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Abstract: Power semiconductor devices in the power converters used for motor drives are susceptible
to wear-out and failure, especially when operated in harsh environments. Therefore, detection of
degradation of power devices is crucial for ensuring the reliable performance of power converters.
In this paper, a deep learning approach for online classification of the health states of the snubber
resistors in the Insulated Gate Bipolar Transistors (IGBTs) in a three-phase Brushless DC (BLDC)
motor drive is proposed. The method can locate one out of the six IGBTs experiencing a snubber
resistor degradation problem by measuring the voltage waveforms of the three shunt resistors using
voltage sensors. The range of the degradation of the snubber resistors for successful classification
is also investigated. The off-the-shelf deep Convolutional Neural Network (CNN) architecture
ResNet50 is used for transfer learning to determine which snubber resistor has degraded. The dataset
for evaluating the above classification scheme of IGBT degradation is obtained by measuring the
shunt voltage waveforms with varying snubber resistance and reference current. Then, the three-
phase voltage waveforms are converted into greyscale images and RGB spectrogram images, which
are later fed into the deep CNN. Experiments are carried out on the greyscale image dataset and
the spectrogram image dataset using four-fold cross-validation. The results show that the proposed
scheme can classify seven classes (one class for normal condition and six classes for abnormal
condition in one of the six IGBTs in a three-phase BLDC drive) with over 95% average accuracy
within a specific range of snubber resistance. Using grayscale images and using spectrogram-based
RGB images yields similar accuracy.

Keywords: deep neural network; degradation monitoring; power converter

1. Introduction

Brushless DC (BLDC) motors have been widely used in a large spectrum of consumer
electric applications for their merits such as high efficiency and low maintenance cost [1-4].
The electronic commutation helps to eliminate the physical brush contact, and the only
contact is the ball bearing, which makes the BLDC motor more reliable and quieter than
a conventional DC motor. The back EMF can be excited by either the sinusoidal driving
method or the trapezoidal driving method.

In the BLDC drive system, the power converter plays a vital role in transporting
energy between the power source and the motor. However, the reliability of the power
converter is of particular concern, since the power devices in the converter are considered
vulnerable parts and prone to failures [5-9].

Monitoring the health states online helps raise awareness of the degradation of the
power devices, which may eventually lead to the failure of the power converter, and even
damage the whole drive system. This is of importance for devising a maintenance plan and
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preventing the failure of the system. Generally, the fault detection and diagnosis can be
classified into model-based, signal-based, and knowledge-based categories [10]. The model-
based method checks the presence and the type of the fault by comparing the measured data
and the model’s prediction. The signal-based method examines the signal patterns caused
by the faults without the need for an input-output model. The knowledge-based method is
aided by artificial intelligence, and it is used in situation where model is too complex to
obtain. Thanks to the direct influences of the faults on output signal patterns, signal-based
converter monitoring methods have been proposed [11,12]. A signal-based condition
monitoring for power electronics is proposed for hybrid electric vehicles [11]; the system
faults are detected by the time domain analysis of current and voltage signals obtained at
the input and output terminals of the converter; statistical methods such as skewness and
kurtosis are applied to monitor the buck and boost conditions. A comprehensive signal-
based real-time condition monitoring algorithm for high-power converters is proposed [12],
which can provide open circuit fault detection, short circuit fault detection, overheating
detection, and remaining lifetime estimation simply by measuring the voltage between
the collector and emitter of the power semiconductor devices. A variety of model-based
converter monitoring has also been proposed [13-16]. Sub-module capacitance condition
in the modular multilevel converter is monitored online using four instantaneous capacitor
voltage values with specified phase information [13]. Degradation of the transistor in boost
converters is monitored using the saturation region resistance instead of the on-resistance,
in order to solve the problem that it is difficult to identify the on-resistance due to its small
value, even though it is the most significant aging factors in power MOSFETS [14].

With the vast development of artificial intelligence, deep learning algorithms have
been used in numerous applications [17-19], and have also been introduced in monitoring
power converters [20-23]. Even though these knowledge-based methods usually require a
huge amount of data, they are receiving more and more attention when the explicit models
or the signal patterns of a system are not available straightforward. A real-time reliability
modeling and prediction algorithm for high-frequency MOSFET power electronic convert-
ers is proposed using long short-term memory and the change of device resistance, which
achieves much higher accuracy than traditional approaches such as Kalman filter and
particle filter [20]. The proposed approach in [21] monitors the semiconductor on-resistor
change as a precursor for diagnostic/prognostic in GaN power converters. A hybrid gener-
alization network called IEDGNet which addresses the diagnosis problem under unseen
working conditions is proposed [22]; the method tackles the challenging problem, i.e., the
discrepancy between the training data and the test data, by regularizing the discriminant
structure of the network with intrinsic and extrinsic generalization objectives. A review of
the recent developments of induction motor drives fault diagnosis using expert systems, ar-
tificial neural networks, and fuzzy logic systems has been presented [23], the authors utilize
the instantaneous voltages and currents as input signals for the discussed methodologies.

In this paper, a deep learning-based online classification scheme to identify which
Insulated Gate Bipolar Transistors (IGBT) has degraded snubber resistor in the power
converter for a three-phase BLDC motor drive is proposed. It is crucial to monitor the
health states of the power devices to prevent the possible damage to the system caused
by the failure of the power devices. By monitoring the voltage waveform of the shunt
resistor in each phase, the degradation of the snubber resistor in IGBTs can be detected.
The off-the-shelf deep network ResNet50 is used to perform the classification task for
normal and abnormal conditions of the snubber resistors. For generating the dataset, two
approaches are used. The first is to encode the voltage waveforms of the shunt resistors
into grayscale images. The other is to perform a Short-Time Fourier Transform (STFT)
that obtains the spectrogram of the voltage waveform for each phase and then encodes
the spectrograms into RGB images. Three different ranges of the snubber resistors are
compared. Experiments are carried out to evaluate the classification performance of the
proposed scheme. The results using greyscale images and RGB images are compared, and
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the range of the resistance of the snubber resistor in which the proposed scheme can take
effect is also discussed.

2. Classification of Health States of Power Converter

In this section, an online monitoring scheme for detecting the degradation of the
snubber resistor is proposed, based on the classification of normal and abnormal conditions
using deep learning approach. First, a brief introduction of the motor drive system to
monitor is provided. Further, the collection of the dataset for training and evaluating the
deep network for classification is discussed. Finally, the network architecture is described.

2.1. BLDC Motor Drive

The BLDC motor drive system is operated by the feedback from the rotor position
sensor, which is obtained every 60 electrical degrees where commutation of the phase
currents occurs. The circuit diagram of the three-phase BLDC motor drive system is shown
in Figure 1. The commutation timing is determined by hall sensor signals H4, Hg, and
Hc, as shown in Table 1. The + and — sign indicate the direction of the current flow, while
OFF means no current flow in the phase. Based on the position of the rotor, there are six
switching intervals. At each interval, the six switches are controlled in such a way that the
current only flows in two phases in opposite direction. A shunt resistor is placed in a series
connection with the lower switch of each phase. As shown in Figure 1, a voltage sensor is
used to measure the voltage of each shunt resistor for current control scheme.

San SeH Sci Three-
phase
J J J BLDC motor
Y YN
Upe I _mmm
> T
YN
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= SaL Sai Sci
Upe — ] 1K il¢
2
RshuntA + RghumB + RshuntC +

Figure 1. BLDC motor drive.

Table 1. Switching patterns of the BLDC motor drive.

Switching 0°-60°  60°-120°  120°-180°  180°-240°  240°-300°  300°-360°
Interval
Sequence
e 0 1 2 3 4 5
Hy 1 1 1 0 0 0
Hall Hp 0 0 1 1 1 0
Sensors
Hc 1 0 0 0 1 1
A OFF + + OFF - -
Phase B — — OFF + + OFF
Current
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2.2. Dataset

The proposed method detects the degradation of the snubber resistors inside the
power device modules by monitoring the voltage waveforms of the three shunt resistors.
Currently, seven conditions are considered: one of the six snubber resistors experiencing
degradation, and one normal condition. The task is to differentiate one of the conditions
from the rest. Under normal conditions, the typical value of the snubber resistance is
100 kQ). In abnormal conditions, the degraded snubber resistance is below 100 k(). The
change of the shunt voltage reflects the degradation of the snubber resistance. The voltage
waveforms are plotted in Figure 2a when there is no degradation in the snubber resistors.
When the snubber resistor of the switch S 4 has degraded, the waveforms are slightly
deviated from the normal condition, as shown in Figure 2b, the negative voltage in U4 is
reduced compared with that of the normal condition, while a clear step can be observed
in the middle of the positive voltage in Up and Uc. When the snubber resistor in S,
SgH, SBL, ScH, ScL, is under an abnormal condition, the measured waveforms are shown
in Figure 2c-g, respectively, the difference when compared with the normal condition can
also be observed in these figures.
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Figure 2. Voltage waveforms of shunt resistors. (a) Normal condition; (b) abnormal condition in Sp; (¢) abnormal

condition in S 41; (d) abnormal condition in Spyy; (e) abnormal condition in Spy; (f) abnormal condition in Scpy; (g) abnormal

condition in S¢y .

In order to differentiate the voltage signals in a deep Convolutional Neural Network
(CNN), the three-phase voltage waveforms are first converted into greyscale images. First,
each sampling point of the shunt voltage within one electrical cycle in phase A is normalized
and encoded into a 16-bit greyscale value. Then, the encoded points of phase A are put
in the first row of pixels of the image repeated for second to fourth rows. Similarly, the
shunt voltage of phase B is represented by the 6th to 10th row of pixels and the 11th to 15th
rows for phase C. The resulting greyscale images are sized as 15 x 15,005 pixels, where the
number of columns represents the number of sampling points.

Another approach is to use spectrogram-based images. For each phase, STFT is
performed on the shunt voltage waveform. The number of discrete Fourier transform
sampling points is 400, the window is 150 samples, and the number of overlapped samples
is 75. After obtaining the power spectral density, the decibel of power spectral density over
normalized frequency is calculated. For phase A, the shunt voltage is encoded into the R
channel in an RGB image by adding an offset to the decibel. Similarly, the shunt voltages
of phase B and phase C are encoded into the G channel and B channel, respectively. The
resulting images are sized as 199 x 201 pixels, as shown in Figure 3. By comparing the
color patterns in Figure 3, the difference between each spectrogram can be identified easily.
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Figure 3. Spectrogram-based image obtained from one electrical cycle of the three-phase shunt voltage waveforms.

(a) Normal condition; (b) when snubber resistance has degraded in S 4p; (c) when snubber resistance has degraded in S 41 ;

(d) when snubber resistance has degraded in Spp; (e) when snubber resistance has degraded in Sgr; (f) when snubber

resistance has degraded in Scpy; (g) when snubber resistance has degraded in Scy.

In order to compare the greyscale approach and the spectrogram approach, images
representing normal and abnormal conditions are collected. Under abnormal conditions,
the reference current varies from 20 A to 50 A, and the snubber resistance of one of the six
switches varies from 1 () to 1 k), while the other five switches use the normal value of
snubber resistance. For each abnormal condition, 480 images are obtained. Under normal
conditions, the snubber resistance is kept at 100 k(2, and only the reference current varies
from 20 A to 50 A. The number of obtained images for the normal condition is 500. The
datasets for the greyscale image and spectrogram image are named dataset A and dataset
B1, respectively. The seven classes in the datasets consist of one class for normal conditions
and six classes for abnormal conditions.

To understand what range of abnormal snubber resistance can be best classified,
spectrogram datasets B2 and B3 are collected. For dataset B2, the range of the abnormal
snubber resistance is 1 k(2 to 10 k(). For dataset B3, the range is 10 k() to 100 k().

2.3. Deep CNN Architecture

The off-the-shelf deep CNN architecture ResNet [24] is used in this paper to build
the transfer learning model for the purpose of classifying the snubber resistors’ conditions
in the power electronic devices used in the power converter for a three-phase BLDC
motor drive.

The ResNet architecture features more substantial depth compared to the previous
state-off-the-art deep CNNSs, e.g., VGG nets. It is known that the depths of the network
plays a crucial role in the model performance. However, with the increase of the network
depth further, the problem of vanishing/exploding gradients starts to saturate and even
degrade the accuracy, and simply adding more layers leads to higher training errors and
more difficulties to train and optimize.
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In order to solve the aforementioned problem in deep networks, the ResNet introduces
a deep residual learning framework using shortcut connections. The shortcut connections
can skip one or more layers, as shown in Figure 4. The shortcut connections perform identity
mapping, and their outputs are added to the outputs of the stacked layers. Compared
with the plain networks, the introduced shortcut connections neither bring about extra
parameter nor computation complexity. The experiments in [24] revealed that, unlike the
very deep plain networks, their proposed ResNets are able to gain accuracy and lower
training error from increased depth. The 50/101/152-layer ResNets are much more accurate
than the 34-layer ones, thanks to the largely increased network depth. Besides, despite
the ResNet being substantially deeper than the previous VGG nets, the complexity of
the former one is still lower, and the FLOPs of the 34-layer ResNet is only 18% of that
of VGG-19.

X

weight layer

F(x) ¢ relu x
identity

weight layer

F(x)+x
relu

Figure 4. Shortcut connection.

In this paper, the 50-layer ResNet is used, as shown in Figure 5. The last fully con-
nected (FC) layer of ResNet50 is replaced with a new FC layer with a size of 7 to suit the
requirement to classify seven snubber resistor conditions. The deep network is trained
offline in a personal computer using the collected dataset. During the operation of the
BLDC drive system, the voltages of the three shunt resistors are measured and used in the
current control scheme. These voltage waveforms are also used in the online monitoring
of the degradation of the snubber resistors. The embedded motor controller converts
the three-phase waveforms into either greyscale or spectrogram image, loads the trained
network into the memory, and performs the classification task online. An overview of
the monitoring system is shown in Figure 6. Our purpose here is to give a clear guidance
for when to start a system maintenance (typically once over several months), and the
monitoring does not need to be in real time.
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3. Experimental Results and Discussion

In order to evaluate how the proposed greyscale-based approach and the spectrogram-
based approach can determine which power switch is experiencing abnormal snubber
resistance in the power converter for BLDC motor drive, experiments are conducted
on dataset A and dataset B1. For dataset A with greyscale images, the images are first
resized to 224 x 224 pixels and converted to RGB images to fit the input layer of the
transferred ResNet50. Then, the dataset is split into four folds for cross-validation; each
time, three folds will be used as the training set, and the remaining fold will be used as
the test set. Finally, the Adam optimizer trains the transferred deep CNN for ten epochs,
with a mini-batch size of 10. The obtained average cross-validation accuracy by using
the proposed method is 0.9533. For dataset B1, with the same experimental setup, the
average classification accuracy is 0.9772. The confusion matrices on datasets A and Bl
are shown in Figure 7a,b, respectively. The number 7 corresponds to normal condition,
and the number from 1 to 6 correspond to abnormal conditions in Sap, Sar, Spy, SBL,
Sch, and Scr, respectively. Comparing the two approaches featuring greyscale image and
spectrogram image, the latter has a mild improvement (3%) in the classification accuracy,
but STFT is needed, which increases the burden of calculation, while the former one is
simpler. Thus, it is proposed to use the greyscale approach for faster detection and use the
spectrogram approach if higher classification accuracy is desired.

Then, to gain insight into the range of abnormal snubber resistance, the proposed
approach can best distinguish the abnormal power switch from the normal one; experi-
ments are carried out on datasets B2 and B3. With the same setup as before, the proposed
approach acquires an average accuracy of 0.5169 on dataset B2 and merely 0.0843 on dataset
B3. Since it is known that dataset B2 has a range of abnormal snubber resistance closer to
the normal condition than B1, and the snubber voltage waveforms are also closer to those
under normal conditions, the classification is, therefore, more difficult, and the accuracy is
almost half of that on dataset Bl. As for dataset B3, since the range is even closer to normal
conditions, the proposed approach can no longer classify the seven classes with acceptable
accuracy. The confusion matrices on dataset B2 and dataset B3 are shown in Figure 7c,d,
respectively. Using the proposed approach carefully is suggested, since it only takes effect
when the degradation reaches a certain level.
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Figure 7. (a) Confusion matrix on dataset A using greyscale images; (b) confusion matrix on dataset B1 using spectrogram

images; (c) confusion matrix on dataset B2; (d) confusion matrix on dataset B3.

4. Conclusions

This paper proposes a deep learning scheme for detecting the snubber resistors’
abnormal conditions of the snubber resistors in the IGBTs in the power converter for a
three-phase BLDC drive. Since the degradation of the power devices sheds light on the
potential failure of the power converter, it is of vital importance to monitor the health
states of the power devices. The proposed scheme is based on a deep CNN architecture; it
uses either greyscale images or spectrogram-based RGB images converted from the shunt
voltage waveforms in three phases to determine if the power converter is under normal
conditions or if the snubber resistor in one of the IGBTs has degraded. Experimental
results reveal that the proposed scheme can classify one normal condition and six abnormal



Appl. Sci. 2021, 11, 1179 12 0f 13

conditions with an accuracy above 95%. Moreover, using greyscale images and using
spectrogram-based RGB images yield similar accuracy. Moreover, to classify the conditions
of the power converter successfully, the value of the snubber resistance must be within a
specific range.
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