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Design and Realization of a Smart Battery
Management System
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Abstract—Battery management system (BMS) emerges a
decisive system component in battery-powered applications,
such as (hybrid) electric vehicles and portable devices. However,
due to the inaccurate parameter estimation of aged battery cells
and multi-cell batteries, current BMSs cannot control batteries
optimally, and therefore affect the usability of products. In this
paper, we proposed a smart management system for multi-cell
batteries, and discussed the development of our research study
in three directions: i) improving the effectiveness of battery
monitoring and current sensing, ii) modeling the battery aging
process, and iii) designing a self-healing circuit system to
compensate performance variations due to aging and other
variations.

Index Terms—Battery management system (BMS), multi-cell
batteries, multi-cell, battery aging, self-healing circuit.

I. INTRODUCTION

N the 21% century, transportation and environment

problems are the primary challenge for many countries,

especially for China. Due to the increasing awareness of
global warming, the demand for clean fuel/energy is on the
rise. Thus, there is a continuous shift towards the Electric
Vehicles (EVs) and Hybrid Electric Vehicles (HEVs) [1].
Moreover, battery-powered electronic devices have become
ubiquitous in modern society. Rapid expansion of the use of
portable devices (e.g. laptops, tablet computers and cellular
phones) creates a strong demand for a large deployment of
battery technologies at an unprecedented rate. In addition,
distinct requirements for batteries, such as high energy
storage density, no-memory effect, low self-discharge and
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long cycling life, have drawn explicit attention recently. Due
to the above-mentioned facts, battery management systems
(BMSs) become indispensable for modern battery-powered
applications [19-21].

An effective BMS can protect the battery from damage,
predict battery life, and maintain battery operationality.
Technically, BMS can maximize the run-time per discharge
cycle and the number of life cycles attainable for the battery.
This is achieved by monitoring the charging and discharging
process of the battery through status of the state of charge
(SoC), state of health (SoH) and remaining useful life of the
battery [2]. Typical (multi-cell) battery contains a battery
(cell pack with cell switching circuit) and a BMS; and
connects to load and charger, as shown in Fig. 1.

Reliability of batteries directly affects the usability and
performance of the EVs/HEVs and other battery-powered
electronic devices. However, due to the aging process,
parameters of batteries are wusually non-linear and
time-dependent. Furthermore, traditional BMSs cannot
detect battery states and manage battery operations in a real
time manner [3]. These issues become even more prevalent in
multi-cell battery systems. However, such issues are not
explicitly explored by research communities. Eventually,
they will affect the usability of battery-powered products.

In this paper, we discuss our current study about a smart
BMS for aged batteries and multi-cell batteries. Discussions
on our research studies are carried out in three directions: 1)
improving the functionality and effectiveness of the
monitoring process through a hybrid decision methodology,
il) modeling the battery aging process through an
experimental aging testing method and emerging modeling
techniques, and i) designing a  self-healing
(self-reconfigured)  circuit system to compensate
performance variations due to cell aging and variations in
sub-micron technologies.

II. BATTERY MONITORING

In this section, we first discuss two performance indicators
in the battery monitoring process. This is followed by the
instrumentation in the monitoring process, and the
monitoring of multi-cell battery systems.

A. State of Charge and State of Health

SoC represents the present capacity of the battery expressed
in terms of its rated capacity [5-14,36,37]. Accurate SoC is
needed in the control circuit to ensure optimum control of the
charging process. Knowledge of SoC of battery or individual
cells is required for many applications, such as for guidance
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Fig. 1. Block diagram of a typical battery management system.

on optimal usage of the battery-powered device/application.

Many techniques have been proposed for generic real-time

SoC determinations:

1) Fuzzy Logic [4,12] uses battery parameters to estimate
SoC accurately through data approximations. However,
its membership function is highly subjective, and
therefore, it requires a lot of memory in practices.

2) Kalman Filter [4,11,31] can determine SoC accurately,
especially for systems with multiple inputs, through
stripping unwanted noise out of a set of data. However, it
is difficult to implement the filtering algorithm that
complies with specific requirements, such as
non-normalities and non-linearities.

3) Artificial Neural Networks (ANN) [4,31] determine SoC
through pattern sorting, learning from trial and error,
discerning and extracting relationships. It can model
linear and nonlinear relationships; however, ANN needs
training data of a similar battery and is expensive to
implement [40].

State of Health (SoH) is a measurement that reflects the
general condition of a battery and the ability to deliver a
specified output. It also indicates the remaining useful
lifetime and maintenance status of the battery. SoH
measurement is important for assessing the readiness of
emergency power equipments. In practice, SoH can be
estimated by a single measurement of conductance or
impedance of the cell, which is easy but imprecise.

In our study, we aim to develop efficient and accurate SoC
and SoH estimation algorithms through hybrid approach
using ant colony optimization [9] and fuzzy logic.
Furthermore, cell/battery parameters, such as capacity,
internal resistance, self-discharge, charge acceptance,
discharge capabilities, will be used in proposed algorithms to
estimate the actual SoH in a comprehensive perspective.

B. Lossless Current Sensing and Feedforward Control

Current sensing [38] is fundamentally required by a wide
range of electrical operations, for example, monitoring of
battery life and battery currents. Conventionally, current is
sensed by inserting a resistor in the target path. This method
incurs significant power losses, especially in high-current
applications. Lossless current-sensing methods [38] address
this issue by sensing the current without consuming the
power as in the case of passive resistors. However, their
accuracies are significantly lower than conventional
approaches. Moreover, lossless methods are generally and
inherently less susceptible to switching noise. Therefore,
noise removal and precision enhancement are two issues in
lossless current sensing that have a high research value. In
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this study, we propose feedforward control to address these
issues.

Feedforward control can effectively eliminate or reduce
effects of disturbances in a control system. It is also very
useful in systems with time-varying references that cannot be
adequately tracked by feedback control. Load-current
feed-forward control has been shown to be a promising
technique that can eliminate the stability constraint linking
the size of the output capacitor and the switching frequency
of typical digital controllers and power converters [39]. Over
the past years, load-current feed-forward control has been
widely applied for current sensing [39]. However, there are
several issues that impair the use of load-current feedforward
control for current sensing. For instance, the aggressive load
current transient (e.g. with the slew rate of 1A/ns) requires
fast sampling and processing of the load current. Another
issue is the large dynamic range requirement by directly
quantizing the load current over a wide load range.

In our study, we aim to develop lossless current sensing
techniques that can have an efficient and high-precision
current-mode  control in  harsh environments. In
implementation, we start by developing the feedforward
control with a fast processing of load current through a
relaxation of sampling speed.

C. Management of Multi-Cell Batteries

Due to the production tolerances or operating conditions of
batteries, there are small differences in charges between cells
that may be magnified with each charge-discharge cycle.
During charging, weak cells become overstressed, thus cause
a further degradation. Weak cells eventually start
malfunctioning, and cause a premature failure of the whole
battery system. In order to extend the lifetime of (multi-cells)
battery systems, dedicated battery management approaches
should be developed. For example, weak cells can be
compensated by equalizing the charge on each cell in the
battery chain [31].

One of the prime functions of the multi-cells BMS is to
monitor and control battery cells systemically, in order to
protect battery cells and battery systems from abnormal
ambient or operating conditions. This function is particularly
important in automotive applications because they work in
the harsh environment with high temperature and high
vibration [31]. For this research, we aim to design individual
cell protection for automotive systems in order to avoid the
external fault conditions. This can be done by isolating the
battery as well as addressing the fault. For example, the
cooling fan should be turned on if the battery overheats, and
if the battery is excessively and continuously overheated, the
battery should be disconnected.

III. BATTERY AGING PROCESS

Performance of batteries, especially rechargeable batteries,
deteriorates and loses their storage capacity gradually, due to
irreversible physical changes and chemical changes within
the battery. For example, surface area of battery cell plates
shrinks continuously and permanently because of plate
corrosions. Thus, the electrolyte becomes less reactive, and
the charge capacity of the cell is reduced. Moreover, the
internal resistance of the cell also increases because corrosion
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products inhibit the free flow of electrons through plates and

electrolytes.

Batteries deteriorate regardless of whether they are used or
not. However, battery degradation is strongly influenced by
charge/discharge conditions, electrolyte decomposition and
the formation of surface films on both electrodes [32]. These
aging processes take place due to complex operation
conditions [23-25]. Some common conditions are outlined
here:

1) Temperature of batteries during charging and
discharging: Most corrosion occurs during cycles of
charging and discharging, and accelerates at a higher
temperature. Therefore, batteries usually operate in a
restricted temperature range during the charging cycle. If
it is possible, charging should be performed in a lower
temperature environment. For example, studies state that
15°C is optimal for battery charging [33]. For another
example, after a high current consumption, the battery
should be cool down before (re-)charging.

2) Discharge depth: It will shorten the time in both charge
and discharge cycles because of the internal battery
resistances and batteries heats during operations. This
factor might not be as obvious but more frequent battery
changes will increase the overall lifespan of the
Lithium-ion battery.

3) Charging voltages: Charging voltages have a significant
effect on battery longevity. Some cells may deteriorate
faster than others during operations. Deteriorated cells
reduce the output voltage of the battery, and affect the
usability and reliability of the circuit. This issue is more
apparent for high-current applications, since the voltage
drop is magnified due to the internal resistance. Also,
such an issue causes the battery to appear to the user to
have less capacity as its cells age.

Battery aging is a complex process which requires a
sophisticated modeling technique. A battery aging model of
Ni-MH batteries has been proposed in [30]. Meanwhile, the
influence of battery aging on the electromotive force has
been discussed in [31]. Since deterministic models have a
weak functionality and versatility, different
probabilistic/stochastic  models, Markovian decision
processes and formal models have been proposed recently
[18,22,34,35] that can be used to deal with uncertain or
incomplete  information, employing concepts from
probability.

Based on the existing study, we aim to i) study battery
aging process with respect to chemical changes and physical
conditions of batteries, ii) adopt continuous models,
probabilistic models, stochastic models and hybrid models
for a more realistic battery modeling, and iii) develop
charging/discharging algorithms that alleviate the aging
process through artificial intelligent and/or formal approach.
In implementation, we will first design an accelerated life test
to understand the aging processes of battery, and then
develop modeling and charging/discharging algorithms in the
second stage.

IV. HARDWARE IMPLEMENTATION OF BATTERY
MANAGEMENT SYSTEM:

Rechargeable battery systems have been widely used in
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different applications. Multi-cell battery management system
has been proposed due to manufacturability and safety of
battery cells [15-17,26-28]. Thus, battery management
integrated circuit (BMIC) is combined with cell packs,
sensors and main processors; in order to monitor and
schedule the operation of each battery cells.
Fixed-configuration battery systems are widely used in
practice, but they usually behave abnormally in extreme
conditions such as high temperature, over-charged and
over-discharged. Also, they usually have low conversion
efficiency and a non-optimal system performance. Safety
circuits have been proposed to protect the battery system by
switching off the whole system. However, they cannot fully
utilize the battery system. Therefore, they are not capable to
improve functionality, lifespan and conversion efficiency of
battery systems. Recently, some configurable methodologies
have been proposed. Those methodologies can dynamically
configure the battery system in series and parallel; therefore
they can output the required current and voltage with a better
conversion efficiency and functionality. However, battery
aging and other physical/chemical nondeterministic
characteristics of the battery system significantly affect the
battery system performance such as power quality and
battery lifespan. In addition, existing approaches still cannot
overcome these deficiencies, and cannot fully utilize the
energy usage of battery systems with aged problem or
operation in the extreme environment.

In this research study, self-calibrated battery management
system is proposed for multi-cell battery systems. Battery
system operation status is observed through sensors and
analyzed through processors. Tuning knobs of the battery
system are adjusted in order to calibrate internal circuit
parameters (e.g. bias current/voltage, programmable
delay/frequency) and compensate the performance variations
due to aging and other variations. The developed system can
improve the yield and lifetime of the system when battery
cells in the battery system encountering problems of battery
aging or other variational faults. The developed system will
also have a self-diagnosis process with a flag indication
(complete, partial and fail) of the re-configuration process for
user practicability.

This study can be divided into the following tasks:

1) developing monitoring, scheduling and re-configuration
algorithms to monitor the BMS performance and
determining the compensation for the degraded
performance;

2) developing a configurable power converter circuit
topology to calibrate the battery cell status and
improving the delivered power quality;

3) implementing the BMS system using battery cell
network, mixed-signal FPGA boards (or FPAA boards),
power MOSFETs, microcontroller and other
peripherals;

4) analyzing and optimizing the BMS performance of 1)
power supply performance in terms of output energy
usage and lifespan, and ii) the re-configuration process
in terms of convergence and stability.

In implementation, we aim to i) design and validate the
BMS performance in Matlab/Simulink environment, ii)
construct a prototype in hardware and test it via variable DC
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sources and programmable DC electronic loads, and iii)
realize the proposed BMS as a IC chip package.

V. CONCLUSION

In this paper, research issues and research problems related
to multi-cell battery management system design have been
discussed comprehensively. Based on the study, we aim to
develop battery monitoring algorithms with advanced aged
battery models, as well as efficient lossless current sensing

methodologies

and self-healing battery management

hardware systems that can prolong system runtime and
battery lifetime.
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