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Abstract: Switched-mode power supply (SMPS) has been of vital importance majorly in power
management of industrial equipment with much-improved efficiency and reliability. Given the
diverse range on loading and operating conditions of SMPS, several anomalies can occur in the device
resulting to over-voltage, overloading, erratic atmospheric conditions, etc. Electrical over-stress (EOS)
is one of the commonly used causes of failure among power electronic devices. Since there is a
limitation for the SMPS in terms of input voltage and current (two methods of controlling an SMPS),
the device has been subjected to an accelerated aging test using EOS. This study presents a two-fold
approach to evaluate the overall state of health of SMPS using an integration of extended Kalman
filter (EKF) and deep neural network. Firstly, the EKF algorithm would assist in fusing fault features
to acquire an comprehensive degradation trend. Secondly, the degradation pattern of the SMPS has
been monitored for four different electrical loadings, and a bi-directional long short-term memory
(BiLSTM) deep neural network is trained for future predictions. The proposed model provides a
unique approach and accuracy in SMPS fault indication with the aid of electrical parameters.

Keywords: bi-directional LSTM; Electrical over-stress; Kalman filter; PHM; RUL; Switch-mode
power supply

1. Introduction

Prognostics and health management (PHM) is the assessment that facilitates condition-
based maintenance (CBM) by predicting future operating conditions based on a compo-
nent’s historical data. The concept of PHM can be categorized into two, namely: fault
diagnosis and prognosis. Fault diagnosis is a process of tracing for faults, checking for root
causes, troubleshooting failures in engineering systems. The aftermath of diagnosis leads
to prognosis. Prognostics is an engineering process that employs synthesis observations,
calibrated mathematical models, and simulation to evaluate the future state or behavior of
a system. It is the science of anticipating/foreseeing when a system will stop functioning
as intended. At present, PHM technology has been introduced to many engineering fields
by real-time data monitoring, diagnosis, predicting future failures, and allowing engineers
to perform exhaustive predictive maintenance. The PHM approaches can be categorized
into three: data-driven, model-based, and hybrid (fusion). A total mathematical model
is required to perform model-based PHM, which is often unavailable to many systems.
On the other hand, due to the advancement of resource availability, the data-driven PHM
approach is widely used nowadays [1–6].

The mandate for high levels of reliability for power electronic devices against their
maintenance capabilities has been a common factor in recent years. A better knowledge
of power electronic devices failure mechanism, reliability, robustness, and impact under
diverse environmental conditions cannot be overemphasized, and as such, there is a
need for more design enhancement, fault detection, and isolation (FDI), better condition
monitoring approach and remaining useful life predictions (RUL) of power electronic
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devices. Power electronics devices such as SMPS has their application cut across different
engineering field, which is subject to faults that can degrade the quality of power supply
during usage. Considering system health monitoring is one major foundation for PHM as it
aims to achieve various contributions (anomaly detection, fault detection, and identification
(FDI), degradation trends). Be as it may, there have been several FDI techniques, diagnostic
and prognostic for power electronic devices with the sole aim of reducing failure by
addressing the cause of faults in a bid to provide longer usage [7,8].

For most power electronics maintenance operations in the industry, it is evident to
consider the maintenance costs and the RUL prediction combined with recently developed
condition monitoring approaches. A fault in SMPS can cause an irregular power flow in
machinery components and damage them permanently. A proper condition monitoring
framework of the power supply improves the safety, productivity, and maintenance costs
of industrial assets. Due to the complexity of data-driven approaches to power electronics,
as the data acquisition process can be complicated, it is of greater opportunity to the field
of power electronics as the engineering world moves to artificial intelligence (AI). With the
support and improvement of AI, there has been room for easy exploitation of data which
would help to boost product competitiveness by improving on the design capabilities,
reliability, and the optimal state of health (SOH) of the power electronic devices [9–11].
Advancement for PHM has received much attention with the deployment of deep neural
networks. However, there are some deficiencies attributed to the deployment of deep
neural networks owing to a lack of interpretability, even though the predictability accuracy
of the models is always high. This limitation has called for more inclusion for it to be
addressed. A technique for feature selection for training a deep neural network in PHM
considering only the importance value was proposed to address these deficiencies [12,13].

The goal of a power supply is to provide the right voltage and current to the load.
The current must be delivered to a wide range of loads in a regulated manner and at an
accurate voltage—at times concurrently, without allowing changes in the input voltage or
other connected devices to alter the output. Inside an SMPS circuit, many electronic devices
are incorporated, from tiny power factor correction (PFC) filters to power transformers.
These are intricately located in positions suitable for their roles. SMPS is sometimes
used simply for home computers or street LED lamps, but it is more complex in large-
scale electronic control systems such as power generation facilities and weapon systems,
so it can be used according to various operating environments rather than a constant
load. In a dynamic operating condition, the load will also change [14]. Therefore, it
is very important to study the life-cycle predictions of SMPS for predicting defects and
making health decisions. Various factors damage the health of the electronic system, such
as temperature, humidity, overvoltage, and short-circuit current [15,16]. If the health
condition of SMPS is deteriorating due to the electrical load, the temperature of the internal
elements of the system rises, resulting in deterioration of performance and eventually
failure. Therefore, performance degradation and remaining life can be predicted usefully
through the output power data of SMPS. In the case of a data-driven approach to electronic
systems, it is possible to analyze performance degradation trends and RUL from sensor
data of a single load.

Therefore, in this study, we introduce a structure for predicting RUL centered on inte-
grated sensor data fusion (current and voltage signals) for multiple power loads combined
with an extended Kalman filter (EKF) to better adapt to the SMPS signals. Consequently,
this study makes the following contributions:

• Proposal of an integrated sensor condition monitoring framework that consists of
voltage and current signals for a proper SMPS RUL prediction. An accelerated aging
test was designed for the SMPS to analyze the degradation at various electrical loading;

• Proposal of EKF based filtering for RUL prediction. Compared with other statistical
tools, EKF can effectively describe the random structure of experimental measure-
ments, with its selection coming from the ability to solve nonlinear estimation and its
low computational cost;
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• Validation of the EKF-BiLSTM model which shows the accurate RUL prediction.

We have sectioned this study as follows. Section 2 covers the motivation and literature
review, as it helps to give detailed insights into the various prognostics approaches towards
power electronics. Section 3 explains the theoretical overview of the extended Kalman filter
(EKF), long short-term memory (LSTM), and the proposed bi-directional long-short–term
memory (BI-LSTM). Section 4 showcases the experimental test bench, while Section 5
gives a better understanding of the result achieved during the prognostics process. Lastly,
conclusions and insight on future works are given in Section 6.

2. Motivation and Literature Review

With the improvements of existing products and development of new products, the
power supply industry is striving for smart design and robust performance. This entails
designing the power supply with customer-specified characteristics in a shorter time and
at a lower cost. Electronic devices such as SMPS failure under usage portrays time to
failure, which in the long run ensure end-users have the affordability of reusing their
various component under normal conditions for useful lifespan. SMPS are widely used
where the required voltage and current are lesser than available raw energy levels from the
mains. It helps to convert any type of required voltage for the end-user. Recent research
has shown various failures of SMPS during their usage, which cut across damages to
the semiconductor devices, transformer, and electrolytic capacitor with fault causes from
over-voltage, high temperature, energy surge, etc. Although there have been numerous
reliability improvements on SMPS, the fault is still unavoidable.

Therefore, fault diagnosis and prognosis of SMPS would exhibit a critical role in
enhancing the reliability of the system and ensuring its useful lifespan. Figure 1 shows a
typical overview of the SMPS functional blocks. The input ac supply is fed into the power
supply, after which filtration occurs inside the input capacitor. The input capacitor must
be large to withstand/holdup the mains in case of fluctuation. The unregulated dc pass
through the high-frequency power switching stage such as MOSFET, IGBT, etc., which
performs switching operation for the voltage before the primary transformer. The voltage
is then stepped down and smoothed with the output filter depending on the arrangement
of the components. During all this process, there must be minimal losses to maintain
the efficiency of the system. Research using Kalman filters (KF) for defect diagnosis and
prediction has been actively conducted. Adaptive joint extended Kalman filter (AJEKF) was
used to estimate the performance degradation before applying it to the RUL prediction at
the system level of DC-DC converters [17]. The AJEKF was introduced and combined with
an adaptive dual-based Kalman filter to capture the degradation of DC-DC converters [18].
Y Zhang et al. also used the feature-aided Kalman filter (FAKF) to evaluate the degradation
of electromechanical actuators (EMA) [19]. The industries that use the KF for sensor data
fusion are diverse, such as aviation, robots, drones, and autonomous vehicles, so research is
active. A comparison of fuzzy adaptive-based, extended, unscented, and iterated Kalman
filters was carried to evaluate their suitability for the multi-sensor fusion process [20].
Akbar Assa et al. propose an enhanced Kalman filtering framework for sensor fusion that
provides robustness against uncertainty in system parameters [21]. Ehab I. Al-Khatib et al.
applied an EKF to the fusion of multi-sensor data for robot localization [22].

In a complex electrical system, mathematical modeling is a time-consuming task, and
a proper physical model is not always available. However, when faced with huge volumes
of industrial data, some machine learning models computing power and accuracy fall short
of industry standards. Hence, the current diversification to deep learning—a subfield of
machine learning. A deep neural model was developed to explore the correlation between
each input signal and forecast the RUL of roto blades meant for aero engines accurately
and stably [23]. The frequency-domain features were extracted from the signals; a health
index was first extracted using the ordered neurons, then the proposed ON-LSTM system
model was constructed to produce the RUL prediction value [24]. Data set size was one of
the limitations in [25], with further works making emphasis on the need for more data to
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classify the performance degradation characteristics of SMPS. Several studies have been
conducted on various reliability analyzes and RUL estimation of SMPS. Mohammed Khor-
shed Alam et al. proposed a reliability analysis method for power converters considering
the cumulative effect of performance degradation [26]. Zhang et al. proposed a four-step
PHM approach of SMPS, which are precursor parameter identification, baseline establish-
ment, baseline verification, and testing [27]. Xuerong Ye et al. used a simulation-based
health assessment methodology for SMPS [28]. Min Zhao et al. made a proposal for failure
prediction methodology for SMPS power MOSFET using an equivalent circuit model [29].
A major part of SMPS studies is based on a simulated model of the equivalent SMPS
circuit, which requires a physics-of-failure modeling and mathematical knowledge of the
SMPS. A model-based diagnostics and prognostic approach considering a methodology
that employs the knowledge of the component and degradation. An assessment involving
the health status, fault diagnosis, and RUL predictions was achieved [30].
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More recent data-driven machine learning models and RUL predictions are proposed
in the literature for many electrical systems [31–33]. However, PHM study on SMPS using
the fusion of electrical signature data has been very limited. This encourages authors of
this paper for such an investigation.

3. Theoretical Overview

Typical deep learning sequence models that process sequence data include recurrent
neural networks (RNN), gated recurrent unit (GRU), and LSTM. These models solve and
predict various problems by sequentially reflecting historical information and extracting
features from ordered sequence data. RNN is a method of calculation by continuously
passing information from the preceding time-step to the next time-step. However, in RNN,
hidden nodes are connected by oriented edges to form a circular structure have difficulty in
long-term dependency learning. When back-propagating, the gradient gradually decreases,
and the learning ability greatly decreases, named vanishing gradient difficulty. To overcome
this, a memory cell named LSTM is extended by adding cell-state to the hidden state of
the RNN [34].
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3.1. Extended Kalman Filter

The KF is an algorithm widely applied in modern control and signal processing
to estimate the state of a linear dynamical system [35]. The basic concept of the KF
is to estimate the optimal value through a recursive operation using the old and new
measurement data, and it can be used when the motion model and the measurement model
are linear and follow a normal distribution.

However, in practical applications, the use of KF is limited because the system is
often a nonlinear model. Therefore, many models such as the EKF and the UKF have
been developed so that the KF can be applied to various cases. EKF solved the problem of
KF by repeatedly performing state prediction and measurement updates. Therefore, we
used the EKF model to update future predictions in this study. EKF can be expressed as
Equation (1) [36,37]:

xk = f
(

x(k−1), u(k−1)

)
+ w(k−1) (1)

where xk is the state to be estimated, f is the nonlinear function of the state, and w(k−1)
is Gaussian white noise. To fuse the RUL of the two power ranges, the state matrix, X;
Covariance matrix, C; System noise, N; Transition matrix, T; observation matrix, O; A matrix
such as the fused output RUL matrix, FRUL, is constructed. Individual RUL tensors are
computed by combining the actual RUL and the variance matrix of RUL for each power
degradation data (S1, S2). In addition, three local functions are used: EKF, pred, and
update. The detailed configuration of the EKF algorithm produced for this study is shown
in Figure 2.

3.2. Short-Time Fourier Transform (STFT)

STFT is a signal processing technique that showcases a sequence of Fourier transforms
with the help of a windowing function. When the frequency components of the signal
change over time, the STFT gives time localized frequency domain data, whereas the
normal Fourier transform provides frequency domain data at a rate averaged the whole
signal at a time interval. The calculation can be denoted as follows:

STFTh
x (t, f ) =

∫ ∞

−∞
x
(
t′
)
h∗
(
t′ − t

)
e−j2π f t′ dt′ (2)

where x = random signal as a function of time (t), STFTh
x = Fourier transform function of

time (t) and frequency (f ). The spectrogram of STFT, which is an intensity plot of STFT
magnitude over time, is frequently used to visualize it [38].

3.3. Explanation of LSTM and BiLSTM

LSTM has continuing dependencies that can consider past information. It consists of a
cell state that stores information as well as a hidden state. A typical LSTM model consists
of three gates. The three gates serve to mediate the addition and removal of information.
The gate used in the first step is denoted as “forget gate layer ft”, and the sigmoid function
determines the information that needs to be removed. This is expressed as Equation (3).
Afterward, in the “input gate layer it”, it is decided to store in the cell state among new
information, and it can be expressed as Equation (4). Finally, the value to be exported from
the “output gate layer σt” is determined, as shown in Equation (5).

The BiLSTM Neural Network is an updated form of LSTM, a structure that uses two
independent LSTM architectures together. It has a structure in which a reverse LSTM layer
is added to the existing forward LSTM layer. Because LSTMs are entered in chronological
order, there is a limit to the tendency of the results to converge based on the previous pattern.
BiLSTM is a model that improves accuracy by solving this problem through bidirectional
information transmission by applying LSTM twice and shows good performance even
with long data lengths [39]. The generalized composition of the BiLSTM model is shown in
Figure 3.

ft = σ(Wt[ht−1, Xt]) + b f (3)
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it = σ(Wi[ht−1, Xt]) + bi (4)

σt = σ(Wo[ht−1, Xt]) + bo (5)

where W∗: weight vectors of each gate (*: forget, input, and output), h(t−1): hidden previous
cell output, Xt: input vector, and b∗: bias of each gate.
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3.4. Proposed BiLSTM Model

In this study, we propose a data-driven electrical feature fusion technique for RUL
prediction of SMPS. The proposed prognostics algorithm consists of two parts. The first
is the degradation feature fusion using the Kalman filter, and the second is the pattern
recognition and RUL prediction using the BiLSTM model. A step-by-step flow diagram of
the proposed framework is shown in Figure 4. The output current sensor data and voltage
sensor data of the SMPS acquired during the experiment were used. SMPS can check the
trend of output DC electric power deterioration over time when the load is applied. Sensor
data collected from two power load ranges of 160 W (Case A) and 170 W (Case B) were then
calculated for output power, filtered, and normalized using a moving average technique,
and then fused using an extended Kalman filter (EKF). BiLSTM neural networks are used
to train RUL models for future predictions. RUL was predicted using a variety of training,
testing, and validation data sets. We trained a BiLSTM model to predict sequence-specific
RUL for different periods. BiLSTM is an excellent and proven tool for predicting sequential
data with high prediction accuracy. Sharing information in both directions is important in
predicting RUL because models can learn patterns from historical data and future trends.
Power data calculated from sensor data collected over two power load ranges of 180 W
and 190 W were subjected to moving average filtering and normalization and then tested
on the previously trained BiLSTM model. Table 1 showcases the model parameters used
during testing.

Table 1. BiLSTM Model Parameters.

Parameter Values

Optimizer Adam
Loss function RMSE

Hidden layer Neurons 100
Drop out 0.2
Epochs 100

Activation ReLU
Batch Size 1000

Learning rate 0.001
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4. Experimental Test Bench
Data Acquisition and Fault Classification

The component arrangements, connection, and test bench setup for accelerated life
tests (ALTs) are shown in Figure 5. The SMPS used in the research was a 500 W maximum
output power manufactured by AEGIS. We removed the SMPS cooler under laboratory
conditions and monitored the deterioration trend using Twintex’s DC Electric load (PPL-
8612C3). The maximum output voltage and current of the SMPS output terminal to which
DC power load was applied were 12 V and 15 A, respectively. The data acquisition bed with
model number NI cDAQ-9174 was used as a medium of connection for NI-9246 for current
and NI-9228 for voltage to acquire the sensor data. The sampling rate for both NI modules
was set to 1.0 kHz, and the DAQ parameters were updated and configured using LabVIEW
software from the same manufacturer as the DAQ bed. The DC load acting as the mode of
failure mechanism to subject the SMPS to electrical stress provided a degradation parameter
at intervals of 10-Watt difference. The fault classification is described in Table 2, while the
parameter for the SMPS life prediction test is shown in Table 3. Two sets of electrical data
were acquired from the electronic load and SMPS setup labeled output current and output
voltage, respectively. The output signal acquired is shown in Figure 6, along with power
spectral density and spectrogram.

Table 2. Experimental Loading Conditions.

Label Electric Loading (Watt)

Case A (inferior Loading I) 160
Case B (Inferior Loading II) 170
Case C (Severe Loading I) 180
Case D (Severe Loading II) 190

Table 3. Parameters for SMPS RUL Test.

Parameter Measurement

SMPS model AEGIS 500
DC electric load model PPL-8612C3
DAQ module (Current) NI 9246
DAQ module (Voltage) NI 9228
Sampling rate (Current) 1 kHZ
Sampling rate (Voltage) 1 kHZ
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5. Results and Discussion
5.1. Degradation Data

To achieve condition monitoring for electronics, most researchers subject the equip-
ment to accelerated aging tests to achieve a degradation trend for most power electronics
devices. Electrical stress can be attained with components in the PCB board during the
testing stage and assembly. However, some faults could occur due to external occurrences
like the reverse voltage, current overload, transient voltages, etc. Destruction is meant to
occur for most semiconductor devices in the reverse direction if not limited as no current
would flow until the breakdown voltage is surpassed, while occurrence in forwarding volt-
age is insignificant. There is an exception based on the type of diode present in the circuit.
During the ALT setup, there was a significant increase in the output current and a decrease
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in the output voltage. The SMPS in use is meant to have a limitation for all the components
and, with the removal of the cooling fan, abounds an uneven heat distribution across the
SMPS. These would give room for failure in some component that exceeds their limitation
hence the failure of the SMPS. An electrical stress mode of failure was used to achieve a
degradation failure for the SMPS used in this study; for the acquired output signals, as
shown in Figure 6, we have computed the power using the output voltage and current
dataset. The degradation curve for the different fault states is shown in Figure 7, and it can
be denoted that there was a drop in the power against the service hours (time). In addition,
the trend curve for each case fault of the SMPS showcased an unequal degradation. Case A
provided a fluctuating trend during the testing, while Case D had the highest amount of
degradation for the SMPS due to severe loading.
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5.2. RUL Estimation

Degradation data calculated from current and voltage signals collected in Case A and
Case B load tests were filtered and used to compute real power. The EKF model was used
to fuse the trend of degradation of the power signal through the simultaneous update and
prediction modes. The fused data preserves the temporal sequence important for RUL
prediction and the tendency to degrade existing signals. Figure 8 shows the trend of the
combined output power after EKF fusion. Later, fused degradation data were trained on a
BiLSTM model. In the training phase, the drop-out ratio was set to 0.2 [40]. This means that
80% of neurons were activated, and 20% were randomly deactivated during the training
phase. Drop-out is a technique to stop the activation of neurons by putting a probability for
each layer. This can prevent overfitting, a problem that occurs in deep learning algorithms.
Other parameters used to build and train the model are shown in Table 1. This model
was trained on a PC with 64 Gb RAM and a CPU with i9-9940X 14 cores. Deep learning
architecture was supported on TensorFlow-GPU installed on a Radeon RX 570 with 4 GB
VRAM. The RUL data fused to the two signals were then tested to verify that it could
effectively achieve a prediction of the RUL for different outputs. RUL calculated from
data collected in two different power ranges, Cases C and D, were tested on a trained
BiLSTM model.
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The proposed BiLSTM model showcases a similar identical trend with power degra-
dation. To compare the loss value of the BiLSTM model, a developed algorithm with the
most appropriate values of epoch and batch size as visualized in Figure 9. With a range
between 1000 to 5000, the BiLSTM model split the integrated RUL data from EKF into
batches. Interestingly, most LSTM-based models have hindrances in remembering long
sequences, despite their ability to “remember” sequences of data. Because the input data is
traversed only once from left to right in a standard LSTM model, a limited number of input
items can be provided into the training model. However, in a BiLSTM model, the input
data must be trained not only from left to right but also from right to left. As a result, each
batch can handle approximately half the amount of training data that a regular LSTM can
learn in a single batch. The prediction results of the BiLSTM model are shown in Figure 10.
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5.3. Performance Evaluation

Performance evaluation can help establish the ideal configuration for a specific sce-
nario, allowing for a comparison of which is more efficient in solving a problem and how
much better it is compared to other possibilities. The goal of this study’s evaluation was
to examine the performance of EKF-BiLSTM implementations under various scenarios
(Case C and Case D).
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Two regression metrics were used to assess the accuracy of the training model used to
predict RUL. MAE (Mean Squared Error) is a commonly used error index and is character-
ized by robustness by taking an absolute value from the difference between the actual and
the estimated valueas expressed in Equation (6). Root mean squared error (RMSE) repre-
sents the difference between the actual and the estimated value. If the difference between
the error is large, a penalty is given to improve the distortion of the value which is expressed
in Equation (7). This gives you information about the accuracy of your predictions using
the model presented in your study.

MAE =
1
N

N

∑
i=1
|xi − x̂i| (6)

RMSE =

√
1
N ∑N

i=1(xi − x̂i)
2 (7)

ERi =
RULtrue(i)− RULpredicted(i)

RULtrue(i)
(8)

where xi = real power data, x̂i = predicted electric power data by the models, N = number
of data points. ERi, shown in Equation (8) was additionally calculated to identify the RUL
prediction error more intuitively. The standard deviation of the ERi allows the assessment
of the stability of the prediction results [41,42]. By evaluating the model’s performance at
different data sizes, the model’s performance at different RUL cycles can be seen. Table 4
shows the standard deviations of MAE, RMSE and ERi for four different data sizes.

Table 4. Performance Metrics for the BiLSTM Model.

Data Size

Performance Metrics

MAE RMSE SD of ERi

Case C Case D Case C Case D Case C Case D

25% 0.02 0.03 0.03 0.03 0.01 0.01
50% 0.02 0.02 0.02 0.03 0.01 0.01
70% 0.02 0.03 0.02 0.03 0.01 0.02

100% 0.02 0.02 0.02 0.02 0.06 0.03

6. Conclusions

Fault diagnostics and prognostics of power electronics have received much attention
due to their complex nature of predicting the RUL and understanding the lifespan for cost-
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aware processes. In this study, we proposed a data fusion-based RUL prediction framework
applied to SMPS. Analyzing the output signal of the SMPS in the time and frequency
domain is difficult for the identification and classification of an incipient fault and a severe
fault. An integrated current and voltage sensor data has given a better intuition about
the degradation and lifetime estimation as power was computed from the dataset. The
extended KF model was used to efficiently predict the remaining useful life of SMPS. The
EKF-based data model is used for the fusion of different ranges of load-specific features
through prediction and update algorithms. This filter has proven to be suitable for RUL
prediction by preserving the time sequence and degradation characteristics of SMPS in the
presence of different loads. To determine the RUL, the fused degradation data were trained
on a BiLSTM model and tested using current and voltage data from another load range
collected on an SMPS test bench to evaluate the performance of the trained model.

EKF assisted BiLSTM model shows excellent RUL prediction output on the test set.
This work can be further extended by incorporating the EKF model with the weights of the
LSTM layer to enable the real-time or online updating mode of the neural network model.
More work on this subject with other failure scenarios is needed for a more comprehensive
prognostics study for SMPS, with a focus on computation costs and interpretability.
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