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Summary

Unexpected noise-containing experimental charging/discharging voltage information (CDVI) signal of the
battery pack absolutely results in erroneous performance error in the equivalent-circuit model (ECM)-based
adaptive state-of-charge (SOC) and state-of-health (SOH) estimators such as extended Kalman filter (EKF)
and sliding-mode observer (SMO), etc. With increased necessity of an elaborate CDVI signal for improved
SOC and SOH estimations performance of the series/parallel-cell configured battery pack, this work newly
investigates an innovative topic that appropriately implements the noise elimination in experimental CDVI
signal based on the wavelet shrinkage methods (hard- and soft-thresholding denoising techniques).
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1 Introduction

These days, for electric-powered transportation of EV and HEV that requires high-voltage and high-energy
specifications, the low voltage lithium-ion cells are vitally connected in series, parallel, and series/parallel
to configure the lithium-ion battery pack. Specifically, in order to acquire more improved performance of
the battery pack, the equivalent-circuit model (ECM)-based battery management system (BMS) has been
absolutely recognized as a prerequisite condition, such as state-of-charge (SOC) and state-of-health (SOH).
The most significant task in the ECM is to acquire elaborate experimental charging/discharging voltage
information (CDVI) signal used in the SOC/SOH estimators such as extended Kalman filter (EKF), duel
extended Kalman filter (DEKF) and sliding-mode observer (SMO). The performance on the aforemen-
tioned methods is absolutely dependent on voltage difference between experimental CDVI signal and an
estimated voltage. It is important to obtain the little voltage difference for high-accuracy SOC/SOH estima-
tions. However, because of unexpected and instantaneous sensing of noisy, the noise-containing CDVI
signal can result in erroneous BMS performance such as long run-time calculation and an increased estima-
tion error. In this overall perspective, a new research that gives insight to the implementation of the noise
elimination of the CDVI signal should be required.

This research newly investigates an innovative issue for noise elimination in experimental CDVI signal of
the battery pack. This research basically considers the wavelet shrinkage methods [1]-[3] (hard- and soft-
thresholding denoising techniques) in order to eliminate the noise in the original CDVI signal. Particularly,
this research develops prior investigation one step further by showing two comparative analyses (hard and
soft) according to the different order of the mother wavelet (Daubechies db). With regard to the signal-to-
noise ratio (SNR) value, two comparative analyses are evaluated. This research has been extensively vali-
dated by experimental results of the series/parallel-cell configured battery pack (2S3P) [4].
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2 Basic concept of the wavelet shrinkage method for noise elimination
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functions for wavelet shrinkage methods-based noise
elimination (denoising) technique.

The main characteristic of the wavelet transform [6][7] is to decompose a time domain signal into different
frequency groups. By the multi-resolution analysis (MRA), an arbitrary non-stationary signal can be entire-
ly decomposed with regard to approximation, provided by scaling function ¢;(¢) and the details, provided
by the wavelet function y; (7). Specifically, wavelet shrinkage method based on the wavelet transform has
the possibility of the noise elimination in unexpected noise-containing signal. Figure 1 displays three steps
of wavelet shrinkage method-based noise elimination: (i) decomposition of the noise-containing signal into
a set of approximate a; and detailed coefficients d,, (ii) thresholding the resulting detailed coefficients, (iii)
reconstruction from the reduced set of detailed coefficient 4,.. As shown in Figure 2 and expressed in Eq.
(1), the difference between wavelet shrinkage methods such as hard- and soft-thresholding is the magnitude
of the detailed coefficients determined by threshold value 6" [8].

3 Proposed approach

3.1 MRA-based decomposition of noise-containing CDVI with variable order
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The noise-containing CDVI signal can be easily obtained by non-filtering BMS part and a Gaussian noise
inclusion. Figure 3 shows four enlarged shapes of the noise-containing CDVI signal of the series/parallel-
cell configured battery pack (2S3P). For noise elimination from an original CDVI signal, the MRA-based
decomposition process should be preceded. Then, it is required to determine the type of mother wavelet for
MRA. This research basically adapted the Daubechies mother wavelet (db). Specifically, an interesting is
that there are variable wavelet functions on Daubechies mother wavelet order doN(Figure 4). For reference,
Figure 5 shows original scaling filter, decomposition/reconstruction low- and high-pass filters coefficients
and transfer modulus of db9. This research considered 20 Daubechies mother wavelet order (db1-db20) for
MRA-based decomposition process. At level 5, the decomposition of the noise-containing CDVI signal is
shown in Figure 6. There are one approximation component 4s and five detail components D;-Ds.
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However, although MRA-based decomposition implements, it stands to
reason that it is impossible to avoid the noise effect on the CDVI signal
without noise elimination. From this reason, the next section 3.2 will
show some experimental results of noise elimination based on wavelet
shrinkage methods. For a clear judgement on noise elimination perfor-
mance, this research considered the signal-to-noise ratio (SNR) value.

3.2 Wauvelet shrinkage methods-based noise elimination
and comparative analyses

Considered in noise-containing CDVI signal in Figure 3, this section
performs the noise elimination based on the wavelet shrinkage methods-
based noise elimination regard to the Daubechies mother wavelet order.
With variable orders of dbl through db20, Figures 7 and 8 respectively
show the noise elimination based on wavelet shrinkage methods such as
hard- and soft-thresholding (VisuShrink threshold value §”). From ob-
tained de-noised voltages in two figures, each SNR values are compared
in Figure 9. These figures indicate that it can be defined as an optimized
order db5 (hard-thresholding) and db20 (soft-thresholding) that have all
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Figure 7: Comparison between noise-containing CDVI signal and de-noised voltages with respect to the mother wavelet order (hard).
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Figure 8: Comparison between noise-containing CDVI1 signal and de-noised voltages with respect to the mother wavelet order (soft).
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Figure 9: Each SNR values of de-noised voltages with respect to the mother wavelet order (hard- and soft-thresholding).
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Comparison between original and denoised CDVI signals(hard & soft,db5) Comparison between original and denoised CDVI signals(hard & soft,db20)
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Figure 10: Comparison between noise-containing CDVI signal and de-noised voltages with hard- and soft-thresholding (db5, db20)

Figure 10 compared between nose-containing CDVI ~ svr_-
signal and de-noised voltage (db5 and db20). Also, P
each SNR values of noise-containing CDVI signal *°
and de-noised voltages related to the mother wavelet *° - __ | B-____| B-____| B --__-
order are entirely shown in Figure 11. From these *°
results, irrespective of mother wavelet order, it can 20
be shown that the performance on noise elimination 15
of soft-thresholding is more superior to that of hard- 10
thresholding. Finally, by wavelet shrinkage methods- s
based noise elimination, these de-noised voltages can o = —— — —

sufficiently guarantee an improved SOC/SOH esti- [ SNRWithout denoising) [l SNR(Hard-thresholding) [] SNR(Soft-hresholding)
mation Figure 11: Each SNR values of noise-containing CDVI signal and
’ de-noised voltages with respect to the mother wavelet order

37.321 37.454 37.756 38.010

4 Conclusion

This work newly investigates an innovative topic that appropriately implements the noise elimination in
experimental CDVI signal based on the wavelet shrinkage methods (hard- and soft-thresholding denoising
techniques).
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