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Abstract—As the core of large-capacity nuclear power genera-
tion system, the multiphase annular brushless exciter (MPABE)
may cause a serious catastrophe to the nuclear power plant if
it fails. In order to effectively protect the armature winding of
MPABE, a rapid simulation model and a sensitive diagnosis method
of armature winding short-circuit (AWSC) fault are studied sys-
tematically in this article. First, this article proposes a general and
rapid simulation model of MPABE with AWSC fault. To verify the
correctness of this model, corresponding simulations and experi-
ments of AWSC faults are carried out, respectively, through which
the fault characteristics are obtained. Then, a detailed mechanism
analysis is presented, which explains the induction process of the
related harmonics in the stator and rotor currents. The variation
law of the characteristics value when the number of short-circuited
coils changes is also analyzed. Finally, a new method to diagnose
AWSC fault of the MPABE is proposed and then optimized. The
test results on the prototype show that this method can sensitively
diagnose even the slightest AWSC fault. Therefore, it can provide
a reliable basis for the monitoring and protection of MPABE in
nuclear power plants.

Index Terms—Armature winding short-circuits (AWSC), fault
diagnosis, harmonic characteristics, multiphase annular brushless
exciter (MPABE), rapid simulation model.

I. INTRODUCTION

NUCLEAR power, which is efficient and pollution-free,
has gradually become the preferred energy for power
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Fig. 1. m-phase annular brushless exciter with a rotary rectifier.

generation. However, with the increasing capacity of a single
nuclear power generator, the safety and reliability of nuclear
power plant operation is receiving more and more attention [1].

Excitation system is an important part of large generation sets
in a nuclear power plant [2], [3]. Compared with the static excita-
tion system, brushless excitation cancels the carbon brushes and
collector rings, significantly improves the reliability of the exci-
tation system [4], [5], and has become a mainstream excitation
mode of large-capacity nuclear power units. In particular, a kind
of MPABE system has appeared in recent years, which is widely
used in large-capacity nuclear power units such as Hongyanhe,
Ningde, Taishan, and other power plants in China.

The structure of the MPABE system is shown in Fig. 1(e.g.,
m-phase annular brushless exciter), which is a two-machine
(exciter-generator) brushless excitation system. The MPABE
is actually a salient-pole synchronous machine with rotating-
armature structure, where the field winding is internal and on the
stator, while the armature windings are external and on the rotor.
Unlike other machines, an annular structure with end-to-end
connection is adopted in the MPABE armature windings, which
rotate at high speed together with the multiphase rectifier bridge
composed of diodes. The output dc voltage is supplied to the
excitation winding of the main generator. To prevent diode over-
current burnout, fuses are also provided between the armature
winding of the exciter and the rectifier.

During normal operation, the whole rectifier system rotates
at high speed, which makes armature winding and diode very
prone to failure. The following three faults often occur and are
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concerned in engineering practice: rectifier open-circuit fault
(f1), fuse open-circuit fault (f2), and armature winding short-
circuit fault (f3). In the case of winding short-circuit faults,
the fault currents will increase to tens or even dozens of times
of the rated current, resulting in overheating and burning of
armature windings in a short time, which seriously endangers
the safe operation of exciter and power generation system.
Nevertheless, at present, the MPABE system still operates in a
“weak protection” state. Generally, it is only equipped with some
simple overcurrent protection, but there is no corresponding
protection or monitoring devices for the internal faults of stator
and rotor. In recent years, there have been many serious incidents
caused by the exciter fault, resulting in huge losses. For example,
in December 2017, a short-circuit fault occurred in the rotor
armature winding of the exciter in Zhejiang Yuhuan Power Plant
#4 unit. Since there was no exciter protection, the fault continued
until the rotor vibration exceeded the standard and trips. The
accident analysis after the event showed that 10 (30 in total)
conducting copper bars from the exciter rotor armature winding
to the rectifier were blown due to the short-circuit fault. More
unfortunately, the exciter rotor winding was burned beyond
recognition and completely scrapped. Therefore, it is urgent to
effectively diagnose the AWSC fault of the MPABE.

Lots of research has been carried out on the AWSC fault,
which mainly focuses on the following two aspects.

1) Fault characteristics: Mainly including the characteristics
of three-phase synchronous generator [6], [7], [8], induc-
tion motor [9], [10], [11], doubly fed induction motor [12],
[13], and permanent magnet motor [14], [15], [16], [17].
Although the types of motors are different, the proposed
fault diagnosis methods are similar. There are mainly
diagnosis methods characterized by stator or rotor current
harmonic characteristics [7], [8], [10], [15], [17], stator
current sequence component [9], [13], [16], and air gap
magnetic flux [11], [12] MPABE system, which plays an
increasingly important role in a nuclear power plant, is
essentially synchronous generator with rectifier system.
There is also some literature on the internal faults of this
kind of motor with rectifier system. In [18] and [19],
the AWSC of three-phase and five-phase star motor with
rectifier in automotive power system is analyzed. In [20]
and [21], the AWSC fault of a 12-phase motor with rectifier
system is simulated and experimentally studied. However,
the 12-phase rectifier system of the motor is actually com-
posed of four independent three-phase rectifier bridges.

2) Fault simulation model: As an effective method to study
the fault of induction motor, finite element (FEM) sim-
ulation calculation is now commonly used [23], [24].
However, because it takes into account both cogging effect
and saturation effect, which are difficult to calculate, the
calculation speed is very slow. It takes 20 h or even longer
to calculate a complete AWSC fault [25](inter(R) Core
(TM) i7-4790K CPU @4.00 GHz and 16.0 GB RAM),
which has always been a difficult problem for many re-
searchers. At present, the methods for rapid simulation
modeling of synchronous generator with rectifier system

include pattern classification method [26], tensor method
[4], and multiloop method [27], [28], [29], [30], which can
provide some experience for this article.

Based on the abovementioned observations, we note that great
progress has been made in the research of fault characteris-
tics and simulation models. However, what has been achieved
may not be well applied to MPABEs, for there are still some
limitations.

1) The commutation process and actual conduction of the
rectifier system in MPABE are more complex, which
increases the research difficulty. Moreover, MPABE’s
special rotating-armature structure and annular winding
connection are completely different from those of a star
motor. Therefore, the AWSC fault analysis and diagnosis
method are quite different from those of the abovemen-
tioned motor types. In addition, due to the large excitation
power of MPABE, any degree of short-circuit fault may
cause serious damage to the exciter. However, at present,
there is no sensitive diagnostic method that can achieve
100% protection.

2) Fault diagnosis through the stator excitation current is
a feasible and effective method [22]. However, since
the short-circuit current in the armature winding passes
through the transition and conversion of the air gap mag-
netic field, rather than directly transmitted to the excitation
winding, the final characteristic performance in excita-
tion winding under fault becomes unclear. Furthermore,
when the number of short-circuited armature winding coils
changes, the variation law of fault characteristic value
becomes different. In this article, it is found that the more
short-circuited coils there are in a certain range, the smaller
the fault characteristic value is, sometimes even smaller
than that of 1-coil AWSC fault, resulting in insufficient
protection sensitivity, which makes it unlikely to identify
the fault. However, up to now, there has been a lack of
systematic research on fault characteristic and its variation
law of AWSC in MPABE.

3) In this article, the faults with various coils need to be
calculated for many times. Besides, it takes a long time for
the AWSC fault to change from the fault moment to the
postfault steady state. Therefore, the FEM is not feasible
for the AWSC fault simulation of MPABE because of
the huge amounts of computation and long time spent.
Similarly, two other simulation methods are not quite
feasible: the pattern classification method needs to make a
deeper analysis of the diode commutation process, and the
tensor method needs to introduce the intermediate network
for two transformations. The programming of both of them
is more difficult and complex. Therefore, a simpler and
more efficient rapid simulation method is needed.

By contrast, the multiloop method can automatically generate
the correlation transformation matrix, which describes the dy-
namic connection relationship of each element in the network
and the actual loop according to the diode commutation process
and conduction. Only one network transformation is needed
in the calculation, which greatly shortens the simulation time.
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Fig. 2. Rotor armature windings short-circuit faults.

Therefore, the multiloop method can be applied to modeling the
MPABE with an AWSC fault.

Driven by the abovementioned three restrictions, this article
studies a novel rapid simulation model, fault characteristics,
and a sensitive diagnosis method of AWSC fault in MPABE.
The main contributions of this article can be summarized as
follows.

1) A rapid simulation method for general MPABEs is pro-
posed. It takes only about fifteen minutes for the model to
complete the calculation of a fault, and the accuracy of the
model has been verified by the prototype experiments.

2) A theoretical analysis of AWSC fault characteristics spec-
trum and its variation law is presented for the first time.
The analytical method and conclusion can be extended to
MPABE with other phase numbers.

3) A complete and sensitive diagnosis method for 100%
protection of armature winding is proposed. This protec-
tion method can sensitively diagnose AWSC faults at any
position and at any time.

The rest of this article is organized as follows. Section II
illustrates the actual connection of stator and rotor winding of
MPABE and constructs the rapid simulation model. Section III
verifies the proposed rapid simulation model via experimental
results. In Section IV, the AWSC fault characteristics and their
variation law with different number of short-circuited coils are
comprehensively analyzed. Section V presents the fault diagno-
sis method for AWSC fault. Finally, Section VI concludes this
article.

II. RAPID SIMULATION MATHEMATICAL MODEL

A. Voltage Equations of Rotor and Stator Windings

This article assumes that the generator routine is adopted in the
rotor loops, where the positive directions of the loop voltage and
loop current are the same when observed in the direction of load;
and that the motor routine is adopted in the stator loop, where
the positive directions of the loop voltage and loop current are
the same when observed in the direction of winding. Meanwhile,
positive stator and rotor currents are required to produce positive
flux linkage.

1). Voltage Equation of Rotor Armature Windings: In the
normal operation, each phase of rotor armature windings is
regarded as one branch. As shown in Fig. 2, when an AWSC
fault occurs, the faulty winding is divided into two branches
from the short-circuit point (excluding the short-circuit fault at
terminal). In this article, the considered faults are the in-phase
short-circuit fault (f1) and the interphase short-circuit fault at
nonterminal (f2) or at terminal (f3).

The total number of rotor branches varies with the types of
the AWSC fault, which can be defined as follows:

N =

⎧⎪⎪⎨
⎪⎪⎩
m, normal operation

(or inter-phase short-circuit fault at terminal)
m+ 1, in-phase short-circuit fault
m+2, inter-phase short-circuit fault at nonterminal

(1)
where m is the phase number of the MPABE.

The voltage equation in the rotor armature winding can be
written as⎡
⎢⎢⎢⎣
ur1
ur2

...
urN

⎤
⎥⎥⎥⎦ = p

⎡
⎢⎢⎢⎣
ψr1

ψr2

...
ψrN

⎤
⎥⎥⎥⎦−

⎡
⎢⎢⎢⎣
rr1 0 · · · 0
0 rr2 · · · 0
...

...
. . .

...
0 0 · · · rrN

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
ir1
ir2
...
irN

⎤
⎥⎥⎥⎦ (2)

where uri, ψri, rri, iri are the voltage, flux, resistance, and
current of the ith branch in the rotor, respectively, and p is the
differential operator d/dt.

Each branch in the rotor (including faulty armature branch)
and the stator field winding contribute to the flux of the ith branch
in the rotor, which can be expressed as

ψri =

⎡
⎢⎢⎢⎣
Mr1,fd Lr1 Mr1,r2 · · · Mr1,rN

Mr2,fd Mr2,r1 Lr2 · · · Mr2,rN

...
...

...
. . .

...
MrN,fd MrN,r1 MrN,r2 · · · LrN

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

ifd
ir1
ir2
...
irN

⎤
⎥⎥⎥⎥⎥⎦

=Mri,fdifd +

N∑
j=1

Mri,rjirj (3)

where Mri,fd is the mutual inductance between the ith branch
in the rotor and the field winding, ifd is the field current, and
Mri,rj is the mutual inductance between the ith branch and the
jth branch in the rotor.

By using (3) and (2), the voltage equation of the ith branch in
the rotor with iri, as an unknown can be written as

uri = p

⎛
⎝Mri,fdifd +

N∑
j=1

Mri,rjirj

⎞
⎠− rriiri. (4)

2) Voltage Equation of Stator Field Winding:

ufd = pψfd − rfdifd (5)

where ufd, ψfd, rfdare the voltage, flux, and resistance of the
field winding, respectively. Without considering the role of the
excitation regulater, ufd is a constant and remains unchanged
after the fault.

Any branch of exciter, including faulty armature branch,
contributes to the stator flux, which can be written as

ψfd = [Lfd|Mr1,fd · · · MrN,fd]

⎡
⎢⎢⎢⎢⎢⎣

ifd
ir1
ir2
...
irN

⎤
⎥⎥⎥⎥⎥⎦
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= Lfdifd +

N∑
i=1

Mri,fdiri (6)

where Lfd is the self-inductance of the field winding.
Used (5) and (6), the voltage equation of the field winding

with ifd, as an unknown can be written as

ufd = p

(
Lfdifd +

N∑
i=1

Mri,fdiri

)
+ rfdifd. (7)

B. Voltage Equation of the DC Load

As can be seen in Fig. 1, the load of the MPABE is the field
winding of the main generator, and its voltage equation is as

udc − Edc = Ldc
didc

dt
+Rdcidc (8)

where udc, Ldc, Rdc, and Edc are the voltage, inductance,
resistance, and back electromotive force (EMF) of the load,
respectively. Generally, the Edc is equal to zero no matter in
the normal operation or under the AWSC fault [25].

C. System Equation

By using the voltage equation of each branch mentioned
previously, we can obtain the system equation as follows:⎡
⎢⎢⎢⎢⎢⎢⎢⎣

ufd

ur1
ur2

...
urN
udc

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

= p

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

Lfd Mr1,fd Mr2,fd · · · MrN,fd 0

Mr1,fd Lr1 Mr1,r2 · · · Mr1,rN 0
Mr2,fd Mr2,r1 Lr2 · · · Mr2,rN 0

...
...

...
. . .

...
...

MrN,fd MrN,r1 MrN,r2 · · · LrN 0

0 0 0 · · · 0 Ldc

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

ifd
ir1
ir2
...
irN
idc

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

rfd

−rr1
−rr2

. . .
−rrN

rdc

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

ifd
ir1
ir2
...
irN
idc

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(9)

Furthermore, (9) can be simplified to a matrix equation

U = p(MI) +RI (10)

where U, I, and R are the vectors of the voltage, current, and
resistance of the MPABE, while M is the inductance matrix,
respectively.

The MLM takes a coil as a basic unit to calculate the self and
mutual inductances between the rotor and stator windings, con-
sidering all harmonics of the air-gap magnetic field. Specifically,
the relevant formulas are given in [27].

Fig. 3. Topology of the m-phase excitation system.

D. Actual Connection Between Rotor Windings and Load

1) Turn-on and Turn-off Criterion of the Diodes: The correct
generation of the correlation transformation matrix B is the key
of correct state equation and accurate simulation. However, the
matrix B totally depends on the turn-ON and turn-OFF of the
diodes, which are controlled by external circuits and also directly
affect the topology of the system.

In this article, according to the actual physical conditions of
the diodes, it is judged that when the voltage-drop between the
two poles of a diode is positive, the diode will turn ON, that
when the current of a diode changes from positive to negative,
the diode will turn OFF. Specifically, the largest one is selected
from all the line-voltages of the rectifier; when it is greater than
the dc load voltage plus 2 times the diode voltage-drop, both of
the corresponding diodes will turn ON; and when the current of
a diode is less than zero, it will turn OFF.

2) Correlation Transformation Matrix: Actually, the rotor
windings of the MPABE are connected to the load through a
multiphase rectifier. The actual connection relationship between
the windings and the load will change with the conduction
process of the rectifier, which can be described by the correlation
transformation matrix B.

Each column in the matrix B corresponds to each branch,
and the column number varies with different fault types. Each
row corresponds to each loop, and the row number varies with
the commutation of the rectifier diodes. It is provided that the
matrix element is “1” when the loop and the branch are in the
same reference directions, the matrix element is “-1” when they
are in the opposite reference directions, and the matrix element
is “0” when they are independent.

Due to the annular structure of the armature windings, the
commutation process of the rectifier is complex and there are
multiple (more than three) diodes conducting simultaneously.
Assuming that the diodes D1, D3, D5, D8, and D10 turn ON at
a certain moment, the rectifier is in a commutation state. The
topology of the excitation system is shown in Fig. 3, where the
reference directions of the branches and the loops are marked.
As we can see, there are six independent loops in the normal
operation: the first loop is formed by the stator winding, while
the second loop to the sixth loop is formed by the rotor windings,
the turned-ON diodes and the load. If there is an AWSC fault (e.g.,
the interphase short-circuit fault at nonterminal), an additional
loop (i.e., the seventh loop) formed by the faulty rotor windings
will be added to the system.
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Each rotor winding (including the faulty windings), the stator
winding and the load are considered as one branch respectively.
According to Fig. 3, the correlation transformation matrix B can
be written as

B =

fd r1 r2 r3 r4 r5 · · · rm dc rm+1 rm+2⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 0 0 0 0 . . . 0 0 0 0

0 1 1 1 1 1 . . . 1 0 0 0

0 −1 0 0 0 0 . . . 0 0 0 0

0 0 −1 0 0 0 . . . 0 0 0 0

0 0 0 −1 0 0 . . . 0 0 0 0

0 0 0 0 −1 0 . . . 0 1 0 0

0 0 0 0 0 0 . . . 0 0 −1 −1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

loop1

loop2

loop3

loop4

loop5

loop6

loop7

where “fd” stands for the field winding, “r1”-“rm” stand for the
healthy armature windings of Phase 1 to Phase m, respectively,
“dc” stands for the dc load, and “rm+1”-“rm+2” stand for faulty
armature windings of Phase m-1 and Phase m, respectively.

Similarly, referring to the abovementioned process, the matrix
B can also be derived when the AWSC faults occur at other
positions.

3) Standard State Equation: The matrix B is used, and then

U ′ = BU (11)

BTI ′ = I. (12)

By using (11) and (12), (10) can be changed into

pI ′ = −M ′−1
(pM ′ +R′)I ′ +M ′−1

U ′ (13)

where M ′ = BMBT, R′ = BRBT.
Equation (13) is the standard state equation with the indepen-

dent loop current I ′ as the variable, and is also the mathematical
model of the MPABE with the rectifier. When the parameters
and initial conditions of the system are known, the loop current
at any time can be calculated. Then, the branch voltage U and
branch current I can be obtained by substituting I ′ into (10) and
(12).

III. SIMULATION AND EXPERIMENTAL ANALYSIS OF AWSC

A. Introduction of Experimental Device

In order to verify the correctness of the simulation model,
an 11-phase prototype is designed and manufactured according
to the structure of the actual exciter. In order to facilitate the
measurement of the electrical quantities of armature winding and
diode in the experiment, the prototype is designed as a rotating-
excitation structure. The basic parameters of the prototype are
shown in Table I

Some taps are installed on different positions of the armature
windings, as shown in Fig. 4. These taps are used to connect the
diodes, measure the electrical quantities of armature windings,
and perform short-circuit experiments.

The actual experimental device is shown in Fig. 5. In the
experiment, a dc motor driven by Siemens 6RA80 regulater is
used to drive the prototype, which maintains the same speed

TABLE I
BASIC PARAMETERS OF 11-PHASE EXCITER PROTOTYPE

Fig. 4. Taps on the armature windings.

Fig. 5. Actual experimental device.

before and after the fault through the closed-loop speed control.
The field winding of the prototype is supplied by a dc power, and
the armature windings are connected with the series resistance
and inductance load (Rdc = 10.6 Ω, Ldc = 0.357 H) by the
11-phase rectifier.

B. Prototype Experimental Verification of Mathematical
Model

In order to ensure the safety of the experiment and avoid the
damage of the prototype due to the overcurrent caused by the
AWSC fault, the experiments are carried out under low field
current. The field current before the fault is set as 2.46 A. In
addition, the rotor speed is kept at 960 r/min and the fundamental
frequency of induced armature EMF is 80 Hz. The experiment
waveforms are recorded by Yokogawa DL850 recorder, while
the sampling frequency is 20 kS/s.
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Fig. 6. Experimental and simulation waveforms in the normal operation. (a)
Armature voltage of Phase 1. (b) Armature current of Phase 1. (c) Field current.
(d) Diode current of upper arm of Phase 1.

Fig. 7. Experimental and simulation waveforms under the AWSC fault be-
tween tap “1” and tap “X12”. (a) Armature voltage of Phase 1. (b) Armature
current of Phase 1. (c) Field current. (d) Diode current of upper arm of Phase 1.

Fig. 6 and are the experimental and simulation waveforms of
11-phase prototype under normal operation and AWSC fault
between tap “1” and tap “X12” (see the f1 in Fig. 2). The
fault time in experiments is the same as that in the simulation,
which is about t = 1.04 s. It can be seen from Fig. 6 and that
the experiment and simulation waveforms agree well with each
other no matter in the normal operation or under the AWSC fault,
which verifies the correctness of the rapid simulation model.
At the same time, the rapid simulation model can complete
the calculation of a complete process from fault occurrence
to postfault steady state in only about three minutes, which

Fig. 8. Current spectrum diagram under AWSC fault [(a) armature current (b)
excitation current].

indicates that the rapid calculation model proposed in this article
has great advantages over FEM simulation in calculation speed
while ensuring sufficient simulation accuracy.

C. Fault Characteristics

In order to further analyze the fault harmonic characteristics,
we perform Fourier analyses for one period in the normal oper-
ation (t = (0.5 s–0.5625 s)), the first period after the fault (t =
1.042 s–1.1045 s) and one period in the postfault steady state
(t = 1.2 s–1.2625 s) of the armature current waveform and field
current waveform, respectively. The fundamental frequency is
80 Hz, and the frequency spectrum of each current is obtained,
as shown in Fig. 8. From further observation, we can find that
as follows.

1) Armature current: In normal operation, the armature cur-
rent mainly contains odd-order harmonic currents; dur-
ing the post-fault transient process, the dc component
and fundamental current in the armature current increase
significantly, and the third harmonic current increases
slightly. In the postfault steady state, the dc component and
third harmonic current attenuate to their level in normal
operation, and the fundamental current decreases slightly
and reaches stability, but it is still far greater than that in
normal operation.

2) Excitation current: In normal operation, the excitation
current does not contain harmonic current expect dc com-
ponent; during postfault transient process, in addition to
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Fig. 9. Current circuit of armature winding after AWSC fault.

dc component, the fundamental current, and the second
harmonic current also increase significantly; In the post-
fault steady state, the dc component will decay to the same
as that in normal operation. At this time, the excitation
current mainly contains the second harmonics, but no
longer contains the large fundamental component in the
postfault transient process.

In addition, this article also simulates the AWSC fault between
different taps of the 11-phase prototype (including interturn
short-circuit fault in phase and phase-to-phase short-circuit
fault). The fault harmonic characteristics is the same as that
the fault between tap “1” and tap “X12”. In order to save space,
it will not be repeated.

IV. MECHANISM OF THE FAULT CHARACTERISTICS

A. Fault Characteristics of Armature Current

The armature winding of 11-phase brushless exciter adopts an
annular structure with end-to-end connection, and the armature
winding connection table is shown in Appendix A. It can be
known that the adjacent armature windings differ by 4π/11
electrical angle in space, consequently, the potential in the two
adjacent armature windings also differ by 4π/11 electrical angle
in time.

The analysis method of AWSC faults at different positions of
11-phase brushless exciter is similar. Taking the integer phase
short-circuit fault as an example, Fig. 9 shows the current circuit
under the j-phase (j < 11) AWSC fault. As can be seen, the
armature winding is divided into two branches to supply power
to the fault point in parallel. At this time, two fault currents
will be added to the winding, as shown in Fig. 9, which are
fault short-circuit current if and armature winding circulating
current ir, respectively. However, since the spatial position of the
11-phase armature winding is symmetrical, and the amplitude
and phase of ir flowing through each phase armature winding are
equal, each phase winding will produce a symmetrical magneto-
motive force (MMF) with the same time angle and a sequential
spatial difference of 4π/11 electrical angle. Therefore, the MMF
generated by ir will be zero after the spatial synthesis of the
11-phase armature winding. Therefore, as described in (1), only
one fault current branch is added actually after fault. Therefore,
there is only one fault current branch to consider here, which
is if.

We assume the internal potential of the phase k armature
winding as

uk = U sin

[
ωt− (k − 1)

4π

11

]
(14)

where U is the amplitude of the potential in the phase k armature
winding and ω is the synchronous rotary speed.

The potential between two short-circuit points is the sum of
the potential in series of the fault winding. From (14), it can be
calculated that the potential in the fault winding is

u1,2,...,j = U sinωt+ U sin

(
ωt− 4π

11

)

+ · · ·+ U sin

[
ωt− (j − 1)

4π

11

]

= U
sin(2jπ/11)

sin(2π/11)
sin

[
ωt− (j − 1)

2π

11

]
. (15)

Assuming that the internal reactance of each phase armature
winding of the exciter is equal to Z. When the mutual inductance
between windings is ignored, the short-circuit current if can be
deduced as

if =
u1,2,3...j

jZ//(11− j)Z
=

11

j(11− j)Z
u1,2...j . (16)

In fact, when the AWSC fault occurs, the current in faulty
armature winding can increase to tens of times as much as that
in normal operation (similar to the short-circuit fault of generator
stator winding). However, the inductance in the armature wind-
ing prevents the current from changing suddenly. Therefore,
at the fault moment, an additional aperiodic component (dc
component) will be generated in the faulty armature current to
keep the flux linkage of short-circuit loop from a sudden change.
That is, in the initial stage of fault occurrence, the short-circuit
current if will contains both periodic component ip and aperiodic
component iap. It can be deduced that the short-circuit current
if in the postfault transient process is

if = ip + iap

=
11U1

j(11− j)Z

sin(2jπ/11)

sin(2π/11)
sin

[
ωt− (j − 1)

2π

11

]
+ iap.

(17)

It can be seen from (17) that in the postfault transient pro-
cess, the fault components in the armature winding are mainly
fundamental current and transient aperiodic component. In fact,
in the process of the postfault transient state, there will also be
transient aperiodic components (dc component) in the excitation
winding. As in normal operation, the increased dc components
in excitation winding will also induce additional odd-order har-
monic currents in the armature winding. When the fault reaches
the steady state, the aperiodic component in the stator and rotor
attenuates to zero, and the additional odd-order harmonic cur-
rents induced by them in the armature windings also attenuates
to zero. At this time, only the fundamental current is contained
in armature winding.

B. Fault Characteristics of Excitation Current

When the fault current if flows through the phase k armature
winding, the spatial distribution of the MMF generated in space
is still a rectangular wave. Since the armature windings of
MPABE are designed as fractional-slot and wave structure, the
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Fig. 10. Space MMF generated by one-phase armature winding.

space MMF generated by one-phase armature winding under
each pair of magnetic poles is different, which distribution period
is 2Pπ. Assuming that one-phase winding consists of q coils (the
value of q/2P is fractional, where P is the pole-pair number), the
distribution of the space MMF generated by one-phase armature
winding in rotor coordinates is shown in Fig. 10.

The Fourier decomposition of one-phase armature winding
MMF with period 2Pπ shows that it contains n/P (n = 12,3 …)
harmonic MMFs, which will establish the corresponding mag-
netic field in the air gap. However, since the field winding is
wound in opposite directions under south-poles and north-poles,
the total EMF induced by the fractional, and even-order magnetic
field is zero. Therefore, only the fundamental and odd-order
harmonic MMF need to be considered.

It can be assumed that space-time expression of the vth (ν =
13,5 …) harmonic MMF generated by if in the phase k armature
winding as

fk,if = Fif if sin v

[
γ − (k − 1)

4π

11

]
(18)

where Fif is the amplitude of the armature harmonic MMF and
γ is the electrical radian on the rotor circumferential.
αis the electrical radian on the stator circumference, the

relationship between α and γ is as follows:

γ = α+ ωt. (19)

The fault armature current includes periodic and aperiodic
component, both of which will produce corresponding MMF in
the air gap of the exciter. Then, the MMF of the short-circuited
j-phase armature winding can be derived from (17), (18), and
(19), which can be written as

fif = Fif if

j∑
k=1

sin v

[
α+ ωt− (k − 1)

4π

11

]

= FipIp sin

[
ωt− (j − 1)

2π

11

]

× sin v

[
α+ ωt− (j − 1)

2π

11

]

+ FiapIap sin v

[
α+ ωt− (j − 1)

2π

11

]

= fp + fap (20)

Fig. 11. Induction process between stator and rotor currents.

where ip and iap are the amplitudes of periodic and aperiodic
component currents, and the corresponding MMF amplitudes
are Fip and Fiap , respectively.

It can be seen from (20) that the MMF fp generated by the
periodic component is the pulsating MMF on the stator spatial
coordinate, which can be decomposed into spatial forward and
backward MMFs, then (20) can be written as

fp =
1

2
FipIp cos

[
vα+ (v − 1)ωt− (v − 1)(j − 1)

2π

11

]

+
1

2
FipIp cos

[
vα+ (v + 1)ωt− (v + 1)(j − 1)

2π

11

]

fap = FiapIap sin v

[
α+ ωt− (j − 1)

2π

11

]
. (21)

As can be seen from (21), In the MMF fp generated by the
periodic component, the speed of the vth forward harmonic
MMF relative to the stator is (ν+1)/ν. Hence, it will induce
(ν+1)th EMF in the stator field winding. Similarly, the speed of
the vth backward harmonic MMF relative to the stator is (ν-1)/ν
and will induced (ν-1)th EMF in the stator field winding. Since
the value of v is odd (v = 13,5 …), the magnetic field established
by the periodic component will induce even-order harmonic
EMF in the excitation winding. For the MMF fap generated by
the aperiodic component, the νth harmonic MMF will generate
a spatial magnetic field rotating relative to the stator winding at
synchronous speed in the air gap, which will induce vth harmonic
EMF in the field winding.

Considering that the exciter current mainly generates the
fundamental MMF in the space air gap, the aperiodic component
will establish the fundamental magnetic field stationary relative
to the rotor but rotating at the synchronous speed relative to
the stator in space, so the fundamental current is induced in
the stator excitation winding, as shown in Fig. 11. The periodic
component only contains the fundamental current, which will
establish a pulsative MMF in the air gap. The forward component
of the pulsative MMF rotates at twice the synchronous speed
relative to the stator, which mainly induces the second harmonic
current in the excitation winding, while the backward component
is stationary relative to the stator and does not induce current in
the stator excitation winding.

To sum up, in the postfault transient process of AWSC, the
armature fault current will mainly produce the fundamental
and second harmonic current in the excitation winding. In the
postfault steady state of fault, the fundamental current in the
excitation current will decay to zero. At this time, the excitation
current mainly contains the second harmonic current.
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C. Variation Law of Fault Characteristic Quantity

Since the fault with the smallest characteristic quantity may
not be the 1-coil AWSC, it is possible that the more the num-
ber of short-circuited coils, the smaller the fault characteristic
quantity, which will lead to insufficient protection sensitivity
and misjudgment. Therefore, in order to reliably diagnose the
AWSC fault with any number of coils, it is necessary to the-
oretically analyze the variation law of the fault characteristic
quantity with the number of short-circuited coils, so as to find
the smallest characteristic quantity and then verify the sensitivity
of protection.

Different from the general star structure motor, all windings
of the annular brushless exciter are connected in series into a
ring and evenly distributed on the rotor. Therefore, the AWSC
fault in phase, phase to phase, or integer phase at different
positions can be analyzed by the number of the actually shorted
coils. The armature winding of each phase of 11-phase exciter
is composed of 7 coils, so the short-circuit fault of two-phase
armature winding is 14-coil short-circuit fault. The adjacent
two-phase armature windings differ by 4π/11 electrical angle in
space, so the potential in the two adjacent coils at any position
differs by 4 π/77 electrical angle in time.

As the fault changes from transient to steady state, the aperi-
odic current in armature winding will decay to zero. Therefore,
only the law of the characteristic quantity in postfault steady-
state (i.e., the second harmonic current) is analyzed. Assuming
that the number of short-circuited coils in the armature winding
is x, the MMF of the short-circuited coil can be synthesized in
space, which can be written as

fp = Fif if

x∑
k=1

sin
[
(γ − (k − 1)

4π

77

]

= Fx sin

[
ωt− (k − 1)

2π

77

]
sin

[
γ − (k − 1)

2π

77

]
(22)

where Fx is the amplitude of synthetic MMF generated by x
short-circuited coils in space.

The expression of Fx can be further calculated according to
machinery principles and (20) as follows:

Fx =
77U1

x(77− x)Z ′
sin2(2xπ/77)

sin2(2π/77)

2Nkdp
πP

=
77U1

x(77− x)Z ′
sin2(2xπ/77)

sin2(2π/77)

2N

πP

sin(q(θ/2))

q sin(θ/2)
sin

yπ

2
(23)

where Z ′ is the impedance of one armature winding coil, U1 is
the amplitude of potential in one armature winding coil, n is the
number of parallel branches of phase winding, q is the number
of slots per pole per phase, θ is the slot pitch angle, and y is the
winding short pitch ratio.

It can be found from (23) that the amplitude Fx is directly
determined by the number of shorted coils, i.e., x. The vari-
ation law of fault MMF amplitude under different number of
short-circuited coils is shown as Fig. 12. It can be found from
Fig. 12 that when the number of short-circuited coils increases
from 1–16, the amplitude of the corresponding fault MMF also

Fig. 12. Variation of MMF with the number of short-circuited coils.

increases. When the number of short-circuited coils is 16, the
amplitude of the fault MMF reaches the maximum, and then
decreases until the fault MMF reaches the minimum when 38
coils are short-circuited. The relative size distribution of fault
MMF amplitude corresponding to short-circuit fault of integer
phase armature winding is shown in Fig. 12. Since the armature
winding is of annular structure, the distribution of MMF under
1–38 coils short-circuited is the same as that of 39–78 coils
short-circuited.

The fault MMF will establish the harmonic magnetic field
with different pole pairs and rotating speed in air gap, which will
induce the fault characteristic harmonic EMF on the excitation
winding. The amplitude of the induced harmonic EMF is directly
proportional to the amplitude of the spatial MMF. Therefore, it
can be seen from Fig. 12 that for the 11-phase annular brushless
exciter, the smallest characteristic quantity is not the 1-coil short-
circuit fault, but the 38-coil (the same as 39-coil) AWSC fault.
Moreover, when 16-coil armature winding is short-circuited, the
characteristic quantity is the largest.

In order to verify the theoretical analysis of the fault char-
acteristics and the variation law of characteristic quantity, the
verified rapid simulation mathematical model is used to simulate
the metal short-circuit faults with different coil numbers. The
average simulation time is about 15 min. The simulated fault
excitation current is shown in Fig. 13. It can be found that the
ripple of excitation current waveform under 2-phase AWSC fault
is the most obvious, and the waveform of excitation current under
5-phase AWSC is consistent with that under six phase AWSC. At
the same time, compared with 1-coil fault, the excitation current
ripple is significantly smaller under 38-coil AWSC fault. In the
actual operation, since the short-circuit current in armature wind-
ings will be shunted by the diode and the load, especially when
more coil armature windings are short-circuited, the absolute
magnitude of the simulated excitation current will not be exactly
consistent with the theoretical analysis. However, the variation
law of fault excitation current waveform with the number of
short-circuited coils in the simulation is completely consistent
with Fig. 12, which verifies the theoretical analysis.

V. DESIGN OF FAULT DIAGNOSIS METHOD

A. Principle of Diagnosis Method

The theoretical analysis and simulation results are consistent,
which show that when the armature winding of the exciter has a
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Fig. 13. Waveform of excitation current under short circuit fault of armature
winding with different number of coils.

TABLE II
HARMONICS OF THE FIELD CURRENTS OF THE 11-PHASE PROTOTYPE.

short-circuit fault, the fundamental current and the second har-
monic current will mainly appear in the excitation current. These
fault currents can be used to diagnose the AWSC fault in theory.
However, in practice, when the exciter works at different excita-
tion current levels, the characteristic quantities in the excitation
current are also different under the same AWSC fault. Therefore,
it is necessary to “standardize” the fault characteristic quantities
with the dc component of excitation current as the reference, i.e.,
the ratio of the total effective value of the fundamental current
and the second harmonic current to the dc component can be
taken as the fault diagnosis criterion, which is defined as

I1,2% =

√
I21 + I22
Idc

(24)

where I1 and I2 are the effective value of the fundamental and
the second harmonic of stator field current, respectively, and Idc
is the effective value of dc component of stator field current.

TABLE III
SENSITIVITY COEFFICIENT UNDER SHORT-CIRCUIT FAULT WITH

DIFFERENT COIL NUMBER

Table II shows the harmonic results of excitation current when
the short-circuit fault between tap “1” and tap “X12” occurs in
the prototype. The postfault transient state in the table is the first
period after fault. It can be found that during normal operation of
the exciter, the value of I1,2% in the excitation current is 0.003.
After the fault occurs, the value of I1,2% in the postfault transient
state and postfault steady state will increase by more than 30
times.

The preset threshold value of the criterion can be defined
as I1,2,set%, which should be larger than that in the normal
operation. According to the results in Table II, I1,2,set% can be
taken as 0.02 (10 times of that in normal operation); When the
value of I1,2% exceeds I1,2,set%, it can be judged that there is
an AWSC fault in the MPABE.

B. Sensitivity Analysis of Diagnostic Methods

The diagnose sensitivity coefficient Ksen is defined as the ratio
of I1,2% and I1,2,set% in the case of fault, which can be written
as

Ksen=
I1,2%

I1,2,set%
. (25)

When the sensitivity coefficient Ksen is larger than 1.3, it is
considered that the method can reliably diagnose the AWSC
fault of this number of coils, otherwise it is the opposite.

Obviously, when the number of coils with AWSC fault is dif-
ferent, the effective value of I1,2% in the excitation current is also
different. Accordingly, the sensitivity coefficient of diagnostic
method monitoring is also different. Therefore, the postfault
steady state excitation current after the short-circuit fault of
different coil numbers is analyzed by Fourier. The harmonic
results and sensitivity coefficient are shown in Table III. It can
be found that the sensitivity coefficient under 1-coil short-circuit
fault is 1.5, which is larger than 1.3. Consequently, the method
can reliably diagnosis the fault. From the content of second
harmonic under different faults, it can be seen that the variation
law of characteristic quantity under short-circuit of integer phase
armature winding is consistent with the theoretical analysis. At
the same time, the smallest fault characteristic quantity is not
1-coil AWSC fault, but the 38-coil AWSC fault. Moreover, in
the case of 38-coil short-circuit fault, the diagnose sensitivity
coefficient is far less than 1. Therefore, the diagnosis method
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TABLE IV
k VALUE UNDER ARMATURE WINDING SHORT CIRCUIT FAULT

cannot identify the short-circuit fault of this number of coils,
which means the diagnostic method has a dead zone when
38-coil armature winding are short-circuited.

For the general annular brushless exciter with other phase
numbers, the fault characteristic quantity in the excitation cur-
rent during AWSC fault is not linearly related to the number
of short-circuited coils, but the fault MMF is minimized when
exactly half of the armature winding coils are short-circuited.
Moreover, with the difference of electric potential between two
adjacent armature windings, the minimum value may be much
smaller than the threshold value, resulting in a larger dead zone
for short-circuit fault protection.

C. Optimization of the Diagnostic Method

For the 11-phase annular brushless exciter, when the armature
winding is short-circuited by 38 coils, the fault characteristic
quantity in the excitation current is the smallest, which is smaller
than the preset threshold value of the protection criterion, result-
ing in the failure of diagnose. However, in fact, the fundamental
current in the excitation current will gradually decay to zero
during the postfault transient process, while the second harmonic
current is basically stable. Therefore, the ratio of I2 to I1 will
continue to increase, while it is very small during normal opera-
tion. Hence, in theory, the ratio of I2 to I1 can be used to identify
slight AWSC fault. Meanwhile, in order to avoid misjudgment
of the protection when the excitation current only contains I1 but
exceeds the threshold value of criterion I (I1,2,set%), criterion II
is added as follows:

k = I2/I1. (26)

Table IV shows the value of k during normal operation of
exciter and postfault steady state of AWSC fault. It can be found
that the excitation current basically does not contain harmonic
current during normal operation. In addition, since I1 is slightly
greater than I2, the value of k is very small, about 0.3. In the
postfault steady state of AWSC fault, the k value will increase
significantly. It can be found that even for the 38-coil short-
circuit fault, the k value of excitation current in the postfault
steady state will increase significantly to about 40 times that
in normal operation. Therefore, the criterion II can be used to
identify the AWSC of this number of coils.

Fig. 14. Diagnosis method of AWSC fault.

D. Complete Fault Diagnosis Process

The optimized diagnosis method is shown in Fig. 14. When
criterion I and criterion II are met at the same time, the protection
sends the trip signal. For the short-circuit fault that does not meet
criterion I but meet criterion II, since the short-circuit fault of
this number of coils has a very slight impact on the exciter, the
protection is designed to output only the alarm signal. Moreover,
the protection will always monitor the development of the fault
after discovering the slight short-circuit fault in the initial stage to
determine whether tripping is required. Considering the possible
interference of excitation current, the actual protection device is
also set with a certain time delay. In fact, the high threshold
setting value of the criterion II allows the protection make a de-
cision when the postfault transient process is almost over, which
delays the protection and eliminates short-term interference.

E. Threshold Setting

As can be seen from Fig. 14, there are two threshold values
that need to be determined for protection: I1,2,set% and Kset.
However, it should be noted that the determination of the value
of I1,2,set% and Kset does not require any AWSC faults; in-
stead, it requires only the excitation current data during normal
operation. Then, the values of I1,2,normal% and knormal in the
excitation current under normal operation need to be measured.
The determination of the threshold value is as follows.

1) I1,2,set%: Its setting value needs to be greater than the value
of I1,2% in normal operation to effectively avoid the possible
interference and deviation. Then, the I1,2,set% value can be
defined as

I1,2,set% = krel,1I1,2,normal% (27)

where krel,1 is the reliability coefficient. Since the harmonics
in the excitation current under fault will increase significantly
compared with that of normal operation, krel,1 can be taken from
5–10 according to the requirements of reliability.

2) Kset: The value of Kset only needs to be greater than the
value of k in normal operation. Then, the Kset value can be
defined as

Kset = krel,2knormal. (28)

Since I1 is slightly greater than I2 in normal operation, the
value of k is less than 1, but it will increase significantly after
the AWSC fault. Therefore, the reliability coefficient krel,2 can
be taken from 5–10 according to the requirements of reliability.

F. Prototype Experimental Verification of the Diagnosis
Method

In order to verify the reliability of the diagnosis method, we
compiled the corresponding protection program according to
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Fig. 15. Variation of I1,2% effective value in excitation current.

Fig. 16. k value under 37-coil short-circuit fault.

Fig. 17. k value under 38-coil short-circuit fault.

the trigger logic of the abovementioned protection, and further
carried out the 1-coil, 37-coil, and 38-coil AWSC fault experi-
ments on the prototype. According to the experimental results
of the prototype and the method of determining the threshold
value, the preset threshold value of I1,2,set% and Kset can be
taken as 0.02(krel,1 = 10) and 3(krel,2 = 10), respectively.

During the experiment, the stator excitation current of the
exciter is collected in real time through the hall coil with high
sensitivity, and the analysis results are shown in Fig. 15–17. It
can be found from Fig. 15 that when 1-coil short-circuit fault
occurs in the armature winding, the I1,2% effective value of the
excitation current will reliably exceed the threshold setting value
I1,2set%. For the 37-coil and 38-coil short-circuit faults in which
the I1,2% effective value is smaller than the threshold setting
value I1,2set%, it can be found from Figs. 16 and 17 that their
k value will reliably exceed the threshold setting value kset of
criterion II, Therefore, the protection judges that there is a slight

short-circuit fault in the armature winding at this time and sends
an alarm signal.

VI. CONCLUSION

In this article, a rapid simulation mathematical model of
MPABE with AWSC fault is presented. Furthermore, the simu-
lation, experiment and theoretical research on the AWSC fault
in MPABE are carried out, respectively. The fault harmonic
characteristics of the stator currents are obtained: in the postfault
transient process, the stator excitation current is mainly funda-
mental, and the second harmonic current, while in the postfault
steady state, it only contains the second harmonic current.

Based on the fault characteristics, this article proposes a
diagnosis method for AWSC fault of MPABE. The experimental
results have demonstrated that the diagnosis method proposed
in this article is sensitive and reliable, and can realize 100%
protection of armature winding. In addition, this article finds that
some AWSC faults have little impact on the exciter, so the exciter
can continue to work. Therefore, the fault redundant operation
and control of MPABE may be an interesting topic in the future.

APPENDIX

The winding connection table of 11-Phase Exciter Prototype.

Phase 1: 1-16-31-46-61-76-14. Phase 2: 29-44-59-74-12-27-42.
Phase 3: 57-72-10-25-40-55-70. Phase 4: 8-23-38-53-68-6-21.
Phase 5: 36-51-66-4-19-34-49. Phase 6: 64-2-17-32-47-62-77.
Phase 7: 15-30-45-60-75-13-28. Phase 8: 43-58-73-11-59-41-56.
Phase 9: 71-9-24-39-54-69-7. Phase 10: 22-37-52-67-5-20-35.
Phase 11: 50-65-3-18-33-48-63
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