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Abstract: State of charge (SOC) is an essential parameter for battery management system (BMS). Accurate 
estimation of SOC ensures battery work within a reasonable range, which can prevent over-charge or over-
discharge damage to extend battery life. The third-order RC equivalent circuit model is established to describe 
the characteristics of battery, in which the parameters can be identified by the discharge experiment. For the 
multiple state variables, strong coupling, stochastic noise, and wild values in the battery system, the principle of 
superposition is used to decompose the measurement equation so that the separately estimating for state 
variables to eliminate the coupling relationship between them. A novel SOC estimation method based on 
Extended Kalman Filtering (EKF) is proposed in this paper. The simulation and experimental results show the 
validity of the established third-order RC equivalent circuit model, SOC estimation has a high accuracy. 
Copyright © 2013 IFSA. 
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1. Introduction 

 
Power battery is a key to the development of new 

energy vehicles. The nickel-metal battery and lead-
acid battery are used as the main power in the field of 
electric vehicles. However, lithium-ion battery, 
compared with conventional nickel-cadmium and 
nickel-metal battery, has the merits of high  
energy [1], long cycle life, no memory effect, safe 
and pollution-free, fast charge and discharge, wide 
operating temperature range, etc., which will be 
predominant in this field gradually. Thus, the 
development of using lithium-ion battery as the new 
energy vehicle power battery has a high practicality. 

State of charge (SOC) is necessary parameter for 
battery management system (BMS) [2] to ensure the 
battery safety and life. Since the actual SOC is 

influenced by many factors, such as temperature, 
cycle of discharge, self-discharge, aging, and others, 
the complicated nonlinear behaviors result in 
difficultly estimating for SOC with accurate. 

 
 

2. SOC Estimation Method 
 
At present, SOC estimation methods mainly 

include coulomb counting, the open circuit voltage 
method [3, 4], the impedance method, Kalman 
filtering, neural network method etc. 

Classical Kalman filtering algorithm is only 
applicable to the linear systems, which cannot be 
directly used to estimate SOC because of the 
complex nonlinear nature of the internal chemical 
characteristics in the battery. Extended Kalman 
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filtering (EKF) is employed to the non-linear  
system [5], which has a strong correction function for 
the initial error of SOC. However, the noise statistic 
characteristics vary with dramatic changes in actual 
working conditions, which will cause the inaccurate 
estimation and even the filtering divergence. In this 
paper, according to the principle of superposition, the 
decomposition of measurement equation is used to 
separately estimate the state variables to eliminate 
the coupling relationship between them. The 
proposed estimation method based on EKF can 
accurately estimate SOC. 
 
 
3. A Novel SOC Estimation Algorithm 

Based On EKF 
 
3.1. Battery Model 
 

Currently, the main battery models are as follows: 
electrochemical model [6], neural network model, 
AC impedance model, equivalent circuit model [7] 
etc., each model has own advantages [8]. However, 
the RC network equivalent circuit model with the 
simple structure and high precision is being widely 
used in the BMS to describe the operating 
characteristics of the battery. In this paper, the 
established third-order RC model is shown in Fig. 1. 
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Fig. 1. Third-order RC equivalent circuit model of battery. 
 
 
Model parameters can refer to [9, 10]. According 

to Kirchhoff's voltage, Kirchhoff's current theorems 
and SOC calculation formula, the mathematical 
model can be presented as follows: 
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where   is the coulomb efficiency; InitialSOC  is the 
initial value of SOC; U1, U2 and U3 denote the 

terminal voltage of capacitor C1, C2 and C3, 
respectively; YL is the battery terminal voltage; Cn is 
the battery rated capacity. 
 
 
3.2. Kalman Filtering Principle 
 

Kalman filtering has the advantages of a small 
amount of calculation, a low storage capacity, and 
high real-time, and the algorithm block diagram is 
shown in Fig. 2. 
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Fig. 2. Kalman algorithm block diagram. 

 
 

3.3. Novel SOC Estimation Method 
 

EKF is the optimum state estimator, which is 
widely used for the nonlinear systems. According to 
the established third-order RC equivalent circuit 
model, the state variables are selected as follows: 
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where kSOC is the value of SOC at time index k; 1

kU , 
2
kU  and 3

kU  devote the terminal voltage for three RC 

networks at time index k, respectively.  
 
Combined with equation (1), the state equation 

and output equation [11] of the above model in 
discrete space could be described as follows: 

 

1

1

2

2

3

3

11

2

3

1 0 0 0

0 0 0
(1 )

0 0 0
(1 )

0 0 0
(1 )

t n
t

t
k k t

t
t

t

C
e

R eX X
e

R e
e

R e













 



  









       
   
        
                

1 1k ki w 




 (3) 

 
1 2 3

0( )k k k k k k kY OCV SOC i R U U U v      , (4) 
 
where kY is the battery terminal voltage at time index 

k; t is the sampling period; ki  is the circuit current 

at time index k, which is the system control input; 

1 1 1R C  , 2 2 2R C  , 3 3 3R C  ; kw and kv are 

independent, zero-mean, Gaussian noise processes of 
covariance matrices kQ and kR , respectively; 0R is 



Sensors & Transducers, Vol. 23, Special Issue, July 2013, pp. 137-143 

 139

the ohmic internal resistance; polarization 
capacitance 1C , 2C , 3C  and polarization resistance 

1R , 2R , 3R  can be identified by the intermittent 

discharge experiment; ( )kOCV SOC  is the nonlinear 

relationship between open circuit voltage (OCV ) and 
SOC as follows: 
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(5) 
 

At different SOC, the battery pack is fully rested, 
and the terminal voltage can be viewed as open 
circuit voltage. Based on the obtained OCV and 
SOC, the undetermined coefficients 1 9~k k  can be 

calculated by using the least squares method. 
In the established third-order RC model, the 

system has multiple state variables. In practical 
applications, it is necessary to estimate multiple state 
variables. However, there are certain mutual coupling 
and influenced relationships each other in this 
process so that it is difficult to accurately estimate 
each state variable. Particularly, when random 
system noise is strong, EKF is directly used for the 
SOC estimation to result in inaccurate estimation, 
even is divergent. The proposed novel SOC 
estimation strategy based on EKF is as follows: 

In the measurement equation (4), the terminal 
voltage of the battery is the linear combination of 

( )kOCV SOC , 1
kU , 2

kU , 3
kU  and 0ki R , and kY is 

treated as the linear superposition of them. By the 
superposition principle, the equation (4) can be 
divided into five independent measurement equation 
sub-systems, in which each sub-system separately 
observes corresponding state variables to estimate 
independently themselves, which eliminating 
artificially mutual coupling relationship between 
them and improving estimation accuracy. The 
method is as follows: 

The measurement equation (4) is decomposed  
as follows: 
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With equation (3), (6), EKF algorithm is used to 

estimate SOC, and the recursive procedure is as 
follows: 

1)  state prediction 
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where the state transition matrix: 
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System control input matrix: 
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2) Prediction error variance matrix: 
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3) Filtering gain matrix: 
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where , 1k xH  is the observation matrix; , 1
ˆ

k xX  is the 

data of the prediction matrix | 1, 1
ˆ

k k xX  in the row 1, 

column k, which is the prediction value for SOC at 
time index k. 

4) State estimation: 
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where |m kY  is the observed value for the terminal 

voltage of the battery at time index k, disturbed by 
the measurement noise kv  and measured directly by 

the experimental equipment; k̂Y is the corresponding 

estimation value which can be calculated by the 
following equation: 
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5) Estimation error covariance matrix: 
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Steps 1) to 5) are the estimating process for the 
state variable SOC. Given the initial values of the 

state estimation matrix | , 1
ˆ

k k xX and estimation error 

matrix | , 1k k xP , the optimal estimation values of SOC 

are obtained by repeated recursive. 
The estimation process for state variables 

2 4~X X  is similar to SOC. 

By comparing recursive process between classical 
EKF and EKF decomposed measurement equation, 
the difference is the decomposition of measurement 
equation, which leads to the change of observation 
matrix. The theoretical calculations and experimental 
results show that the correction function of the 
filtering gain matrix for the EKF decomposed 
measurement equation, compared with classical 
EKF, is stronger and more stable. 

 
 

4. Model Parameters Identification 
 

4.1. Battery Test System 
 

In order to identify [12] parameters in the model, 
the 60 Ah/72 V power lithium-ion battery pack made 
by a certain manufacturer is selected in this paper. 
The intermittent discharge experiments are 
conducted at room temperature, and the test 
equipment is Electric Vehicle Test System (EVTS) 
made by American ARBIN Instruments. The 
platform is shown in Fig. 3. 
 
 

4.2. Model Parameters Identification 
 

According to the established third-order RC 
equivalent circuit model, it is essential to identify the 
following parameters: ohmic internal resistance 0R ; 

polarization capacitance 1C , 2C and 3C ; polarization 

resistance 1R , 2R and 3R . In this paper, the multiple 

linear regression method is used to identify them. 

The intermittent discharge experiments are 
conducted for the selected battery pack, and the 
voltage response curves mainly include three stages: 
firstly, the battery terminal voltage decreases slowly 
during the constant current discharge; secondly, at 
the moment of current removal, the voltage has a 
mutation mainly caused by the ohmic internal 
resistance [13], and the mutation voltage drop 
divided by the circuit current is the ohmic internal 
resistance; thirdly, after the load current is removed, 
the voltage rises slowly. 

According to the experiment voltage data for the 
falling and rising stages, polarization capacitance 1C , 

2C and 3C , polarization resistance 1R , 2R and 3R  can 

be obtained by employing the least squares method. 
The experimental and the fitted results are shown in 
Fig. 4, where the blue solid line represents the 
experimental values, and the red dashed line 
represents the fitted values. In Fig. 4, the maximum 
voltage error is about 0.06 V. 

 
 

 
 

Fig. 3. Battery test platform. 
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Fig. 4. Experimental voltage and fitted voltage. 
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5. Simulation and Experiment 
 
5.1. Battery Simulation Model 

 
According to the state and measurement 

equations of the system, the simulation model built is 
shown in Fig. 5 in Simulink environment. 

 
 

 
 

Fig. 5. Battery simulation model. 
 
 

5.2. Experimental Test Condition 
 

The target of study is to estimate SOC for the 
60 Ah/72 V power lithium-ion battery pack made by 
a certain manufacturer, and the range of working 
voltage is from 60 V to 86.4 V. The battery pack is 
discharged with the constant current of 20 A, which 
is fully charged before starting the experiment. 

 
 

5.3. Model Validation 
 

Model simulation voltage and the measured 
voltage results are shown in Fig. 6, where the blue 
dashed line represents the simulation values, and the 
red solid line represents the experimental values. 
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Fig. 6. Simulation and measured voltage. 
 

 
As show in Fig. 6, the voltage error between the 

measured and simulation voltage in the whole 

process, excluding certain point, is about 1.1 V, the 
others are less than 0.6 V, and the model has  
a high precision. 
 
 
5.4. Simulation and Experiment Results 
 

When the current operating conditions change 
rapidly, and the coupling relationship among 
multiple state variables is strong, the classical EKF 
algorithm has been unable to accurately estimate 
SOC or other state variables. However, the proposed 
method can be used to accurately estimate each state 
variable. The SOC estimation results for three 
methods are shown in Fig. 7 and Fig. 8, Fig. 9,  
Fig. 10, where the blue dotted line represents the 
estimated values of the classic EKF, the black dashed 
line represents the estimated values of the proposed 
method, and the red solid line represents the 
experimental values. 
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Fig. 7. SOC tracking curve for three methods. 
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Fig. 8. Larger View of Fig. 7. 
 

 
The SOC estimation result for classic EKF is 

shown in Fig. 9, the SOC estimation maximum error 
is about 3.96 %.  

The SOC estimation result for the proposed 
method is shown in Fig. 10, in the discharge process 
from 0 to 9680 seconds, the SOC estimation error is 
less than 1 %, and the maximum error is  
about 2.05 %.  
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For the multiple state variables and strong 
coupling system, the experimental results show that 
classical EKF algorithm has been unable to 
accurately estimate SOC and other parameters, even 
is divergent. However, the proposed method achieves 
high estimation accuracy for each parameter  
of battery. 
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Fig. 9. SOC error for the classical EKF. 
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Fig. 10. SOC error for the proposed method. 
 
 
6. Conclusions 
 

In this paper, the third-order RC equivalent 
circuit model is established, in which the parameters 
are obtained through the intermittent discharge 
experiments. By comparison the simulation and 
experimental results, the correctness of the model is 
verified. The simulation and experimental results 
show that the proposed novel SOC estimation 
method, for the multiple state variables, the strong 
coupling and stochastic noise, the wild values in 
battery system, has a high estimation precision, and 
is particularly suitable for the SOC estimation under 
the condition of the current rapidly changing. 

However, EKF algorithm relies on the accuracy 
of the built model. The battery parameters during use 
will vary with some factors, such as life [14], 
temperature, self-discharge etc., so the parameters 
online identification is necessary, which is need to 
further research. 
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