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Adaptive State-of-Charge Indication System  

for Li-ion Battery-Powered Devices 

V. Pop*, H.J. Bergveld**, D. Danilov***, P.P.H. Notten***,****, P.P.L. Regtien***** 

  An algorithm that combines adaptive system with Electro-Motive-Force (EMF) measurements during 

equilibrium and current measurement and integration during (dis)charge states has been implemented in a 

real-time SoC evaluation system. During the discharge state also the effect of the overpotential is considered.  

  The overpotential model includes a variety of parameters that are changing during cycling of the battery. 

Adaptive methods for the battery maximum capacity and for the overpotential model parameters are presented in 

this paper. The final aim is to predict the SoC and the remaining run-time of a Li-ion battery within 1% 

inaccuracy under all realistic user conditions. 

Keywords: portable energy; Li-ion batteries; State-of-Charge (SoC); State-of-Health (SoH).

  

1. INTRODUCTION 

  Battery-powered devices have become ubiquitous in

modern society. The recent rapid expansion in the use 

of portable devices (e.g. portable computers, cellular 

phones, personal data assistants, etc) and electrical 

vehicles creates a strong demand for fast deployment 

of battery technologies at an unprecedented rate. In 

these applications the request for an accurate and 

reliable State-of-Charge (SoC) indicator system is 

clear. SoC is defined as the percentage of the 

maximum possible charge that is present inside a 

rechargeable battery [1]-[5]. Accurate SoC indication 

is difficult due to spread in battery and user 

behaviour, aging, large range of load current and 

temperature and different batteries chemistries.  

  During the lifetime of a battery, its performance or 

"health" tends to deteriorate gradually due to 

irreversible physical and chemical changes that take 

place with usage and with age until eventually the 

battery is no longer usable [1]. Aging of the battery is 

a complex process that involves many parameters of 

the battery, e.g. impedance and capacity [4]. The 

State-of-Health (SoH) is an indication of the point

that has been reached in the life cycle of the battery 

and a measure of its condition relative to a fresh 

battery. In order to deal with the aging effect an 

adaptive system has to be used for SoC indication. For 

a good overview of existing adaptive systems for SoC 

indication the reader is referred to [4].  

  This paper is organized as follows. General issues 

concerning the battery aging effect are given in section 

2. The State-of-Charge (SoC) algorithm is introduced in 

section 3. Section 4 focuses on overpotential 

measurement and modelling methods. New adaptive 

system for the battery maximum capacity and 

overpotential are presented in section 5. Section 6

focuses on the obtained results. Finally, section 7

presents the concluding remarks and future work. 

2. GENERAL ISSUES CONCERNING THE 

BATTERY AGING PROCESS  

  A Li-ion battery may loose performance during the

battery lifetime due to the increase in the impedance 

and overpotential or/and due to the decrease in the

maximum capacity (Qmax) [1]. The operational 

conditions determine whether an aged battery can still 

deliver acceptable remaining run-times (tr) to the user. 

A battery with a low Qmax or a high overpotential may 

still deliver acceptable run-times for the portable

devices that require low discharge C-rate currents, e.g.

a Compact Disk (CD) player or a wireless mouse. The

portable devices that require high discharge C-rate

currents, e.g. mobile phones, digital cameras or 

Electrical Vehicles (EV’s), on the other hand, will

deliver shorter remaining run-times. As a result the 

battery must be recharged more often. This will lead to 

even more wear-out.  

  The changing rate in the battery overpotential and 

maximum capacity is strongly dependent on the 

operational conditions. High C-rates for the 

charge/discharge currents and high temperatures and

voltage levels during the battery charging will 
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speed-up the changing rate of these two battery 

characteristics. To illustrate these phenomena the 

discharge battery capacity (Qd) is plotted for two 

different operational conditions as function of the

cycle number in Fig. 1. In both examples the 

discharge battery capacity has been inferred by means 

of coulomb counting [1]-[8] from a complete 

discharge step at 0.5 C-rate current.  

Fig. 1. Decrease of the discharge capacity Qd [mAh] 

as function of the operational conditions. The horizontal 

axis shows the cycle number Cn.  

  The decrease in discharge capacity can be expressed 

as      
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where 
j

di
Q [%] denotes the decrease in Qd [mAh] after 

j cycles and i the battery number.  

  Fig. 1 shows that the decrease in Qd strongly depends 

on the operational conditions, i.e. on the 

charge/discharge C-rate current, the charge voltage

limit and temperature. For instance, during the 

operational conditions performed for the battery with 

Qd1 (continuous line in Fig. 1) the battery has been 

charged by means of the Constant-Current- 

Constant-Voltage (CCCV) method [1] until 4.3 V at 

25
o
C. During the CC step a 4 C-rate current has been 

applied. It follows from Fig. 1 that Qd1 had a value of 

675 mAh after 220 cycles, whereas after the first cycle 

it was 1165 mAh. It can be concluded from this 

example that after 220 cycles Qd1 value decreases with 

about 42% when compared to Qd1 value after the first 

cycle. 

  In the second case, (dashed line in Fig. 1) the battery 

has been partially charged/discharged between 30% and 

70% SoC with 0.5 C-rate current at 25
o
C. It follows 

from Fig. 1 that Qd2 had a value of 935 mAh after 2000 

cycles, whereas the value of Qd2 after the first cycle was 

1150 mAh. So, Qd2 drops by 19% in 2000 cycles with 

respect to Qd2 value after the first cycle. 

  It should be noted that the decreases in the 

discharge capacity illustrated in Fig. 1 is a result of 

two combined battery processes, e.g. an increase in 

the battery overpotential and a decrease in the battery 

maximum capacity. These processes are accelerated 

when the battery is fully charged with high C-rate 

currents, until high voltage levels and at high 

temperatures [9]. Due to the increase in the battery 

overpotential at the end of the dis(charging) less 

capacity will be removed(put) from(in) the battery.

Due to the decrease of the battery maximum capacity

less capacity will be removed(put) from(in) the 

battery during dis(charging).       

  The examples discussed in this section show that the 

aging of the battery is a complex process that involves 

many battery parameters, such as impedance and 

capacity, where the most important characteristic 

seems to be the battery capacity. So, for a more 

accurate determination of the remaining run-time the 

variation of these two parameters should be taken into 

account. To understand how this is realized, first the 

basic methods for SoC determination are discussed. 

3. STATE-OF-CHARGE INDICATION 

3.1 State-of-Charge Indication Methods      

  There are several practical methods available for

SoC indication. From these methods, the two best 

known are direct measurement and book-keeping 

[1]-[4]. The direct-measurement method is based on 

the measurement of battery variables such as the 

battery voltage (V), the battery impedance (Z) and the 

voltage relaxation time ( ) after application of a current step. 

A particular method is based on the measurement of 

EMF, which is the sum of the equilibrium potentials

of the electrodes of the battery [1], [9]. EMF can be 

directly translated into a SoC value using a 

predetermined function. EMF of a Li-ion battery is 

observed to be a good measure for a battery SoC. It has been 

demonstrated that the relationship between EMF and SoC 

does not change during cycling of the battery, if SoC is 

expressed in relative capacity [1]. 

  The book-keeping method is based on integration of 

the current (I) flowing into and out of the battery, 

often referred to as coulomb counting [1]. However,

the battery does not behave like a linear capacitor. 

This implies that not all charge supplied to the battery 

can actually be retrieved under all conditions. 

Therefore, in addition to these coulomb counting data 

other relevant battery data such as discharge 

efficiency, self-discharge rate of the battery, 

temperature and history (e.g. cycle life) will be used 

as input for the book-keeping system [1].  

  The main problem in designing an accurate SoC 

indication system is the unpredictability of both 

battery and user behaviour. In this situation an 

adaptive system has to be used. An innovative 
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adaptive system for SoC indication will be described 

in section 5. 

  An new algorithm that combines adaptive system 

with Electro-Motive-Force (EMF) measurements 

during equilibrium and current measurement and 

integration during charge and discharge states has 

been developed [1]-[5]. During the discharge state, 

apart from simple coulomb counting, also the effect of 

the overpotential is considered. 

     

3.2 Implementation Aspects of the State-of-Charge 

Algorithm 

  In order to check the SoC and remaining run-time 

accuracy the new SoC algorithm has been implemented

in a real-time SoC evaluation system, which operates in 

six different states: initial state, standby state,

backlight-on state, transitional state, charge state and 

discharge state. The state diagram illustrating the basic 

structure of the real-time SoC evaluation system is

shown in Fig. 2, where the backlight-on state has not 

been included. 

  Each time the SoC evaluation system is switched-on, 

it starts from the initial state (see Fig. 2). SoC in the 

initial state is determined by means of voltage (V) and 

temperature (T) measurements and the stored EMF 

model (EMFm). Dependent on whether the battery is 

charged, discharged or in equilibrium, the SoC 

evaluation system then switches to the appropriate state. 

  In the standby state hardly any current is drawn from 

the battery. In this situation the battery is in equilibrium 

after full relaxation. SoC in the standby state (SoCs) is 

determined by means of V and T measurements and the 

stored EMFm.  

    

The current in the standby state is only a few mA, e.g. 1 

mA current in the SoC evaluation system described in 

this section, which is lower than the current limit Ilim

defined in the SoC evaluation system of 10 mA (see Fig. 

2). For this very low standby current value, the battery 

voltage is very close to the EMF value under the 

condition that the voltage is stable. Therefore, in order 

to allow the SoC evaluation system to change to this 

state, the condition of a stable voltage has to be met.  

  In the backlight-on state a small negative current, e.g.

6 mA current in the SoC evaluation system described in 

this section, is drawn from the battery. This situation 

occurs when the user activates the screen of the SoC 

evaluation system. Because the current is still below Ilim, 

SoC is still determined by means of V and T

measurements and the stored EMFm. The SoC evaluation 

system remains in this state for about 5 seconds (an 

arbitrary chosen value) before it switches automatically 

into the standby state. During these 5 seconds, all other 

transitions to the charge or discharge states remain 

possible. 

  The transitional state occurs when the system changes 

from either the charge or discharge state to the standby 

state (see Fig. 2). In this state a small negative current,

e.g. 1 mA current in the SoC evaluation system 

described in this section, is drawn from the battery. 

Because the battery voltage is not stable SoC in the 

transitional state is determined by means of coulomb 

counting (cc) [1]-[8]. In this state it is determined 

whether the battery voltage reached a stable value, i.e. 

EMF and the system is allowed to enter into the standby 

state.  

  In the discharge state, the battery is discharged and a 

negative current Id larger in modulus than Ilim flows out 

of the battery (see Fig. 2).  

Initial state 

Standby state 
Charge state 

Used for adaptation 

Discharge state Transitional

state

limII ≤ and voltage

stable 

I<0 AND |I|>Ilim

I>Ilim

I>Ilim

I<0 AND |I|>Ilim

limII ≤

limII ≤

Voltage 

stable

I>Ilim

I<0 AND |I|>Ilim

Fig. 2. State diagram of the real-time SoC evaluation system. 
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SoC in the discharge state SoCd is determined by means 

of cc. In addition to SoCd, the remaining run-time 

available under the discharge conditions is also 

calculated during the discharge state. As a result in 

addition to simple cc also the effect of the battery 

overpotential is considered for the remaining run-time 

calculation. The predicted battery overpotential at the 

point where the battery is considered empty is translated 

into a SoC percentage value SoCl [%] by using the EMF 

model. 

  As a result tr [min] is inferred from SoCd [%], SoCl

[%], Qmax [mAh] and Id [A] according to   

( )

d

ld

r
I

SoCSoC
Q

t

−
= 100

06.0

[min]

max

    (2) 

  Apparently, in order to enable accurate remaining

run-time prediction accurate battery overpotential 

modelling is necessary. For this reason, an overpotential 

model will be developed in the next section.  

  In the charge state, a charger is connected to the 

battery and a positive current larger than Ilim flows into 

the battery (see Fig. 2). The SoC in the charge state is 

determined by means of cc. The stable conditions of the 

charge state are exploited to adapt Qmax with the aging 

effect. The Qmax adaptation method will be explained in 

section 5. 

  In summary, in which state the real-time SoC 

evaluation system is operating depends on the value and 

sign of the current, which is flowing into or out of the 

battery and whether the battery voltage is stable or not.  

4. OVERPOTENTIAL MODELLING AND 

SIMULATION RESULTS  

  The overpotential is the difference between EMF and 

the voltage during charging/discharging the battery. As 

soon as the discharge or charge process starts, the

overpotential subtracts from or adds to EMF [1]-[5]. Due 

to this overpotential, the battery voltage during 

(dis)charge is (lower)higher than EMF. Overpotential 

modelling and simulation results will be presented 

below. 

4.1 Overpotential Modelling 

  The overpotential, in which the ohmic, kinetic, 

diffusion overpotential and the increase of the diffusion 

overpotential when the battery becomes empty are 

considered, is modelled as follows 
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where I[A] > 0 for discharge, I[A] < 0 for charge, 

RΩk(T)[Ω], ][])[(])[,(
1

0 AIATcTIR Ik
−Ω=Ω , denote 

the contributions of the “ohmic” and “kinetic” 

resistance, ])[(0 ΩTRd and ]A[I/]V)[T(c])[T,I(R 1
I
d =Ω , 

denote the contributions of the “diffusion” resistance, 

c2(T) ]s[ 2/1 is a constant, ])[( sTdτ  denotes the 

“diffusion” time constant, n0(T) (dimensionless) and

]A[I/]A)[T(c)T,I(n 51 =  are parameters related with the 

magnitude of the diffusion overpotential, 0 ( )
q

E T [J A
-1

]

and ]A[I/]J)[T(c]JA)[T,I(E 3
1I

q =− , denote the amount 

of the energy that cannot be obtained from the battery 

when the current I increases,  ( )inQ t [C] denotes the 

charge present in the battery at the time t[s] and 

== − ][][ 1

4

2/1

2 Acsc 1 numerically. Finally, )(Tqτ  is a 

time constant associated with the increase in 

overpotential in an almost empty battery in [s].  

4.2 Simulation Results of the Overpotential Model

  The results of the mathematical implementation of

the overpotential function will be presented in this 

section. The US18500G3 Li-ion battery has been used

throughout the experiments. The overpotential model

described by Eq. (3) needs to be fitted to measured

overpotential curves.  

  The measured and fitted overpotential (Eq. (3)) at 

four different discharge current rates as a function of 

the relative SoC are compared in Fig. 3. The 

measurements have been carried out at 25
o
C. In order to 

better show the closeness between measured and fitted data, 

the difference between the measured and fitted 

overpotentials are plotted in Fig. 4.  

          

Fig. 3. The measured (continuous line) and the fitted 

(dashed line) overpotential curves obtained at different 

C-rate currents and at 25
o
C during discharge as function of 

SoC [%] normalized to the maximum capacity.  

      

(3) 

0.10- C-rate 

1 C-rate 

0.50 C-rate 

0.25 C-rate 
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It can be concluded from Figs. 3 and 4 that the 

maximum difference between the measured and the 

fitted overpotential occurs for a 0.1 C-rate discharge 

current at low SoC. In this situation, at 1.85% SoC

the obtained difference has a value of around 57 mV. 

This voltage error corresponds to a low SoC error 

(SoCe), i.e. SoCe = 0.4%, which can still be removed 

from the battery. The remaining run-time error is 

found from the State-of-Charge error by 

    60
1

100

[%]
[min]

d

e

r
C

SoC
t =          (4) 

where SoCe denotes the error in SoC in [%] and Cd

the discharge current in C-rate. 

  It follows that even for a new battery, at 25
o
C and 

at 0.1 C-rate mean discharge current the SoC system

will indicate 2.4 minutes more remaining run-time 

than in the real case. However, it follows from Fig. 4 

that in the majority of cases a very good fit (under 

10 mV difference) between the two curves is 

obtained. Therefore, the overpotential evolution can 

be accurately modelled even for low SoC. This part 

of the curve is practically most important, since it 

describes the amount of remaining charge for a 

given C-rate current. It can be concluded that the 

overpotential implementation results in a final 

accuracy of better than 2.4 minutes in remaining 

run-time. 

Fig. 4. The difference between the measured and the

fitted overpotential obtained during discharging at

different currents at 25
o
C (see also Fig. 3). SoC [%] is 

normalized with respect to the maximum capacity.  

  The values of the overpotential model parameters 

have been determined independently from the C-rate 

current and are summarized in Table 1.  

  In the remainder of this section it will be shown

that the set of parameters retrieved from the 

discharge overpotential modelling works well also 

for the charging process. Fig. 5 illustrates the 

measured and the fitted overpotential retrieved at 

different discharge currents and at charging (1 

C-rate). Fig. 5 shows that the charge and discharge

overpotentials retrieved at 1 C-rate current are 

symmetrical. Therefore, the overpotential evolution

under charging conditions can be accurately 

modelled especially in the symmetrical part between

20 and 80% SoC. More information on the 

overpotential symmetry will be given in the next 

section. 

Table 1. The battery overpotential model  

parameter values retrieved at 25
o
C. 

Fig. 5. The measured (continuous line) and the fitted 

(dashed line) overpotential curves obtained at different 

discharge currents and at charging (1 C-rate) at 25
o
C. 

  Since the overpotential increases for old cells the 

inaccuracy of the indicated SoC in these situations

will be higher. In conclusion, in order to enable 

accurate SoC indication the overpotential model 

parameters should be adapted for aging effects.  

Parameter Value (25oC) Unit 

kRΩ
1.11 10-1

[Ω] 

c0 -2.02 10-2
[ΩA-1] 

0
d

R
9.24 10-2

[Ω] 

c1 -4.76 10-4 [V] 

c2 1.00 [s1/2] 

dτ 1.05 [s] 

0

qE
2.21 103 [J A-1] 

c3 5.57 102 [J] 

c4 1.00 [A-1] 

qτ 5.42 10-2 [s] 

n0 1.81 [1] 

c5 1.06 10-2 [A] 
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5. ADAPTIVE SYSTEMS 

  In order to enable accurate SoC indication a new 

adaptive system for the battery maximum capacity and 

overpotential model will be developed in this section. 

This adaptive system is necessary since as shown in

section 2 the battery maximum capacity and 

overpotential behaviour will change over time because 

of aging processes (see Fig. 1). 

  

5.1 Maximum Capacity 

  As shown in section 2 any battery will lose capacity 

during cycling (see Fig. 1). In order to enable accurate 

SoC and tr calculation and to improve the SoC 

evaluation system capability to cope with the aging

effect, a simple method for updating the maximum 

capacity (Qmax) taking capacity loss into account, will 

be presented. In this method the stable conditions of 

battery charging are exploited in order to adapt Qmax

for the aging effect. Fig. 6 shows how the maximum 

capacity is being updated. It is necessary for the 

system to run through a sequence of states: standby

state, charge state, transitional state and standby state 

(see Fig. 6). A new value of Qmax is determined as 

follows 

             ch

sisf

Q
SoCSoC

Q
−

= 100
max        (5) 

where SoCsi and SoCsf denote the initial and final 

State-of-Charge in the standby state in [%], SoCs, and 

Qch denotes the amount of charge flowing into the 

battery during the charge state in [mAh]. 

     

       

Fig. 6. Schematic representation of the method for 

updating Qmax taking capacity loss into account. 

5.2 Overpotential Adaptive System 

  In addition to the change in the maximum capacity the 

overpotential development of the battery will also 

change over time. A simple reason for this is the fact 

that the series resistance of the electrodes will increase 

over time. In addition, other contributions to the 

overpotential related to chemical behaviour of the 

battery will also change during the lifetime of the

battery [1]. When the change in overpotential behaviour 

is not taken into account the overpotential model 

described by Eq. (3) will have less and less accuracy 

when the battery ages.  

  The main problem with overpotentials is that they

cannot be measured directly [1]. When the battery 

voltage is measured and EMF is known an estimate of

the overpotential can, however, be derived. A remaining 

difficulty is the fact that the overpotential depends on 

many factors, including SoC, current, temperature, time, 

spread and age of the battery [1]. Therefore, updating 

should be initiated 

when most of these variables are kept constant. A new 

method for adapting the battery overpotential with the 

aging effect will be presented in this section. The

symmetry in the overpotential will, in addition, be used 

for this adaptive system. More information regarding the 

implementation aspects and test results of this method 

will be presented in section 6. 

  The proposed updating mechanisms for the 

overpotential model parameters take advantage of the 

fact that updating is performed during charging. The 

current is constant in the CC mode and the temperature 

can also be considered constant because in most cases 

the charger will be used in-house, where temperature 

variations are limited. Moreover, during normal CC 

charging the charge current is not interrupted, so after 

the overpotentials have been built-up at the initial stages 

of charging the time variable does not play a dominant 

role.  

  The concept of the overpotential adaptive method is 

as follows. The overpotential model parameters for a 

fresh battery ( f) are retrieved by fitting the 

overpotential model (see Eq. (3)) on measured discharge 

overpotentials ( f
dη ) retrieved at four C-rate currents 

together with the measured charge overpotential ( f
chη ) 

retrieved during the CC charge mode (see section 4). ch

can be measured for each SoC during the CC charge 

mode, by subtracting the EMF value from the measured 

battery voltage value. SoC in percentage can be used to 

assess the EMF value during the CC charge mode using 

the SoC-EMF relationship described in [8]. During the 

battery lifetime the charge overpotential for an aged 

battery ( a
chη ) can be continuously measured by using the 

above-described ch measurement method. As a result, a 

ratio at the same SoC, C-rate current and temperature 

can be calculated between the fresh and the aged battery 

charge overpotentials. As shown in section 4 the charge 

and discharge overpotentials are symmetrical with 

respect to the horizontal axis. For this reason, the ratio 

a
chη / f

chη determined for the charge battery overpotential 

work well also for the discharge battery overpotential. 

As a result the battery discharge overpotential for an 

aged battery ( a
dη ) can be determined by means of Eq. 

(6).  

Standby StandbyCharge 

V
o

lt
a

g
e

Time

SoCsi

SoCsf

SoCch

Transitional

∫= dtIQ chch

Standby StandbyCharge 

V
o

lt
a

g
e

Time

SoCsi

SoCsf

SoCch

Transitional

∫= dtIQ chch
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                f
ch

a
chf

d
a
d

η
ηηη =              (6) 

  It should be noted that the charge and discharge 

overpotentials for the fresh and for the aged battery 

must be determined at the same SoC, C-rate current 

and temperature.  

6. RESULTS WITH THE ADAPTIVE SOC 

EVALUATION SYSTEM  

  A set of tests has been carried out with the described 

real-time SoC evaluation system in order to 

demonstrate the SoC algorithm accuracy and the SoC 

evaluation system validity. A US18500G3 Li-ion 

battery from Sony has been used throughout the tests. 

At the time of testing, the battery had approximately 

600 discharge/charge cycles in its history. The tests 

have been carried out at full charge/discharge cycles at 

different constant currents at 25
o
C. A value of 1176 

mAh for the maximum capacity and overpotential 

parameters values retrieved for a fresh battery (see 

Table 1) have been stored into the SoC evaluation 

system at the beginning of the tests. During the charge 

cycles the battery has always been fully charged until 

4.2 V with the normal CCCV charging method at 0.5 

C-rate current in the CC mode. In the CV mode the 

voltage has been kept constant at 4.2 V until the current 

reached a 0.05 C-rate value. Each period of charging 

has been followed by a rest period of 0.5 hours. After 

this rest period a discharge step at 0.5 C-rate current has 

been applied until the battery voltage reached 3 V. This 

procedure has been repeated for a 0.75 C discharging 

current. During the charge cycles a new value for the 

battery maximum capacity and a value for the ratio 

a
chη / f

chη  have been obtained by means of the adaptive 

methods described in section 5. As a result, a new 

maximum capacity of 1108 mAh and a value of 1.4 for

the ratio a
chη / f

chη  have been measured and programmed 

into the SoC evaluation system. The above-described

measurements have been repeated, with the newly 

determined parameter values for different constant 

discharge C-rate currents (0.1, 0.25, 0.5, 0.75 and 1 C). 

  In Table 2 the experimental results are summarised. A 

distinction has been made in this table between the

results retrieved without using an adaptive system and 

the results retrieved by using the newly developed 

adaptive system. The discharge C-rate current at which 

these tests have been carried out is given in column 1. 

SoC indicated at the start, SoCst, and SoC calculated by 

means of the overpotential and EMF models (see 

section 3), SoCl, of the experiment is given in columns 

two and three, respectively. Columns four, five and six 

denote the remaining run-time in minutes at the start trst

of the experiment, the error in the remaining run-time 

tre at the end of the experiment and the relative error in 

the remaining run-time trre, respectively. The remaining 

run-time error, tre, is equal to the remaining run-time 

value calculated by the real-time SoC evaluation system 

at the 3 V End-of-Discharge voltage level. The relative 

error in the remaining run-time has been defined as

follows  

           

rest

re

rre
tt

t
t

−
= 100[%]              (7) 

Table 2. Results retrieved with the real-time SoC 

evaluation system.

  It follows from Table 2 that when using the SoC 

algorithm without an adaptive system a relative 

error in the remaining run-time of 6.2% and 7.5% 

is retrieved for the discharge 0.5 and 0.75 C-rate 

currents, respectively. In these situations the SoC

indicator makes an optimistic estimation. For 

instance, at the start of discharge performed at a 

0.5 C-rate current, the system indicated 121.8 

minutes remaining run-time. After 114.7 minutes 

the battery reached the level of 3 V. This means 

that trre inaccuracy calculated from Eq. (7) is 6.2%. 

In a second considered example the adaptive 

methods described in section 5 are used in order to

adapt the maximum capacity and overpotential 

model parameters. It follows from Table 2 that 

after adaptation a trre of –0.4% and 0.4% are 

calculated for the discharge 0.5 and 0.75 C-rate 

currents. In these situations the SoC indicator 

makes slightly pessimistic and optimistic 

estimations. For instance, at the start of discharge 

performed at 0.5 C-rate current, the system 

indicated 113.9 minutes remaining run-time. After 

114.3 minutes the battery has reached the level of 3 

V. This means that trre is –0.4%. It can be 

concluded from the examples shown in Table 2 

that a accuracy better than 3% is obtained for the 

remaining run-time for the adaptive system in all 

cases. 

7. CONCLUSIONS 

  Measurement results with an adaptive 

State-of-Charge system have been presented in this 

paper. The system implementation has been 

particularly discussed for a mobile phone application. 

C-rate 

SoCst

[%] 

SoCl 

[%] 

trst

[min] 

tre 

[min] 

trre 

[%] 

Measurement results retrieved without adaptation 

0.50 98.3 3.4 121.8 7.1 6.2 

0.75 98.3 4.1 80.6 5.6 7.5 

Measurement results retrieved with adaptation 

0.10 98.2 2.7 577.2 -18.0  

0.25 98.2 3.2 229.7 -3.6 -1.5 

0.50 98.2 4.0 113.9 -0.5 -0.4 

0.75 98.2 4.9 75.2 0.3 0.4 

1.00 98.2 6.0 55.7 0.6 1.1 
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However, the system concept can be extended to other 

applications, e.g. electrical vehicles. The system’s 

estimations have been calculated in each state in the 

form of a value of SoC and also in the form of a 

remaining run-time available under the valid 

discharge conditions. The measurements presented in

this paper have been carried out with US18500G3 

Li-ion batteries (Sony). 

  Aging of the battery is a complex process that 

involves many parameters of the battery such as 

impedance and capacity. In order to enable a much 

more accurate SoC indication a new adaptive system 

has been developed. In this system the stable conditions 

of the battery charging are exploited in order to adapt 

both Qmax and the overpotential parameters. In the 

proposed method the overpotential symmetry has been

introduced in the adaptive system. Significant 

improvements in the remaining run-time accuracy have 

been obtained by using the new adaptive system. The

prediction of the remaining run-time was always better 

than 3%. It can be concluded that the newly developed 

adaptive system has significantly improved the 

accuracy of the SoC prediction.   
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