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Flux-switching DC-field (FSDC) machine has the merits of flexible flux control and low-cost. Furthermore, this type of machines
also possesses the advantage of fault-tolerant capability. However, few of the research have been done on the analyses of fault
signatures for this type of machines even though it has two sets of windings. This paper investigates the fault signature of a magnetless
FSDC generator for its armature winding faults. It focuses on the study of short circuit (SC) faults and open circuit (OC) faults. For
the SC fault cases, the prototyped machine is tested with one-phase half-turn SC fault and two-phase half-turn SC fault. For the OC
fault cases, one-phase OC fault is investigated. The rectified output current is utilized as the fault indicator. Both simulation and

experiment results are studied for the verification.

Index Terms—~Fault signature, flux-switching machine, DC-field generator, short circuit fault, open circuit fault.

I. INTRODUCTION

FLUX-SWITCHING DC-field (FSDC) machine has received a
great interest in industrial applications [1]. Compared with
the conventional permanent-magnet machine, it offers definite
advantages of effective flux control and low-cost [2]. Owing
to the adoption of both DC-field winding and armature
windings on the stator, it is vulnerable to the stator winding
faults, such as abnormal connection of windings, open circuit
fault of windings, and short circuit fault of windings [3]-[5].
Hence, this feature of multiple sets of windings on the stator
brings the machine an advantage of fault-tolerant capability
[6]. However, in literature, none of the research has been
done on the investigation of fault signatures of the FSDC
machines.

The purpose of this paper is to investigate the fault
signatures of a magnetless FSDC generator with armature
windings faults, namely, the short circuit (SC) fault and open
circuit (OC) fault. The rectified output current is used as fault
indicator. The motor current signature analysis (MCSA) with
Fast Fourier Transform (FFT) is carried out for the fault
signature analysis. Hence, by conducting both experiment and
simulation, these two fault signatures are detected, analyzed,
and compared in this study for verification.

Il. FAULT SIGNATURE ANALYSIS

Fig. 1 shows the configuration of a wind power generation
system, which introduces the operation mode of the proposed
FSDC generator [7]. It consists of the proposed FSDC
generator with a built-in rectifier, a wind turbine with gearbox,
a controller, and an inverter connecting to the grid. It can be
noted that the system controllers capture the generator output
voltage and current from the proposed FSDC generator. By
comparing the generator output voltage and current with the
set references of the controllers, it aims to achieve the efficient
electric power transmission. Since the proposed FSDC is
connected with a built-in rectifier, instead of the three-phase
AC voltages and three-phase AC currents, the generator output
current and voltage are more often monitored by the electric
power system controllers practically [6]. Hence, this paper
selects the rectified output current as the fault indicator.
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Fig. 1. Schematic diagram of a wind power generation system
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Fig. 2. Circuit representations of the proposed FSDC generator. (a) Three-
phase circuit. (b) Simplified equivalent circuit of one phase

As shown in Fig. 2(a), a0, €no, and eco represent the no-load
electromotive forces (EMFs) of each phase, respectively. L,
Ly, and L. are the aggregated inductances of each phase,
respectively. i, ip, and ic are the currents of each phase,
respectively, and Ra, Ry, and R are the resistances of each
phase, respectively. The circuit representation of each phase
can also be simplified as indicated in Fig. 2(b). Hence, the
relationship between the no-load EMF e, and the line-to-line
voltage vas can be expressed as:

Vap = €a0 — (La dia/dt + Raia): Nd¢a/dt - Raia (1)
where N is the number of turns of phase A, @, the magnetic

flux linkage of phase A. It indicates the line-to-line voltage Vap
can also be expressed in terms of its flux linkage @ [8].
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Fig. 3. (a) Three-phase representation of short circuit fault in phase A. (b)
Three-phase representation of open circuit (OC) fault in phase A. (c) Phase A
circuit representation under short circuit (SC) fault.

A. Short circuit (SC) fault

As shown in Fig. 3(a), N is the number of turns of each
phase, Ry is the short circuit resistance, ir is the short circuit
current flowing into the short circuit resistance. Hence the
current flowing into the shorted winding is (it +ia). Assume
the shorted part of phase A is determined by the coefficient
(0-100%), hence uN represents the shorted part of phase A.
The corresponding circuit diagram of phase A with short
circuit fault is shown in Fig. 3(c). Hence, the line-to-line
voltage vap can be expressed as:

Vap = ((1_ :u)Nan/dt - (1_ IU)Raia)'i_

(yNd(Da Jdt— iRy (i, +i ) pPLidi /dt) @)

where £2L;s stands for the leakage inductance of the shorted
turns. The fault current is in the shorted path can be given as:

Ryig = aNd@, [t — iR, (i, +i )- u?Ligdli /dt 3)

By substituting (3) into (2), the relationship between va, and it
can be deduced as:
)R + gL~

Vap = (1- p)lgdiy /dt+Ryig /p 4)

B. Open circuit (OC) fault

As shown in Fig. 3(b), since the entire phase is disabled, it
becomes imbalanced with only two healthy phases under
operation. The relationship between the average value of the
rectified output current Iz and the first harmonic of phase
current | under normal and one-phase OC conditions are given
by (5) and (6) respectively:

2
I =243/71g ~ 111, (5)
| =+/3/27 1, ~0.281 (6)

I1l. IMPLEMENTATION AND SIMULATION
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Fig. 4. (a) Exploded diagram of the proposed machine. (b) Magnetic field
distribution under normal operation. (c) Magnetic field distribution under one-
phase half-turn SC operation

By applying time-stepping finite element method (TS-FEM),
performances of the proposed FSDC machine are presented. In
the simulation, it investigates the magnetic field distribution
and the rectified output current of the proposed machine under
normal and faulty conditions.

First, Fig. 4(a) shows the exploded diagram of the proposed
generator, which consists of the outer-rotor, the stator, the DC-
field winding, and the armature winding. Second, the magnetic
field distribution of the proposed machine under normal
condition and one-phase half-turn SC fault of phase are
showed in Fig. 4(b) and Fig. 4(c) respectively. It can be found
that the flux lines are evenly and symmetrically distributed
under normal operation. While it turns out to be asymmetrical
under faulty operation. Especially in the circled areas, it can
be observed that the flux line pattern of each stator pole
become different due to the imbalance among the three phases.
Fig. 5 is the three-phase current waveforms of the generator
with load, which are sinusoidal with 120° conduction angles.
Third, to discover the impact of stator winding faults on the
performance, the rectified output current is investigated for
both SC fault and OC fault. Fig. 6 is the comparison of the
simulated rectified output currents under normal, one-phase
half-turn SC fault, one-phase OC fault, respectively. When the
generator is healthy, it can be found in Fig. 6(a) that all the
rectified output current ripples have the same magnitude
periodically. When the generator has half-phase SC fault in
Fig. 6(b), the ripples become irregular. But it should be noted
that a clear repetitive pattern of three current ripples appears.
And the period of this pattern is three times of the period of
the healthy one. When the generator has one-phase OC fault in
Fig. 6(c), it is obvious that the three-phase windings become
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imbalanced. Thus, the amplitude of the current ripple
decreases significantly by comparing with the other two cases.
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Fig. 5. Three phase current waveforms of the generator with load
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Fig. 6. Comparison of the simulated generator rectified output current under
different conditions. (a) Normal. (b) One-phase half-turn SC fault. (c) One-
phase OC fault.

IV. EXPERIMENTAL VALIDATION

A three-phase FSDC generator is prototyped and
experimented to verify the impact of SC fault and OC fault on
the current. The experimental setup of the proposed generation
system is established and as showed in Fig. 7, which consists
of a dynamometer, a FSDC generator. The dynamometer acts
to drive the FSDC generator. The FSDC generator is utilized
to perform the fault analysis, where its armature winding
connection can be rearranged for the faulty conditions. Since
the FSDC generator is favorable for low-speed situation, the
prototyped generator is driven by a dynamometer with the set
speed of 300 r/min. For the purpose of comparison, the same
stator winding faults that have simulated in the model are also
tested and measured in the experiment.

| Dynamometer

Fig. 7. Experiment setup for the proposed FSDC machine
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Fig. 8. Comparison of simulated and measured results under normal operation.
(a) Phase A line currents. (b) Rectified output currents.

L
o
(=)

N
(=]
0

Na-load EMF (V

No-load EMF (V)

©
Fig. 9. No-load EMF waveforms under different conditions. (a) Normal
operation. (b) Phase A half-turn SC fault. (c) Phase A & C half-turn SC fault.

Fig. 8 compares the normal line currents and rectified
output currents by simulation and experiment respectively.
Since the proposed FSDC generator is running at a rotating
speed of 300 r/min, it has the period of 0.01s. As observed, the
simulated currents agree very closely with the measured ones,
which illustrates that the proposed model can accurately
simulate the behavior of the faulty FSDC generator.
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Fig. 9 shows the no-load EMF waveforms of the generator
under different conditions. It is noted that the waveforms are
not perfectly sinusoidal under normal condition in Fig. 9(a),
which is due to the generator original design. In Fig. 9(b) and
Fig. 9(c) under faulty conditions, it can be founded that the
healthy phase keeps almost constant, while the faulty phases
suffer from magnitude reduction, which results from the
reduced internal resistance.

One-phase OC fault

1 87%

Two-phase half-turn SC fault

142%

Fault type

One-phase half-turn SC fault
23%

0% 20% 0% . 60% 80%
Variation
@)
T I Normal 1
! AN, . N, Vo M
NN NNV [ —"a
001 _Time[s)] 00z 003
FFT Spectr: T 1
S ST S —— E— S
(b)
:r\__’:;_ 1 + 1 One-phase half-turn SC fault |
A AN A ST SaWAS P A o VTN
e e b
0.5 . oo Timels T o3
FFT Spectra } ' ' |
(©)
gg 1 T T Two-phase half-turn-SC fault
ERYan e ! ey }'\ ; e,
= S L = S ™ g
~0g - K11} Time(s) ooz o3
FFT Spectra ! !
Wity + 1 -
(d)
“34(" T 1 T One-phase-OC fault
RS ey ! AN AN
AT v — a—— VA VA
I~ 0n 01 Time(s) 002 03
FFT Spectra |
S rraT 4 = v TS L T PR U A

(®)
Fig. 10. Performances of the generator rectified output current and their
corresponding FFT spectra (20 dB/div, 25 kHz/div). (a) Bar chart
representation of the rectified output current variation under faulty conditions.
(b) Normal. (c) One-phase half-turn SC fault. (d) Two-phase half-turn SC
fault. (e) One-phase OC fault.

By verification, performances of the generator rectified
output current of four types of conditions are presented in Fig.
10. Fig. 10(a) is a bar chart that summarizes the rectified
output current variation in percentage. It is found that the one-
phase OC fault has the most distinct variation of 87%, and the
one-phase half-turn SC fault is the least one of 23%. The two-
phase half-turn SC fault is the medium one of 42%. Their
corresponding current waveforms are presented in Fig. 10(b),
Fig. 10(c), and Fig. 10(d), respectively. As expected, the
current ripples under faulty conditions are distinctly different

from the one of the normal condition, which reveals in both
magnitudes and periods of the repetitive pattern. The average
output currents under normal, one-phase half-turn SC fault,
two-phase half-turn SC fault, and one-phase OC are around
1.5A, 1.8A, 2.1A, and 3.0A respectively. It can be found that
the variation of current is proportional to the reduced internal
resistance. In addition, the corresponding spectra by FFT are
also presented. It can be observed that the spectrum varies
according to the distortion level of the current waveforms. The
one-phase half-turn SC fault has the severe glitches, whereas
the one-phase OC fault has the least glitches.

V. CONCLUSION

A FSDC generator is implemented in this paper for fault
analysis since few of the research have been done on it. By
verification, instead of the whole phase SC fault, half-turn SC
fault and OC fault are tested and analyzed. In summary, it is
illustrated that the simulated results agree fairly with the
experimental result. And the OC fault has a more severe
impact on the generator operation than the SC fault, which
shows around 87% variation comparing to the normal
operation. The one-phase half-turn SC fault shows the least
variation of 23% by experiment, which proves the variation of
the output current is proportional to the reduced internal
resistance, and its spectrum varies from the distortion level of
the current waveforms.
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