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a b s t r a c t

To increase lifetime, safety, and energy usage battery management systems (BMS) for Li-ion batteries
have to be capable of estimating the state of charge (SOC) of the battery cells with a very low estimation
error. The accurate SOC estimation and the real time reliability are critical issues for a BMS. In general an
increasing complexity of the estimation methods leads to higher accuracy. On the other hand it also leads
to a higher computational load and may exceed the BMS limitations or increase its costs.

An approach to evaluate and verify estimation algorithms is presented as a requisite prior the release of
the battery system. The approach consists of an analysis concerning the SOC estimation accuracy, the
code properties, complexity, the computation time, and the memory usage. Furthermore, a study for esti-
mation methods is proposed for their evaluation and validation with respect to convergence behavior,
parameter sensitivity, initialization error, and performance.

In this work, the introduced analysis is demonstrated with four of the most published model-based
estimation algorithms including Luenberger observer, sliding-mode observer, Extended Kalman Filter
and Sigma-point Kalman Filter.

The experiments under dynamic current conditions are used to verify the real time functionality of the
BMS.

The results show that a simple estimation method like the sliding-mode observer can compete with the
Kalman-based methods presenting less computational time and memory usage. Depending on the bat-
tery system’s application the estimation algorithm has to be selected to fulfill the specific requirements
of the BMS.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium-ion battery technologies are a very promising technol-
ogy for both stationary energy storage and electro-mobility. The
optimal operation to improve the performance, prolong the life-
time, and to prevent damage of the battery are key factors that
have to be achieved by the battery management system (BMS).

Therefore, a precise real time reliable, accurate estimation of bat-
tery parameters and internal states are needed. Some of these
states cannot be measured directly by sensors, which means that
they have to be estimated making use of available measured vari-
ables such as cell voltages, current load, and cell temperatures. One
of these internal states with a particular interest is the battery state
of charge (SOC). The SOC represents the available battery capacity
that can be withdrawn from the battery. On the other hand the SOC
is used to prevent battery over-discharge or over-charge as well as
to operate the battery in such a manner that aging effects are
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reduced. One of the most implemented methods to estimate the
SOC is the Coulomb counting method [1,2]. Although simple to
carry out, an accurate estimation of the SOC cannot be achieved,
mainly because of the initialization and accumulated measure-
ment errors. The initialization error can be solved by having
knowledge of the relation between SOC and the open circuit volt-
age (OCV) that can be obtained by characterization measurements
[3–5] or by OCV estimation algorithms [6]. However, this requires
long resting periods.

To solve these problems, many different model-based
approaches have been developed and published in recent years,
presenting high SOC estimation accuracy and reliability [7–9].
Although very precise, some of these methods compute complex
equations that have to be processed by a microcontroller.

Besides the estimation of the battery state, the BMS has to fulfill
other functions like protecting the battery from operating outside
its safe operating area, collecting and reporting data, controlling
its environment and cell balancing. These operations have to be
executed within some few milliseconds to ensure the BMS
functionality.

The focus of this work lies on the application of selected estima-
tion algorithms and the study of their reliability regarding external
disturbances and erroneous parametrizing as expected in a real
battery system environment. Furthermore this paper proposes a
study of some fundamental topics besides the estimation accuracy
of the state estimation algorithms that have to be considered for
the implementation in a BMS, mainly the BMS cycle time, code
complexity and code memory usage which are different for every
algorithm.

To address the issue of comparability of observer design imple-
mentations the following points are taken into account:

� The programming is carried out by the same programmer.
� Same workflow and compiler is employed.
� Same battery module, BMS and battery model is used.
� Same parameterization procedure is followed.

Four estimation algorithms including Luenberger observer,
sliding-mode observer, Extended Kalman Filter and Sigma-point
Kalman Filter, are analyzed and compared in this work. At first
the model-based estimation method theory as well as the
approaches under study are presented. The results of validation
tests regarding accuracy, robustness and computational time are
demonstrated and discussed.

This work serves as a guide for analyzing, testing, and validating
state estimation algorithms to assure the BMS reliability and per-
formance for an optimal operation of lithium-ion batteries.

2. Cell model and model-based state estimation algorithms

2.1. Cell model

Model-based state estimation algorithms are very promising
approaches for reliable battery monitoring [10,11]. These sorts of
algorithms make use of an equivalent circuit, e.g. depicted in
Fig. 1 which describes the battery’s dynamic, electrical behavior
with a constant nonlinear voltage source for the OCV, a cell ohmic
resistance and a RC-circuit connected in series.

For the presented equivalent circuit the current is defined
positive for charging and negative for discharging. The relationship
between the input values, current I, ambient temperature T, and
the voltage output Ucell of the model leads to the estimation of
internal cell states, e.g. SOC. Thinking of the system having a state
vector that outlines the effect of past inputs on the system the cell
model can be expressed in the following state space representation

xkþ1 ¼ f ðxk;uk;du;kÞ; ð1Þ

yk ¼ g xk;uk;dy;k

� �
; ð2Þ

where k is the discrete-time index, xk the system state vector as a
function of the system input uk and the input disturbances du,k.
The system output yk depends on the state vector, the system input
and the output disturbances dy,k. In this work the SOC and the
voltage drop U1 at the RC-circuit from Fig. 1 are the selected system
states

xk ¼
x1;k

x2;k

� �
¼

SOCk

U1;k

� �
; ð3Þ

and are defined as the discrete current integration

SOCkþ1 ¼ SOCk þ
Dt
CN
� Ik; ð4Þ

and as the voltage at the capacitance

U1;kþ1 ¼ 1� Dt
R1C1

� �
� U1;k þ

Dt
C1
� Ik; ð5Þ

where Dt is the time increment, and CN the nominal cell capacity. In
steady state (no current flow) the cell behavior is characterized by
the OCV of the equivalent circuit. The dynamic response due to a
change in current is described by the parameters R0, R1 and C1.
These values identified from characterization tests can be stored
in look-up tables [3]. Hence the system output is defined as the cell
voltage

yk ¼ Ucell;k; ð6Þ

where Ucell,k is calculated using the Kirchoff’s second law as

Ucell;k ¼ OCVðSOCkÞ þ R0 � Ik þ U1;k: ð7Þ

Then the battery’s dynamic and electrical behavior is given through
the linear state Eqs. (4) and (5) and the nonlinear system’s output
Eq. (7).

2.2. Model based state estimation principle

Since SOC is a non-measurable variable it has to be estimated by
an algorithm that is capable to fully reconstruct the internal
system states using a state observer. As seen in the structure of
the SOC estimation in Fig. 2, the observer calculates the cell voltagebUcell;k and compares it with the measured voltage Ucell,k. The
difference ek between modeled and measured voltage is fed back
through an observer gain into the model to correct the estimated
system states and output. The variable Hk contains all the internal
cell parameters used in the model.

Beside the input current Ik and temperature Tk the disturbances
dk affect the estimation of the internal states. In this approach the
disturbances are seen as sensor uncertainties. Their influence to
the estimated SOC is analyzed further in this work.

Fig. 1. Electrical equivalent circuit of a cell with open-circuit-voltage, cell ohmic
resistance R0 and R1 and C1 of the RC-circuit.
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