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Abstract: As the power system capacity of airliner is increasing, brushless excitation has been applied to the
aircraft generator. The voltage and current of rotating rectifier cannot be measured directly because of the
elimination of carbon brushes and slip rings in excitation system, so the faults cannot be detected. There is an
effective way to detect faults according to the features reflected m the stator field winding. Firstly, the fault
mechamsm of rotating rectifier 1s studied based on harmomc analysis. Next, the common faults of rectifier diode
are classified and the aircraft generator simulation model is established to observe the generator output and
stator field current. Finally, the feather of fault signal is extracted based on harmonic analysis, laying the
foundation for further fault diagnosis of rotating rectifier in aircraft IDG.
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INTRODUCTION

Aurcraft IDG (Integrated Drive Generator) has been
widely used in airborne power of modern transport aircraft
with its small bulk and high reliability. Three-level
brushless AC synchronous generator 1s employed m IDG,
where permanent magnet generator 1s used as sub-exciter
and the exciter and generator are rotating-armature and
rotating-magnetic synchronous generator, respectively.
They are mstalled on the same shaft driven by the engine
and the CSD (Constant Speed Drive) umt provides the
constant speed The generator outputs three-phase AC of
115V 400 Hz™ .

The magnetic field of generator 1s provided by exciter.
The three-phase AC output by exciter 1s rectified to DC by
the rectifier bridge on rotor armature as field current of
generator. The rectifier bridge is called rotating rectifier
since 1t rotates along with the spindle. The rotating
rectifier composed by power diodes and rotating disk 1s
the most important part of the brushless excitation
system, while it is prone to failure due to the low pressure
and high temperature and other adverse factors that exist
mn aircraft. Fault detection and diagnosis for the rotating
rectifier is particularly important to ensure normal
operation of the excitation system, on which domestic and

foreign scholars have done a lot of research. Wang et al.
(2006) extracted the mnduced EMF (Electromotive Force) of
exciter stator coil, analyzing and determining potential
failure by immune algorithm. Zhang and Xia (2009) aimed
at excitation circuit of exciter, regarding field current as
non-stationary signals and analyzing it by fractal theory,
while the algorithm 1s complex and the sensitivity 1s poor.
Lots of documents show that researches on rotating
rectifier fault diagnosis method mainly focus on analysis
of fault signals. Many of these analysis are qualitative
description, lacking systematic classification of rotating
rectifier fault. A simulation model of three-level generator
system is established in this paper, focusing on the
analysis of the excitation part and classifymg faults
according to the working principle of rectifier circuit. Then
the stator field current under fault is attained for harmonic
analysis. Finally the feather of fault signal is extracted,
thereby providing a basis for rotating rectifier fault
diagnosis.

FAULT ANALYSIS FOR ROTATING RECTIFIER

Theoretical analysis of rotating rectifier operating
normally: The AC exciter in brushless excitation system
is loaded with rotating rectifier, so the output current is

Corresponding Author: Pengju Li, Acronautical Automation College, Civil Aviation University of China, Tianjin, 300300, China

Tel: +86 13920317307

3128



J. Applied Sci., 13 (16): 3128-3136, 2013

distorted and is not a sine wave instead. The load of
rectifier circuit - the generator excitation winding, can be
seen as an inductive load. Tdeally, the output of AC
exciter 18 close to a rectangular wave. The width of each
phase armature winding is 27/3 and the height is T,. The
structure of excitation system 1s shown m Fig. 1. E, 1s the
electric potential of the exciter stator windings. 1, 1s the
stator winding current. E,, B, and E_ is the three-phase
EMF. 1, 1s the load current, that 1s the generator field
current I,

The exciter of awrcraft IDG 1s the rotating armature
generator, so the faults of rotating rectifier cannot be
diagnosed by measuring the rotor armature current. When
a fault occurs, the exciter rotor armature current I, will
produce an armature-reaction MMF (Magnetomotive
Force) that 15 different from the normal operation. Thereby
the harmonic characteristics of the exciter stator field
current I will be affected by the abnormal MMF and thus
a certain distortion will be produced (Batzel et al,
2003). The nature of armature-reaction MMF when
non-simnusoidal current flowing through the armature
winding is analyzed firstly.

In the three-phase AC exciter, the difference of
electrical angle between winding current per phase is 21/3
and the winding current per phase i, k=1, 2, 3) is

ik:ﬁlucosp{wt—(k—l)gn] (D

The MMF of phase k winding is

ﬁngwv%cosv[af(kfl)gn] 2)
"

L, 1s the RMS of the pth harmonic of each phase
winding current and i is the harmonic order of MMF and
I ;18 the MMF magnitude for each phase winding. As
seen by the electromechanics theory (Li and Zhu, 2007):

Fu—v:

. vD
sing—
242 Nkiw 242 NI 2 iy y2n 3)
T

vp T vp sinv—
4 2

N is the number of series turns of the phase windings
and P is the number of pole pairs and ¢ is the number of
slots of each phase of each pole and 0 1s the slot-pitch
angle and y is the short-pitch ratio of the winding.

The synthetic MMF of the three-phase windings 1s
attained by Eq. 1 and 2.
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Fig. 1: Structure diagram of brushless excitation system

3 3
fiz=3fi= ZFu-ucosv[a7(k71)§n]-cosp[mtf(kfl)gn]

(4

In the above equation, fvX 1s the vth synthetic MMF
generated by the uth harmonic of the stator current on a
3-phase synchronous exciter. The MMF generated by
each phase winding is a pulsating MMF, that can be
decomposed into the synthesis of two MMF rotating
reversely.

3
fiz=fiz+fiz= %Fp— vZCOS[(V(L+ ooty — (u+ vk 71)§rc]+
k=1

%FW vi cos[{ve— pest) + (u— v)(k *l)gﬂ]

(5)

After further thecretical derivation of the above
formula, it 15 shown that there are only the (3k-u)th
reverse rotating component and the (3k+pjth forward
rotating component existing m the armature reaction
MMF. When p = 1, the (3kt1)th harmonics MMF
generated by the armature fundamental current rotates in
the opposite direction with the rotor and the (3k-1)th
harmonics MMF rotates in the same direction with the
rotor and then both of them will generate the 3kth
harmonics EMF in the stator windings. Similarly, when
p=n, the (Sktn)th harmonic MMF generated by the
armature harmonic curmrent will generate the 3kth
harmonics EMF in the stator windings. Therefore, the
induced EMF in the exciter stator winding mainly contains
the 3kth harmonics when the three-phase exciter operates
normally. It 13 shown by further analysis that the EMEF
induced by even harmonic components is 0 in the
excitation winding, therefore the EMF induced by the 2nd
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Fig. 2. Schematic diagram of circuit conduction of
rectifiers under at+ diode open-circuit fault

and 4th harmonic MMF 1s 0 1n the three-phase exciter. In
conclusion, the stator field current in the three-phase
exciter mainly contains the 6th harmomnics except the DC
component (Wakileh, 2011).

Harmonic analysis for the exciter stator current under
rotating rectifier fault: To take atdiode open-circuit
fault as an example, the circuit conduction waveform of
rectifiers 15 shown in Fig. 2. The conduction order of
diodes will become: c+/b- > bt+/c- > b+/a- = ct+/a-. In the
1/3 cycle of /6 to 51/6, the conduction 1s abnormal and
the waveform of I, 1s distorted, thus the I;1s distorted
according to the armature reaction characteristics.

As shown in Fig. 2, i,.1,.i, are the armature current in
normal state and 1,.1,”.1," are the armature current under
atdiode open-circuit fault. Tt is clear that the ABC
three-phase armature current will all distort due to the
fault (Na, 2011). Therefore the ABC three-phase armature
current under the fault can be seen as the
superposition of the armature current i1 normal state and

Ai_Ai, Ai_ that is:

ia' = ia + Aia
i = ib+ Al (6)

i:F:ic"rAic

Where:

_Ta —, ==
(6 6 ) (7

Ls (=.—)
2°6 ()
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0 (095)(?9 2m)
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Aic = (9

T T
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Implement Fourier analysis on Ai,;

Ala=a0+ Y (aecosnmt + basinnot)
= (10)

1 = .
= —gla + > 4fal + bl sin(not + arctan %)
n=1 n

Take the first five termns for calculations:

Ala = 7%1[1 +0.552Tssin ot + 0.276lasin(2mt + 90%) 11

+ 0.138sin{ 4wt + 90%)
Similarly:

Aiv = éld +0.3191ssin(mt — 30°) + 0.276Lisin(2emt + 30°)

0.212L:sin(30t + 90°) + 0.1381:sin( 4ot — 30°)
(12)

Aie= éh +0.319ssin(et + 30°) + 0.276Lssin( 2ot — 30°)

0.212Lsin(30t — 90°) + 0.138Lssin{ 4ot + 30°)
(13)

It 15 clear that there are DC component and harmonic
components coexisting in Ai,Ai, Ai, (Boggess and
Narcowich, 2002). The methods of analyzing the harmonic
characteristics of stator current I under one diode
open-circuit fault 1s consistent with that in normal state.
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Fig. 3: Simulation model of three-level generator system

Table 1: Fault pattern classification of rotating rectifier

Fault type

Typical example Other similar models

One diode open-circuit

Two diodes open-circuit

Two diodes open-circuit in one phase

Two diodes open-circuit in the same bridge arm

One diode short-circuit

Two diodes short-circuit in different phases and bridge arms
Two diodes short-cirucit in different phase and bridge arms

+a open-circuit +b, ¢+, a-, b-, c-

ata- open-circuit b+b-, c¢tc-
ata- open-circuit atc+, a-b-
at+b+ open-circuit atc-, a-b+
+a short-circuit -b, ¢+, a-, b-, c-
atb- short-circuit atc-, a-b+
atb- short-circuit atc-, a-h+

Finally it 1s clear after analysis that the exciter stator
current under one-diode open-circuit fault contains
fundamental and low-frequency harmonic such 2nd, 3rd
and 4th harmonic, in addition to contaming a DC
component and 6th harmomic.

FAULT MODELING AND SIMULATION OF
ROTATING RECTIFIER

Since the six diodes are tuned on sequentially,
rectifier faults can be classified into several categories
based on permutations. When
occurs, the generator field cumrent will decrease
substantially and the aircraft power will supply
insufficient electricity. What’s more, a large short-circuit
current will flow through the non-shorted diodes that
are prone to burn out 1if not treated timely, resulting in
the disfunction of generator. Therefore, rapid diagnostic
for shorted diodes is greatly significant. When open-
circuit fault occurs, the rectifier coefficient of diode
rectifier will decrease. In order to keep the generator
output voltage in constant, the generator field current
will increase under the action of the AVR (Automatic
Voltage Regulator) and the generator can stll run
sickly.

short-circuit  fault

Fault pattern classification of rotating rectifier: Current
waveform of other types of fault can be analyzed by the
same method as one diode open-circuit fault mentioned
above. Given the big probability of faults occurring in one
or two diodes, generator rotating rectifier faults can be
divided into seven categories according to the Iy
distortion rules measured m simulation experiments, as 1s
shown in Table 1.

Modeling and simulation of three-level generators:
Three-level synchronous AC generator is a separate-
excitation generator with features of reliable excitation
imtiating. It consists of three generators. The 1st level 15
a permanent magnet synchronous generator and the 2nd
and 3th level are electrically excited synchronous
generators. The Matlab/Simulink simulation model 1s
constructed according to the mathematical equations of
synchronous generator, as shown in Fig. 3 (Mouni et al.,
2008; Hydro-Qubec, 2008).

The main-exciter stator field current Iy which 1s
extracted to Workplace m Matlab for algorithm analysis,
is the primary basis for analyzing rectifier faults. AVR
severs as the three feedback loops of three-level
generator system to ensure that the generator can still run
sickly.
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In the rotating rectifier module, ideal switches are
respectively in series/parallel with the six diodes. Diode
short-circuit or open-circuit fault simulation can be
achieved at a certain moment by controlling the switches
on-off by the timers, as shown in Fig. 4.
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The simulation time is setas 0.1 sec. The switch S1 is
switched off at the time of 0.05 sec to simulate the one
diode open-circuit fault (take at open-circuit as
example). In Fig. 5, the upper figure is the simulation result
of the exciter field current I; and the following figures are
partial magnification of T in normal state and under the
fault. As mentioned above, the ripple wave of exciter
stator current 1s mainly 6th harmonics.

The three-phase output of the generator is shown in
Fig. 6a and the RMS voltage is shown in b. The prefault
output voltage stabilizes at 115 V 400 Hz "While the
voltage decreases under fault and tends towards stability
under the control of AVR. The result has a certain steady-
state error due to the nature of the control system itself,
while the generator can still run sickly.

The following figures show the simulation waveforms
of the exciter stator current I; when the other six kinds of
faults occur in rotating rectifier. The starting time of each
fault simulation is set to 0.05 sec. The upper figure shows
the fault waveform comparison of I;; before and after fault
and the following figure shows the partial magnification
of Tg under fault. Tt is clear that the harmonic
characteristics or RMS of I; under each fault are different.

0.06 0.07 0.08 0.09 0.10

0040  0.042 0044  0.046 0.048 0.050

009  0.092 0.094 0.096 0.098 0.100
t (sec)

Fig. 5(a-c): Exciter stator current Iz under one diode open-circuit fault, (a) Simulation results of the excites field current
Ift, (b) Partial magnification of Tff in normal state and (¢) Partial magnification of Tff in normal state under fault
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Fig. 6: The three-phase output of the generator-TaandUbandUe
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Fig. 9: Exciter stator current Iy under two diodes open-circuit in different phases and bridge- arms fault
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Fig. 10: Exciter stator current Iyunder one diode short-circuit fault
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Fig. 11: Exciter stator current I, under two diodes short-circuit in the same bridge-arm fault
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Fig. 12: Exciter stator current I, under two diodes short-circuit in different phases and bridge- arms fault
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Table 2: Harmonic analysis of Iy before and after rotating rectifier faults

Feature vector

Fault type T1 T2 T3 T4 TS T6 T7
Normal state 1.229x1074  6.234x107° 4.954x107° 5197107 3.637<107° 7.614x107°% 3.608>
One diode open-circuit 4.251%107%  4.375x1073 2.227<107% 4.000%107° 1.495<107% 5.831x107% 8.213>
Two diodes open-circuit in one-phase 1.695x1074  8.828x107° 9.172x107° 1.080x107% 4.122x107° 4.247x107> 2.880>
Two diodes open-circuit in the same bridge arm 6.040x1073  1,927x1077 2.365%1073 1.674x107F 4.394x107% 3.999x107% 5.219=
Two diodes open-circuit in different phase and bridge arm 5.957x1073  2,702x107° 1.785x1073 1.654x107° 1.136x107° 4.925x107% 7.798x107°
One diode short-circuit 0.676 1.043 4.158x1072 1.480x1072 3.023x1073 3.017x107% 1.274x1072
Two Diodes short-circuit in the same bridge arm 0.81 4.547x1072 1.686x1072 6.428=107% 2.392x107% 2.023x1073 1.035x10°°
Twao diodes short-circuit in different phases and bridge arms  0.510 1.796x1072 1.556x1072 1.108x107% 4.283x1073 3.745x107% 6.584x107%
~ 107 _ contains a large fundamental and 2nd harmonic except the
é 6th harmonic. The simulation results 1s consistent with the
2 s theoretical analysis.
= And then harmonic analysis is carried out on T
z |_| obtained from simulation experiments of the other six
0.0 o e R o R o — P
faults. The results are normalized by the DC component
~ 157 . . .
3 ) and all harmonics constitute the feature vector T of signal,
S 10 ] as shown in Table 2.
o . .
2 5 T, to T, are respectively the ratios between the
o T .
g I—I M fundamental to 7th harmonic and the DC component.
0 T 5 3 7 3 5 ';' These ratios constitute the feature vector T of I and can

Harmonic sequence

Fig. 13: Harmonic analysis of I; n normal state and one
diode open-circuit fault

FAULT FEATURE EXTRACTION OF RORATING
RECTIFIER

Signal feature extraction plays an important in fault
diagnosis. To identify the type of the fault, the fault signal
should firstly be quantified. Harmonic analysis based on
Fourier Transform can be a good method of analyzing the
properties of stationary signals (Boggess and Narcowich,
2002; Gray et al., 2009). The exciter stator field current Iy in
the three-level generator system 1s analyzed by the FFT
algorithm. The amplitudes of each harmonic is extracted
and form the feature vector T of the signal, laying the
foundation for fault diagnosis.

As known from the simulation results in Fig. 5, I 18
basically a stationary signal by the role of the AVR,
ensuring the applicability of the Fourier analysis. Take the
one diode open-circuit fault as an example, harmonic
analysis of I 1s proceeded before and after the fault and
the result is shown in Fig. 13. Figure 13a and b are
respectively the fundamental and 2nd-7th harmonic
analysis histograms of [; in normal state and one diode
open-circuit fault.

As seen from the figure, when the three-phase
brushless exciter operates normally, the ripple wave in
stator current I; 1s mainly the 6th harmonic. When one
diode open-circuit fault occurs m rotating rectifier, I; also

be further applied for fault diagnosis and identification by
algorithmic tools such as neural network.

CONCLUSION

When faults occur in rotating rectifier of awrcraft IDG,
the AC exciter armature current will change, causing the
armature field changed and then effecting harmonic
characteristics of excitation winding by the armature
reaction. The faults are ultimately reflected through the
exciter stator field current. The working condition of
rotating rectifier can be well reflected by the harmonic
characteristic of the stator current. The condition of each
faulted bridge-arm of rotating rectifier can be obtained by
harmonic analysis of the stator current. Then the feather
vector of fault signal is extracted based on harmonic
analysis, laying the foundation for the fault diagnosis and
effectively improving the level of fault detection and
diagnosis of rotating rectifier.
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