidth of the positive half-cycle of the current ia and ibf
increases 10°, respectively. In a word, the above conclusions are
consistent with the theoretical analysis.

D. Input Phase A OC Fault

Fig. 26 shows the experimental result of voltage waveforms of
three terminals a, b, and c for the secondary side of the isolated
transformer under the input phase A OC fault. It can be clearly
observed that the voltages of the terminals b and c are the same
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Fig. 25. Experimental results of the input current ia, ial, ibf of the rectifier
bridge.

Fig. 26. Experimental result of the three terminal voltages of transformer
secondary side under the input phase A OC fault.

Fig. 27. Simulation and experimental results of dc output voltage under input
phase A OC fault. (a) Simulation result. (b) Experimental result.

as the normal condition, while the amplitude of the terminal a
voltage becomes half of the normal operation and its phase is
60° ahead of the terminal c voltage, which strictly corresponds
to the theoretical analysis.

Fig. 27 presents the simulation and experimental results of
the voltage vbc, grid voltage vA, and output voltage vDC under
the input phase A OC fault. It is clear that the frequency of the
output voltage is doubled compared to the supply frequency.
The waveform of the output voltage is exactly the same as the
positive half-wave of the voltages vbc and vcb, which verifies that
only voltages vbc and vcb are output to the dc side. Meanwhile,
the output voltage ripple is the peak value of the voltage vbc.
Moreover, the unaffected interval of the dc output voltage is
5.56–5.69 ms and 6.81–6.94 ms (i.e., intervals P5 and P14).
According to Table III, the input phase A OC fault can be
identified.

In Fig. 28, the experimental waveforms of the bridge arms
current and input current under phase A OC fault are given.
As can be seen, the waveforms of the input line current have
good sinusoidal features, only slight distortion appears at the

Fig. 28. Experimental waveforms of the bridge arms current and input current
under the phase A OC fault. (a) Current of the bridge arms b and c. (b) Input
current of phases B and C.

Fig. 29. Spectrum of the input phase B current in the experimental waveforms
under input phase A OC fault.

TABLE VI
COMPARISON OF OTHER ELECTRICAL INDICES UNDER THE DIFFERENT CASES

Case 1: normal operation. Case 2: diode bu OC fault. Case 3: diode alu OC fault. Case 4:
input phase A OC fault.

zero-crossing point due to the current commutation. Fig. 29
shows the spectrum of phase B input current, it can be seen that
the THD value of the input current increases slightly compared to
4.6% for the normal operation. Meanwhile, the three-phase input
current is severely unbalanced since the phase A current is zero,
which should be avoided in practice. It should be pointed out
that the winding current of the transformer in the experimental
platform contains load current under the input phase A OC
fault because energy is transmitted by the magnetic field due
to the galvanic isolation of primary and secondary windings.
Nevertheless, this phenomenon does not affect the effectiveness
of verification except for the losses.

E. Other Electrical Performance Indices Under OC Fault

Table VI shows the comparison of other electrical perfor-
mance indices under the normal operation and different fault
cases. From Table VI, the efficiency of the 18-pulse transformer
rectifier unit is obviously lower than that (≥97% [15]) of the
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TABLE VII
NORMALIZED INDEX VALUE OF THE OBJECT THAT NEGATIVE INFLUENCES THE CORRESPONDING INDEX MOST UNDER THE DIFFERENT OC FAULTS

common ATRUs due to the phase-shifting transformer with gal-
vanic isolation in the experimental platform. Three conclusions
can be summarized as follows.

Single-diode and single-input OC faults have little effect on
the efficiency of the converter.

In the normal operation, there is extremely high PF on the
input side. However, the PF on the input side decreases when
diode OC fault occurs, which makes more reactive power need
to be supplied, increasing the burden of the power source. In
addition, the input OC fault leads to the PF decreasing seriously,
while only less reactive power on the input side. The reason is
that the reactive power for capacitive in phase B and inductive
in phase C is neutralized inside the converter.

The OC fault results in a decrease in the output power of
the converter. Especially, the output power will become half of
the normal operation under the input OC fault, which greatly
weakens its feeding capacity.

VII. CONCLUSION

First, this article comprehensively analyzed the influences of
diode and input OC faults of the asymmetric DP 18-pulse ATRU
on the five aspects: diode conduction angle, output voltage
ripple, winding current, input current harmonics, and losses of
diode and winding. Table VII gives the theoretical index value
(Normalized value according to the normal operation) of the
object that negatively influences the corresponding index most
under the different OC faults. Compared to the diode OC fault
in ARB, the diode OC fault in MRB has a more significant
impact on the above five aspects. Especially, the output voltage
ripple and the THD of the input current seriously exceed the
requirements in related standards under the diode fault in MRB.
Moreover, ATRU is weakened to be a single-phase rectifier
under the input OC fault, which results in a great increase in
the losses of the diode in MRB and the output voltage ripple,
and a serious unbalance of the input current. Second, based on
the number and position of the affected intervals of the output
voltage caused by the different diode and input OC faults, a
fault diagnosis method coping with two types of OC faults
was developed. Meanwhile, based on the loss analysis, those
diodes and windings that should be predictively maintained after
locating the fault were also summarized. Finally, simulation and
experimental results confirmed the correctness of the analysis
and discussions. This work not only clarifies the harm of OC fault
but also is beneficial to developing fault diagnosis schemes and
digging predictive maintenance objects. In addition, the analysis

framework and approach of this article can be easily applied to
other multipulse rectifiers.

APPENDIX A

1) Under normal operation, each diode in MRB and ARB
conducts 80° and 20°, respectively. Therefore, the current
average value and RMS value through each diode in MRB
and ARB can be calculated respectively{

IMRBAV = 4Id/18
IARBAV = Id/18

{
IMRBRMS =

√
2Id/3

IARBRMS =
√
2Id/6

. (A-1)

2) Under the diode bu OC fault, according to Fig. 4, the
symmetrical output voltage drop appears in the interval
ωt�[4π/9, 8π/9). Then the constant current values k1AV
and k1RMS in the interval ωt�[4π/9, 5π/9)�[7π/9, 8π/9)
should meet (A-2) and (A-3) as per the average value
equivalent and RMS value equivalent, respectively

1

2π

∫ 3π/18

π/18

Id cos(ωt)d(ωt) =
1

2π

∫ 3π/18

π/18

k1AVIdd(ωt)

(A-2)√
1

2π

∫ 3π/18

π/18

(Id cos(ωt))
2d(ωt)

=

√
1

2π

∫ 3π/18

π/18

(k1RMSId)
2d(ωt). (A-3)

Similarly, the constant current values k2AV and k2RMS in the
interval ωt�[5π/9, 7π/9) should meet (A-4) and (A-5) as per the
average value equivalent and RMS value equivalent, respectively

1

2π

∫ 3π/18

π/18

zId cos(ωt)d(ωt) =
1

2π

∫ 3π/18

π/18

k2AVIdd(ωt)

(A-4)√
1

2π

∫ 3π/18

π/18

(zId cos(ωt))
2d(ωt)

=

√
1

2π

∫ 3π/18

π/18

(k2RMSId)
2d(ωt) (A-5)

where z = Vbfcl/Vbc = 0.8791. Therefore, the current average
value and RMS value of the affected six diodes bfu, blu, cd,
ad, cld, and afd under diode bu OC fault can be respectively
calculated as (A-6)shown at the top of the next page.
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⎧⎨
⎩

IbfuAV−buF = IbluAV−buF = (1 + k1AV + k2AV)Id/18 ≈ 0.1532Id
IcdAV−buF = IadAV−buF = (3× 1 + k1AV)Id/18 ≈ 0.2186Id
IcldAV−buF = IafdAV−buF = k2AVId/18 ≈ 0.0457Id⎧⎪⎪⎨

⎪⎪⎩
IbfuRMS−buF = IbluRMS−buF =

√
(12 + k21RMS + k22RMS)/18Id ≈ 0.3765Id

IcdRMS−buF = IadRMS−buF =
√

(3× 12 + k21RMS)/18Id ≈ 0.464Id

IcldRMS−buF = IafdRMS−buF =
√

k22RMS/18Id ≈ 0.1938Id

.

(A-6)

3) Under the diode alu OC fault, according to Fig. 4, the
constant current values k3AV and k3RMS in the interval
ωt�[2π/9, π/3) should meet (A-7) and (A-8) as per the
average value equivalent and RMS value equivalent, re-
spectively

1

2π

∫ π/9

π/18

Id cos(ωt)d(ωt) =
1

2π

∫ π/9

π/18

k3AVIdd(ωt)

(A-7)√
1

2π

∫ π/9

π/18

(Id cos(ωt))
2d(ωt)

=

√
1

2π

∫ π/9

π/18

(k3RMSId)
2d(ωt). (A-8)

Then the current average value and RMS value of the affected
three diodes au, cd, and bfu under diode alu OC fault can be
respectively calculated as⎧⎨
⎩

IauAV−aluF = (8× 1 + k3AV)Id/36 ≈ 0.2489Id
IcdAV−aluF = (6× 1 + 2× k3AV)Id/36 ≈ 0.2203Id
IbfuAV−aluF = (2× 1 + k3AV)Id/36 ≈ 0.0824Id⎧⎪⎪⎨

⎪⎪⎩
IauRMS−aluF =

√
(8× 12 + k23RMS)/36Id ≈ 0.4981Id

IcdRMS−aluF=
√

(6×12 + 2× k23RMS)/36Id≈0.4673Id

IbfuRMS−aluF =
√

(2× 12 + k23RMS)/36Id ≈ 0.2835Id

.

(A-9)

4) Under the input phase A OC fault, according to the anal-
ysis in Section IV, the current average value and RMS
value through diodes bu, bd, cu, and cd are respectively
equal, and they are roughly evaluated using the following
equation:

IbuAV−inF =
1

2π

∫ π

0

Id sin(ωt)d(ωt) =
Id
π

IbuRMS−inF =

√
1

2π

∫ π

0

(Id sin(ωt))
2d(ωt) =

1

2
Id.

(A-10)

APPENDIX B

Normal operation:

b1 - b36:
0, -0.3952Id, -0.3952Id, -0.7421Id, -0.7421Id, -Id, -Id, -

1.1373Id, -1.1373Id, -1.1373Id, -1.1373Id, -Id, -Id, -0.7421Id,
-0.7421Id, -0.3952Id, -0.3952Id, 0, 0, 0.3952Id, 0.3952Id,

0.7421Id, 0.7421Id, Id, Id, 1.1373Id, 1.1373Id, 1.1373Id,
1.1373Id, Id, Id, 0.7421Id, 0.7421Id, 0.3952Id, 0.3952Id, 0.

When the diode OC fault occurs, the changed bi compared to
the normal operation are as follows:

Diode bu OC fault:

Phase A current (iA): b1–b7: 0.3697Id, 0, 0, -0.7232Id, -
0.7232Id, -1.0640Id, -1.0640Id;

b36: 0.3967Id.
Phase B current (iB): b24-b31: 0.6943Id, 0.6943Id, 0.7232Id,

0.7232Id, 0.7232Id, 0.7232Id, 0.6943Id, 0.6943Id.
Phase C current (iC): b12-b19: -1.0640Id, -1.0640Id, -0.7232Id,

-0.7232Id, 0, 0, 0.3697Id, 0.3697Id.

Diode alu OC fault:

Phase A current (iA): b32 - b33: 0.9648Id, 0.3813Id.
Phase B current (iB): b20 - b21: 0, 0.7160Id.
Phase C current (iC): b8 - b9: -0.9648Id, -1.0973Id.

APPENDIX C

Normal operation:
IA1RMS = 0.2618Id, IA2RMS = 0.1449Id, IA3RMS =

0.2618Id, IB1RMS = 0.2618Id, IB2RMS = 0.1449Id, IB3RMS =
0.2618Id, IC1RMS = 0.2618Id, IC2RMS = 0.1449Id, IC3RMS =
0.2618Id.

Diode bu OC fault:
I’A1RMS = 0.2705Id, I’A2RMS = 0.1601Id, I’A3RMS =

0.3439Id, I’B1RMS=0.3439Id, I’B2RMS=0.1601Id, I’B3RMS=
0.2705Id, I’C1RMS = 0.2519Id, I’C2RMS = 0.1242Id, I’C3RMS

= 0.2519Id.
Diode alu OC fault:
I’A1RMS = 0.2058Id, I’A2RMS = 0.1363Id, I’A3RMS =

0.2778Id, I’B1RMS=0.2606Id, I’B2RMS=0.1427Id, I’B3RMS=
0.2606Id, I’C1RMS = 0.2623Id, I’C2RMS = 0.1459Id, I’C3RMS

= 0.2623Id.
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