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Executive Summary

Performance diagnostics of batteries in solar-photovoltaic and battery systems are important, especially
if using second-life electric vehicle batteries. Currently, the battery pack is often oversized and sub-
optimally managed. This is partially due to the lack of high-quality data collection and processing
on-site. Practical implementation of advanced diagnostics tools such as machine learning remains out
of reach. Here a robust pulse-based diagnostics method is proposed for calculating the equivalent series
resistance of the battery pack. It takes advantage of ‘natural’ pulse instances in the system. Feature
selection of the voltage and current measurements is combined with simple regression techniques to
obtain an estimate. Data from 5 real-world installations, split into 9 distinct datasets, is used to assess
the method. While there was no opportunity to compare the estimates with the true resistance values, the
consistency of the results suggests that our method may be generally applicable.

Keywords: battery ageing, battery SoH, lithium battery, photovoltaic, pulse power

1 Introduction

Residential solar photovoltaic (PV) and lithium-ion battery (LIB) installations, exemplified in Fig. 1,
are increasingly popular for consumers aiming to reducing reliance on the electrical grid [1]. PV-battery
systems may increase energy security for the household, reduce electric utility bills, and reduce carbon
emissions [2]. In remote locations, islanded PV-battery systems may provide electrical services critical
for social development [3], where lead-acid batteries are often used. Much effort has been focused on
optimisation of the battery pack, which not only ensures that the use of solar energy can be shifted away
from the instance of availability, but also constitutes a significant portion of the total cost [4].

Many factors affect battery performance. The energy management system (EMS) controls the flow of
energy between the PV panels, the battery, and the grid. Different EMS strategies lead to different rates
of degradation, thus affecting the useful pack lifetime [5]. Knowing the load dynamics is important
for EMS development because they govern the specific degradation trajectory [6]. Knowledge of the
load behaviour can also be used to optimally size the battery packs, which decreases the total costs and
reduces wasted capacity [7].
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Figure 1: Diagram of PV-battery microgrid, reproduced from [1]

Better state of health (SoH), state of charge (SoC), and state of power (SoP) estimation in the battery
management system (BMS) are crucial for optimising pack usage [8]. By reducing the error bounds,
there is more confidence to use the pack to its full capabilities [9]. In real-world installations, however,
SoC estimation is at best rudimentary, while degradation modelling remains an active research area [10,
11]. Degradation models are often constructed from simplified physical principles [4, 12] or equivalent-
cycles [13]. While many models have been proposed, they are not usually implemented in real systems
due to highly variable data, limited computational power, or the inability to characterise the batteries
before use [14, 15].

While knowledge of the actual degradation rate of the cells would be useful, current installations are
limited to methods that are robust to inconsistent data inputs and computationally lean. Most studies
use simulations and laboratory tests, which are not available in the real world. Data-driven machine-
learning techniques have thus gained popularity for their ability to use real-world voltage, current, and
temperature data to assess battery health and performance [3, 16, 17].

Results from [3], in particular, directly address the challenges in estimating battery degradation using
real-world data from PV and lead-acid battery systems. It is noted that the incomplete cycling, incon-
sistent data quality, and lack of controlled tests hinder the ability to calculate the battery SoC or SoH
[18]. Thus the equivalent series resistance Ry was identified as a health metric. Using Gaussian pro-
cess regression and laboratory open-circuit voltage (OCV) testing, Ry measurements are obtained. It is
shown that R can predict the end-of-life with up to 82% accuracy at the point of failure. The challenges
to Ry estimation are linked with its dependence on the instantaneous operating points of temperature,
current, and SoC, as well as slow-changing degradation level [19]. Additionally, there is considerable
uncertainty in extending the behaviours of laboratory-characterised cells to a population of real-world
systems. Finally, it is unclear if results from lead-acid cells can extend to lithium-1on systems.

Here we examine the challenges and opportunities of using pack-level data from real grid-connected
PV-LIB installations to develop a health and performance estimation technique from Ry measurements.
We investigate the challenges and opportunities of using real-world data instead of laboratory techniques
and propose a simple method that can capture the effects of resistance change in the system. In contrast
to previous studies, our diagnostics methods assume no knowledge of the lithium-ion chemistry or pack
configuration.

Our study continues to Section 2 where we discuss the datasets. Methods are described in Section 3.
Results are presented and discussed in Section 4. The report is concluded in Section 5.
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Figure 2: Histograms of the voltage, current, SoC, and temperature for all data files
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Table 1: Names and locations of PV-battery installations from Victron Energy

Dataset # Name Location Acquisition period

1 Carmen Pepe  Spain Apr 2021-22

2,3 Hannes Holm South Africa Jun-Dec 2021, Apr-Oct 2022
4,5 House Holm  South Africa Jun-Dec 2021, Apr-Oct 2022
6,7 Ian Bell South Africa Jun-Dec 2021, Apr-Oct 2022
8,9 Ian Hamilton  South Africa Jun-Dec 2021, Apr-Oct 2022

Table 2: PylonTech US3000C battery pack specifications

Characteristic Value Units
Chemistry LFP
Nominal voltage 48

v
Max charge voltage 535 V
Min discharge voltage 44.5 \"

Nominal capacity 3.552 kWh
Usable capacity 3.374 kWh
String size 16 cells

2 Data Collection

Data are downloaded from the Victron Energy world database [20]. Key data includes the pack voltage,
current, temperature, and average pack SoC. Data on individual cells is not available. We list all the
installations in Table 1. The number refers to the data file, which is split into two non-contiguous parts
for the last four locations. In some cases, the pack serial number is known, such as location 1 (Carmen
Pepe, Spain), which used a PylonTech US3000C battery pack with the specifications shown in Table 2.
Though laboratory testing of this pack was not available, this would greatly aid in characterisation. For
data files 2-9, the datasets are incomplete and are missing 4 months from December to April. They are
located in the southern hemisphere, South Africa.

Features of all datasets are shown as histograms in Fig. 2, describing how often certain values of the
voltage, current, temperature, and SoC are measured. QOutliers are removed, defined as any value exceed-
ing 3 standard deviations from the mean of the distribution. The SoC is assumed to be an approximate
pack-averaged value estimated on-site and is defined as

4
Qo

where (o [Ah] is the initial nominal maximum pack capacity and ¢(¢) [Ah] is the estimated remaining
capacity at time ¢. This is not the usual definition of SoC because (g does not capture the effects of
degradation. Since this aggregated metric treats the pack as a single cell, there is typically unused cell
capacity which may even exacerbate degradation [15].

2(#) (1)

From Fig. 2 it can be seen that the datasets have highly distinct trends. In most cases, the voltage
remains close to 50 or 52 V; current is commonly very close to 0; and the temperature is around 25°C.
The SoC measurements, however, show large variation and certain datasets have more frequent high-
current discharges, such as 4 and 5. We can also see that dataset 6 had no temperature measurements.
Interesting}ly, even for data files from the same location there is considerable variation, particularly in
voltage and SoC. Since the current distributions remain approximately unchanged, this could reflect
different operating conditions rather than a change in loading.

Specific features of the data are exemplified in Fig. 3 for location 1, with the minimum, average, and
maximum daily profiles for voltage, current, temperature, and SoC. Note that current refers to the pack
output current and the minimum and maximum are determined by the number of coulombs passed. The
daily trends of battery charging around solar noon and the consequent rise in SoC and temperature can
be clearly observed.

The number of data samples (directly proportional to the sampling frequency) recorded for each day
and location are shown in Fig. 4a. It can be seen that the data resolution is inconsistent and data file
1 even features a dramatic increase in sampling frequency. For consistency in data processing, the data
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Figure 3: Voltage, current, temperature, and SoC 24-hour profiles for dataset 1, showing the average daily curve
and the profiles corresponding to the days with minimum and maximum amounts of coulombs passed
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Figure 5: Diagram of 0-order equivalent circuit model

are therefore linearly interpolated to the maximum recorded value such that the number of samples per
day is identical across each dataset. Seasonal temperature variation is observed in Fig. 4b. There is
considerable variation for each day but the warmer summer temperatures in dataset 1 can be observed
from days 50-200 and cooler spring temperatures for the other datasets.

3 Methods

The health and performance metrics most important for operation are the SoH and impedance, often
described as SoP. We focus on R estimation, similar to [3].
The equivalent series resistance R is represented in Fig. 5. Since the minimum sampling interval was 44

seconds (sampling frequency of magnitude 10~2 Hz) many of the transient overpotentials dynamics are
unobservable [21, 22]. Ohmic and charge transfer overpotentials, in particular, reach steady-state within

this sampling interval. Even if diffusion may still be observable at 10~2 Hz, the Nyquist limit reduces the
observable frequencies. Thus the 0-order equivalent circuit model (ECM) may be used. Furthermore, the
Ry measurement represents an aggregated cell impedance. The terminal voltage is therefore modelled as

V(t) = Voc(z,t) — Roi(t) (2)

where ¢ [A] is the output current from the cell, V¢ is the OCYV, a function of the state of charge z. If we
take the derivative with respect to the time-varying current, we can write R as the gradient

- 3V00(Z,t) B aV(t)

Ry = 3

0= 0 o) )

Assuming the condition %W — 0, i.e., assuming that the OCV is constant relative to the current,
we can write v ()
t

= 4

"= 1% | @

Since the terminal voltage is also a function of OCYV, for this approximation to be valid we recglire
the terminal voltage to have greater dependence on the current than on the SoC. We can see that these
conditions do not hold when the OCV or hysteresis effects are the primary cause of voltage change.

To calculate Ry, voltage and current data are fitted to Equation 4. This is performed with careful selection
of voltage-current data and least-squares linear regression. The algorithm is enumerated below:

1. Select window length N.

2. For each day number ngay, create a pool of potential start times ¢, of the regression window with

the criteria
i) =0 5)
’L(tk_H) — Z(tk) >3 [A]

This aims to reduce the influence of OCV and ensures that there is sufficient current variation to
obtain a good fit. As can be seen from Fig. 2, the current is most commonly at low values, meaning
that the 3 A threshold allows for many candidate windows.
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Figure 6: Regression window data from dataset 1, showing plots of (a)-(b) voltage and current over time, (c)-(d)
voltage against SoC, and (e)-(f) voltage against current, demonstrating low standard error (left column) and high
standard error (right column)
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3. For each candidate data window, calculate the least-squares feature vector using

wr, = (Xg Xe) ™ X g 6)
where X, € RV*2 is given by
1 V(tg)
X, — 1 V(tifﬂ) o
1 V(tk;N71>
and y, € RY is given by
g = (i) ilter) - ilten)) ®)

4. Find the value of k that yields the lowest standard error,

kmin = arg mkin lyr — Xpwp||2 &)

5. The Ry prediction for the day is given by the second element of wy,

‘min

Ro(Nday) = Wiy, 2 (10)

1ple regression windows are shown in Fig. 6. It is evident that the Day 3 portions (Figs. 6a, c, )
resu in a much better fit than the Day 4 portions. As suggested by Equation ??, this is because the
average gradient of the voltage-SoC behaviour is close to 0. In contrast, the portions for Day 4 (Figs. 6b,
d, f) demonstrate strong voltage-SoC variation leading to higher standard error. This suggests that the
ohmic resistance is best diagnosed from instances of high-amplitude, high-frequency current pulses.

4 Results and Discussion

Results of resistance prediction using window length of N = 300 are shown in Fig. 7. From Fig. 7a
it can be seen that the resistance is approximately constant or increasing for each data file. This agrees
with expectations — degradation is known to decrease SoH and increase impedance [23].

Uncertainties in the prediction may be due to variations in SoC, SoH, temperature, current, and pack
properties. These relationships are not known but are the result of complex dynamics between the LIB
cells, pack configuration, BMS algorithm, and power electronics. As exemplified in Fig. 7b, the mea-
surements are consistent, suggesting that the method is robust against data fluctuation. Further work is
needed to use our results for predicting battery end-of-life.

Decreasing trends in the resistance measurement with respect to the day number, as detailed in Fig. 7c,
may be explained by the coupling of effects between SoC, SoH, temperature, and current. All four vari-
ables are known to affect the battery impedance. This is due to the effects of ion transport and electrode
dynamics [23]. Ion kinetics are captured by battery overpotentials. High currents may reduce the effects
of diffusion and charge transfer, thus reducing the overall impedance. Higher temperature, meanwhile,
can improve ion transport, thus reducing impedance. Impedance also decreases near mid-range SoC
values because at the extremes either the positive or negative electrode are nearly full, hindering charge
transfer [3]. Lower SoH reflects electrode degradation, which may result from structural change, dendrite
growth, and solid-electrolyte-layer formation — all of which increase impedance. Finally, cell-to-cell
variation can cause large variation in the overall pack impedance [9]. Since the Ry measurement ag-
gregates all of these effects, without additional processing it may not be an ideal indicator for battery
degradation. Indeed, the reported values of Ry may be more accurately described as the aggregated
impedance Z over a 44-second time interval.

Our primary hyperparameter is the window length, chosen to be 300 based on the results shown in Figs.
7d-e. As can be seen, if the window is too small then the there is high error in the prediction. In contrast,
if the window is too big then the number of available predictions drops considerably. This is because
the number of unique windows is limited by the number of data points in a day. Thus N = 300 strikes
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Figure 7: Resistance prediction results for each data file, showing (a) Overall trendlines, (b) Detail of predictions
and trendline for dataset 1, (c) Details of predictions and trendlines for data files 2-9, (d) Standard prediction error
against window length, and (e) Number of available predictions against window length
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a balance between low error and a high number of predictions. This appears to be consistent across all
datasets.

As implied above, the datasets present several limitations. We have no ability to perform experimental
tests on the battery packs in the installations and thus no way to validate our conclusions using real
observations. Obtaining datasets where there is a known time of failure, such as in the PV-lead-acid
systems in [3], could provide some form of experimental validation, but any measurements between day
0 and the end-of-life will remain unverified. Gaps in the datasets and issues with data quality reduce
the certainty in our conclusions. There are no cell-level measurements, so we cannot easily understand
how the pack data translates to the cell level. The pack SoC is likely to have accumulated errors as well.
Finally, the Ry measurement could be affected by physical disturbances in the system, such as an impact
to the wiring that would not necessarily affect the LIB cells but still alter the ohmic resistance.

Disaggregating the effects of operational parameters and pack configuration to achieve a better SoH
indicator would greatly increase the utility of our work. As demonstrated in [3], if the general degradation
trajectory curve is assumed to be known, then the effects of SoC, SoH, temperature, and current can be
decoupled from the aggregated impedance. This would allow us to isolate the SoH-driven component
and thus obtain a pseudo-SoH metric.

5 Conclusion

Real-world PV-grid systems present many challenges and opportunities for degradation diagnostics. Data
inconsistency and inability to verify conclusions have made real-world datasets difficult to research. We
have nevertheless shown that valuable trends may still be identified from first principles. In particular, we
propose an algorithm for estimating the equivalent series resistance Ry. Our results are obtained from a
0-order ECM and ordinary least-squares estimation of carefully-designed data window selection process.
Our method offers a promising way to understand the system degradation with minimal data collection.

Further research may include OCV-SoC reconstruction using instances where the OCV can be deduced
with high confidence. This could also lead to incremental-capacity-inspired analysis for pack-level SoH
estimation. With on-site access to a PV-battery installation and the ability to interrupt service for di-
agnostics, high-quality validation measurements can be obtained. This would ultimately lead to lower
costs, higher cycling capacity, and greater adoption of PV power for the reduction of carbon emissions.
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