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This work is the first of its kind to present a fractional-order learning
observer for diagnosing individual battery faults in a battery string. There
are no voltage measurements to each individual battery cell on this string;
instead, a sensor is mounted at the two ends of the string to measure the
total of the voltage values for all cells on the same string. To accurately
model a battery cell, the constant phase element is used in the electric
circuit model. Because it has the fractional-order characteristic, the
battery cell is modeled as a fractional-order system. Based on the
fractional-order model of the battery string, a fractional-order learning
observer is designed to diagnose the faults from battery controller signals
and internal short circuit to achieve industrial risk management.
Simulation studies are conducted to verify the effectiveness of the

proposed fractional-order learning observer.

1- Introduction

The primary issues and concerns of a battery
system are how to maximize energy, power, and
cycle life in applications. The reliability and
durability, however, are very susceptible to
operational and environmental conditions.
Manufacturers, pilots, drivers, and maintaining
and repairing engineers would like to
understand or predict the health of batteries on
electric vehicles (EVs). Knowledge of whether
a battery will fail when subjected to high
transient loadings is therefore essential. Fault
diagnosis of a battery system is the most
important aspect of battery operation for
industrial risk management. Fault-diagnostic
techniques of battery systems are currently in
their infancy ; however, there is increasing
needs to monitor the battery health so as to
prevent instant breakdown.

To form a battery pack, battery cells must be
connected in series to form a string; then the
strings are further connected in parallel to

increase their power and energy for practical
applications. This will make all battery cells
networked in every application such as in
energy storage systems or EVs, etc. The
networked battery systems unavoidably lead to
complexity in battery management in terms of
monitoring of battery cells’ health, estimating
state of charge (SOC) in real time, and
controlling charging and discharging, etc. More
critically, due to limitation of cost and space in
real-world applications, only string terminal
measurements are available for voltage and
current. That means we do not have direct
information at cell level. This has created a
daunting situation for fault diagnosis of
networked battery systems. More specifically,
the unavailable measurements at cell level will
make it impossible to design observers for fault
diagnosis purpose at cell level [1].

The goal of this paper is to investigate and
advance a new observer-based method to
diagnose faults and/or failures of battery strings
with string terminal measurements. A string of
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a battery pack is the core building block of a
networked battery system. Terminal voltage
and current can be measured at a battery string.
Using only string terminal sensing can reduce
cost and system complexity and enhance
reliability. However, no direct voltage
measurements for each battery cell create a
challenging task of fault diagnosis of the battery
packs.

A few model-based schemes for fault diagnosis
of batteries have been suggested such as multi-
model methods [2], observers [3,4], fuzzy logic
[5], data-driven and statistics methods [6,7],
features functional support vector machine [8],
and evidence theory for fusing different battery
health signatures [9]. The existing schemes may
not be effective due to inaccurate models,
insufficient data, or difficult implementation in
real-world applications. Several research
groups have explored possible applications of
fractional-order calculus in battery modeling
and analysis [10,11]. Their research has been
limited in the area of impedance analysis via
impedance spectroscopy, which is not realistic
for practical applications in fault diagnosis of
batteries.

In this effort, it is the first of its kind, we will
propose a fractional-order learning observer for
diagnosing battery faults. Based on the model of
individual cells, we will combine the whole
battery cells on the same string into a fractional-
order system whose output is the voltage
measurement at the two ends of the string. In
other words, the string voltage measurement is
the sum of voltage measurements of each cell.
We will use a fractional-order state equation to
describe the dynamics of the battery string.
Based on this fractional-order model, the
observer to be designed for fault diagnosis is
naturally —a  fractional-order  observer.
Specifically, a fractional-order learning
observer will be designed to achieve the
diagnostic task. As literature shows, the main
feature of a learning observer is its capability to
estimate both system states and faults at the
same time. This makes it a perfect candidate to
achieve the diagnostic task of the battery string
with a fractional-order model.

2- Construction of Models of a Battery
Cell and String

Different battery models have been suggested
[13], [14],[15], [16], [17]. For electrochemical
modeling, partial differential equations are
entailed for modeling the electrochemical
interaction between two electrodes and
electrolytes in order to determine the battery’s
effective capacity, current-voltage relationship,
and heat generation. These models, however,
are difficult to solve, and simplification and
numerical methods must be applied; as a result,
modeling accuracy will be lowered and
diagnosing sensitivity will be degraded. On the
other hand, electric circuit models (ECMs) have
been broadly employed to capture the
relationship between current and voltage [18],
[19], [20], [21], [22].

The dynamics of a Lithium-ion battery
essentially pOSsesses fractional-order
characteristic. More specially, double layer and
diffusion phenomena present fractional-order
characteristic. It is therefore natural to consider
fault-diagnostic strategies under fractional-
order framework. The double layer is a charge
zone that is formed on the layer between the
electrode and the electrolyte. Many researchers
have modeled this double layer as a capacitor
whose voltage-current relationship is depicted
by an integer-order derivative [23]. In
impedance analysis, the practical Nyquist
diagram of the double layer can be accurately
fitted by replacing the capacitance by a CPE that
is a fractional-order derivative element [23],
[24], [25]. The double layer phenomena will be
modeled as a CPE element with fractional-order
property in this paper because this is able to
model the battery more accurately.

We will use an ECM as shown in Fig. 1 as the
foundation to discuss our modeling process and
based on the constructed fractional-order
model, we will investigate fault diagnosis
issues.
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Fig. 1. A battery electrical-circuit model for a Lithium-ion cell.

Based on the above model of a battery cell, we
are now ready to construct the model of the
whole battery string. To this end, we combine
all n cells’ fractional-order equations into state-
space formulation
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3- Main Results

The original learning observer was first
proposed in [29], further developed in [30],
[31], and applied to satellite and battery systems
for fault diagnosis in [32],[28], and [33]. In this
paper, it is the first of its kind to design a
fractional-order learning observer for fault
diagnosis of battery strings. Therefore, a
fractional-order learning observer is designed as
follows

9%t = Az + Bu+ Fo(t) + L(y — 9)
Ct+ Du
Kot —7) + Ka(y — 9)

Y
v(t)

where 7 is the learning interval and a positive
constant that could be selected the sampling
period or another number. Matrices L, K1 and
K2 will be chosen to guarantee convergence of
the proposed learning observer. Parameter v(t)
is the learning term that is updated by its

previous values and the output estimation
errors.

Theorem 1: Considering Assumptions 1 and 2,
if there exist matrices K1, K2, and L, and
diagonal matrices P1 > 0 and P2 > 0 such that
P1F = cTK2TP2, A< 0, and Q < 0, where A =
Q-2P1FK2C +cTK2TP2K2C, Q = ATP1 +P14,
A=A-1LC,and Q= K1TP2K1 — P2, then the
proposed fractional-order learning observer is
convergent.

4- Simulation Studies

To verify the effectiveness of the proposed
strategy for fault detection and estimation using
the fractional-order learning observer, we
borrowed data from [33]. Three A123 Lithium-
ion battery cells, ANR26650m1, were used to
conduct the simulation studies. They were
assumed to be connected in series to form a
battery string. Figs 2 and 3 respectively display
the actual state and fault estimation by the
proposed fractional-order learning observer.
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Fig. 2. Actual and estimated battery states.

5- Conclusions

This work has proposed a fractional-order
learning observer for fault detection and
estimation in a string of battery cells without
individual voltage measurements. It is the first
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of its kind to propose such an observer for fault
diagnosis purpose. Because there are no
individual voltage measurements to each
battery cell, we combine all cells on the same
string into one fractional-order system model
with the same input current, and the system
output is the sum of all cells’ terminal voltage.
To accurately model a battery cell, we used a
CPE into the electric circuit model such that a
fractional-order model is established. Based on
the fractional-order model of the battery string,
a fractional-order learning observer has been
constructed for diagnosing battery faults. The
simulation studies have clearly verified the
effectiveness of the proposed fractional-order
learning observer.
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Fig. 3. Actual and estimated battery controller faults.

6- Perspectives of future collaborations
with the host laboratory

Dr. Wen Chen is planning to pursue further
collaboration with Drs. Driss Boutat and Da-
Yan Liu for the research on fault diagnosis of
networked battery systems under the framework
of fractional-order systems. In addition, we
have determined that we will jointly advise PhD
students starting from Fall 2024. Dr. Da-Yan
Liu will recruit PhD students, and the students
will start to take courses and start their research
at INSA CVL, Bourges. Then, in the second or
third year, the same students will join Dr.

1

Chen’s group at Wayne State University. The
students will eventually defend their theses at
INSA CVL.
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