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Abstract- Battery modeling is needed in order to study about the different states a battery can be in and how does it perform 
being in those states.   This paper explores the recovery effect in the lithium ion battery used in mobile phones and smart 
phones type embedded systems. Initially, it describes about the eminent battery models   with their important features[9]like  
lifetime of a battery. Modification is done in the kinetic battery model so as to define diffusion capacitance and the concept 
of p-n junction along with it. 
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I. INTRODUCTION 
 
 With the advancement in the embedded system 
technologies, progress in the battery technologies is 
somewhere left behind. Since lifetime of a battery is 
an indispensable feature and due to the slow growth 
in the battery technologies it has become crucial to 
find an alternative. It is true that an energy 
consumption effect the lifetime of a battery to a great 
extent but it is not only accountable feature. 
Continuous drawing of high current leads to 
excessive drop of residual capacity. Earlier different 
models were presented depending on different 
concepts .An electrochemical model which converts 
chemical energy into electrical energy. Model based 
on Peukert’s law for constant loads. Later, 
Rakhmatov and Vrudhula   proposed a model based 
on diffusion. Diffusion based Kinetic battery Model 
which proposed the idea of two wells. This paper 
explores junction battery model will be based on 
formation of junction only but here the 
implementation is done in an advanced form. It’s 
approach is based on the effect of rate of diffusion 
over battery’s lifetime.  
 
II. RELATED WORKS 
 
[1] Which battery model to use? -  Power 
consumption is an important factor responsible for 
the battery’s lifetime. Here the workload model is 
represented. In most of the earlier discussed models  
we have considered cell and not a battery like in 
electrochemical cell[Fig 1] in which we have anode, 
cathode and an electrolyte. During discharging of a 
battery oxidation occurs at anode while reduction 
occurs at cathode which involves the following 
reactions 

 
Fig 1. Electrochemical cell 

 
At anode:     
At cathode:   + me  R2 
Due to the reaction between electrolyte and cathode a 
chemical compound forms which makes the inner 
active sites of cathode inaccessible. Later a model 
was proposed based on Peukert’s law [6].  

                  L=  

Where a and b are constants and a will be a value 
close to capacity of the battery whereas b =1 for ideal 
cases, b>1 for practical cases.  So through this 
formula the average current drawn can be calculated 
at different instants.   Rakhmatov and Vrudhula 
proposed their diffusion model [6,7,8] as it is the 
process which involves the movement of charge from 
a region of high concentration to a region of lower 
concentration which is directly proportional to the 
concentration gradient. It is best described by Fick’s 
first law of diffusion 

 
Fick’s second law predicts about the change in state 
of charge with time as follows 
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               =  

 But the recovery process will not take place any 
further if concentration will reach .   
Kinetic battery model is another analytical model by 
Manwell and McGowan [10]. It is named so as it is 
based upon chemical kinetics. 

 
Fig.2   Kinetic Battery Model 

 
  In this model the charge is distributed over two 
wells one is bound charge well and other is available 
charge well .Available charge well provides charge 
only when the load is connected to it whereas bound 
charge well provides charge to the available charge 
well when the load is not connected to it . According 
to the [fig 2], concentrations of available charge well 
will be c and bound charge well will be  1-c. Height 
of the wells will be given by  and  and k will be 
the rate of charge flow between these two wells . The 
rate of charge flow between the wells depends on the 
difference between the heights of two wells.  Heights 
of the wells will be given as    

      and      . Charge in both the 

wells will be given by  

 

              

When load is applied to the battery the available 
charge reduces and difference between the heights of 
two wells grows .When load is disconnected, charge 
start moving from bound charge well to available 
charge well  in order to balance the heights of both 
the wells. No charge tends to empty battery. This 
model involves recovery as well as rate capacity 
effect. Since in this paper comparison between 
KiBaM and diffusion model is done .It was 
concluded that the lifetimes are nearly the same of 
both the models either for constant loads or for 
variable loads at low frequency but when it comes to 
high frequency the results differ but now even by 
maximum of 7%.[Fig 3] shows the lifetime computed 

by these models against DUALFOIL Battery 
simulation[5].  

 

 
 

Fig.3 computed lifetimes by DUALFOIL battery simulation 
against diffusion model and kinetic battery model (a) for 
constant loads (b) for variable loads and according to the 

formula of ideal battery and Peukert’s law as well. 
 

[2] Battery Modeling -Battery lifetime is limited 
hence it must be used efficiently. During the high 
consumption periods, high discharge currents has 
drawn hence battery capacity degrades. In this paper, 
models are evaluated and then combined in order to 
form a powerful model according to their suitability. 
Model well suited for the above purpose is KiBaM 
with some changes involved in order to make it 
suitable for wireless devices.   

 
Fig 4 Rate capacity effect 

In [fig 4] curve 1,2 are drawn for high and low discharge 
currents evaluating voltage over time. 
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Fig5.Effective Capacity drops 

 
Here C rating is given, by 5C it means 1/5 hours. This 
curve corresponds to the drop of effective capacity at 
higher discharge currents  [fig4] which is our Rate 
capacity effect. Recovery effect is the result of non-
linearity present in the battery characteristics through 
which our battery gain charges.[Fig6].  
 

 
Fig.6 Recovery effect 

 
Chiasserini and Rao[11] developed a stochastic 
model which was based upon discrete time markov 
chains. 

 
Fig 7. Markov chain 
 

In this model N+ 1 state are defined with 0 to N 
states. One charge unit reflects the amount of energy 
required to transmit a single packet. In this model 
either the charge is consumed or recovery takes place 
so the probability of former is   and latter is 

= 1-q. Battery is considered empty when state 0 is 
reached and it is maximum when T charge units have 
been consumed. T is the theoriticital capacity whereas 
N is nominal capacity (T>N).Another extended 
version also consist of a Markov chain .In this model 
it was featured as more than one charge unit can be 
consumed in one step and that if less charge is present 
then there will be less chance of generation as well. 

Here the recovery probability is made state dependent 
[fig.8]. 
 

 
Fig.8 Extended Markov chain model 

 
Next to state dependency there is phase dependency 
(f) i.e. the number of charge units that have been 
consumed. During the idle state if battery recovers 
one charge unit it is given by  and if it stays in 

the same state it is given by  where  

 
Where,  reflects the recovery 
behavior of the battery .In this model different loads 
can be modeled by substituting different probabilities. 
This stochastic model gives good quantitive 
description of battery behavior with 5% deviation 
from electrochemical model and 1% average 
deviation. 
Hence after all the study KiBaM is found to be 
appropriate to combine it with the workload models 
as models proposed by Rakhmatov and Vrudhula 
consist of second order differential equation which is 
difficult to deal with and KibaM models the recovery 
and rate capacity effect very well. 
 
 
 
Battery model for embedded system 
This stochastic model combines the KiBaM and 
stochastic model as it models the battery behavior as 
it was given in the Markov process but in terms of the 
parameters reflects the characteristics of the 
electrochemical cell. An experimental setup [fig.9]  

 
Fig.9 Recovery test circuit 

 
is made to check the recovery of battery which starts 
working from the state of full charge until it reaches 
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to 0.Here observations proved that recovery of charge 
depends of idle time given. Another extended version 
of the combined model is presented here which 
consist of three dimension Markov chain structure. 
This model states that charge I units are drawn from 
available charge well while J charge units are drawn 
from bound charge well to available charge well. 
Possible transitions are given by the following 
[fig.10] The (Q) quanta of recovery is calculated 
according to the height difference between two wells 
.the charge transfer for an long idle slot is charge 
transferred until the heights of  both of the wells 
become equal where I and j will be 0 if 

 
Fig.10 Transition probabilities 

 
no recovery is done whereas increment in the time is 
done  
                      

    

                       
 Here , we incorporated that as the discharge current 
increases, the charge in available charge well start 
decreasing more rapidly giving less time to fill 
available charge well even if there’s plenty of charge 
in bound charge well resulting in rate capacity effect.  
Disadvantages of related works-The above related 
works defines the battery behavior at low frequencies 
but no proper description is given for the battery 
behavior at high frequencies. As the above provided 
models shows deviation at higher frequencies. Here 
the concept of recovery effect accounting the concept 
of junction forming is explored. 
 
Proposed model- 
Here the model proposed describes about the 
behavior of battery through the concept of diffusion 
capacitance. Most shunt capacitive effects are ignored 
at low frequencies as reactance  

 
is very large .But at higher frequencies   will 
become sufficiently small as the value of f is high .So 
it provides a shorting path which is responsible for 
the draining of charge at faster rates .That’s why 
voltage drops faster and effective capacity drops. 
There are two types of capacitive effects that takes 
place both are present in both the regions either 
forward biased or reverse biased region , But one 
overshadows the other to that much extent that we’ll 
consider only one of them in a region. So, in forward 
biased region we have only  

 
Diffusion Capacitance. As it depends on the amount 
of charge injected in it. Increased level of current will 
increase the level of diffusion capacitance and the 
increased level of diffusion will reduce the associated 
resistance and in this way it provides a shorted path to 
it and hence resulting time constant will not become 
excessive which describes  
 
Rate capacity effect. 
Recovery effect is the effect which takes place when 
we provide an idle slot to our device .During which 
diffusion occurs, it takes place when charge moves 
from bound charge well to available charge well  
.This movement of charge from bound charge well to 
available charge well is because of the difference in 
heights of charge concentration between the two 
wells. 
 
Proposed architecture- 
Here in the proposed model [fig.11] we have taken 
two wells one is bound charge well and other is 
available charge well. Bound charge well provides 
charge to the available charge well when it is not 
connected to the load and when load is connected 
charge is directly drawn from the available charge 
well. Hence, when load is connected and charge is 
drawn from the available charge well, difference 
between the heights of two wells arises. At this time 
majority electrons are present in bound charge well 
and holes are present in available charge well. By this 
we can conclude that the region where we have 
electrons in majority is n- region  
and the region where we have holes can be called p-
region. Eg is the depletion layer between the two 
wells. At the surface of bound charge well electrons 
are present and at the surface of available charge 
well,  holes are present. 

 
Fig 11 JuBa Model 

 
Here ,electron a which is present at the surface of 
available charge well will take less time to reach to 
the available charge well as compared to the b 
electron .So, here in the junction battery model we 
have proposed , electrons have to reach to available 
charge to the bound charge well .In recovery effect 
,when load is disconnected if we’ll provide that much 
energy that the electrons present at the surface of  
bound charge well will reach to available charge well 
they will take less time and consequently, battery 
lifetime will also increase. 

a 

b 

Eg 
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CONCLUSION  
 
This Junction Battery Model describes the two most 
important phenomenons of battery, rate capacity 
effect and recovery effect in an advanced way than 
the models described before. This model will be 
efficient when combines to the workload model as it 
has many add ups.   
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