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ABSTRACT This work proposes a method for detecting the fault of a rotating rectifier. The rotating rectifier
is an important part of a three-stage synchronous motor. It is located on the high-speed rotating rotor. The
diode in the rectifier is prone to failure owing to the adverse working environment. Our method calculates
the rotor armature current of the main exciter, and utilizes the similarity and difference of the current polarity
of the three-phase armature current of excitation motor under multiple working states to measure the health
status of the rotating rectifier. A similarity measurement algorithm based on the armature current Manhattan
distance residual has been proposed, and the fault type and location of the rotating rectifier diode have been
found by using the necessary rule for a trade-off. Considering the existence of interference and error, the
preset value is employed and compared with the residual function. The results from the experiment have
verified the effectiveness of the proposed fault diagnosis method.

INDEX TERMS Rotating rectifier, armature current, Manhattan distance, fault diagnosis.

NOMENCLATURE
Uegf ME excitation voltage, V.
iegf ME excitation current, A.
Regf ME stator resistance, �.
iear , iebr , iecr ME armature current, A.
ψegf Flux linkage between ME stator and

rotor-windings, wb.
Legf ME stator inductance, H.
Maf Mutual inductance amplitude between

ME stator and rotor-windings, H.
θe The electrical angle between ME stator

and rotor-windings, rad.
1 differential operator.

I. INTRODUCTION
The research over multi (all) electric aircraft has developed
rapidly [1] owing to the large number of sophisticated air-
borne equipment, whichmandates advanced requirements for
the reliability of the aircraft power supply system [2]. A three-
stage synchronous motor (TSSM) is the key equipment of
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the aircraft main power supply system, and its failure will
compromise the flight safety of the aircraft. According to
Todd et al. [3], [4], by aiming at the possible fault state
of TSSM, and obtaining the long state monitoring data
combined with the method of quantitative analysis based on
hazard degree matrix, rotating rectifiers is generally used
as connectors between windings of synchronous motors [5],
and the fault frequency of the rotating rectifier becomes the
highest for the fault mode of synchronous alternator, and it
needs to be given priority. The rotating rectifier is located
between the main exciter (ME) and the main generator (MG)
of the TSSM (shown in Fig.1). Therefore, to ensure flight
safety, it is necessary to diagnose the working state of the
rotating rectifier.

The process of fault diagnosis of the rotating rectifier
includes the signal acquisition, fault feature extraction,
and fault classification. For fault feature extraction and
diagnosis methods, the fault diagnosis technology has been
divided into three categories by Frank [6], viz., the methods
based on analytical model, signal processing, and intelligent
algorithms.

According to Sottile et al. [7], the working characteristics
of the rotating rectifier under various fault modes have been
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FIGURE 1. Structure of the TSSM.

analyzed. By using Fourier transform to obtain the second
harmonic amplitude of the excitation current, a condition
monitoring model method of rotating rectifier, based on
the excitation current, has been proposed. According to
Zouaghi et al.. [8], the simulation model of the brushless
excitation module has been established. The fault monitoring
of the rotating rectifier has been realized by collecting
the output voltage signal and diode current signal of the
rotating rectifier, besides combining with the corresponding
fault mode. According to Huang et al.. [9], the Petri net
model of the synchronous alternator has been established.
By analyzing the relationship between the characteristics
and causes of the fault of the rotating rectifier under
different fault modes, a fuzzy optimization model based on
inverse proposition has been obtained. Concomitantly, the
fuzzy optimization equation has been solved by numerical
methods to realize the fault diagnosis of rotating rectifier.
According to Tantawy et al. [10], the method of generator
simulation analysis based on the phase domain modeling
has been proposed. The observer detects the fault of an
aircraft generator rotating rectifier. The above model-based
diagnosis methods are challenging, and hence, it is necessary
to obtain the motor model accurately. According to Li et al..
[11], a detection coil has been installed on the stator of the
synchronous alternator. The purpose of the fault diagnosis
has been realized through the signal analysis of the induced
EMF on the detection coil. According to Ardle et al.. [12],
[13], first, the excitation current signal of the exciter has
been studied, followed by the comparison of the difference
of each order harmonic amplitude undermultiple fault modes.
Finally, the difference of each order harmonic amplitude has
been used to realize the fault diagnosis of the rotating rectifier.
According to Mohamed et al.. [14], [15], the harmonic
amplitude has been obtained by the harmonic analysis of the
generator output voltage signal, to identify the fault. Although
the above methods based on signal analysis can effectively
identify faults, they cannot locate the fault location. The
intelligent algorithm, owing to its tremendous advances, can
be applied for the rotating rectifier fault diagnosis [16]-[18],
though a large number of data samples for training have
been required in the fault diagnosis based on the intelligent
algorithm. Recently, certain scholars have modified their
research methods to actualize the fault diagnosis of the

rotating rectifier by analyzing the rotor armature current of
theME. The armature current on the rotor cannot bemeasured
directly, though the ME armature current can be calculated
through the voltage and flux linkage equation [19]. Certain
scholars have realized the fault diagnosis by analyzing
the armature current for the fault of the rotating rectifier of the
starting generator [20] - [24]. The excitation winding of the
ME of the starter generator adopts two-phase or three-phase
excitation, and its motor structure is quite different from the
ME of the TSSM. Therefore, the voltage and flux linkage
equations of the ME for these two structures are different,
which also leads to different methods of armature current
estimation. However, these approaches based on armature
current have an appreciable guiding significance.Meanwhile,
for the selection of fault characteristic signals, the method of
using THD as the fault characteristic signal proposed needs
more time in reference 20. The methods in references 21 and
22 only realize the diagnosis of open circuit fault of rotating
rectifier diode. The diagnosis range needs to be improved, and
the anti-interference of its diagnosis rules is poor.

When the diode fails, the armature current of the ME
will be asymmetric. Therefore, a new method of diode fault
diagnosis has been proposed by using Manhattan distance
residual to measure the polarity and the similarity between
the three-phase armature currents of the ME. First, the
armature current expression has been derived to obtain the
fault characteristic signal through the voltage and flux linkage
equations, on the stator side of the ME. Further, the health
status of the rotating rectifier has been measured according
to the similarity of the armature current and the variations
of the current polarity under multiple working states of the
rotating rectifier. By taking into account of the calculation and
experimental measurement errors, a pre-defined threshold
has been given and compared with the Manhattan distance
residual, and the diagnosis rules for the different fault states of
the diode have been obtained. Finally, a series of experiments
have been carried out to evaluate the proposed theory, which
reveals the effectiveness and reliability of the fault diagnosis
method.

The study is organized as follows: Section3 details the fault
diagnosis theory based on the similarity analysis. Section4
introduces the armature current calculation process of the
ME, and analyzes the characteristics of the armature current
of the rotating rectifier under multiple working states. The
experimental verification has been provided in Section5, and
Section6 gives the conclusions of this paper.

II. FAULT DIAGNOSIS THEORY BASED ON SIMILARITY
ANALYSIS
The topology of the rectifier bridge is symmetrical when the
rotating rectifier works normally. Once the rotating rectifier
diode fails, its topology will become asymmetric, and the
similarity of the three-phase currents, viz, iear, iebr, iecr, of the
ME is different. Therefore, the fault diagnosis can be carried
out by measuring the similarity of the armature current.
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Concurrently, when the excitation current frequency and
the rotor speed of the ME are constant, the period of the
armature current of the ME remains constant irrespective of
the normal working of the rotating rectifier. The armature
current period is defined as T , and the number of current
sampling values during a period is N . At sampling time k , the
time of the last current sampling point in the past fundamental
current cycle is defined as t , and the armature current sample
signal during a period is marked as matrix A(k), as shown
below.

A(k) =

 iear (t) iear (t + 1) . . . . iear (t + N − 1)
iebr (t) iebr (t + 1) . . . . iebr (t + N − 1)
iecr (t) iecr (t + 1) . . . . iecr (t + N − 1)

 (1)

where t is expressed as

t = k − N + 1 (2)

The number of columns of matrix A(k) represents the
number of samples of the single-phase armature current
collected in a cycle, marked as the vector Ix , x ∈ (a, b, c).

Ix =
[
ix(t) ix(t + 1) . . . . ix(t + N − 1)

]
(3)

There is a phase difference between the three-phase
armature currents. To measure the relationship between
any three-phase armature current through similarity, it is
necessary to sort the phase current data collected in a single
cycle to obtain the ordered current sequence Ix , x ∈ (a, b, c).

Subsequent to the data preprocessing, the Manhattan
distance between Ĩx and Ĩy is found to be same as the result
from equation (4), with x, y = a, b, c; x 6= y 6= z.

MDxy =

∑i=t+N−1
i=t

∣∣∣Ĩx(i)− Ĩy(i) ∣∣∣
N ∗(Ĩx

max
+ Ĩy

max
)/2

(4)

where Ĩx
max

and Ĩy
max

are the maximum value of the vectors
Ĩx and Ĩy.

A preset threshold Th has been used to measure the
similarity between Ĩx and Ĩy to reduce the influence of the
experimental measurement errors. If MDxy is less than Th,
it can be considered that Ĩx and Ĩy are similar, as shown in
equation (5).

MDxy < Th ⇒ Ix ≈ Iy (5)

Here, Ĩx ≈ Ĩy represents the symmetry of the topological
structure of the x-arm and y-arm of the rotating rectifier.

By taking into account of the fault diagnosis time and anti-
interference, and combined with the motor parameters of this
experimental platform, Th is taken as 0.2.
When the rotating rectifier works in a normal state and its

topological structure is in a symmetric state, then any two
vectors Ĩx and Ĩy are similar, as given in equation (6).

Ĩx ≈ Ĩy, x, y = a, b, c; x 6= y (6)

III. THE CALCULATION OF THE ME ARMATURE CURRENT
AND THE ANALYSIS OF THE ARMATURE CURRENT
CHARACTERISTICS UNDER MULTIPLE FAULT STATES OF
ROTATING RECTIFIER
A. THE CALCULATION OF ME ARMATURE CURRENT
In the TSSM, the armature winding of the ME is generally
located on the rotor rotating at high speed, and it is impossible
to directly detect the three-phase current of the armature
winding. Therefore, to obtain the characteristic signal of the
armature current, it is necessary to calculate the armature
winding current according to the exciter voltage and flux
linkage equation.

Considering that the stator winding terminal voltage and
flux linkage of the ME are shown in equations (7) and (8).

Uegf = Regf iegf +1ψegf (7)

ψegf = Legf iegf +MfAiear +MfBiebr +MfC iecr (8)

The mutual inductance between the stator winding and the
rotor winding can be expressed as

MAf = MfA = Maf cos θe
MBf = MfB = Maf cos(θe − 120

◦

)
MCf = MfC = Maf cos(θe + 120

◦

)

(9)

Simultaneous equations (7). (8), and (9), are solved to
obtain the armature winding current expression as given
below  ieariebr

iecr

 = 1
3Maf

 2y 0
y −
√
3 y

y
√
3 y

[ cos θe
sin θe

]
(10)

where

y =
∫

(Uegf − Regf iegf )dt − Legf iegf (11)

B. ANALYSIS OF ARMATURE CURRENT CHARACTERISTICS
UNDER DIFFERENT FAULT STATES OF ROTATING RECTIFIER
The fault status of the rotating rectifier includes the short-
circuit and open-circuit faults. When a diode is short-
circuited, the corresponding phase current will increase
sharply, and finally convert the diode to an open state.
Therefore, this work primarily studies the open-circuit faults
of the single and double diodes of the rotating rectifier.

To analyze the characteristics of the armature current of
the ME, a motor model corresponding to the experimental
platform has been built in simplorer.

When the rotating rectifier is in a normal state, the three-
phase armature current of the main exciter is shown in
Fig. 2(a), and the Manhattan distance of the three-phase
armature current is shown in Fig. 2(b).

The diagnostic criteria for the normal state of the rotating
rectifier can be expressed as

normal⇔ MDab ≈ MDac ≈ MDbc < Th (12)

When a single diode is in open circuit (for e.g., D1 open
circuit), D1 open circuit fault is set at 12ms in the simulation.
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FIGURE 2. Diode normal state (a) Three phase armature current under
normal condition (b) Manhattan distance.

TheME armature current is shown in Fig. 3(a). Concurrently,
the Manhattan distance of the armature current is shown in
Fig. 3 (b). Fig. 3 (b) shows that the faulty bridge arm is the A
bridge arm. This paper analyzes the current polarity of each
bridge arm to accurately determine whether the open-circuit
diode is in the upper bridge arm or the lower bridge arm.
Define Ave to represent the average value of current sampling
points in a current period T, as given below

Avex =
1
L

k+N−1∑
t=k

ix(t), x = a, b, c (13)

When D1 is open, the following equation is satisfied.

Avea < 0,Aveb ≈ Avec ≈ 0 (14)

Finally, the fault diagnosis criteria of D1 open circuit are
shown in (15).

D1open circuit =

{
MDab ≈ MDac > Th
Avea < 0,Aveb ≈ Avec ≈ 0

(15)

FIGURE 3. D1 open circuit state (a) Three phase armature current when
D1 is open circuit (b) Manhattan distance.

When two diodes are in open circuit (taking the D1 and
D6 open circuits as the example), the D1 and D6 open circuit
faults are set at 12 ms in the simulation. The ME armature
current is shown in Fig. 4 (a). Concurrently, the Manhattan
distance of the ME armature current is shown in Fig. 4 (b).
The diagnostic criteria for the D1 and D6 open circuits are
shown in (16).

D1and D6open circuit =

{
MDab ≈ MDac > Th
Avea ≈ Aveb ≈ Avec ≈ 0

(16)

In the normal state, the D1 open circuit and the D1 and D6
open circuit states of the rotating rectifier, are defined with 1,
2, and 3, respectively. Finally, the open circuit fault diagnosis
of the rotating rectifier diode is obtained, and the details are
listed in Table 1.

IV. EXPERIMENTAL EVALUATIONS
A. THE CALCULATION OF ME ARMATURE CURRENT
Since the TSSM is an integral platform, it is impossible to
disassemble and set the diode fault state of the rotating recti-
fier. In this experiment, an electrically excited synchronous
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FIGURE 4. D1 and D6 open circuit state (a) Three phase armature current when D1 and D6 is open circuit (b) Manhattan distance.

TABLE 1. Diode open circuit fault lookup table.

FIGURE 5. Experimental platform.

motor with slip rings have been used to simulate the ME.
Due to the slip rings, the main exciter armature current can be
directly measured in the experiment. The basic parameters of
the ME are shown in Table 2. The inductive (resistive) loads,
R=1.4 � and L = 23.25 mH, have been used to simulate the
excitation winding of the MG. The bridge rectifier is self-
made. A switch is connected in series with each diode on
the whole bridge, and the fault state of the diode is set by
controlling the on and off modes of the switch.

According to the current acquisition scheme, three Hall
current sensors have been installed at the output of the ME,

TABLE 2. The basic parameters of the ME.

and the three-phase armature current of the excitationmotor is
sampled through theNIUSB-6002with a sampling frequency
of 50 ks/s. The final experimental platform is shown in
Figure 5.

B. FAULT FREE OPERATION
Figs. 6 (a) and (d) respectively show the measured and
calculated armature currents of the ME under the normal
state of the rotating rectifier. It can be seen from the figure
that the actual armature current of the ME is in good
agreement with the calculated armature current of the ME.
Figs. 6(b) and (e) show the similarity between the actual main
exciter armature current measured byManhattan distance and
the calculatedmain exciter armature current, respectively, and
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FIGURE 6. Diode normal state (a) Measured three phase armature current (b) Manhattan distance of the measured armature current (c) Average value
of the measured armature current (d) Calculated three phase armature current (e) Manhattan distance of the calculated armature current (f) Average
value of the calculated armature current

FIGURE 7. D1 open circuit state (a) Measured three phase armature current (b) Manhattan distance of the measured armature current (c) Average
value of the measured armature current (d) Calculated three phase armature current (e) Manhattan distance of the calculated armature current
(f) Average value of the calculated armature current.

Figs. 6(c) and (f) respectively show the average value of each
bridge arm current.

It can be seen from Fig. 6 that the Manhattan distance,
MDab ≈ MDac ≈ MDbc < Th and Avea ≈ Aveb ≈ Avec ≈ 0.
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FIGURE 8. D1 and D6 open circuit state (a) Measured three phase armature current (b) Manhattan distance of the measured armature current
(c) Average value of the measured armature current (d) Calculated three phase armature current (e) Manhattan distance of the calculated armature
current (f) Average value of calculated armature current.

According to the diode open circuit fault lookup table 1, the
rotating rectifier is in the normal working state at this time.

C. SINGLE DIODE OPEN CIRCUIT FAULT
Figs. 7 (a) and (d) show the measured armature current of the
ME and the calculated armature current of the main exciter
when the D1 diode is open circuit. Figs. 7 (b) and (e) show the
similarity between the actual main exciter armature current
measured by Manhattan distance, and the calculated main
exciter armature current, respectively, and Figs. 7 (c) and
(f) show the average value of the fault bridge arm current.

It can be seen from Fig 7 that the Manhattan distance
MDab ≈ MDac > Th,MDbc < Th,Avea < 0,Aveb ≈
Avec ≈ 0. According to the fault diagnosis table 1, the
rotating rectifier bridge arm a is in fault state and the D1 of
the upper bridge arm is open circuit.

D. OPEN CIRCUIT FAULTS IN MULTIPLE DIODE
Figs. 8 (a) and (d) show the measured armature currents of the
main exciter and the calculated armature current of the ME,
when the D1 and D6 is open circuit. Figs. 8 (b) and (e) show
the similarity between the actual and calculated ME armature
currents measured by Manhattan distance and the calculated
ME armature current, and Figs. 8 (c) and (f) show the average
values of the fault bridge arm currents.

It can be seen from Fig. 8 that the Manhattan distance
MDab ≈ MDac > Th,MDbc < Th, Avea ≈ Aveb ≈

Avec ≈ 0. According to the fault diagnosis table 1, the
rotating rectifier bridge arm a is in the fault state and both
the diodes, D1 and D6, of the bridge arm a are in open
circuit.

V. CONCLUSION
The research over the diode fault diagnosis of the rotating
rectifier is of tremendous significance to improve the stability
of the power supply system. Here, a fault diagnosis method
based on the armature current similarity analysis is proposed
in this paper. The experimental results demonstrate that by
estimating the armature current of the ME, and analyzing the
similarity between the three-phase armature currents and the
average value of the bridge arm current, it can distinguish
the different working states of the rotating rectifier and
identify the fault type. Furthermore, it can accurately locate
the position of the fault diode, which proves the effectiveness
and superiority of this method.
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