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Diode Open-Circuit Fault Research on the
Parallel-Connected 24-Pulse Rectifier With
DC-Side Passive Harmonic Reduction Circuit

Qingxiao Du"”, Lei Gao

Abstract—Multipulse rectifiers (MPRs) with dc side passive
harmonic reduction circuits often have lower input current total
harmonic distortion (THD) values and power losses, that fulfill
power requirements for many industrial occasions. In addition
to normal operation properties, fault tolerance is another aspect
closely related to overall performance of MPRs. This article takes
a common parallel-connected 24-pulse rectifier as an example,
researches its operation characteristics and fault tolerance under
diode open-circuit fault conditions. Operation modes under single
or double diodes open-circuit fault in the main circuit, as well as
diode open-circuit fault in the dc side harmonic reduction circuit
are discussed in details. It can be determined that load voltage is the
characteristic parameter that directly reflects the fault information.
Related simulation and experimental verifications are performed,
all results are consistence with theoretical waveforms. This article
provides useful guidance for fault handling and clarifies factors
related to the reliability of MPRs, which are helpful for novel MPRs
design.

Index Terms—24-pulse rectifier, dc side harmonic reduction
circuit, diode open-circuit fault research, fault tolerance.

1. INTRODUCTION

HE MULTIPULSE rectification technology is a useful

method to eliminate harmonics existing in input currents.
Due to that pulse number is associated with power quality of
the multipulse rectifier (MPR), so that increasing pulse number
is one of the main design goals of the MPRs. At the first
stage of the development of this technology, researches use
two or more three-phase bridge rectifiers connected in series
or parallel form to increase pulse number, although this design
method is easy to realize, complexity and equivalent capacity
of magnetic devices increase accordingly [1]-[3]. To achieve a
balance between harmonic elimination performance and the use
of magnetic devices, the dc side harmonic reduction methods
have been proposed in recent decades [4]-[18]. Generally, the
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dc side harmonic reduction circuits are cooperated with the
12-pulse rectifier, which can provide higher quality power but
without using complicated phase-shifting transformer. Com-
pared to active harmonic reduction methods, the passive methods
have advantages of easy realization, higher reliability, lower
costs and power losses, and they can meet most power quality
requirements for ordinary industrial occasions [19]. Therefore,
MPRs with dc side passive harmonic reduction methods have
been used in aeronautical power system, power supply system
for rocket launchers and other low-capacity power systems.

There are two kinds of methods to construct the 24-pulse
rectifier based on a 12-pulse rectifier, one is using double-taps
interphase reactor (IPR) [7], the other is using IPR and single-
phase rectifier connected to the secondary side winding of the
IPR [8], [9]. The first method causes more power losses due to
that diodes connected with two taps of IPR flow through all load
currents, while the second method can effectively avoid part of
power losses by using parallel-connected structure between the
main circuit and the dc side single-phase rectifier. From previous
research, it can be found that the key point of this method is to
properly design turns ratio of the IPR, however, the previous
calculate processes are more complicated. In [8] and [10], the
turns ratio is determined from the viewpoint of minimizing the
input current total harmonic distortion (THD) value, and the
current is associated with the actual phase-shifting transformer
design. This article gives another way to determine the optimum
turns ratio of IPR, which only uses voltage relations and suc-
cessfully breaks the configuration restriction of phase-shifting
transformer.

In addition to the normal operation performance, the fault
tolerance ability is another essential aspect to do comprehensive
evaluations on MPRs. In most cases, when a serious short-
circuit fault occurs, the protection system will start immediately.
However, the open-circuit fault may not result in over-current
or over-voltage, so that the rectifier can still operate for a
certain period of time. During this fault operation stage, the
power quality on both ac and dc sides of the MPR will in-
evitably decrease, which can even cause damage to electrical
devices connected to MPR. Among all kinds of open-circuit
faults in an MPR, diode open-circuit fault is one of the most
common faults. Previous fault tolerance researches are mainly
concentrated on conventional rectifiers [20]-[22]. After using
the dc side harmonic reduction circuit, both normal and fault
operation modes of the MPR are quite different from that of the
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Fig.2. Winding configuration and phasor diagram of the phase-shifting trans-
former (o = 30°). (a) Winding configuration. (b) Phasor diagram.
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Fig. 3. Winding configuration of the ZSBT.

conventional MPR. It is necessary to do research on operation
modes variations of the novel MPR under fault conditions, and
find the fault characteristics to identify the fault type, but this
work has not been done in previous study.

This article discusses the operation modes of the 24-pulse rec-
tifier under single or double diodes open-circuit fault conditions
in the main circuit for the first time, the diode open-circuit faults
in dc side harmonic reduction circuit are also considered. Based
on theoretical and experimental verifications, fault characteris-
tics for each fault type and the characteristic parameter that can
accurately reflect the fault information are finally determined.
Besides, the key factors affecting the fault tolerance ability of
rectifier are analyzed. All above works are helpful for improving
the reliability of the MPRs and providing useful guides for novel
MPR design.

II. NORMAL OPERATION MODE ANALYSIS ON THE
PARALLEL-CONNECTED 24-PULSE RECTIFIER

Fig. 1 is a 24-pulse rectifier with dc side single passive
harmonic reduction circuit. The configuration and phasor di-
agram of the Y-connected autotransformer is shown in Fig. 2.
Figs. 3 and 4 are winding configurations of the other two mag-
netic devices, which are the zero-sequence blocking transformer
(ZSBT) and the IPR. The function of ZSBT is to suppress the
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zero-sequence current formed by the triple frequency current

and make sure that the two bridge rectifiers can work properly.

The IPR ensures that the two three-phase bridge rectifiers in the

main circuit can operate in parallel, consequently, this rectifier

is named as parallel-connected rectifier in related research.
The turns ratio (m) of the IPR is defined as

N,

Np

Us
m = — =
Up

e))

where u;, and u are the primary and secondary side voltage of
IPR, Ny, and N are the turns number of both sides of IPR.

It is known that the turns ratio of the IPR takes the optimum
value when the THD value of the input currents is the minimum
[8]. This article gives an easier method to calculate the turns
ratio m from the perspective of minimizing the load voltage
ripple factor. It can be proved that the optimum turns ratio value
is the same one by using these two methods.

Assuming that the three-phase input voltages of the system
are

Uy = V2E sinwt

up = V2E sin(wt — 27/3) )
u. = V2E sin(wt 4 27/3)
where E is the RMS value of the input voltage.
The two sets of output voltages are
Uq1 = V2K Esin(wt + 7/12)
upy = V2K Esin(wt — 77/12)
uer = V2K Esin(wt + 37 /4) 3)

Uz = V2KE sin(wt — 7/12)
upy = V2K Esin(wt — 37 /4)
Ueo = V2K E sin(wt + Tr/12)

where K is the ratio of the RMS values of the output voltage to
the input voltage.

The formation of the 24-pulse rectifier is essentially the su-
perimposed effect of the dc side harmonic reduction circuit and
the 12-pulse rectifier. Fig. 5 shows the formation process of the
24-pulse load voltage uy,0aq_24, in wWhich the first intersection
point of the load voltage uy,oad_12 and |u, 12| is marked as wt1.

Based on the relations between secondary side voltage of IPR
|us| and the load voltage u,o.q, there are three operation modes of
the dc side single-phase bridge rectifier. The following voltages
us and uy,,,q refer to the transient state from the 12-pulse to 24-
pulse rectification state. The variables containing subscript “12”
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Fig. 5. Formation process of the 24-pulse load voltage ur,0ad_24-

and “24” correspond to the 12-pulse and 24-pulse rectification
states, respectively.

1) Case I: |ug| < uroaq, under this case, the single-phase
bridge rectifier cannot work. The three-phase diode bridge rec-
tifiers REC1 and REC2 are under 6-pulse operation modes
respectively, the output voltages urgci_12 and urgco_12 are
totally determined by the input voltage relations of the rectifiers

{URE0124=URE0112 = Sa1ta1 + Sp1up1 + Sc1tcr @

URECI_24=UREC2_12 = Sa2Ua2 + SpaUp2 + Scatle2

and the switching function S of each phase can be presented as

Sa1 = %{sgn [Ua1 — Ue1] — sgn [up1 — Ua1]}

Sbl = Sall - 27‘1’/3

Se1 :Sa14+27r/3 (5)
Sas = Su1Z — /6 :

Sbg = Sall — 577/6

Seo :Sall—‘rﬂ'/Q

The load voltage is the same as that in the 12-pulse rectifier

3 (urgec1 12 + UrEC2 12).  (0)

ULoad_24=ULoad_12=—

2) Case 2: ug > uioaq, under this case, the diodes VD; and
VD, are turned ON, the other two diodes VD5 and VD3 are
turned OFF, which results in the increase in the voltage upeco.-
So that rectifier REC2 is turned off, and rectifier REC1 is under
six-pulse rectification mode. In combination with the KVL, the
voltage urpca_24 and ug,oaq_24 can be presented by urpc1

_ 2m—1
UREC2_24 = 5,71 YUREC1_12 7
2 .
ULoad_24 = 3177 UREC1_12

3) Case 3: -us > ur0ad, under this case, the operation modes of
diodes in single-phase rectifier are inverse to that in case 2, which
results in the increase in the voltage urgci. So that rectifier
RECI1 is turned OFF, and REC?2 is under six-pulse rectification
mode. Similarly, voltages urgci_24 and ur,oaq_o4 are

_ 2m—1
UREC1_24 = 5,71 YUREC2_12 (8)
2 .
ULoad_24 = 3,47 UREC2_12
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Fig. 6. Waveforms of voltages urRrc1_24, UREC2_24 and Ul,oad_24-

Based on the above analysis, the output voltages of the three-
phase diode bridge rectifiers are

UREC1_24

V6K Esin(wt 4+ 12 — 7)(,\;75 c [
\[KEZm_H bln(wt —|— om _ ki)wt
o [th"‘?, I3 —wtﬁ— )
\[KEbln(wt + 54— f)wt c [, — why _|_ (k-;l)ﬂ)

, wiy +k”)

UREC2_24

V6K E sin(wt + 5T ?’T) wt € [%’“, %—i—wtl—i—%’r)

\fKEQm’l sin(wt + T — K)ot

Vel +wt1+k;,g wty+47)

VK Esin(wt + &5 — - )wt € [, — wh 5, (k+1)7r)
)

where k is a natural number.
The load voltage ur,oaq_24 18

UT,0ad_24

SR Bsin(wt + 5 — Bt [
fKEQmH s1n(wt + 52— %)
e {wtl—i— wt1+(k+1)7r)

3+IKE sin(wt+% — Ewt € [ wtl—l—%,(m'ﬁl)”)

(10)

From (10), it can be observed that when the ripple factor of
the load voltage takes the minimum value, the amplitudes of the
piecewise function should be the same, and the minimum value
of each continuous curve should also be equal, that is

{wt124
_ _ 3+V3
M= 176236

The optimum turns ratio presented in (11) is equal to that
given in [8], so that the optimum THD and harmonic content of
the input currents is match with the optimum dc voltage ripple.

Substitute (11) into (9) and (10), the waveforms of voltages
UREC1_24, UREC2_24 and uy,aq_24 can be plotted as shown in
Fig. 6, and the minimum value of the voltage uy,0aq_24 1S

,wt+5)

(11)

T km
7_’_7

ULoad_24min ~ 2.346 K Ewt 21 10

12)
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Based on Fig. 6, the conduction sequences of the diodes
in the 24-pulse rectifier under normal operation are given in
Table III (APPENDIX).

III. DIODE OPEN-CIRCUIT FAULT ANALYSIS ON THE
PARALLEL-CONNECTED 24-PULSE RECTIFIER

Assuming that the three-phase input voltages are standard sine
waves, the rectifier is working in continuous conduction mode,
and the impact of flux imbalance on IPR is ignored.

A. Single Diode Open-Circuit Fault in the Main Circuit

The probability of the single diode open-circuit fault is the
highest, diode D; (see Fig. 1) is taken as an example to study
the operation modes and derive the voltage variations under this
kind of fault condition. This article is helpful for timely detecting
the fault type and fault position, thus improving the reliability
of the system.

Based on theoretical analysis in part I, it can be known that
the conduction interval of the diode D; under normal operation
should be wt € [5, 37| U [LIT, L7x]. While open-circuit fault
occurs on diode Dy, the maximum voltage provided by the rec-
tifier itself is lower than its dc side voltage, so that the three-phase
bridge rectifier REC1 is turned OFF under the back pressure, only
rectifier REC2 is continuously working in six-pulse rectification
state. Compared to normal operation state, the affected intervals
of rectifiers REC1 and REC2 are, respectively,

RECL : wt € g,?”f]]u [[11;,175]
{REcz wt € [[gj;f;; U (B 8

Therefore, in combination with (8), the output voltages
UREC1_24 and urgco_o4 are changed into

UREC2_24(D1fault)

VBK Esin(wt + 32)wt € [37, )
= \/6KEsin(wt+ wt €z, Zulix, )
V6K E sin(wt — Z)wt €[, 2]

UREC1_24(D1fault)

V6K Esin(wt + 35wt € [, 7)
=\ g VOK Esin(wl + et € [§,52] U [575) -
2m—1 7 s

2m+1fKEsm(wt77)wt€ [z, L

13)

From (13) and KVL, the load voltage in this fault operation

interval is

ULoad_24(D1fault)

2m+1\fKEs1n(wt+ 2wt e [, %)
— QZilfKEsm(wt—&— 75wt € [% %”] [%7%) )
2m+1\fKEs1n(wt—f)wt6 [ 5 24”]

(14)

Substitute (11) into (13) and (14), the waveforms of voltages

UREC1_24(D1fault)> UREC2_24(D1fault) and UT.0ad_24(D1fault) Can
be plotted as shown in Fig. 7, and the minimum value of the
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TABLE I
MINIMUM POINTS OF THE LOAD VOLTAGE UNDER EACH DIODE OPEN-CIRCUIT
FAauLT
Diode D, D, Ds Dy Ds Ds
Sm.m 17n  n 13n  n Tn = Tn  =n 3n . =w
—t— —_t— —_—t— —_t— —_t— —t—
Phase 77 126 26 1276 476 476
Diode D]’ Dz’ D3 D4’ D54 Dﬁy
Tn = 19n  =n Snom T, n 23n . ®w 1ln  =n
L) 22y 2252 242 ikl 22t
Phase  5*% 26 476 46 12 6 26
voltage ur,oad_24(D1fault) 15
T T
ULoad_24(D1fault)min ~ 2.049K Ewt _Z and E (15)

In combination with Fig. 4, the minimum points of load
voltage appear twice per power cycle, which are at the midpoints
of the two conduction intervals under normal operation modes.
The use of dc side harmonic reduction circuit is helpful for
reducing voltage drops under the main circuit diode open-circuit
fault. Under this fault type, load voltage is the variable that
can obviously indicate the fault locations. In this design, the
minimum points under each diode open-circuit fault in the main
circuit are given as Table L.

B. Two Diodes Open-Circuit Fault in the Main Circuit

Based on the fault characteristic, there are three types of
double diodes opencircuit fault.

1) Case I: The two open-circuit fault diodes are located at
the same bridge rectifier. This case can be generally divided into
three subcases, which are the two fault diodes are in the same
phase (e.g., D1 and Ds), or in the same bridge arm (e.g., D1
and D3) or two fault diodes have common conducting interval
under normal operation (e.g., D1 and Dg). Under this case, the
fault rectifier is shut OFF, and the other rectifier is operating in
the six-pulse rectification state. Their fault characteristics have
some similarities with single diode open-circuit fault condition,
in all mentioned subcases, the fault load voltage is the union
set of the single diode fault, and the minimum values remain
constant. Due to that the existing of the common conduction
interval, compared to the former two cases, the minimum load
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voltage points in the third case reduce from four to three per
power cycle.

Similarly, based on Table I, the fault diodes can be determined
from the position of the minimum load voltages.

2) Case 2: The two open-circuit fault diodes are separately lo-
cated at two bridge rectifiers but there is no common conduction
interval between these two fault diodes under normal operation
(e.g., Dy and D5’).

Under this case, the bridge rectifier corresponds to the fault
diode is tuned off in the interval that the fault diode should be
conducted, while the other one operates under 6-pulse rectifica-
tion state. The load voltage also has the same minimum voltage
as the single diode open-circuit fault cases, the phases of the
minimum points all follow that in Table I.

3) Case 3: The two open-circuit fault diodes are separately
located at two bridge rectifiers and there are common conducting
intervals between these two fault diodes under normal operation.

This case has some differences compared with the former
two cases, which is main content for discussion. There are two
subcases in case 3, the first one is that the length of the two fault
diodes’ common conduction interval under normal operation is
7/12 per power cycle (e.g., D1 and D5’), the second one has the
common conduction interval length of /4 (e.g., Dy and D;’).

a) Diodes D; and D5’ are under open-circuit fault: Based
on the input voltages relations of rectifiers REC1 and REC2, in
a power cycle, the conduction order of the diodes in the upper
bridge arm of RECI is that: Ds—D1—D3— D5, and that in the
upper bridge arm of REC2 is that: D5’—D,’—D3’—Ds’.

If only diode D; is open-circuit, based on the operation modes
of single diode open-circuit fault, the diodes D5’ and D;’ are
continuously conducting in the intervals [7/12, 7/4] and [7/4,
3m/4], respectively. Similarly, if only diode D5’ is open-circuit,
the diodes D1 is turned-ON in the interval [7/12, w/4] and Dj
is turned-ON in the intervals [0, 7/12] and [197/12, 27]. Under
this case, the two diodes D; and D5’ are simultaneously open-
circuit, the diode D5 has to extend the conduction interval to a
point wt g1t 4, accordingly, the diode D1’ has to advance the
conduction interval to a point wt_¢ay1t B-

In combination with derivations in part B, the output voltages
of the rectifiers REC1 and REC2 under didoes D and D5’ fault
condition can be obtained

UREC1_24(D1and D5'fault)

V6K E sin(wt+1%)wt € [0, wt_tauiea)
2m IIKEbIH(wt + 12 )Wt € [Wt_faultAv 12)
_ ) 1\[KESH1( t— Dwt € [I2,37]

i 13 10n 2y
V6K Esin(wt — 85wt € [L12% Ir)

V6K Esin(wt — 2wt € [IF, 27]
UREC2_24(Dland D5'fault)

Szﬁ V6KE sin(wt—&——g)wt € [0,wt_tauitB)

\/EKE sin(wt + %) [Wt_faultBa 12 )

= ¢ V6K Esin(wt — Z)wt € [1Z 3] (16)
3::;% V6K E sin(wt — 13—’T)wt € [119277, %r)
S:Zﬁ V6K Esin(wt — ”—”)wt € [7” 27@

|_uREC1724(D1 & D5 faulty—UREC1_24(D1 & D5 faulty= ¥Load_24(D1 & D5’ fault
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Fig. 8. Waveforms of voltages uUREC1_24 (Dland
UREC2_24 (D1 and D5’fault), and up,0ad_24 (D1 and D5’fault)-

D5’fault)>

From (16), the phase information of wt_g,1t 4 and w?_fault B
can be determined

_ 2m—+1
{ wt_faupa = arctan (mel) - 15

2m—1 ™ o))

Wt _fauiep = arctan ( 5= 12

From (16), the load voltage ur,oad_24( D1 and D5'fault) 18

ULoad_24(D1 and D5 fault)

2m+1 fKE Sln(Wt+%)Wt € [Oa Wt_faultB)
\TK Esin(wt+3)wt € [Wt_faueB, W_taulsa)
_ 2m+1 V6KE sm(wt + H)wt € [wh_tauiea, )
V6K Esin(wt — D)wt € [1Z,31]
VEK Esin(wt — 85wt € [192, Ir)
(

12 04
V6K E sin(w 17”)0.)15 € [%’“,QW]

. (18)

2m+1

2m+1

2m+1

From (18), the local and global minimum values of the load
VOltage UL.oad—24(D1 and D5’fault) is

uLoad724(D1 and D5 fault)mins

{2 049K Ewt = IZ and ¢

1.73K Ewt € [Wt_faultB; Wt_faultA] ’ (19)

It can be concluded from (19) that the midpoint of the
common conduction interval of the two fault diodes takes the
global minimum load voltage, and the noncommon conduction
intervals keep consistent with the single diode fault charac-
teristics, therefore the local minimum value is same with that
shown in (15). Fig. 8 is the theoretical waveforms of volt-
ages UREC1_24( D1 and D5'fault)» YREC2_24( D1 and D5’fault), and
ULoad—24( D1 and D5’fault)-

b) Diodes D; and D’ are under open-circuit fault: After
changing fault diode D5’ to diode D;’, the major analysis
method is the same, only the difference part is clarified here.
If only diode D’ is open-circuit, the diodes D; and D3 are
continuously conducting in the intervals [7/12, 37/4] and [37/4,
17m/12] respectively. Similarly, if the two diodes D; and D;’
are open-circuit at the same time, the diode D5’ has to extend
the conduction interval to a point wf_g,y1¢c, and the D3 has to
advance the conduction interval to a point w?_g,y1t p-
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Under this case, the output voltages of REC1 and REC2 are

UREC1_24(D1 and D1'fault)

{2m1vﬁkamn@m4-ipwte (55, wt_gauiec)

2m+1
V6K E sin(wt — %)wt € [wt_faultc, 111—2”]
UREC2_24(D1 and D1'fault)
B { V6K E sin(wt + 2wt € %5, wt_tauep)
- gmﬁ V6K E sin(wt — %)wt € [wt_faultD7 111—2’7} ’
(20)
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TABLE II
THE SIMULATION AND EXPERIMENTAL CONDITIONS

The step-up ratio K of the Y- G-B)/2
connected autotransformer
The turns ratio m of the IPR 14.17
The RMS value E of the 50V
input voltages
The load resistance 30Q

Due to that the angles wf ga1¢ ¢ and wt-ay1¢ p are in the range
of wt € [r/4 + wty,3w/4 — wt4], in combination with (20),
WEgault ¢ and wt-gauit p can be determined

wt_anipc = arctan (2mtan 33) a 89.4582° 21
wt_gauiep = arctan (—Zm tan %) ~ 90.5417° °
From (21), the load voltage is
ULoad_24(D1and D1'fault)
23}:}_1 \/éKE sin(wt + %)wt S [%, wt_faultc)
= 3_2\/§KE Sin(Wt)Wt € [Wt_faultC; Wt_faultD)
273{11 V6K E sin(wt — %T)wt IS I:Wt_fau]tD, 111—2”]
(22)

From (22), the minimum value of the load voltage can be
calculated

ULoad_24(D1 andD1'fault) min ~ 0.6339K Ewt

€ [Wt_taultc, Wt_tault D) - (23)

Compared with the former case, the load voltage drop
further increases in the fault interval with the increasing of
the common conduction interval between two fault diodes.
Fig. 9 is the theoretical waveforms of voltages urgc1_24( D1 and
D1’fault)s UREC2_24(D1 and D 1’fault), and UT,0ad—24( D1 and
D1’fault)-

C. Diode Open-Circuit Fault in the DC-Side Harmonic
Reduction Circuit

In addition to the diode fault in the main circuit, the diode
open-circuit fault also occurs in the dc side harmonic reduction
circuit. In Fig. 1, the dc side auxiliary circuit is the single-phase
diode bridge rectifier, which has two kinds of operation modes.
As mentioned in part A, compared to the operation modes in the
12-pulse rectifier, the existence of the two operation modes has
functions to change the operation modes of the three-phase rec-
tifiers REC1 and REC2. If diodes VD and VD, are turned-ON,
rectifier REC2 is turned-OFF, on the contrary, the turned-OFF
of rectifier REC1 is caused by the conduction of diodes VD,
and VD3. The output voltage in the nonconduction interval
is determined by the output voltage of the other conduction
rectifier.

1) Case 1: One or both of diodes VD; and VD, are under
open-circuit fault.

Under this case, the operation mode of rectifier REC1 is not
changed compared with the normal mode. While due to the
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Fig. 12.  Verification results of the power quality under diode Dy open-circuit fault. (a) Simulation results of input currents in_24( D1fault), ib_24( D1fault)
and ic_24(Difault). (b) Simulation results of voltages urEC1_24( Difault)s UREC2_24(D1fault), and ULoad —24( D1fault). (c) Experiment results of input
Currents in_24(D1fault), ib_24( D1fault), and ic_24( D1fault). (d) THD value and spectrum of input current in_24( p1fault). (¢) Experiment results of voltages
UREC1_24( D1fault) and UREC2_24( D1fault). () Experlmem result of voltage up.oad_24( D1fault).

shut-OFF of diodes VD; and VDy, the rectifier REC2 keeps Therefore, the load voltage can be obtained
working in the six-pulse rectification state, which is same as
the rectifier in the 12-pulse rectification system. In combination =~ ¥Load_24(VD1fault)

ith (4 h 1 o . . o
Zwt (4) and (9), t zr:utput voltages uREC1_24(vVD1fault) and VBKE Cos(—2) Sm(wt 3 1%)6075 c [%’kﬂ+%2
REC2_24(VD1fault) B \/_KE - sin(wt + T’T)wt c [ﬁ""?? %_,_?Tr)
= \/—KEco (lz)sm(wt T kmyute [Tk, %,j?)
s km m_ kw +1)m
UREC1_24(VD1fault) V6K E cos(%) sin(wt + 2wt e |T+5, 0 )
(25)
\/_KEsm(wt—l————)wte [kx, Z4kx N .
— ) V6KE gfg Lsin(wt + 32 — %’“)wt c From (25), the minimum value of the load voltage under this

fault case is

. Ef_ 7 km k+1)m
V6K E sin(wt )th [8+3, 3 ) /64312

uLoad_24(VD1fau1t)min:TK E ~ 22854 K Ewt
UREC2_24(VD1fault)
o km ”
VBKEsin(at + § — ot €[5, +5) -1t (26)
s 7w | kmw “+1)m .
VBKE sin(wt + 7 2 7)‘% €lats s ) From (26), the minimum value of the load voltage under

(24) diodes open-circuit fault in the dc side harmonic reduction
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Verification results of the power quality under diode D1 and D2 open-circuit fault. (a) Simulation results of input currents i, 24(D1 and D2fault)s

ip'24(D1 and D2 fault), and ic'24(D1 and D2fault). (b) Simulation results of voltages urREC1_24(D1 and D2 fault), YREC2_24(D1 and D2fault), and
ULoad_24(D1 and D2fault). (¢) Experimentresults of input currents i 24( D1 and D2fault)»ib'24(D1 and D2fault), a1dic'24( D1 and D2fault). (d) THD value and
spectrum of input current i, 24( D1 and D2 fault). (€) Experiment results of voltages uREC1_24( D1 and D2fault) ald UREC2_24( D1 and D2fault). (f) Experiment

result of voltage ULoad—24(D1 and D2fault).

circuit is same as that value of the minimum value of the
normal operation load voltage of the 12-pulse rectifier. Fig. 10
is the theoretical waveforms of voltages UrREC1_24(VD1fault)s
UREC2_24(VD1fault) aNd ULoad_24(VD1fault)-

2) Case 2: One or both of diodes VD5 and VD3 are under
open-circuit fault.

This case is the mirror case of Case 1 in this section, so that
the detailed explanations and calculations are omitted here.

By using the same way, the minimum value of the load voltage
under this fault case can be determined:

264312
1

ULoad_24(VD2fault)min = KFE ~ 2.2804KF

T kmw
IPAEN

Compared with (26) and (27), the minimum value of the two
fault cases is the same, the only difference is the phase of the

minimums.

omegat = (27)

The  waveforms of  voltages UREC1_24(VD2fault)s
UREC2_24(VD2fault) and Uroad_24(VD2fault) are plotted as
shown in Fig. 11.

In this circuit, fault location only can be limited between the
two diodes that should simultaneously operate under normal
operation. When using a single-phase full-wave diode bridge
rectifier to replace the single-phase diode bridge rectifier, the
operation modes and the fault diode in the dc side harmonic
reduction circuit can be exactly identified by using the same
way.

IV. SIMULATION AND EXPERIMENTAL VERIFICATIONS

To verify the theoretical analysis, the simulation model and
experimental platform are constructed based on Fig. 1, the
simulation and experimental conditions are given in Table II.

Fig. 12 shows the verification results under diode D; open-
circuit fault, Fig. 12(a) and (b) are simulation results of the input
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Verification results of the power quality under diodes D1 and D5’ open-circuit fault. (a) Simulation results of input currents i, 24( D1 and D5’fault)>

ib'24(D1 and D5'fault)> and ic'24(D1 and D5'fault). (b) Simulation results of voltages uREC1_24(D1 and D5’fault)s YUREC2_24(D1 and D5’fault), and
ULoad_24(D1 and D5'fault). (¢) Experiment results of input currents iy 24(D1 and D5’fault)s ib°24(D1 and D5’fault)> and ic'24(D1 and D5fault). (d) THD
value and spectrum of input current i, 24( D1 and D5’fault). (€) Experiment results of voltages UREC1_24(D1 and D5’fault) and UREC2_24(D1 and D5’fault).

(f) Experiment result of voltage ur.0ad_24(D1 and D5’fault).

currents and output voltages, Fig. 12(c) and (d) are experiment
results of input currents and the spectrum, and the last two
waveforms are experiment results of output voltages of the two
three-phase rectifiers [see Fig. 12(e)] and the load voltage [see
Fig. 12(f)]. Similarly, the verification results under diodes D1 and
D5, Dy and D5’, Dy and D;’, and VD; open-circuit fault are
respectively presented in Figs. 13—16.

First of all, the results of input currents are analyzed as

follows.

1) Compare Figs. 12 and 13, when two didoes open-circuit
fault occurs in the same phase, the distortion degree is
higher than only one diode fault, and the content of each
harmonic changes accordingly.

2) From Figs. 14 and 15, it can be obviously observed that
the current distortion occurs in the failure intervals, but the
rest parts operate normally that can present obvious steps.

3) When diode open-circuit fault occurs in the dc side har-
monic reduction circuit (see Fig. 16), the impact under this
case causes less damage on the power quality compared
with single diode open-circuit fault in the main circuit, the
input currents are more symmetrical and the THD value
reduces from around 20 to 7.9%.

Then, the results related to the voltages are analyzed as

follows.

1) From Figs. 12 and 13, the minimum points of the load
voltage correspond to that given in Table I. The effect of
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Verification results of the power quality under diodes D1 and D1’ open-circuit fault. (a) Simulation results of input currents i, 24( D1 and D1’fault)s

ib_24(D1 and D1’fault) and ic'24(D1 and D1’fault). (b) Simulation results of voltages uREC1_24(D1 and D1’fault), UREC2_24(D1 and D1’fault), and
ULoad_24(D1 and D1’fault). (¢) Experiment results of input currents iq'24(D1 and D1’fault)s ib°24(D1 and D1’fault)> and ic_24(D1 and D1’fault). (d) THD
value and spectrum of input current i;'24( D1 and D1’fault). (€) Experiment results of voltages uREC1_24(D1 and D1’fault) and UREC2_24(D1 and D1’fault).
(f) Experiment result of voltage ur.cad_24(D1 and D1’fault).

2)

two didoes D; and D5 open-circuit fault is the superpo-
sition of the single diode fault. In combination with load
voltage waveforms, the fault type and locations of fault
diodes can be determined.

From Figs. 14 and 15, the phase of the global minimum
voltage is nearby the min-point of the common conduction
interval of the two open-circuit diodes, the other fault
intervals are kept consistent with the rule of single diode
open-circuit fault. In experiment, the minimum values
are close to the theoretical values and the phases exactly
correspond to the theoretical analysis. When the length of
the common conduction interval increases from 7/12 to
m/4, the voltage drop increases as follows.

3) Fig. 16 gives the experimental results under the diode VD,

open-circuit fault. Compared with single diode fault in the
main circuit, although affected interval of this kind fault
increases, the voltage drop decreases and the minimum
value of the load voltage is about 99.8 V in experiment.

In summary, all diode open-circuit fault types can be exactly
distinguished based on the information reflected by the load
voltage waveforms, but fault characteristics of input current
waveforms and harmonic contents are less obvious and regular,
so that it is more suitable to select the load voltage as a variable
for fault detection. The load voltage drop under diode open-
circuit fault is associated with the conduction angle of the diode
under normal operation mode, reducing the conduction angle of
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Verification results of the power quality under diode VD1 open-circuit fault. (a) Simulation results of input currents ia_24(vD1fault), ib_24(VD1fault)»

and ic_24(VD1fault). (b) Simulation results of voltages UREC1_24(VD1fault)» YUREC2_24(VD1fault), ald ULoad_24(VD1fault). (¢) Experiment results of input
currents in_24(vD1fault)» ib_24(VD1fault), aNd ic_24(VD1fault). (d) THD value and spectrum of input current i, _24(vD1fault). (€) Experiment results of voltages
UREC1_24(VD1fault) a0d UREC2_24(VD1fault). (f) The experiment result of voltage ur.oad_24(VD1fault).

each diode in the main circuit is a useful way to mitigate the
fault voltage drop. The location of the fault diode is also related
to the formation of the fault characteristic, generally, the fault
occurs in the harmonic reduction circuit cause less damage to
the power quality than that in the main circuit.

V. CONCLUSION

This article provides another method to determine the opti-
mum turns ratio of the IPR from the perspective of minimizing
the load ripple factor, this method can avoid some difficulties
caused by complexity current relations of the phase-shifting
transformer. Then, the operation modes of the MPR under
some possible diode open-circuit fault cases are analyzed in

detail, their corresponding voltage expressions are derived. The
correctness of the theoretical analysis is verified by simulations
and experiments. It is indicated that the load voltage can be seen
as a typical parameter to accurately identify the fault type and
location. Under all above mentioned diode open-circuit fault
cases, the fault diode located in the main circuit often causes
more obvious load voltage drop, the fault diode located in the
harmonic reduction circuit shows less impact on the power qual-
ity. The impact range of the diode open-circuit fault increases as
the increasing of the conduction angle during normal operation.
When properly increasing the phase number of the diode bridge
rectifiers in the main circuit, the conduction angle of each diode
reduces, so that it should be an effective way to improve the fault
tolerance ability of the rectifier.
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APPENDIX
TABLE III
CONDUCTION SEQUENCE OF THE DIODES IN THE RECTIFIER UNDER NORMAL OPERATION.

Interval Conduction Interval Conduction
Diodes Diodes

[0,7/24)U[471/24,21] Dy, Ds, Dy, D5’ [237/24, 257/24) D3, Dg, D3, Ds’
[m/24, 7/) D4,Ds,VD,, VD;  [251/24, 91/8) Dj, Dy, VD,, VD;
[n/8, 5m/24) D, D4, D, D5’ [97/8, 297/24) D,, D3, Dy, D¢
[5m/24, Tn/24) Dy, D4, VD, VDs  [297/24,317/24) Dy, D3, VD4, VD4
[7m/24, 31/8) Dy, Dy, D/, D [317/24, 117/8) D,, D3, Dy, Dy’
[3n/8, 117/24) D,,D,,VD,, VD; [11n/8, 35n/24) D,, D;, VD, VD;
[117/24, 137/24) Dy, D, D/, DS [357/24,371/24) Dy, Ds, Dy, D3’
[137/24, 57/8) Dy, Ds, VD1, VDy  [377/24, 137/8) D,, Ds, VDy, VD,
[57/8, 17m/24) Dy, Ds, D/, D¢ [137/8, 417/24) D,, Ds, Dy, D5’
[177/24, 197/24) D/, Ds,VD,, VD;  [417/24,431/24)  D,, D5, VD,, VD;
[197/24, Tr/8) Ds, Dy, D/, D [437/24, 157/8) D4, Ds, Dy, D5’
[7m/8, 2371/24) Ds, Dg, VDy, VD [157/8, 471/24) D4, Ds, VD4, VD,
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