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Abstract. The objective of the paper is to investigate the application of the current signature analysis type approach for the online diagnosis of
a marine-type Brushless Synchronous Generator (BSG). The system’s diagnostic would be done using an automated test procedure when the
generator comes online or offline. The analysis of the measured electromotive force waveform (EMF) is used for fault detection. The paper’s
main contribution is the development of a fault detection algorithm that would allow the generator to be safely operated in remote marine-type
conditions where low maintenance costs are a crucial aspect of the system operation. To verify the diagnostic algorithm, a special measurement

system was developed to emulate generator faults.
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1. INTRODUCTION

Modern autonomous electrical power systems on board marine
vessels such as ships and offshore wind farms are becoming
more complex. The onboard electrical energy is responsible
for more and more mission-critical systems such as propul-
sion and stabilization. The safety and reliability of the marine
system are determined by the electrical system’s uninterrupted
performance.

There are two main methods to ensure the uninterrupted per-
formance of marine electrical autonomous power systems. The
typical approach is preventative maintenance [1, 2], which has
replaced the previously used corrective maintenance, that is,
performing maintenance after a failure has occurred. Preven-
tative maintenance is usually performed as time-based mainte-
nance, where the equipment is checked within predetermined
intervals. The main problem with such an approach is the
increased number of scheduled maintenance procedures on
equipment, which is essentially in good condition. Of course,
this approach reduces the amount of downtime of mission-
critical components at an increased cost of servicing.

A more modern approach, that is being introduced to and
implemented in the maintenance of the marine system, is pre-
dictive maintenance [1, 2]. This also allows for a reduction
in downtime of mission-critical components and allows for a
reduction in the cost of servicing the vessel. One of the im-
plementations of predictive maintenance is Condition Based
Monitoring (CBM) [3] in combination with an automatic De-
cision Support System (DSS). In this approach, the selected
system can be monitored for signs of upcoming failure and the
decision system can automatically schedule the maintenance
task.

The basis for the online diagnosis of the generator per-
formance can be the Electrical Signature Analysis (ESA) or
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the Motor Current Signature Analysis (MCSA) techniques
[4, 5, 6]. Those methods are based on comparing the amplitude
and phase spectra of armature voltage and current waveforms
with the spectra of a healthy generator. In MCSA, only stator
(armature) current measurements are collected and processed
to identify small changes in current signatures, eg. by har-
monic analysis. The ESA method additionally uses the mea-
surement of the stator (armature) voltage. It has been shown
that, after appropriate treatment, ESA indicators are sensitive
to mechanical and electrical disturbances occurring in engines
and their driven devices. The MCSA and ESA were originally
developed at the Oak Ridge National Laboratory for fault di-
agnosis of electric motors, and are now successfully applied to
other types of electrical machinery and equipment. In simpli-
fied terms, the ESA method can be used as follows: based on
the amplitude and phase change of certain harmonics it is pos-
sible to detect the Rotor Interturn Short Circuit (RISC), Stator
Interturn Short Circuit (SICS), and other internal failures of the
generator.

The consequence of using modern diagnostic methods is the
possibility of fault-tolerant operation of the machine [7]. It is
crucial to determine which failures would make the machine
inoperable instantly and with which the generator can still op-
erate. For example, the failure in the exciter discharge resistor
would cause the machine to not be able to de-excite quickly
which will increase the possibility of tripping the protection
system when the generator load changes rapidly and causing
blackout. However, this should not cause any danger of dam-
aging the generator.

Proposed online detection methods usually rely either on ad-
ditional components like special coils for measuring the pres-
ence of faults [8] or a model that allows for parallel compu-
tation and comparison with measured values [9]. The disad-
vantage of the second approach is the requirement for detailed
model parameters of an undamaged generator. The main nov-
elty of the paper is the development of a diagnostic algorithm
that relies on existing protective equipment and requires mea-
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Fig. 1. Typical marine type brushless synchronous generator structure

surements of the BSG armature voltage spectrum. The follow-
ing chapters describe, in Chapter 2, the typical BSG and its
protective system components, in Chapter 3, failure modes of
BSG and their detection algorithm are described and in Chap-
ter 4, the simulations and measurements of selected failure
modes are presented.

2. BRUSHLESS SYNCHRONOUS GENERATOR

2.1. Generator structure

The main source of electrical energy in marine power systems
is the Brushless Synchronous Generator (BSG). The general
structure of such a generator is shown in fig. 1. The BSG
consists of two main components: the exciter and the main
generator. The main generator field winding is supplied from
the exciter armature via the rotating diode rectifier, usually a 3-
phase full bridge. Because, of the complexity of this excitation
supply circuit compared to the rest of the BSG components,
failures of the excitation system are the most common failures
of the BSG [8].

2.2. Generator protective equipment

The marine power system usually consists of several BSGs
that operate on common busbars in parallel, so the protection
equipment should reflect this. The typical protection equip-
ment like over current, short circuit, under/over voltage and
frequency is supplemented by additional reverse power con-
trol. Modern marine power generation systems also use a
Power Management System (PMS) that measures power qual-
ity based on harmonic and THD of voltage and current wave-
forms at BSG output terminals. Typical components of the
BSG protection equipment are shown in fig. 2.

3. FAILURE MODES DETECTION

Synchronous generator failure modes can be caused by ex-
ternal or internal sources. Some emergency states are effec-
tively detected by the generator protection system. Therefore,
it is important to select failure modes for diagnosis (other than
those detected by a standard protection system), as well as to
define methods of their diagnosis.
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Fig. 2. Typical marine type brushless synchronous generator protective
circuits

Table 1. Failure modes caused by external sources
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Typical failure modes for synchronous generators are listed
below. Typical failure modes for synchronous generators
caused by external sources are listed in Table 1 and by internal
sources in Table 2. The failure mode codes are explained in
Table 3. It should be noted that different causes can lead to the
same failure modes.

3.1. Main generator excitation winding failure
Main generator excitation winding failure can be caused by:
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Table 2. Failure modes caused by internal sources
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e Turn-to-turn short circuit in excitation winding
e Open circuit in excitation winding
e Grounding of the excitation winding

The excitation winding open circuit causes immediate UV
protection trip and the grounding of the excitation winding
might not be detectable until the presence of a second ground-
ing fault in the excitation winding. In a such case, the machine
will behave as with the turn-to-turn short circuit in excitation
winding.

Turn-to-turn failure of the excitation winding causes the
AVR to increase the excitation current up to the limit after
which the undervoltage operation will occur. This can be indi-
cated by the change in the transfer characteristic of the gener-
ator k;,:

ki = ey

where Ugys is the generator armature voltage and I, is the ex-
citer excitation current. This value in a healthy generator op-
erating in no-load conditions at the nominal armature voltage
should be constant, in other words, the same value of excita-
tion current will induce the same armature voltage at the same
rotational velocity. If there is a rotor winding inter-turn short
circuit present then this constant will decrease.

The armature voltage/current spectrum components that can
(not always) exhibit a change during the rotor fault are the
components caused by the mechanical rotation of the machine
[4]:

Jern = fexk- f; 2
where k € N, f, is the fundamental component of the arma-

ture electrical frequency, f,,, are the armature voltage spec-
trum components in question, and the f, is the mechanical fre-

quency of the rotor and is equal to:

_Je
p

where p is the number of pole pairs of the generator. The me-
chanical vibration will occur due to the unbalanced air gap flux
of the machine and due to uneven temperature distribution in
the rotor [10].

In addition to the armature voltage/current spectrum com-
ponents caused by mechanical rotation the even armature volt-
age/current harmonic components also can manifest themself
during rotor excitation winding fault [4, 11]:

fen=fi+(2k—1)-fi 4

where k € N and f,;, are the even armature voltage/current har-
monics.

Ir (€)

3.2. Main generator armature winding failure
Main generator armature winding failure can be caused by:

e Turn-to-turn short circuit in the armature winding

e Phase-to-phase short circuit in the armature winding
e Open circuit in the armature winding

e Grounding of the armature winding

Turn-to-turn short circuit in the armature winding can man-
ifest themselves with armature voltage asymmetry caused by
the decrease of effective coil turns of one of the armature wind-
ings. Also in the shorted part of the winding, the pulsating
current creates a pulsating magnetic field. This magnetic field
can manifest itself in armature voltage/current waveforms as a
third harmonic.

Phase-to-phase short circuit in the armature winding can
manifest themselves with high armature voltage asymmetry,
arapid increase in temperature, and a high increase in machine
vibration.

An open circuit in the armature winding manifests itself with
a high asymmetry of the armature voltage (one or more phase
voltages are not present)

Grounding of the armature winding can be detected both by
the earth leakage EL protection and by the differential current
DIFF protection. In the HV system in case of single-phase
grounding, a high current will flow through the Neutral Earth-
ing Resistor (NER) causing a generator protection trip.

3.3. Exciter excitation winding failure
Exciter excitation winding failure can be caused by:

e Turn-to-turn short circuit in excitation winding
e Open circuit in excitation winding
e Grounding of the excitation winding

Turn-to-turn short circuit in the exciter excitation winding
will manifest itself by the change transfer characteristic of
the generator k;, as with the main generator excitation wind-
ing. The unbalanced air gap magnetic flux distribution will be
present. Because of the relatively low power of the exciter the
vibration caused by the unbalance might not be detectable.
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Open circuit in excitation winding will manifest itself by the
error in AVR operation and the lack of machine armature volt-
age (armature voltage below 40%). The AVR will not output
any current whatsoever.

Grounding of the excitation winding might not be detectable
until the presence of a second grounding fault in the excitation
winding. In a such case, the machine will behave as with the
turn-to-turn short circuit in excitation winding.

3.4. Exciter armature winding failure
Exciter armature winding failure can be caused by:

Turn-to-turn short circuit in the exciter armature winding
Phase-to-phase short circuit in the exciter armature winding
Open circuit in the exciter armature winding

Grounding of the armature winding

Turn-to-turn short circuit in the exciter armature winding
can manifest itself with exciter armature voltage asymmetry.
This asymmetry will influence the excitation current wave-
form. The armature voltage/current spectrum components will
correspond with the harmonic components of the exciter ar-
mature voltage/current. The fundamental component of this
spectrum is defined by the machine rotational velocity and the
number of pole pairs of the machine exciter.

As with the generator armature winding also in the shorted
part of the winding, the pulsating current creates a pulsating
magnetic field. This magnetic field can manifest itself in the
excitation current of the exciter as a waveform spectrum com-
ponent:

fexf:3'fex (5)

where f,, is the nominal frequency of the exciter armature volt-
age and f,,y is the frequency of the exciter field spectrum com-
ponent.

Phase-to-phase short circuit in the exciter armature wind-
ing will cause high asymmetry in the armature voltage. This
will manifest itself with pulsation excitation (component with
the frequency of f,,) current and the main generator spectrum
components as described in the next section concerning the op-
eration with the damaged diode bridge rectifier.

An open circuit in the exciter armature winding will cause
high asymmetry in the armature voltage. This will manifest
itself with pulsation excitation (component with the frequency
of f,y) current and the main generator spectrum components
as described in the next section concerning the operation with
the damaged diode bridge rectifier. The performance will be a
simulator to open diode performance.

Grounding of the armature winding as with the excitation
winding single earth leakage will not be detectable. In case
of at least two ground faults, the behavior will be similar to a
turn-to-turn or phase-to-phase short circuit depending on the
grounded phases.

3.5. Exciter diode rectifier failure

Exciter diode rectifier failure can be caused by a short-circuit
or interrupted diode. Typical diode failures, whether short cir-

cuit or open circuit, are preceded by a period of increasing re-
verse leakage current in the device [12].

Compensating leakage current requires increasing the recti-
fier voltage, which is observed by the increased exciter excita-
tion current. As a result, the Brushless Transfer Characteristic
changes, similar to the short-circuit of the main field turns. An
exciter diode rectifier faults can be also diagnosed based on
the harmonic armature voltage analysis. This damage usually
leads to a reduction in the excitation current and the appear-
ance of UV mode.

A symptom of this type of fault is the appearance of char-
acteristic frequency in the induced voltage spectrum [13, 14].
The value of this frequency can be calculated from the equa-
tion:

f(il;l) = (pe—p)- @

(6)
f(Jlr;l) = (pe+p)- @

where:

P. - number of pair poles of an exciter

Pm - number of pair poles of a main generator

o, - rotating velocity of a main generator in [1/s]

f(_1:1)’ fa“ 1" frequencies characteristic for failure in a rectifier
bridge

An interrupted diode can be distinguished from a short cir-

cuit by analyzing the quotient of harmonic amplitudes f(m) i
f(+1:1)‘ If:
+ +
E(l:l) :f(]:]) )
Eqy o Saa

then there is a break in the branch of the rotating rectifier
bridge, while if:
E+. f+.
(L) o 20 8)

Eqyy o o

then the fault is a short-circuit in the branch of the rotating
rectifier bridge; where:

E (_1:1), Ea 4y - amplitudes of the characteristic harmonics
f(]: 1y fa“ 1" frequencies characteristic for failure in a rectifier
bridge.

The proposed procedure for detecting this damage should
be based on the observation of changes in the Brushless Trans-
fer Characteristic and additional harmonic analysis of armature
currents and voltages.

3.6. Rotor eccentricity

The rotor eccentricity can be caused by mechanical or electri-
cal damage. Mechanical damage is the most common cause of
failure of electrical machines. About 60% of these faults are
caused by damage of the mechanical parts such as bearings and
shafts. As a consequence, mechanical damage leads to a shift
in the axis of symmetry of the axis of symmetry or the rotating
axis of the rotor [15]. There are two types of rotor eccentricity:
the static and the dynamic asymmetry.
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Static asymmetry is characterized by the fact that the posi-
tion of the maximum air gap on the circumference of the ma-
chine is constant. Static asymmetry may result from the oval-
ity of the rotor or stator core, incorrect assembly, or one-sided
magnetic tension. Dynamic rotor asymmetry is characterized
by the fact that the position of the maximum air gap changes
with the position of the rotor. Dynamic asymmetry may result
from wear of bearing, or a bent shaft, and is most often caused
by wear of the machine during its operation [15].

This damage will manifest as unbalanced radial forces (un-
balanced magnetic pull or UMP) and consequently, an increase
in vibration and noise levels. A rotor eccentricity of up to 10%
is allowed. Howeyver, to reduce vibration and noise, it is recom-
mended to keep it at a lower level. Damage detection may be
based on the analysis of signals from the drag sensor or the fre-
quency analysis of the armature voltage or current waveforms
[16]. Vibration signals can be monitored to detect eccentricity-
related faults. The high-frequency vibration components for
static or dynamic eccentricity are given by:

fvzzfifr (9)

However, the vibration signature analysis has several disadvan-
tages. It requires at least one vibration sensor and additional
costs related to its proper installation and maintenance. The
interpretation of the results requires machine-dependent infor-
mation and expert involvement.

Accordingly, alternative diagnostic methods based on
MCSA and ESA are being developed. Due to the vibrations
of the rotor, an alternating component appears in the excitation
voltage and current, which in turn can be observed in the form
of additional harmonics in the armature currents and voltages.
In the case of the analyzed generator, with brushless excitation,
a significant limitation is the lack of access to the excitation
current. The analysis of additional harmonics of the current
and armature voltage requires information on the structure of
the machine, including winding distribution.

In the event of asymmetry, additional harmonics can be ob-
served in the waveform of the armature current. Frequency of
additional harmonics [17]:

S =kf1—
Jio = 2kf

where: fi , fio — Frequency of additional current harmonics,
p — number of pole pairs, f; — frequency of fundamental har-
monic, k — natural number, eccentricity order

The simulation presented in [18] results show that the 17th
and 19th harmonics can be employed to diagnose the dynamic
eccentricity of the machine. The results of the analyses pre-
sented in the literature confirm that it is possible to diagnose
the eccentricity of the rotor based on the current and voltage
signature analysis and the observation of harmonic compo-
nents of the 2f order [16, 19, 20, 21].

(p—1)h
p (10)

3.7. Inter-laminar core fault

An inter-laminar fault is occurring in the armature of the main
generator. Detection of inter-laminar short circuit fault is dif-
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- excite the generator with I,
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Fig. 3. Failure detection algorithm

ficult. The method presented in the literature required special
probes (ELectromagnetic Core Implementation Detector — EL
CID) [22, 23, 24, 25], or additional windings [26] and removal
of the rotor during tests. Therefore detection of this kind of
fault is performed during manufacturing or repairing the gen-
erator.

3.8. Failure detection algorithm

Based on the analysis of different failure modes a general algo-
rithm that can be implemented in the existing BSG protection
system was developed. Fig. 3 shows the proposed algorithm.

4. SIMULATIONS AND MEASUREMENTS

Simulations and measurements were conducted using a stan-
dard electromagnetically excited slip-ring synchronous gener-
ator without internal exciter. The nominal parameters of the
synchronous generator type ELMOR GCe64a are:

e Output power 10 kVA
Rated voltage: 231 V
Rated current: 25 A
Power factor: 0.8
Frequency 50 Hz
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n=1000 rpm DAQ

Fig. 4. Measurement diagram for generator no-load test

e Rated speed 1500 rpm

The exciter of the generator was emulated using a 3-phase
auto-transformer and full bridge diode rectifier supplying the
excitation of the main generator through the slip rings. The
measurements were conducted at the LINTE? laboratory test
bench of the Gdansk University of Technology. The following
generator operating states were emulated:

e undamaged system,

o disconnection/failure of the rotating rectifier diode — de-
scribed in section 3.5,

e disconnection/failure of the exciter armature phase (failure
of two diodes in one arm of a rotation bridge rectifier) —
described in section 3.4.

Measurements of all three operating states were made both
in no-load (Fig. 4) and short-circuit conditions. However, for
further analysis, only the no-load test will be considered, as
this can be easily performed during normal operation of the
power system (just before the generator is synchronized and
connected to the main switchboard).

The GCeb64a generator used in tests has 4 poles. During
tests, rotation speed was equal to 1000 rpm and the rectifier in
the excitation circuit was fed from a three-phase source with
a frequency equal to 5S0Hz. This test configuration emulates a
typical marine system where the exciter is a 6-pole generator
and the main generator has 4 poles. Therefore, the nominal
frequency of the main generator is equal to 33.33 Hz. It was
expected that in this case, an open circuit in the rectifier bridge
caused the harmonics in the measured signals with a frequency
equal to:

i) = (Pe—p) - 16.67 = 16.67 Hz

" (an
iy = (Pe+p) - 16.67 = 83.35 Hz

Measurements were recorded using a measurement National
Instruments DAQ USB-6251 with a 16-bit, 1.25 MS/s AD con-
verter and controlled by DAQExpress software.

Simulations were performed in Synopsys Saber simulation
software using a synchronous generator (SG) model developed
based on the [27]. The model and simulation parameters were
determined based on the data of the generator used during the
laboratory measurements. Two SG models were connected to-
gether to form the exciter and main generator system with a
full bridge rectifier between them. Fig. 6 shows the schematic
of the simulation circuit in Synopsys Saber.

5 I vas|
,‘_4 // \ Vvbs|
i ves

voltage [-]

) 0 0.02 0.04 0.06 0 33 66 99 132
time [s] f[Hz]

(b) Armature voltage spectrum
x10°

]

) 0 0.02 0.04 0.06 0 33 66
time [s] f[Hz]

voltage [-]

(c) Armature voltage waveform (d) Armature voltage spectrum

I
g / \ ves
JEASEEEN

6 59 132
(f) Armature voltage spectrum

x10°%

&~ o

voltage [-]
S

0 0.02 0.04 0.06
time [s] [Hz]
(e) Armature voltage waveform
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The model was developed using main voltage equations
based on the SG model in an orthogonal gd0 reference frame
and is defined as:

This article has been accepted for publication in afuture issue of this journal, but has not been fully edited. Content may change prior to final publication.


http://mostwiedzy.pl

A\ MOST

www.czasopisma.pan.pl P

N www.journals.pan.pl

Paper for BPAS TS

%1073

i N\

0 0.02 0.04 0.06 0
time [s] f[Hz]

o
o

) voltage [-]
S

eyl

e

(a) Armature voltage waveform (b) Armature voltage spectrum

10°
Sh i \ [Fvas]
é;a thq::i¥ ves|
o
g2
1 |
9 1

32

nd
o

) voltage [-]
S

o
o

time [s] . f[Hz]

(c) Armature voltage waveform (d) Armature voltage spectrum

3
5 x10

ERE YR
(/NKM/ /w’\ éeu '\\4

0.04 0.06 0 33 66 99 132
t\me [s] f[Hz]

nd
3

) voltage [-]
S

o
3

(e) Armature voltage waveform (f) Armature voltage spectrum

Fig. 7. Measurements of (a,b) undamaged system, (c,d) single diode
failure - D1, (e,f) dual diode failure - D1 and D2.

— . . dAg
Vg = 7rslqs+(1)rlds+ m (12)
. dA)
Vig = —rsi— OAN + d;“ (13)
A}
Vo, = —rih+ dto-‘ (14)
r
o kq
0 = ’"kqlqu + F (15)
0 = ralig+—2* Py (16)
dr
dar,
Vie = Tuifa+ df (17)

In both the simulations and measurements three different
performances were analyzed:

e Normal healthy operation of the system

e Single rotating rectifier bridge diode failure — diode D1 dis-
connected

e Dual diode bridge rectifier failure — diode D1 and D2 dis-
connected, emulation exciter phase failure or short circuit in
the rectifier

Results are presented fig. 5 in relative units related to the
nominal amplitude of generator armature voltage. In the no-
load test, the analysis is based on the results of the amplitude
spectrum of the armature voltage.

Performed simulations and measurements are compared and
shown in fig. 8.

Even for the undamaged generator, the no-load voltage spec-
trum contains a lot of spectrum components (fig. 7). This high
THD value (>5%) is characteristic of the GCe64a type gen-
erator design. The amplitude of spectrum components with
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Fig. 8. Measurements (meas) and simulations (sim) of (a,b) undam-
aged system, (c,d) single diode failure - D1, (e,f) dual diode failure - D1
and D2.

frequencies f<*1:1)=16.6Hz and f(*l’:1 =83.35Hz increase when
single diode failure is emulated. For dual diode failure mode
(exciter phase failure), the amplitude of the second (66Hz)
and fourth (132Hz) harmonic (of the generator armature volt-
age/current fundamental component) increases compared to
the undamaged generator. The amplitude changes are approx-
imately 0.1% of the fundamental harmonic. Performed simu-
lations and measurements are compared and shown in fig. 8 in
order to illustrate those changes.

5. CONCLUSIONS

Presented simulation and measurement results show that the
ESA method is a viable solution for diagnostic system develop-
ment. However, the changes in spectrum components between
the healthy and damaged generator are three orders of mag-
nitude lower than the fundamental component (0.1%). During
the measurements, a 16-bit ADC (analog digital converter) was
used. This allows for 0.001% accuracy. The implementation
of such a system can rely on filtering and amplifying character-
istic frequencies in order to improve such system performance.
The no-load test can be performed when the generator is start-
ing and just before the generator goes offline.

During the on line performance of the generator different
approach would have to be applied. The ESA should be per-
formed on a healthy generator while on load and compared
with the generator continuously. However, in the typical ma-
rine system, there are multiple nonlinear loads that can intro-
duce certain harmonic frequencies so a more comprehensive
analysis should be performed. The transfer characteristic 1 and
the harmonic components should be compared to the signature
of the healthy generator to eliminate the influence of other ma-
rine power system components on the BSG performance.
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Table 3. Failure modes acronyms

Failure Modes ~ Acronym
Undervoltage operation uv
Overvoltage operation oV
Voltage THD increase VTHD
Under frequency operation UF
Over frequency operation OF
Overcurrent operation oC
Current THD increase ITHD
Revers power operation RP
Reverse current operation RC
Earth leakage Low Insulation state EL
Electric asymmetry current differential DIFF
Mechanical vibration MV
Decreased efficiency increased torque DE
Power system PS

APPENDIX

Tab. 3 list the acronyms used in Tab. 2 and Tab. 1.
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