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Abstract: Converters are one of the most sensible components of any power conversion system
when it comes to electrical faults. Moreover, if these converters are used in a rotating system, as
is the case with rotating rectifiers used in brushless synchronous machines, apart from also being
exposed to mechanical effects and thus having a greater likelihood of failure, no access is available
directly, causing a lack of available measurements for condition monitoring. This paper applies a
model-based method to the online detection of open-diode faults, shorted-diode faults and exciter
open-phase faults in the rotating rectifiers of brushless synchronous machines. The applied method
relies on the comparison between the measured and the theoretical exciter field currents, the latter
computed through a healthy machine model from the machine actual output values. The proposed
protection strategy stands out for its computational simplicity and its non-invasiveness, which makes
its industrial application straightforward without the need of any further equipment or adaptation.
Its applicability has been verified through a double approach, on the one hand, through computer
simulations, and, on the other hand, through experimental tests, achieving satisfactory results. The
research conducted proves that with the proposed method, given reasonable measurement and model
estimation typical errors of less than 5%, positive differences between the measured and the theoretical
exciter field currents of more than 13%, 200% and 30% for open-diode faults, shorted-diode faults
and exciter open-phase faults, respectively, are detectable with at least a 95% confidence interval.

Keywords: brushless machines; condition monitoring; fault detection; fault protection; rectifier;
synchronous machines

1. Introduction

Brushless synchronous machines (BSM) have a consolidated role as electrical machines
used for power generation and they are one of the most deployed technologies in small to
medium generation sets in the industry. BSM power generation technologies are nowadays
extended to a broad scope of applications in which the speed of dynamic response (AVR
response and de-excitation capability) is not a tight requirement, such as standby back-
up power generators, marine shipboard power generators, locomotive power generators,
power supply systems for the oil and gas industry [1], uninterruptible power supply
systems (UPS), etc. Furthermore, the scope of use of BSM includes the applications in which
brush-slip ring sliding contacts are avoided, such as potentially explosive atmospheres.

Although static excitation still remains as the main technology choice when fast
dynamic response or high initial response is desired, especially for large generators [2],
some technical advances have enabled to place BSM as an alternative to static excitation,
overcoming safety and maintenance issues related to brush-rings sliding and to spark
production. These technical advances [3] include new embedded BSM topologies that
allow the achievement of more compact systems, new types of rotor signal wireless com-
munication technologies that enable better measurements of rotating field quantities and
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more reliable excitation control through remote-controlled power electronics, or new de-
excitation systems [4] that make it possible to bring the dynamic response closer to the one
achieved in static excitation.

The most basic and common structure of any BSM topology [5,6] is represented in
Figure 1. These systems generally consist of two synchronous machines, on the one hand,
an exciter machine, and, on the other hand, the main machine excited by the former one.
Between the output of the exciter and the field winding of the main machine, a full-wave
three-phase rotating diode rectifier is installed. The exciter armature, the rectifier and the
field winding of the main machine rotate jointly on the same shaft, thus there is no access
possible to these elements for monitoring purposes.

ROTATING ELEMENTS
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EXCITER MAIN MACHINE
Figure 1. Simplified schema of the BSM (F1: open-diode fault; F2: shorted-diode fault; F3: open-phase fault).

Industry standards for AC power generators include minimum requirements regard-
ing electrical fault protection [7]. In the case of BSM, different types of faults may occur
throughout the excitation system. Because the most characteristic element in BSM is the
rotating rectifier, specific consideration shall be given to diode faults [8,9], which have been
reported to be frequent in the industry. These faults are habitually fast, usually either as
a consequence of a shock coming from the grid side of the machine or as a result of the
semiconductor service life end.

Regarding open-diode faults (F1 in Figure 1), although the machine is able to maintain
the output values, its transient capacity is concerned. There is a risk that persists which is a
second fault of the same type taking place in the same faulty leg. The rectification output
is degraded because the ripple is increased as shown in Figure 2 (V¢ waveform, with
Vi rMs = 0.8945 - Vihealthy,rms DC average value).

In the case of shorted-diode faults (F2 in Figure 1), these provoke sequential phase-to-
phase armature winding short-circuits between the affected diode phase and the adjacent
healthy ones in the faulty half side of the rectifier. This implies an overload for the ex-
citer. The rectifier output is degraded as represented in Figure 2 (V¢p, waveform, with
Viro rus = 0.4610 - Vi peatthy,rms DC average value).

Also, a broken or loose connection which puts an entire branch of the rectifier out of
service represents a fault that shall be addressed, under the designation of open-phase faults
(F3 in Figure 1). The degradation of the rectifier output due to the increased ripple is also
shown in Figure 2 (V¢ g3 waveform, with Vi g3 rivs & 0.7754 - Vihealthy,rms DC average value).

In any of the previous fault cases (F1, F2 or F3), if the machine runs on voltage
regulation, the Automatic Voltage Regulator (AVR) compensates for the degraded machine
output originated from the excitation output degradation through the increase in the exciter
excitation current [10,11], so as to maintain the same average level of the DC rectifier output
and to thereupon maintain the same main field value.
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Figure 2. Main field voltage (V¢) waveform and r.m.s. value for healthy conditions and for faulty
conditions (F1: open-diode fault; F2: shorted-diode fault; F3: open-phase fault).

The variety of rotating rectifier fault detection methods is large. The most common
offline methodology involves disassembling the machine to measure the health of each
diode and to check the connections. The most significative online approaches are based
on the analysis of externally available electrical signals (machine output voltage/current
and exciter field voltage/current) or, alternatively, mechanical, acoustic or thermal signals.
Although these methods have advantages mainly related to their non-invasiveness and
their reliability, they have a high computational complexity and cost.

On the one hand, regarding externally available electrical signals, in reference [12]
it is presented that open-diode faults and shorted-diode faults give out different output
voltage harmonic spectrum patterns. In this sense, the actual condition of the rotating
rectifier was monitored through the characteristic frequencies used as indicators, largely
the sixth harmonic, and also open-circuit and shorted-diode faults were distinguished
using the amplitude ratios between certain harmonics as indicators. In reference [13], the
relative wavelet energy tool together with statistical properties was also applied to the
output voltage waveform and the k-nearest neighbors method (KNN) was used to classify
the faults.

Further regarding externally available electrical signals, most of these are not suitable
to detect faults in environments with electrical noise, which is not in the matter of the
exciter field current and of the output current [14]. The exciter field current waveform is an
appropriate one for diode fault detection as described in reference [15]. The well-known
detection method proposed in reference [15] shall be specifically mentioned on the basis
of the ratio between the fundamental harmonic component and the exciter field current
DC content. Reference [16] monitors the second harmonic content as an indicator for diode
failure faults. In reference [17], its FFT components are deeply learned and Euclidean
distance calculation is used for fault detection. In the case of reference [18], voltage-behind-
reactance (VBR) is used as a basis to develop a fault detection method, which also goes
through the harmonic analysis of the exciter field current.

As any of the aforementioned approaches that analyze the exciter field current har-
monic content may lose information about fault location, in order to acquire information
about the fault’s location, fault features of the exciter rotor current were studied in refer-
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ence [19] and, consequently, the ratio of the second harmonic to the fundamental of the
restructured exciter rotor three-phase currents was used to detect diode failure faults. Other
novel alternatives to harmonic-based approaches related to the exciter field current include
the use of fractal theory and dynamics of the signal [20].

On the other hand, other alternative non-electrical signal analysis methods have
been put forward as well to detect rotating diode failure faults. In reference [21], the
KNN supervised classification method is applied to the wavelet transform of acoustic
signals in order to recognize healthy and faulty conditions. In reference [22], the support
vector machine classification method (SVM) is applied to the discrete wavelet transform
of vibration signals. Finally, in reference [23], KNN and SVM classification methods are
applied to the wavelet components of features from thermal images.

Another common online approach to the detection of diode failures is based on airgap
flux analysis. Developed on the characteristics of the frequency components of the induced
e.m.f. at a search coil situated at the stator slots of the exciter machine, a design of a classifier
was proposed in reference [24] through the use of the KNN method. In reference [25], the
installation of a coil on the exciter stator yoke is proposed in order to discern open-diode
faults using the rotational frequency of the electromotive force (e.m.f.) induced in the coil.
Nevertheless, although airgap flux techniques are highly accurate and reliable, they are
substantially invasive, they impose installation and machine design constraints and they
are ineffective in terms of computational complexity and costs.

To the same purpose, stray flux-based approaches have been developed. In refer-
ence [26] it is proven that because the stray flux components related to the exciter frequency
increase when compared to healthy conditions, diode failure faults are subject to detec-
tion. In reference [27], the e.m.f. induced at a search coil located near the frame of the
machine is subject to spectral analysis. Although stray flux techniques are simple and non-
invasive, their main limitations consist of their low accuracy level and their computational
complexity and cost.

A summary of the mentioned signal analysis-based techniques is displayed in Table 1.
Apart from the different approaches based on signal analysis, condition monitoring through
model-based strategies is a trend. Model-based condition monitoring approaches are
hypothesized to be the more suitable for protection the more precise the model built
is. In this regard, the exciter models presented in references [28-31] are considered a
primary step for protection scheme design. Furthermore, a numerical model was used in
reference [32] based on 2D finite element analysis, although the FFT had to be performed
on the output voltage.

In the interest of overcoming the sluggishness of the methods based on signal analysis
that are largely due to information acquisition and data processing times, and also in the
interest of overcoming their limitations regarding rapid dynamic faults, it is believed that
the current state-of-the-art method has scope for fast model-based condition monitoring
techniques [33].

This paper applies a verified BSM model [34] to develop a novel online rotating rectifier
fault detection method, which is based upon the comparison between the actual and the
theoretical exciter field currents, the latter being computed from the machine output values
through the healthy BSM model, at any monitored steady point. The rotating rectifier
faults that have been addressed in this work are open-diode faults, shorted-diode faults
and open-phase faults. This work notably expands model-based BSM protection technique
capability. The main advantage of the proposed detection method is that, once the machine
parameters that are required as inputs to build the theoretical model are known—for
example through standard testing of the machine [35]—the computational complexity that
arises from the algorithm in use is very low when compared to other approaches and, more
specifically, to other model-based methods. Moreover, the method is characterized by the
non-intrusiveness property. The needed inputs are already ordinarily monitored variables
in the industry, without need of any additional equipment or adaptation, which makes its
industrial application straightforward.
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Table 1. Comparison of various online BSM rotating rectifier fault techniques.

Category

Subcategories References Challenges Overcome by Model-Based Methods

Electrical signal analysis

Output voltage [12,13,32]

Suboptimal accuracy

Output current [14,19] Electrical measurement error dependence

Computational complexity

Exciter field current [14-20]

Mechanical signal analysis

Audio signal acquisition technical constraints
Acoustic noise
Additional equipment
Difficult fault classification
Computational complexity

Acoustics [21]

Suboptimal accuracy
Vibration signal acquisition technical constraints
Additional equipment
Difficult fault classification
Computational complexity
Cost

Vibrations [22]

Thermal signal analysis

Computational complexity
Additional equipment
Material cost

n/a [23]

Airgap flux analysis

Invasiveness
Additional equipment
Installation constraints

Machine design constraints
Computational complexity
Cost

n/a [24,25]

Stray flux analysis

Low accuracy
Computational complexity
Additional equipment
Cost

n/a [26,27]

The mentioned computational simplicity makes reliable real-time condition moni-
toring and fault diagnostics possible. The detection method is suitable as a first online
diagnostic approach before shifting to other techniques. The paper also consequently
proposes a specific protection method regarding rotating rectifier faults.

In order to corroborate the method, on the one hand, computer simulations have
been conducted, and, on the other hand, a large variety of experimental healthy and faulty
condition tests have been carried out on a specific laboratory test bench.

This paper describes the principles of the applied method in Section 2. Sections 3 and 4
are dedicated, respectively, to the computer simulations and to the experimental testing.
Finally, in Section 5, conclusions are put forward pointing out the main contributions of
this work.

2. Description of the Fault Detection Method

A simplified representation of the applied fault detection and of the proposed protec-
tion features is shown in Figure 3.

The proposed fault detection method is based upon the fact that in the event of an elec-
trical fault in the rotating rectifier, if voltage regulation is performed, the AVR will provide a
higher excitation current compared to the one needed in theoretical healthy conditions, for
the sake of maintaining the same machine operating setpoint. The later theoretical current
is computed through a healthy machine model developed in reference [34]. Nevertheless,
if excitation is not controlled automatically but manually, as happens to be the case in
Section 4, the method is equally applicable as the drop in the reactive power output defines
a new faulty operation point.
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Figure 3. Simplified schema of the fault detection method and protection features.

The inputs that the model needs in order to perform the detection consist of discrete
measurements of variables that are usually already monitored in the industry. These inputs
consist, on the one hand, of the machine output measurements, physically acquired through
measurement of voltage transformers (PT) and current transformers (CT), as a combination
of at least three:
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Basic variable measurements: Phase voltage (U4 and/or Up and/or Uc) and/or line
current (I4 and/or Ip and/or Ic). Alternatively, line voltage (Usp and/or Uac and/or Upc)
can be utilized in place of phase voltage.

Derived variable measurements: Active power (P) and/or reactive power (Q). Eventu-
ally, apparent power (S) can be utilized as a substitute for either P or Q.

An example of inputs that entirely define an operating point would be (Ugap, P, Q)
as one of the possible combinations. In Figure 3, PTs and CTs for voltage and currents in
each of the phases have been represented as a possible exhaustive physical realization of
the method.

On the other hand, the other input measurement required to apply the method con-
sists of the exciter field current (I¢ueq). In Figure 3, the measuring device that has been
represented is a DC current shunt, although a Hall effect sensor or other measurement
technique could be used instead.

First, the value of the theoretical exciter field current (I, ) is estimated using the
healthy condition model, for any actual operating point of the machine, through the
following steps:

1. First stage: Main machine.

The theoretical field current value for the main machine (¢ .,) is computed by means
of standard methods. If the ASA method is applied [35], the following equation deduced
from the corresponding phasor composition provides the desired estimation:

- - i 2 _ 2
Igea = Al + \/[ (mairgap) LU + (msc) ' Isin ¢ } + [(msc) ' T-cos (P} 1)

where: term (mairgap)fl- U stems from the airgap line of the machine, given its slope value
Majrgap and the actual machine output voltage value (U) considered as if it was delivered
at no-load conditions with no saturation.

Terms (msc)fl- I'sin @ and (mgc) 1. I.cos ¢ stem from the short-circuit characteristic
of the machine, given its slope value mg. and the actual machine output current (I), therefore
considering the armature reaction and the voltage drop at the Potier reactance (Xp). In
order to perform the phasor sum with the previous term, the power factor angle (¢) shall
be used:

¢ = aI‘CCOS[ % } = arcsin[ % ] = arctan[ % ] )

Term Al; represents the additional need of equivalent field current to overcome satu-
ration and it is calculated as the difference for the actual delivered e.m.f. (E;) between the
no-load saturation characteristic and the airgap line, i.e., (mairgap)fl- E;, where:

E, = \/[U+ I.Xp.sjn(p ]2 + [IXp Ccos (P]Z 3)

2. Rectifier stage relationship.

The theoretical output r.m.s. current of the exciter (It ca1) is computed from I; ., by
means of a well-known relationship with the full-wave uncontrolled rectifier. The following
equation gives out the value of It .5 from I; .51, while Equation (5) gives out the theoretical
exciter output r.m.s. line voltage value (Uqgytcal) from Iy car:

Lo %"I 24 “’T"I 24 o 1[4, 4m] _ | 2 .
out,cal — E /0 (f,cal) <wt)+~/6g[ (_ f,Cal) (wt) — Ifcal’ E ?“'? — df,cal” § ()

3. Second stage: Exciter.

This step is brought down to the application of a linear relation between I, ., and
Lyut cal, Which can be obtained through a healthy condition test. This is because the constant
equivalent impedance (Z) property is applied in magnitude and in phase, given the load
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connected to the exciter, at the fundamental frequency. The mentioned impedance is written
as follows:

—

Uout,cal

Z=12], = =2 5)

out,cal

It shall be noted that the abovementioned linearity is applicable when the exciter runs
under linear conditions, which is usually the case in the industry, where these machines
are oversized in order to avoid saturation, even if the main machine is overloaded. If this is
not the case, this simplification could not be applied, and the analogous ASA development
for the main machine should be carried out for the exciter.

Finally, parameter r consists of the ratio between I¢ mea and the one that would be
necessary to provide if the rectifier was in healthy conditions for the same actual operating
point (Ie ca1)- If Ie mea > le a1, then r > 1 and abnormal operation conditions can be deduced.

_ Ie,mea ( 6)

Ie,cal

If the AVR is in operation, in case of a rectifier fault, it seeks to compensate for the
degraded rectifier output, so as to maintain the same average level of the DC rectifier
output and to thereupon maintain the same main field value. A gap-up in I mea would be
observed while I, ., would stay constant given that the machine operating setpoint does
not vary. Therefore, in faulty conditions, r > 1.

On the contrary, if the machine does not run on automatic excitation, a drop in Q
would be observed after a rectifier fault occurs. In this case, I mea would remain invariable
while I, ., would experiment a gap down given that the new operating point with lower
Q would be considered as an input to compute the new theoretical value. Therefore, in
faulty conditions, r > 1 as well. Consequently, the method is equally applicable for manual
mode excitation.

It shall be noted that these faults are unequivocally recognized as any healthy-to-faulty
transition. Specific characteristic increments of the difference between Ie mea and I, o) are
attained with a steep transitory evolution.

If r > k, several comparisons can be performed in order to discern the fault type. The
setting of k shall consider the accuracy achieved in the theoretical estimation, particularly
according to the precision of the measuring devices that provide its inputs, usually ranging
from 1.02 (i.e., 2% full-scale error tolerance) to 1.05 (i.e., 5% full-scale error tolerance). The
value is set at k = 1.05 for the experimental approach developed in Section 4. A warning,
alarm, information or trip feature could be included in the case that r > k (output signal).
Applying the factor of safety allows us to avoid, in normal conditions, inaccuracy issues
leading to unwanted warnings, alarms, information or trips.

The comparison is performed with different thresholds (r; inf to 1jsyp fori=1,2 and
3), with 12 sup > 12inf > I3,sup > T3inf > T1,sup > I'1,inf > k > 0 for each of the faults (F1: open-
diode fault; F2: shorted-diode fault; F3: open-phase fault) in order to trip when any of
the faults is detected. Thresholds r; ;¢ and rjsup may not necessarily be constant, as a
possible realization of the method may include variable thresholds based upon the machine
operating point. The method is especially conceived for steady operating points.

It is assumed that any of the sudden faults will be detected and would be a trigger,
so multiple sudden fault combinations (multiple diode failures, diode failure with open
phase, two open phases, etc.) are not considered.

The method allows to continuously monitor the health of the rotating rectifier, ana-
lyzing the evolution of the relative difference between the healthy theoretical exciter field
current and the actual measured exciter field current, and identifying the step evolutions
that derive from the mentioned binary type faults, i.e., only two states are possible: healthy
or faulty.
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For all features, constant time delay parameters or time-inverse delay characteristics
(Ton, for i = 1, 2 and 3) shall be set, especially depending on the exciter capability to
withstand each fault, in order to avoid false positives related to electromagnetic transitory
environmental effects, among other factors.

3. Computer Simulations
3.1. Computer Simulation Model

As shown in Figure 4, a computer simulation model was built using Simulink® (The
MathWorks, Inc., Natick, MA, USA). In the program, numerous simulation tests were
run in healthy and faulty conditions (F1: open-diode faults; F2: shorted-diode faults; F3:
open-phase faults) with the aim of evaluating, for different machine operating points, the
functionality of the proposed detection method.

- EXCITER

H‘m]u

Discrete
PI Controller
Vf_Exiter
= P

AVR

<Rotor speed_wm (pu)>

FEh

DIESEL ENGINE
GOVERNOR

Figure 4. Computer simulation model.

As represented in Figure 4, both machines, i.e., main machine and exciter, are me-
chanically coupled through the shaft speed, as it is the mechanical input parameter of the
exciter. Speed regulation is performed through a diesel engine governor block that provides
the total required mechanical power, while voltage regulation is performed automatically
through an AVR block with the field voltage as an input of the exciter. Therefore, any of the
rotating rectifier faults (F1, F2 and F3) imply a rise of the exciter field current (I¢) so as to
remain at the same operating point. Operating points will be characterized in this section
through the (U, P, Q) values.

3.2. Computer Simulation Verification

Simulations in the cases of open-diode fault (F1), shorted-diode fault (F2) and exciter
open-phase fault (F3) are presented in Figures 5-7, respectively. The value of L. (per-unit,
p-u.) is represented in each of the faulty condition cases, for different (P, Q) operating
setpoints, at reference voltage (U =400 V or 1 p.u.). Furthermore, the healthy case surface
is shown as a reference in each of the figures.

As can be seen in Figures 5-7, the gaps between the surfaces in faulty and healthy
conditions allow a clear differentiation between each of the faulty cases and the common
healthy case to be carried out. Therefore, these faults are unequivocally recognized when
the AVR is in operation through the characteristic difference in the exciter field current
between the healthy reference surface, which is intended to be estimated through the
proposed method, and the faulty surface for each (P, Q) point.

Furthermore, the points on the faulty surfaces are attained via a step function, which
means that from any healthy condition operating point, the characteristic stepwise in-
crements can be recognized, making elementary the differentiation between the healthy
conditions and the faulty conditions.
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Figure 5. Simulation results. I. (p.u.) represented for different (P, Q) operating setpoints at reference
voltage for F1: open-diode fault.

EShort-circuited diode fault

2 Bl Healthy conditions

15

1000 1600

Q [kvar] 500

1400

o 000 120
400 890 P [kW]

0 200

Figure 6. Simulation results. I, (p.u.) represented for different (P, Q) operating setpoints at reference
voltage for F2: shorted-diode fault.
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Figure 7. Simulation results. I. (p.u.) represented for different (P, Q) operating setpoints at reference
voltage for F3: exciter open-phase fault.

It is a notable fact that if the AVR was not in operation, the fault recognition would be
based instead on characteristic drops of Q. For the same I,, a new operating point would be
attained with lower Q and on the corresponding faulty condition surface.
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4. Experimental Tests
4.1. Experimental Test Bench

A standard procedure to test BSM was applied, which consisted of making the rectifier
static by mounting temporary slip rings with the aim of having direct access for electrical
measurement purposes in the elements that are ordinarily in a rotary regime [35]. A simple
representation of the mentioned special setup is provided in Figure 8.

ROTATING ELEMENTS CT

A
\| |

EXCITER

=] UsB

MAIN MACHINE
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MULTI-TRANSDUCER

COMPUTER

ARDUINO
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3006686 |
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Figure 8. Schematic layout of the experimental arrangement with static rectifier. Rotating elements
are contained in the areas in gray.

The experimental test bench, shown in Figure 9, is made up of the following elements
on the same shaft: (a) a prime mover, consisting of an asynchronous motor controlled with
a variable-frequency drive (VFD); (b) the BSM (exciter and main machine), which is excited
by means of a variable DC power supply; (c) a static full-wave three-phase diode rectifier
provided with sectional terminal blocks, situated between the AC output on the exciter
side and DC input on the main machine side, both which have (d) brushes and slip rings
installed. These elements find their correspondence also in Figure 8.

The connection of the machine to the grid is done through an autotransformer, which
has the effect of having an adjustable AC busbar, i.e., the grid side voltage (U) can be altered.
When the machine is synchronized with the grid, P and Q are, respectively, controlled
independently through the VFD and the DC adjustable voltage supply.

Data about the main machine and the exciter on which the tests were performed are
provided in Table 2 and Table 3, respectively.
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Figure 9. Experimental test bench ((a) asynchronous motor; (b) BSM; (c) diode rectifier; (d) brushes

and slip rings).

Table 2. Main machine data.

Alternator Type Synchronous 3-Phase
Rated power 5 kVA
Rated speed 1500 rpm
Rated voltage 400 \Y%
Rated current 7.2 A
Pole pairs 2
Rated frequency 50 Hz
P 21
Isolation class F
Rated excitation voltage 33 \%
Rated excitation current 4.10 A
Table 3. Exciter data.
Alternator Type Synchronous 3-Phase
Rated power 277 VA
Rated speed 1500 rpm
Rated voltage 40 \%
Rated current 4 A
Pole pairs 4
Rated frequency 100 Hz
P 21
Isolation class F
Rated excitation voltage 33 \%
Rated excitation current 0.61 A

The measuring devices that were installed have also been represented in Figure 8, as
well as the data acquisition equipment that allows 455 measurements per second to be
obtained via Arduino® (Arduino S.rl. Genova, Italy) and computer data-logging. This
equipment used to acquire the measurements is conventionally used in industrial noisy
environments and it consists of:

1. Hall effect DC current sensor, in order to measure the exciter field current.
2. Three 10/5A current transformers (CT), compliant with EN-IEC 61869-2 standard, one
per output phase.
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3. Industrial programmable multi-transducer, compliant with EN-IEC 61000 standard re-
garding electromagnetic compatibility, with EN 60688 standard regarding electrical mea-
suring transducers and with EN 55011 standard regarding radiofrequency disturbance.

The main characteristics of this equipment are summarized in Tables 4-6, respectively.

Table 4. Hall effect DC current sensor data.

Maximum Voltage 26 v

Maximum current +3.2 (40.8 resolution) A (mA)

Precision amplifier 0.1 (1% precision) Q
Interface 12C

Table 5. Current transformer data.

T Single Phase,
ype Wound Primary

Ratio 10/5

Rated current 10 A
0.5(2.5)
Class and power 1(5) (VA)

3(7)

Maximum operating voltage 0.72 kv

Table 6. Programmable multi-transducer data.

Number of Outputs 3
Type of output Analogue
Rated input current 1to6 A

57.7 to 400 (phase-to-neutral)
100 to 693 (phase-to-phase)
0.2 (voltage and current)
0.5 (all other quantities)

Computer interface RS232

Rated input voltage

Accuracy class

It shall be noted that in real case applications, the method is expected to give better
results than in the laboratory because current transformers used in large power generators
have better accuracy.

In order to perform faulty tests, some arrangements were carried out at the diode
bridge rectifier so as to simulate each type of fault, as shown in Figure 10. These faults are
the following:

1. F1: Open-diode fault. A circuit-breaker is placed in series with one of the diodes. It is
closed in healthy conditions and suddenly opened when the fault is performed.

2. F2: Shorted-diode fault. A short-circuit branch is connected in parallel with one of the
diodes and it is provided with a circuit-breaker. It is open in healthy conditions and
suddenly closed when the fault is carried out. The fault has been performed with a
fault resistance value of 6 Q) (Rf = 6 ) in order to limit the fault current below the rated
exciter current, and, therefore, to avoid excessive fault currents that could damage the
exciter, as shown in Figure 11.

3. F3: Open-phase fault. A circuit-breaker is placed in series with one of the input
phase lines. It is closed in healthy conditions and suddenly opened when the fault
is produced.
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4.2. Experimental Test Results

The results of the experimental tests for various (P, Q) operating points at a fixed grid
voltage (U =400 V) in the case of an open-diode fault (F1), a shorted-diode fault (F2) with
R¢ = 6 (2 and an open-phase fault (F3) are shown in Figures 12-14, respectively, in the form
of healthy-to-faulty transitions. In these figures, the exciter field current measurement
(Ie,mea) for each healthy condition initial point (tail of arrow) and for each corresponding
final faulty condition point (head of arrow) is represented for different operating points at
a fixed grid voltage.

F
OpenI I_>L

F3\
——r—1

open ™

at t=tr F1

A A A

Figure 10. Experimental rectifier faulty condition test arrangement schema (F1: open-diode fault; F2:
shorted-diode fault; F3: open-phase fault).

Figure 11. Shorted-diode faulty test setup, with R¢ = 6 () achieved with two 3 () series resistors.

As the excitation is not controlled through an AVR system but manual excitation
control is performed instead through the DC adjustable supply system and kept constant
for each healthy-to-faulty transition, and as the mechanical power input from the prime
mover is also kept constant for each transition, after each rectifier fault is carried out,
a healthy operation point (points in blue in Figures 12-14) gives place to a new faulty
condition operation point (points in orange in Figures 12-14). These faulty condition points
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are attained with the same I¢ mea, i.€., on the same horizontal plane as the original healthy
condition point, and with the same P value as the original healthy condition point. A drop

in the Q value is observed in each transition as the machine-reactive power requirement
turns to be greater in faulty cases, behaving as a reactive power sink.

o’\
L . o ege .
350 - ® Healthy condition initial point
T ‘ *  Faulty condition final point (F1)
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300 — RN
b .

— TN ’\'
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Figure 12. Experimental results. Representation of I¢ mea for (P, Q) operating points at U = 400 V both
in healthy conditions and in faulty conditions (F1: open-diode fault).
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Figure 13. Experimental results. Representation of I¢ mea for (P, Q) operating points at U = 400 V both
in healthy conditions and in faulty conditions (F2: shorted-diode fault with R¢ = 6 ().
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Figure 14. Experimental results. Representation of I mea for (P, Q) operating points at U = 400 V both
in healthy conditions and in faulty conditions (F3: open-phase fault).

Furthermore, from the experimental test points shown in Figures 12-14, a healthy
condition surface axis for P = 1500 W and three faulty condition surface axes (for faults
F1, F2 and F3) also for P = 1500 W have been inferred. These surface axes have been
represented in Figures 15-17, respectively. The healthy-to-faulty transitions marked with a
red arrow in Figures 12-14 have also been represented in Figures 15-17, respectively.

320 -
300 -

280 -

—Healthy condition surface axis
——Faulty condition surface axis (F1)

140 | | | | | J
-2000 -1500 -1000 -500 0 500 1000 1500

Q [var]

160

Figure 15. Experimental results. Representation of I ¢, healthy and faulty condition (F1: open-diode
fault), surface axis for P = 1500 W at U = 400 V.
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320 -
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Figure 16. Experimental results. Representation of Ie mea healthy and faulty conditions (F2: shorted-
diode fault with R; = 6 ), surface axis for P = 1500 W at U = 400 V.
320 -
300 -
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Figure 17. Experimental results. Representation of Ie mea healthy and faulty conditions (F3: open-
phase fault), surface axis for P = 1500 W at U = 400 V.

As can be seen in Figures 15-17, a straightforward differentiation is feasible between
the healthy case and the faulty cases, as a stepwise gap exists between the surfaces in
healthy and faulty conditions.

The online fault detection method relies on the comparison between I, ¢, and I, o, the
latter of which shall be computed through the healthy machine model from the machine ac-
tual output values as developed in reference [34] and synthetized in Section 2. This method
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shall be verified through the healthy-to-faulty transition experimental tests presented in
this section.

As aforementioned, when the rectifier fault is produced, the machine operating point
moves from a point on the healthy condition characteristic to another point on the corre-
sponding faulty characteristic according to the fault type (F1, F2 or F3). In this case, an
operating point with lower Q is attained, with the fact that I remains constant before and
after the fault is produced. Following the detection method, I, ,; should be computed for
the new faulty operating point outputs (U, P, Q) through the healthy machine model and
then compared to Ie mea as per Figure 3. Because at these faulty operating points the excita-
tion power need is higher than in healthy conditions for exactly the same machine outputs
(Ie,mea > I¢ ca1), their ratio, monitored through r, is an effective indicator of rectifier faults.

The method will be verified for the three healthy-to-faulty transitions marked in red
in Figures 12-14 and represented in Figures 15-17 with a voltage measurement full-scale
error tolerance of 1.5% and a power measurement full-scale error tolerance of 5%:

e Regarding the open-diode fault (F1), the initial healthy condition point is (U =400 V;
P =1500 W; Q = 0 var). When the fault is produced, Q drops to —594 var defining a new
operating point at (U =400 V; P = 1500 W; Q = —594 var), as shown in Figure 18a. In
healthy conditions, the value of the measured current (I mea) is similar to the theoretical
one computed through the model (I ¢41), i.e., r =~ 1, but after the fault takes place, while
Ie,mea stays constant at 230 mA, the value of I, ., experiences a drop as the new output
operating point should be attained with less need of excitation power if the system was
healthy, as per Figure 18b. This fact gives rise to a value difference obtained from the
comparison of I mea and I o5 after the fault, represented by the stepwise gap (r > 1).

2000 240
1500 sk " . A
220
1000
=P 200
- 500 e
(var] [mA]
0
180
-500
160
-1000
-1500 140
0 05 1 15 2 25 3 0 0.5 1 15 2 25 3
time [s] time [s]
(a) (b)

Figure 18. Healthy-to-faulty transition for a sudden open-diode fault (F1), with fixed P = 1500 W and
U =400 V: (a) Measured P and Q; (b) e mea and Ig ¢y

e Similarly to the previous case, in the case of the shorted-diode fault (F2) with R¢ = 6 (),
the initial healthy condition point (U =400 V; P = 1500 W; Q = 0 var) gives place to
a new operating point at (U = 400 V; P = 1500 W; Q = —1012 var) after the fault is
produced, as shown in Figure 19a. As represented parallelly in Figure 19b, the value
of Ie mea passes from being similar to the theoretical one computed through the model
(Ie ca1) before the fault, i.e., r ~ 1, to having a clear difference after the fault, as I¢ mea
stays constant at 230 mA but the value of I ., drops when the calculation is performed
with the healthy model at the new operating point (r > 1).
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Figure 19. Healthy-to-faulty transition for a sudden shorted-diode fault (F2) with R¢ = 6 (2, with fixed
P =1500 W and U = 400 V: (a) Measured P and Q; (b) I¢,mea and I 1.

e Finally, regarding the open-phase fault (F3), the healthy-to-faulty transition implies that
the (U =400 V; P = 1500 W; Q = 0 var) is left and a new operating point at (U = 400 V;
P =1500 W; Q = —610 var) is attained, as represented in Figure 20a. As shown parallelly
in Figure 20b, a stepwise gap between I mea and I, oo is also obtained after the fault
(r > 1) due to the drop of I ., at the new operating point.

240

AWM

220

[mA]

0.5

180

R Se————

160

140
1.5 2 25 3 0 05 1 15 2 25 3
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(a) (b)

Figure 20. Healthy-to-faulty transition for a sudden open-phase fault (F3), with fixed P = 1500 W and
U =400 V: (a) Measured P and Q; (b) e mea and Ig ¢y

5. Conclusions

This paper applies a novel brushless synchronous machine theoretical model to the
online detection of rotating rectifier electrical faults, specifically to open-diode faults,
shorted-diode faults and open-phase faults.

The applied method is based on the comparison of the theoretical exciter field current,
computed from the theoretical healthy machine model from the system output measure-
ments, and the actual measured exciter field current, for each monitored operating point.
The applicability of the method relies on the fact that all the mentioned faults imply a
divergence between the theoretical and the measured exciter field current.

The method stands out because it is non-intrusive and because the inputs that are
needed consist of variables that are already usually monitored in mostly all industrial
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applications. Moreover, it has a negligible computational complexity with respect to
other existing condition monitoring techniques. All these facts make straightforward its
industrial application without need of any further equipment or adaptation.

The online condition monitoring achieved through the application of the method is a
useful tool to provide a first signal or alert to the operator in the event of a rotating diode
fault, as a preliminary online approach before shifting to other diagnostics methods that
may need access to the machine. The applicability of the rotating rectifier fault detection
method has been corroborated with successful results, on the one hand, through computer
simulations, and, on the other hand, through experimental testing that has been performed
on a specific laboratory test bench.

Future challenges and research directions mainly include the application of the pro-
posed method to larger power machines in industrial contexts and the development of an
automatic fault classifier in order to build a complete functional protection scheme.
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