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Abstract—Based on the differences between waveforms of asyn-
chronous exciter three-phase armature currents with the rotating
rectifier under various working conditions (healthy and open-
circuit conditions), a fault diagnosis method of rotating rectifier is
proposed in this article. To describe these differences, the concep-
tions of ratio, residual, and sum are defined, and corresponding
calculation functions are created. Through the analysis of the
asynchronous exciter armature current with the rotating rectifier
under five categories of working conditions, three-phase ratios
and residuals are calculated by observing which the fault type
can be confirmed. Then the faulty diode(s) location is achieved
by the sum value. The experimental results show good agreement
with theoretical analysis and simulation results, which verifies the
feasibility and effectiveness of the proposed method.

Index Terms—Faulty diode location, open-circuit fault diagnosis,
rotating rectifier, waveform of current.

1. INTRODUCTION

HE BRUSHLESS wound-rotor synchronous
T starter/generator (BWSSG) is widely used in many
applications, such as aircrafts, submarines, and power plants
[1]-[4]. The BWSSG is made up of three parts: an asynchronous
exciter (AE), a rotating rectifier, and a main generator (MG),
as shown in Fig. 1. Generally, the rotating rectifier mounted
on the rotor shaft is a three-phase full-bridge diode rectifier,
and fed directly into the filed winding of the MG. Through the
rotating rectifier, the AE provides the excitation current for the
MG both in the starting and generating modes, which shows
that the rectifier plays a significant role in the system [5], [6]. In
other words, the diode(s) getting faulty will decrease the output
current capability, which may lead to the startup failure and
degrade the electricity generation performance.
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Fig. 1. Structure of the BWSSG.

However, the rotating rectifier is often prone to overvoltage,
overcurrent, high temperature, and high-speed-induced centrifu-
gal force [7], [8]. In this case, according to the fault modes,
effects, and criticality analysis conducted for the brushless ac
generator, the rotating rectifier related faults are one of the
highest priority failure modes in BWSSG [9]. The relatively
high failure rate has also been witnessed by the research team,
that author affiliated with, in practical engineering applications.

Furthermore, the rectifier diodes can fail either in open circuit
or short circuit. In practical applications, a short-circuit fault can
be converted to an open-circuit fault shortly, which indicates
that the open-circuit fault is much more concerned [10], [11].
Consequently, the open-circuit fault diagnosis of the rotating
diodes is significant to improve the reliability of the BWSSG.

Although from the aspect of topology, there is no difference
between the rotating rectifier and the standard three-phase diodes
rectifier (usually in the motionless state), from the aspect of
fault diagnosis, difference appears for the signal acquisition.
Within the BWSSG, the rotating rectifier is adopted to achieve
the brushless structure, which makes the signals on the rotor
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side unmeasurable. To be specific, the armature voltages and
currents, the output voltage, and the current are unmeasurable.
In this case, pressure is imposed on the rotating rectifier fault
diagnosis. Majority of the adopted methods for the standard
diode rectifier are signal based, namely voltage or current based.
For the voltage-based approaches, diode terminal voltage and
output voltage are widely used [12]-[16]. Natively, these meth-
ods make no sense for the rotating rectifier. By contrast, fewer
studies focus on the current-based methods, where the three-
phase currents are usually adopted. In [17] and [18], the current
Park’s vector approach was proposed for the diode rectifier
fault diagnosis. However, this method is unable to handle with
multiple open-circuit faults and it requires very complex pattern
recognition algorithms that are not suitable for the integration
into the drive controller and real-time implementation. In [19],
on the basis of analyzing the harmonic components of the
three-phase currents, Runxia adopted a self-organizing feature
map (SOM) network to exact the feature signal in order to
achieve fault diagnosis. However, it needs massive calculations,
and similar fault types cannot be discriminated for the natural
defect of the SOM network.

Beside, at present, the fault diagnosis methods for the rotating

rectifier can be divided into the following three categories.

1) Based on the signal processing method: Signal processing
can effectively avoid the disadvantages of the modeling
and be applied to both nonlinear and linear systems.
Among signal processing methods, frequency analysis is
widely used. In [20]-[22], by making frequency analysis
on the electromotive force of a search coil or a sensor,
the working condition of the rotating rectifier can be
identified. However, this method may not be useful for the
existing BWSSG because it needs to change the structure
of BWSSG. Also, by analyzing the harmonic components
of the M@ stator voltage under different conditions during
the generation mode, the side band compared with the
fundamental amplitude can be a feature signal for fault
diagnosis [11]. Wavelet energy of the MG stator voltage
is extracted, and one diode and two diodes open circuit
can be detected and classified [23]. This method needs
more research when the BWSSG works in the starting
mode because the stator windings are powered by the
inverter. Fast Fourier transform is performed on the AE
field current, the state of rotating rectifier is confirmed
[7], but the faulty diode cannot be located. A method is
proposed that the third and fundamental components of
the estimated armature current could be treated as failure
features [5]. Although the location of the faulty diode is not
confirmed, this approach is instructive. When the rotating
rectifier is under different conditions, the total harmonic
distortion of the AE armature current will be different.
Combining with the sum of armature current during one
cycle, faulty diode can be located [24].

2) Based on the model method [25], [26]: A hybrid modeling
approach for brushless generators with nominal and faulty
conditions is presented [26]. However, the model for the
machine is complex. Besides, topologies between the dc
field exciter and the two-phase AE are different.
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3) Based on the intelligent algorithm: Some mathemati-
cal models of motor are complex and nonlinear. There-
fore, building an appropriate model for the machine is
challenging. Since the intelligent algorithm can overcome
the shortcomings of the model method, an artificial in-
telligent technology is widely used to conduct the fault
diagnosis [27]-[29]. But these methods need many data.

In this article, aiming at uncontrollability of the diode rectifier,

the three-phase current characteristics with the rectifier under
various faulty conditions are fully studied. On this basis, an open-
circuit fault diagnosis method for the rotating rectifier based
on the differences between AE armature current waveforms is
proposed. The definitions of ratio, residual, and sum are defined
and the calculation functions are created to describe the differ-
ences. Through the analysis of the AE armature currents with
the rectifier under different working conditions, the three-phase
ratios and residuals are obtained by which the fault category can
be discriminated. Then, the faulty diode(s) location is achieved
by the sum value. The experimental results show good agree-
ment with the theoretical analysis and simulation results, which
verifies the feasibility and effectiveness of the proposed method.

II. ESTIMATION OF AE ARMATURE CURRENT

When the brushless excitation is used, the AE armature cur-
rent cannot be measured directly, but it can be estimated through
the stator flux linkages which are calculated by the AE stator
voltages and currents [30].

The exciter is a two-phase AE, in the stator reference frame
[31], and the voltage and flux linkage can be expressed as

follows:
[ R ) A
eas — €S .EOCS + eas l
“ﬁ} [ REJ [Zeﬁs] P [MBJ W
and
Aeas | L ) “lear
|:)\,eﬁs_ - |: Les:| |:ie,35:| + Mesr x® :Eebr (2)
where

_ |:COS 967‘ COS(@ET + 2%) COS(QET — 2?;"-):|

sin O, sin(fe, + 27”) sin(fe, — %’T)

Considering that the AE rotor windings are “Y” connected,
the AE three-phase armature currents have the relation as i, +
lebr + tecr = 0. Combining (1) and (2), the AE three-phase
armature currents can be estimated and expressed as follows:

iear _2A1 _2A2 cos 0
Gebr | =2 | —VB3As+ A1 V3A1 + Ay { sin 9”}
Leer \/gAQ + A1 *\/gAl + A2 er
(3)
where

A - Mg, f (ueﬁs - Resieb’s) dt — Lesieﬁs

In equations above, 1., and u.g, indicate the AE two-phase
stator voltages. i.qs and i.gs mean the AE stator currents.

|:A1:| 1 [f (ueas - Resieas) dt - Lesieocs‘|
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Tears tebr, and i represent the AE armature currents. R, and
L. are the AE stator resistance and inductance, respectively.
M, is the amplitude of the mutual inductance between the sta-
tor and armature windings. 6., represents the AE rotor position
in the electrical angle. p is a differential operator.

III. DEFINITION OF RATIO, RESIDUAL, AND SUM FUNCTIONS

The AE armature currents have the same period, no matter
which condition the rotating rectifier is under. As mentioned
above, the three-phase armature currents can be estimated and
the number of current samples in a period is assumed to be L.
At the k instant, the sequential data of the three-phase currents
collected in discrete time points are shown as follows:

I (k) = {ig (k— L+1),ig (k— L+2),....i5 (k)}

where x = a, b, c and 7, indicates the armature current. At every
instant, the data are stored and updated as queue. Atk + 1 instant,
the sequential data of currents are given as follows:

L(k+1)={ig(k—L+2),ip(k—L+3),....0p (k+1)}.

Individual current sample i, (k) can be identified as zero by
comparing with the preset threshold K;,; which is close to zero,
i.e., as follows:

v ()= {

Then the ratio for one phase that the current is zero during
one period is defined as follows:

1 Jig (k)] < Kina
0 else.

“)

k
PR =7 Y NG s)

j=k—L+1
The residual for one phase is defined as follows:
Ry (k) = |Py (k) — P (k)| (6)

where x,y, 2 = a,b,cand x # y # z.
Assume that :2®*(k) indicates the maximum current during
one period and ¢ (k) the minimum. Then, the sum function

for one phase is defined as follows:

Ko (k) = i (k) + ™ (k) . (7)

IV. ANALYSIS OF ASYNCHRONOUS EXCITER
ARMATURE CURRENTS

In practical engineering, usually one diode becomes faulty.
Two diodes failing simultaneously is rare, let alone that more
than two diodes. Therefore, one diode and two diodes getting
open circuit are taken into consideration in this article. To be
specific, the working conditions of the rotating rectifier can be
grouped into five categories.

1) Heathy condition.

2) One diode is open circuit [such as DI, as shown in

Fig. 2(b)].

3) Two diodes located on different legs but the same arm
(either upper or lower arm) get open circuit [such as D1
and D3, as shown in Fig. 2(c)].

4) Two diodes located on different legs and arms get open
circuit [such as D1 and D6, as shown in Fig. 2(d)].
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Fig. 2. Equivalent circuits of the BWSSG rotating components with the
rectifier under different conditions (open-circuit diode(s) illustrated in red).
(a) Healthy condition. (b) Diode D1 fails. (c) Diodes D1 and D3 fail. (d) Diodes
D1 and D6 fail. (e) Diodes D1 and D4 fail.

5) Two diodes located on the same leg get open circuit [such
as D1 and D4, as shown in Fig. 2(e)].

The equivalent circuits of the BWSSG rotating components
with the rectifier under different working conditions are shown
in Fig. 2.

In practice, the resistance R., of the armature windings has
little effect when compared with the reactance we, L, [32],
where w.,. represents the fundamental electrical angular speed
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Fig. 3. Diagrams of the AE three-phase armature winding back EMF and
current waveforms with the rectifier healthy.

of the armature currents. To simplify the analysis, the resistance
R, is ignored.

A. Healthy Condition (Denoted as CI)

As shown in Fig. 2(a), when the rotating rectifier is under
healthy condition, leg a, leg b, and leg c are healthy. The diagram
of the AE three-phase armature current waveforms is shown in
Fig. 3, from which the waveforms are found to be symmetric.

Through the analysis, the values for commutation and con-
duction angles labeled in Fig. 3 are derived as (8). The details
of the derivation are shown in the Appendix.

521 = %7

Os1 =011 + 3, Op =0+
051 =011 + 2%, 061 =011 + 5.

_ 2 _ 4 _5
o1 =5, dm=m, 051 =7, J61 =G

®)
Accordingly, the three-phase ratios and residuals during one
period are calculated as follows:

P _ 031 — 021 + 661 — O51 :lit
' 1) 0 27T(5 0 ; Qﬂ
— 011 + 651 — 1
p=n "0t —0n 1 Ou ©)
2 3 s
041 — 031 +611+2m—0s1 1 01y
PC: = - — —
2 3 s
RQZ‘PZ,—PC|:O
Ry=|P, — P.| =0 (10)

R.=1|P,— By =0.

From (9) and (10), it is demonstrated that the three-phase
ratios during one period are the same, and the residuals of
ratios are zero, which shows that the three-phase waveforms
are symmetric and the rectifier is healthy.

B. Diode DI Fails (Denoted as C2)

When one diode of the rotating rectifier is open circuit, taking
diode D1 as an example shown in Fig. 2(b), leg a is faulty, and
leg b and leg c are healthy. The diagrams of the AE armature
currents are shown in Fig. 4.
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Fig. 4.
current waveforms with D1 open circuit.

Diagrams of the AE three-phase armature winding back EMF and

With the same method of analysis, the values for commutation
and conduction angles labeled in Fig. 4 are shown as (11). The
details of the derivation are shown in the Appendix.

O30 = b2 + T, 1942:922+%7r an
012 =0, 522:2?”7 032 =, 542:4%-

The three-phase ratios together with residuals during one
period are expressed as follows:

p _O2—0tdot2m—0n _, bn
“ 2 2m
P, = 042 =032 1 b (12)
2w 2 2
Pc—632_622—1—9ﬂ
2w 2 &
and
Ra_|Pb_PC|_0
Ry=|P,— P =3 (13)
Rc:|Pa_Pb|_%'

From (12) and (13), it can be seen that the residual for the only
faulty phase a is the minimum, while the residuals of healthy
phases are the same. Besides, the ratio of the only faulty phase
a is bigger than that of the healthy phases, which are the same
with each other.

C. Diodes DI and D3 Fail (Denoted as C3)

Under this condition, two diodes from different phases get
open circuit and both locate on the upper arm or lower arm.
Taking diodes D1 and D3 failing as an example, as shown
in Fig. 2(c), leg c is healthy, but leg a and leg b are faulty.
The diagrams of the AE three-phase armature winding back
electromotive force (EMF) and current waveforms are illustrated
in Fig. 5.

The values for commutation and conduction angles labeled in
Fig. 5 are shown as (14). Still, the details of the derivation are
shown in the Appendix.

21 47
92329134-?, 9332913-&-?
2 4
Gis =0, Gog = 2% gy = =X
13 =0, d23 30 0= 3

(14)
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Fig. 5. Diagrams of the AE three-phase armature winding back EMF and
current waveforms with D1 and D3 open circuit.

Fig. 6. Diagrams of AE three-phase armature winding back EMF and current
waveforms with D1 and D6 open circuit.

The ratios together with the residuals of each phase during
the one period are expressed as (15) and (16), respectively.

Equation (16) shows that the residual for the only healthy
phase c is the minimum one and that for the faulty phases are
bigger but the same with each other. Moreover, the ratio of the
only healthy phase c is smaller than that of the faulty phases,
which are the same.

P_523—513+513+27T—933_2_9£
“_6 ; o ; 3 27
— 2 .
p=23 718 _ 2 713 15
b o 3 or (15)
Pc:623_913_1_9£
21 3 2
1
Ra:|Pb*PC|:§
1
Rb:|Pa—Pc|:§ (16)
R.=|P,— P, =0.

D. Diodes DI and D6 Fail (Denoted as C4)

As for this condition, two diodes [such as D1 and D6 shown in
Fig. 2(d)] from different phases are open circuit, and one diode
is on the upper arm, the other is on the lower arm. The diagrams
of the AE three-phase armature winding back EMF and current
waveforms are shown in Fig. 6. The current of phase a can only
be zero or negative, while the current of phase b can only be zero
or positive.
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\/

Fig. 7. Diagrams of the AE three-phase armature winding back EMF and
current waveforms with D1 and D4 open circuit.

The working states for the rectifier under this condition show
great similarity with that under C3 and we get the relations
listed as

om 5
92429144-?, O34 = 014 + 7, 944:914"'?
271' 57'('
014 =0, 524:?7 034 =T, 04 = —.
(17)

The three-phase ratios and residuals during one period are
expressed as follows:

P_524—514+514+27T—944_1_@
“*6 ) 9271' Lo 2 27
plutem—bs 1 b (18)
2 2 2
034 — 024+ 014 +2m — 010 1 0Oy
PC: = - — —

2 3 s
Ry=|P,—P|=3%+%2
Rb:|Pa_Pc‘:%+% (19)
R.=|P, — Py = 0.

It can be shown that the residual for the only healthy phase ¢
is the minimum and that for the faulty phases are bigger but the
same with each other. Still, the ratio of the only healthy phase ¢
is smaller than that of the faulty phases, which are the same.

E. Diodes DI and D4 Fail (Denoted as C5)

When two diodes located on the same leg become an open
circuit, taking the diodes D1 and D4 for example shown in
Fig. 2(e), the diagrams of the AE three-phase armature winding
back EMF and current waveforms are shown in Fig. 7.

In this case, the rectifier is equivalent with a single-phase
full-bridge rectifier and two commutation points exist during
one period. Apparently, the ratios and residuals for three-phases
during one period are shown as follows:

P, =1
P, =0 (20)
P.=0

Ry =|P,— P, =0
R,=|P,—P|=1 1)

R.=|P,— Py =1.
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TABLE I
FAULT DIAGNOSIS AND FAULTY DIODE(S) LOCATION TABLE (x,y, 2 = a,b,c,x # y # z)

Condition Criterion of judgment Faulty diode(s) location
Cl1 Ri(k), Ry(k), Re(k)<Kin2 X
2 Pr(k)-Py(k)>0; Ki(k)>0 The lower arm of leg-x
Ry or (k) <Ku3 K(k)<0 The upper arm of leg-x
Ky(k), K:(k)<0 The upper arm of leg-y and leg-z
C3 P(k)-Py(k)<0
Ru(k)<Kinz; Ky(k), K=(k) > 0 The lower arm of leg-y and leg-z
) .(k)>
Bl®), Refly>Kaz Ky(k) <0. Kx(k) >0 The upper arm of leg-y and lower arm of leg-z
C4 Px(k)-Py(k)<0
Kyk) >0 K:(k) <0 The lower arm of leg-y and upper arm of leg-z
Px(k)-Py(k)>0; :
cs Ry m,z(k})> Koz Two diodes of leg-x

From (20) and (21), it can be seen that the residual of ratio
for the only faulty phase is the minimum, while the residuals of
healthy phases are the same. Meanwhile, the ratio of the only
faulty phase is bigger than that of the healthy phases, and the
ratios of healthy phases are the same.

It is worth mentioning that, for working conditions Cl
and C4, although the armature current analysis is carried out
with diode(s) on the upper arm getting open circuit (D1 and
D3), it can be easily proved that the analysis with diode(s)
on the lower arm getting faulty is equivalent with that on
the upper arm which means the same three-phase ratios and
residuals.

V. WORKING CONDITION DISCRIMINATION AND FAULTY
DIODE LOCATION

A. Open-Circuit Fault Diagnosis Method

When the rotating rectifier is working under the healthy con-
dition, the waveforms of the AE three-phase armature currents
are symmetric. As demonstrated by (9) and (10), the three-phase
ratios are same, and the residuals are zero.

However, if the rectifier works in faulty conditions (C2,
C3, C4, or C5), from (13), (16), (19), and (21), it can be
discovered that there exists the minimum residual among the
three-phase residuals. Further, assume the minimum residual
as R, (x = a,b, or c¢), then leg x is either the only faulty leg
(under working conditions C2 or C5) or the only healthy leg
(under working conditions C3 or C4).

To further confirm the health condition of leg x (healthy or
faulty), it has to resort to the relations between the three-phase
ratios. Equations (15) and (18) reveal that if P, — P, . <0
where y, z = a, b, cand x # y # z, leg x is the only healthy
leg, indicating that the rectifier is working under condition C3
or C4.

Otherwise, leg x is the only faulty one, i.e., the rectifier is
working under condition C2 or C5. To make further judgement,
Ry or - is used to compare with preset threshold K3 by observ-
ing (13) and (21). Thatis, R o . < K3 means that the rectifier

Acquisition of N,(k), } Calculation of P,(k),
Niy(k), Ne(k) Py(B), Po(k)
Y
Find the minimum of < Calculation of R,(k),
residuals Ro(K), Re(k)
y
Confirmation of faulty > Location of faulty
leg(s) diode(s)

Fig. 8. Flowchart of the open-circuit fault diagnosis method.

is working under condition C2 and R, o . > Ktn3 accounts for
condition C5.

Moreover, Figs. 4-6 show that the phase current is either zero
or negative when the faulty diode locates on the upper arm, and is
either zero or positive when the faulty diode locates on the lower
arm. Therefore, via the sum value defined as (7), the location of
the faulty diode under working conditions C2, C3, and C4 is
achieved as follows:

{ K., (k) <0 faulty diode on the upper arm

K,y (k) >0 faulty diode on the lower arm. 22)

Itis worth noticing that the discrimination between conditions
C3 and C4 is automatically achieved with the location of faulty
diode.

Combining with the definitions and calculation of ratios,
residuals, and sums in practical application, as stated in
Section III, the open-circuit fault diagnosis method is illustrated
in Table I and Fig. 8.

B. Decisions of the Threshold

As shown in Fig. 8, the prerequisite for fault diagnosis is
the acquisition of N (k), defined in (4), where threshold Ky
is adopted. The threshold K5 is used to find the minimum
among the three-phase residuals and K3 to further discriminate
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between conditions C2 and C5, as given in Table I. The decisions
of the thresholds are explained as follows.

Kin1: As defined in (4), individual current sample i, (k) can
be identified as zero by comparing with Ky}, which is zero
ideally. However, in practical applications, due to the errors of
the measurement and current estimation, Ky, is definitely a bit
bigger than zero and obviously a experiment-based experienced
value. In the experiments of this article, it is found that about
10% of the armature winding current amplitude is a good choice
for Ky1. In this research, Ky is set as 0.5.

Kino: As for Kyyo, it is used to find the minimum among the
three-phase residuals. From (13), (16), (19) and (21), it is found
that among the residuals bigger than zero, the minimum residuals
are R, = R, = & + 22 > L under working condition C4. So,
considering the errors of measurement and current estimation,
Kino is set to 0.15 to find the minimum residual. In this case,
as given in Table I, R,(k), R,(k), R.(k) < K2 indicates
that the rectifier is healthy, andR, (k) < Kino together with
Ry(k), R.(k) > K2 account for R, (k) being the minimum.

As given in Table I, K3 is used to discriminate between
the working conditions of C2 and C5 by comparing with the
residual R, (k) or R.(k). Considering the values of R, or R,
under working conditions C2 and C5 (0.5 and 1, respectively)
and the errors of measurement and current estimation, Ky,3 is
chosen as 0.75.

VI. SIMULATION RESULTS

The simulation model of the BWSSG with two-phase AE
is built in MATLAB/Simulink. The two-phase AE model is
built using the Simscape language based on the voltage and
flux linkage equations. As for the rotating rectifier, it is made
up of six diodes connected with switches which are from
the Simulink library. A resistance in series with an induc-
tance is used to emulate the field winding of the MG. The
five working conditions are achieved by the operations of the
switches.

The estimated and measured AE armature currents under the
healthy and faulty conditions are shown in Figs. 9 and 10. From
Figs. 9 and 10, the estimated AE armature currents match well
with the measured ones that indicates the effectiveness of the
current estimation method.

According to Fig. 8 and Table I, the corresponding postpro-
cessing results of the three-phase ratios, residuals, and sums
using the estimated armature currents are shown in Fig. 11.

From Fig. 11(a), under the healthy condition (C1), the three-
phase residuals fluctuate around zero and smaller than the thresh-
old Kin2. However, under faulty conditions, there exists the
minimum residual among three-phase residuals. To be specific,
R, being the minimum for R, < K2 = 0.15 occurs when
the rectifier works under conditions C2 and C5, and R, is the
minimum for R, < Kiuo under conditions C3 and C4.

To further confirm the faulty leg(s), the curve of P, — P, is
illustrated as Fig. 11(b). Itis observed that P, — P, > 0 happens
under conditions C2 and C5, and P. — P, < 0 exists under
conditions C3 and C4.
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Fig. 9. Estimated AE armature currents with the rotating rectifier under
different working conditions.
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Fig. 10. Measured AE armature currents with the rotating rectifier under
different working conditions.

As stated in Section V, the further discrimination between
C2 and CS is a must by comparing R or - and Kip3. Through
Fig. 11(a), it is easily found R;, < Kin3 = 0.75 for condition
C2 and R}, > K3 for condition C5.

So far, the confirmation of faulty leg(s) has been done and it is
time for faulty diode(s) location. Under condition C2, K, < 0
indicates the faulty diode is on the upper arm, i.e., diode D1 gets
open circuit. Similarly, the diodes D1 and D3 get faulty under
the condition C3, and the diodes D1 and D6 get faulty under the
condition C4.
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Fig. 11.  Curves of postprocessing results of the three-phase ratio, residual,

and sum with the rotating rectifier under different working conditions.

Through the discussion above, the simulation results show
high agreements with the theoretical analysis and demon-
strate the effectiveness of the proposed fault diagnosis
method.

VII. EXPERIMENTAL RESULTS

To further verify the effectiveness and feasibility of the pro-
posed method, the experiments are carried out.

A. Experimental Platform

The BWSSG is brushless and the rectifier is mounted on
the shaft, which makes the armature currents unmeasurable
and the faults of diode(s) cannot be achieved. In this case, a
three-phase wound-rotor asynchronous motor with brushes and
slip rings is used to emulate the AE in the experiment platform,
as shown in Fig. 12. Through the brushes and slip rings, the
armature currents can be measured to validate the effectiveness
of the current estimation method. Also, a variable frequency
modulation asynchronous motor works as the prime motor and
a load box emulates the MG field winding. Furthermore, a
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Three-phase
Asynchronous Exciter

Prime Motor

Self-mae

RT-LAB Platform Condition Circuit

Rectifier
Fig. 12.  Experimental platform.
TABLE 11
PARAMETERS OF THREE-PHASE AE
Parameters Values
Stator resistor (R.s) 4.56 Q
Rotor resistor (R,,) 0.45Q
Mutual inductance (M,,) 52.3 mH
Stator self-inductance (L.;) 281.3 mH
Rotor self-inductance (L) 232 mH
Poles 6
6 .
Iear Iebr Iecr 6 — Iear —_— Iebr —_— iecr
4 4
<27 <2t
é 0 go
S a3 ”
-4 -4
15.00 15.01 1502 1500 15.01 15.02
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(a) (b)
Fig. 13. AE armature currents when the rotating rectifier under the healthy

condition (C1). (a) Estimated currents. (b) Measured currents.

motionless self-made three-phase rectifier is used to emulate
the rotating rectifier to achieve the faulty working conditions.
A resistor R = 7.1 €2 in series with an inductor L = 48.08 mH
is adopted to emulate the MG field winding. The fault diagnosis
including current estimation is accomplished by the RT-LAB
platform, where the model built by MATLAB/Simulink is trans-
formed into real-time codes to be implemented by the real-time
simulator. The parameters of the equivalent three-phase AE are
listed in Table II.

B. Experimental Results

Figs. 13-17 illustrate the estimated and measured AE ar-
mature currents with the rectifier under different conditions.
It is observed that the estimated currents match well with the
measured ones which verifies the effectiveness of the current
estimation method.
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Fig. 14. AE armature currents when diode D1 is open circuit (C2).
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Fig. 15. AE armature currents when diodes D1 and D3 are open circuit (C3).
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Fig. 16.  AE armature currents when diodes D1 and D6 are open circuit (C4).

(a) Estimated currents. (b) Measured currents.
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Fig. 17.  AE armature currents when diodes D1 and D4 are open circuit (C5).
(a) Estimated currents. (b) Measured currents.

Fig. 18 shows that the three-phase ratios are similar and the
residuals are smaller than the preset threshold Kino = 0.15,
indicating the healthy condition.

From Fig. 19(a), R,, is found to be the minimum for being
smaller than Ky,2. Then, leg a is further confirmed to be the only
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Fig. 18. Three-phase ratios and residuals when the rotating rectifier is under
the healthy condition (C1). (a) Ratios. (b) Residuals.

faulty one by P, — P, > 0, as shown in Fig. 19(b). Moreover,
Rpor e < King = 0.751llustrated in Fig. 19(a) demonstrates that
the rectifier is working under the condition C1 but not CS5.
Finally, K, < 0 shown in Fig. 19(c) indicates that the diode
on the upper arm, i.e., D1, gets faulty.

R. < Kipe is found in Fig. 20(a) indicating itself the mini-
mum residual. Then, leg ¢ is further confirmed to be the only
healthy one by P, — P, < 0, as shown in Fig. 20(b). Finally,
K,, K; < 0, as shown in Fig. 20(c), indicates that the diodes on
the upper arm, i.e., D1 and D3, get faulty.

In Fig. 21(a), R, < Ky is found indicating itself the min-
imum residual. Then, leg c is further confirmed to be the only
healthy one by P, — P, < 0, as shown in Fig. 21(b). Finally,
K, <0 and Kj >0 as shown in Fig. 21(c) indicates that
the diode D1 on the upper arm and D6 on the lower arm
fail.

From Fig. 22(a), R, is found to be the minimum for being
smaller than Kipo. Then, leg a is further confirmed to be the
only faulty one with P, > P,, as shown in Fig. 22(b). Moreover,
Ry or ¢« > Kins = 0.751llustrated in Fig. 22(a) demonstrates that
the rectifier is working under condition C5 instead of Cl1, i.e.,
the diodes D1 and D4 get open circuited.

Through the analysis above, the experimental results show
good agreement with the theoretical analysis and simulation
results. Therefore, the proposed open-circuit fault diagnosis
method is feasible and effective.
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VIII. CONCLUSION

This article presents an open-circuit fault diagnosis method
for the rotating rectifier, which is based on the differences
between AE armature current waveforms with the rectifier under
various working conditions. To describe these fault features,
the conceptions of ratio, residual, and sum are proposed, and
the corresponding calculation functions are created. Then the
analysis of AE armature currents with the rectifier under differ-
ent working conditions is carried out to obtain the three-phase
ratios and residuals, through which the fault category can be
confirmed. Then the sum value is used to locate the faulty diode.
Finally, the experimental platform is built where experimental
results show good agreement with the theoretical analysis and
simulation results, verifying the feasibility and effectiveness of
the proposed method.

APPENDIX

Assume the three-phase back EMF is expressed as follows,
where E,, represents the amplitude:
27
3

2
e. = FE,,cos (wert + ;) .

ea = E,,c08 (wert)

ep = E,,cos (wert — (23)

A. Healthy Condition (Denoted as C1)

It is known that the start of the commutation state is de-
termined by the terminal voltage difference of diodes. There-
fore, there are six natural commutation points denoted as
011, 021, 031,041, 051, and Jg1.

As shown in Fig. 3, supposing that the commutation process
from phase b to phase ¢ begins at w,,.t = d11 and ends at w,,.t =
011. Obviously, at w,,t = d11, neglecting R., we get

Up = Ue
o - L diebr
Up = €p — WerLier dwert 24)
di
Ue = €c — werLerﬁ~
Combined with icp, = —1I¢, teqr = Iy, and ieer = 0, up =

u. = e, = e, is found which indicates §;; = 0. Similarly, we
get 521 = %7 531 = 2%7 541 =T, 651 = %’T, 561 = 5?77
In the commutation state, the relations between currents and

voltages are shown as follows:

Z'ebr + Z'ecr = _If7 7:ea'r = If
Ug = €q, Up = Uc
diepr (25)
= - erLe'r‘
Up €p w, dwert
die@""
¢ = €~ WepLep——.
Ue = €0 — W o
By taking iepy|w,,1=0 = —Iy into (25), we get
3E,,
tebr = —If + {7 [1 — cos (wert)] . (26)

T
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At we,t = 611, the commutation state is over. Then by taking
wert=0,; = 01nto (26), we get

QwCTLCT'If
V3En

When 617 < we,t < d21, the rotating rectifier is in the con-
ducting state of phase a with phase ¢ and the armature currents
get the relation as icqr = If, tetr = 0, and iee, = —1I.

At wert = 021, the current commutation process from phase
a to phase b begins and the method of analysis is the same as
above. The phase a current is expressed as follows:

V3E,, T
VM lin (wert + 2 ) — 1} .
%erLor [Sm (w * 6)

iebr

cos(f11)=1-— 27)

=I5+ (28)

Zear

At we,t = 021, the commutation process is over. By taking

lear|w, t=0,, = 01nto (28) and combining with (27), we get
™ QMGTLGTIf
Sin(921+7) =1 - — 2
6 V3E,, (29)
T
021 = 011 + 3
Similarly, it is found that
2
031 = 011 + 3 Oy =011 +7
47 51
051 2911-5-?, 061 2911-5-?- (30)

Finally, we summarize, as in (8).

B. Diode D1 Fails (Denoted as C2)

As mentioned above, the start of the commutation state is
determined by the terminal voltage difference of the diodes.
However, due to the open circuit of D1, only four commutation
points exist during one period. Similarly, neglecting the resis-
tance R, we get 010 = 0, oo = %’r, 030 =T, 040 = %’r.

When 615 = 0 < we,t < 619, the rectifier is in the commu-
tation state of phase b with phase ¢, and the relations between

currents and voltages are expressed as follows:

Z'ebr + iecr - 07 iear =0
Uq = €q, Uc = Up
diep
= - erLerﬂ G
Up €p w, dwe,.t
die('r
c— €c— erLer —.
U e — W dou
By taking icer|w,,t=0 = Iy into (31), we get
. V3E
Geer = It + # [cos (wert) — 1]. (32)
Then take icer|o,,.t=0,, = —If into (32), we get
4 ETLST
cos (f12) = 1 — —er=er (33)

V3E,,

When 015 < we,pt < do0 = %’T, the rectifier is in the conduc-
tion state of phase b and phase c. At we,t = o0 = 2{, the
commutation of phase a with phase ¢ starts and in the same
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way we get
V3E s
.ecr = = 1 ( er *)i| — 1. 4
) 2werLer|: + cos (w t+3 ¥ (34)
Then take icer|w,, t—0,, = 0 into (34), we get
'/T QUJeT’Ler
cos (6 +f):7171. 35
(022 + % N (35)

When 055 < we,t < 030 = T, the rectifier is in the conduction
state with phase a and phase b. At w,,t = d35 = 7, the commu-
tation process from phase b to phase ¢ begins and similarly we
get

V3E,

~ oL [1 4 cos (wert)] -

Lebr = If (36)

Then take i.p,

wert=6s, = 01into (36) and compare with (35),

we get
2we'r‘Ler
cos (032) = —=——15 — 1
V3Ep, (37
T
O30 = O + 3

Similarly, we get 042 = 032 + § = 022 + %’T Finally, we
summarize as in (11).

C. Diodes DI and D3 Fail (Denoted as C3)

In this case, due to the open circuit of D1 and D3, there
are only three points during one period where the commutation
state starts and with the same analysis method d13 = 0, do3 =
2r | §33 = AT is obtained.

As illustrated in Fig. 5, the commutation from phase ¢ to
phase b starts at w,,.t = §13 = 0 and stops at we,t = 013 for
D1 and D3, failing simultaneously when i.,- approaches 0. The

relations between currents and voltages are given as follows:

Lebr + Geer = 0; tear = 0
Ug = €q, Uc = Up
dzebr

- - M’Leri (38)
Up €p We dwert
diecr
c — €c — erLer .
U €e— W doo i
Combining (38) with iecr|w,,.t=5,,=0 = I, we get
V3En,
leer = I + ———— [cos (wert) — 1] 39)
£+ 91, 1008 (wert) — 1]
Then take tecr |w,,t=0,, = 0 into (39), we get
2wer L
cos (fr3) = 1 — —&r=erp, (40)

V3E,,

When do3 < we,t < 63, the rectifier is in the commutation
state with phase a and phase ¢ and similarly we get

\/gEm T
VOBm [y ( ot 7)]
%ur Loy [ teos {werl + 3

lecr =

(41)
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Then take icep |, t=0,, = Iy into (41) and compare with (40),
we get

T 2Wer Ly
cos (0 +7> =—J;—1
( 23+ 3 J3E.. f
2
o3 = 013 + 3

(42)

Similarly, we get 033 = 013 + %’T. Finally, it is summarized,
as in (14).
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