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h i g h l i g h t s

� A parameter estimation method based on an incremental analysis is proposed.
� The proposed method does not utilize the OCV in the calculation.
� Incremental-analysis-based autoregressive exogenous modeling is adopted.
� The numerical stability, model error, and parametric sensitivity are analyzed.
� Simulation results show that the proposed model has a high accuracy.
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a b s t r a c t

To improve the suitability of lithium-ion battery model under varying scenarios, such as fluctuating
temperature and SoC variation, dynamic model with parameters updated realtime should be developed.
In this paper, an incremental analysis-based auto regressive exogenous (I-ARX) modeling method is
proposed to eliminate the modeling error caused by the OCV effect and improve the accuracy of
parameter estimation. Then, its numerical stability, modeling error, and parametric sensitivity are
analyzed at different sampling rates (0.02, 0.1, 0.5 and 1 s). To identify the model parameters recursively,
a bias-correction recursive least squares (CRLS) algorithm is applied. Finally, the pseudo random binary
sequence (PRBS) and urban dynamic driving sequences (UDDSs) profiles are performed to verify the
realtime performance and robustness of the newly proposed model and algorithm. Different sampling
rates (1 Hz and 10 Hz) and multiple temperature points (5, 25, and 45 �C) are covered in our experiments.
The experimental and simulation results indicate that the proposed I-ARX model can present high ac-
curacy and suitability for parameter identification without using open circuit voltage.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Literature review

Owing to its higher energy and power density, the lithium-ion
battery has become the dominant power source for many appli-
cations including hybrid electric vehicles (HEVs) and pure electric
vehicles (EVs). To ensure efficient and safe operation, and prolong
the lifespan of the lithium-ion battery system, an advanced battery

management system with accurate parameter and SoC estimation
algorithm needs be developed. In principle, great parameter esti-
mation accuracy will be beneficial to many functions of the battery
management system: 1) directly presenting insightful information
for characterizing the battery health and safety condition, such as
state of health (SOH) and state of safety (SOS) estimation [1e4]; 2)
the calculations of state of available power (SOP), maximum
charging/discharging current limitation, state of charge (SoC) [5e7]
and state of stored energy (SOE) also require knowledge of the
precise battery model parameters.

Two commonly used methods of describing the input/output
behavior for lithium-ion battery are the electrochemistry-based
models [8,9] and the equivalent-circuit models [1e7,10e12]. The
former model is based on the porous electrode theory and lithium-
ion/charge diffusion and migration mechanisms. It has the
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advantage of better predicting the inward spatial and temporal
states of the battery, such as the concentration of the solid/elec-
trolyte phase and the current/potential distribution of the two
electrodes and so on. On the basis of the precise estimation of
battery's internal reaction state, these electrochemical models
present great potential for optimal and fast charging control
application [13,14] and are critical to the evaluation of the battery's
aging and degradation status [15e17]. However, these models are
described by the partial differential equations (PDEs), which is too
intricate mathematically and time-consuming for realtime utiliza-
tion. Although many model order reduction techniques, as
reviewed in Ref. [18], have been derived to simplify the model's
calculation, there are also intensive computation burdens prohib-
iting them from being implemented onboard effectively.

The equivalent-circuit models [1e7,10e12] can be clarified as
one simplification of electrochemical models by using electrical
circuit elements to describe the battery dynamics. As stated in
literature [19], the charge transfer across the double layer on the
electrode surface can be represented by a resistor in parallel with a
capacitor, wherein ion diffusion dynamics can be represented by
wave propagation on a transmission line. To achieve more precise
equivalent circuit model, it requires the distributed or none-
lumped elements such as constant phase element (CPE) [20,21]
and Warburg impedance elements [22], which may increase the
computational burden for on-board application. According to our
previous work [23], the equivalent circuit analog with an ohmic
resistor, a resistorecapacitor pair and a CPE device shows the
highest performance comparedwith the EIS test results. The similar
conclusion also has been drawn by Hu's systematic and compre-
hensive study [24] in time domain, which presents that the first
order RC model with one-state hysteresis seems to be the best
choice for LiFePO4 cells. To sum up, despite a lack of detailed
physical representation, the equivalent circuit models have ach-
ieved immense employment in practical engineering applications
for their simplicity and sufficient precision.

About the parameter estimation algorithms, there exist two
commonmethods in the recent literature. The first one procedure is
stated as that [25], in which the battery model parameters are
estimated online considering the OCV as a-priori knowledge. The
terminal voltage is divided into two parts, the dynamic voltage and
OCV. The dynamic voltage and loading current could be taken to
identify the parameters with a recursive least squares algorithm.
The OCV is determined by a look-up table or polynomial expression,
which needs numerous experiments to cover the SoC, temperature,
and aging effect. Thus, it is rather labor-complicated and time-
costing in practical operation. Other procedures [11,26e28] view
the OCV as part of the model parameters. Its advantage is that the
OCV and model parameters can be treated as the integrated
parameter sets and identified simultaneously. However, there will
be co-relevant uncertainties about the OCV and model parameters
when they are coupled together. If there are any inaccuracies
associated with the model parameters, these errors will be trans-
ferred to the OCV estimation, and vice versa.

1.2. Motivation and innovation

In order to eliminate the coupling between the OCV and the
model parameters, an incremental analysis-based auto regressive
exogenous (I-ARX) model is established to gain battery model pa-
rameters correctly. The major benefit of this method is that it does
not require a-priori knowledge of the OCV and can also precisely
estimate the model parameters to some degree. According to the
definition of SoC in Ref. [29], it can be claimed that the SoC value
changes lightly in the short time horizon. Considering the property
of OCVeSoC look-up curve, it can be inferred that the OCV variation

is also not notable in one short time span. Subject to these char-
acteristics, we aim to make some improvement to the traditional
ARXmodel by incremental analysis technique. The newly proposed
I-ARX model can eliminate the OCV coupling effect; therefore, the
extraction accuracy of the model parameters could be improved
significantly. In contrast to the conventional ARX model input
(current) and output (voltage), the I-ARX model is first-order-
derivative oriented, which means the input and output of the I-
ARXmodel are the differential current (DІL) and differential voltage
(DUL), respectively.

1.3. Outline of the paper

This paper is organized as follows. In Section 2, the proposed I-
ARX discrete battery model is derived and presented in detail. In
Section 3, the numerical stability, model error, and parametric
sensitivity of the I-ARX model is presented for different sampling
rates Ts (0.02, 0.1, 0.5 and 1 s). In Section 4, two types of validation
sequences, the pseudo random binary sequence (PRBS) and urban
dynamic driving schedule (UDDS) profiles, are chosen to verify the
performance and robustness of the proposed model and algo-
rithms. Finally, the concluding remarks and the plans for future
work are given.

2. Incremental-analysis-based ARX modeling

2.1. Continuous battery model topology

From engineering perspective, the electrical behavior of the
battery system can be described by the equivalent circuit (EC)
network, as shown in Fig. 1. The EC topology consists of a voltage
source Voc (T,soc), an ohmic resistance Ro, and one pair of an ohmic
resistor Rp and a capacitor Cp. Voc (T,soc) represents the OCV, which
is a function of the SoC and temperature. Ro indicates the overall
resistance of the positive/negative electrodes, current collectors,
and electrolyte. The pair Rp/Cp represents the dynamic effect of
polarization and diffusion.

Intuitively, the electrical behavior of the Thevenin circuit can be
defined as follows [29]:

_Up ¼ � 1
CpRp

Up þ 1
Cp

IL; (1)

UL ¼ Voc þ Ud ¼ Voc þ Up þ RoIL; (2)

where Up is the voltage across Rp/Cp, Ud is the dynamic effect wiping
out the OCV, and IL and UL are the load current and terminal voltage,
respectively (Note: IL > 0 when charging).

Fig. 1. The schematic diagram of the Thevenin-equivalent-circuit model.
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