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New Dynamic Battery Model for Hybrid Vehicles and 
Dynamic Model Analysis Using Simulink. 

 
S. M. Wijewardana 

 
Abstract: Mathematical modeling and dynamic simulation of battery storage systems can be 
challenging and demanding due to nonlinear nature. Simulation in time domain could be time 
consuming as battery storage (BS) systems do not behave according to readily available mathematical 
functions. Economic advantages, partial sustainability and the portability of these units pose 
promising substitutes for backup power systems in hybrid vehicles, hybrid electricity power 
generation systems, telecommunication exchanges and computer networks. Though, there have been 
many research papers published in this area with complex mathematical models and simulation 
systems, each system has its own constraints and specific applications. The aim of this research paper 
is to present a suitable convenient, dynamic battery model that can be used to model a general BS 
system. The proposed new dynamic battery model has the capability to analyse the effect of 
temperature, cyclic charging/discharging, and voltage stabilization effects. Simulink has been used to 
study the characteristics of the system and the proposed system has produced very good successful 
results. 
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1. Introduction 
 
Energy storage systems are crucial for the 
future Smart Grid and Hybrid Vehicles. Their 
ability to store energy has changed the 
traditional power system’s definition. 
However, the benefits are hard to quantify 
because of the complexity of different 
applications and modeling difficulties. 
Dynamic modeling has become even harder to 
count all aspects of battery life cycle, self-
discharging, gassing effect, diffusion process, 
acid stratification, state of charge etc[1]. 
Analysing various battery models presented by 
previous researchers, it was found that there is 
a need to include generic representative models 
with high accuracy and transient effects.  
 
Battery models can be classified according to 
their modeling areas as given in [2]. They are 
mainly classified as Electrochemical, 
Mathematical, Electrical and Polynomial. 
Electrochemical models use the fundamental 
battery chemistry while mathematical models 
use empirical equations and polynomial models 
to study their responses in terms of polynomial 
expressions. Electrical models employ the 
passive circuit elements like capacitors, 
inductors and resistors to model electrolyte, 
electrode, polarization resistances along with 
active current and voltage sources. Literature 
review recommends that the circuit-based 
models are ideally suitable for thermal studies. 
An equivalent electrical circuit model approach 

has been used in this paper to develop the new 
battery model as it can be directly applicable to 
connect with other dynamic models like hybrid 
energy systems and electric vehicle modeling. 
Internal resistance of any battery model along 
with the thermal effect is also important to get 
accurate results. Thermal (temperature) effect is 
useful up to a certain level to carry the electrons 
from one electrode to the other through the 
electrolyte while increasing the rate of reaction. 
Once the saturation temperature is reached 
temperature effect beyond that level could be 
harmful to the battery life [3]. 
The effect of temperature is included explicitly 
in this paper along with all other variables in 
the new dynamic battery model. The model 
presented here is being validated finally with 
the comparison of simulation results and with 
known experimental data. The simulation 
results show that the model can produce more 
accurate and repeatable results than the 
existing models. This feature is discussed later 
in the paper with the comparison of known 
experimental results. The model was developed 
by considering the battery open circuit voltage 
change due to discharging and charging 
currents. The other key feature of the model is 
that it could be used to model any type of  
 
 
 
 
 

Eng. S M Wijewardana, B.Sc.Eng(Mech) (Moratuwa), 
M.Eng(EEE)(Victoria), PGDip.Digital Control(Victoria), 
PGDipEd (Victoria), C.Eng, MIE(Sri Lanka), PhD Student, 
SEMS, Queen Mary University of London, 
Email: s.m.wijewardana@qmul.ac.uk 
 

ENGINEER53



ENGINEER 2  

batteries like Lithium-ion, Lead-acid, Nickel-
cadmium, or Nickel-Metal-Hydride(NIMH). 
The other contributions made in this paper are 
the new table of battery parameters which 
reduces the modeling error within 2% of the 
known experimental results. Model can be used 
explicitly to test the fast charging/discharging 
processes of actual batteries with high currents. 
Also, the new model is capable of simulating a 
wide range of battery terminal voltage 
variations than the existing models that can 
accommodate around 1 to 1.5 volt change when 
charging/discharging takes place. In addition 
to the above contributions in this paper, a 
modified improved dynamic battery model is 
presented for the model given by Saiju et al [5], 
which can be used to simulate for a wide range 
of battery terminal output variations. 
 
This paper is organized as follows. Section 2 
describes the dynamic modeling of battery 
types and their associated physics with the 
governing mathematical relationships. 
Temperature effect on battery parameters have 
been discussed in section 3. The new dynamic 
battery model is presented in section 4 along 
with the solutions to the prevailing questions 
raised by many researchers. Known 
experimental results have been used to test and 
validate the new model in section 5. In table-1 
presents the accurate improved battery 
parameters for the generic equation which lead 
to reduce the percentage error less than 2% 
compared with the existing battery models. 
Conclusion is given in section 6. 
 
2. Dynamic Modeling of Lithium- 
            ion, Lead-acid, NiMH Batteries 
 
An accurate mathematical model is a starting 
point for a development of any superior 
dynamic battery model. Modeling approaches 
to Lithium-ion, Lead-acid or NiMH battery 
systems are quite similar with minor changes to 
the governing equations that represent the 
chemistry of each type. During the recent past 
Lithium-ion batteries have become very 
popular due to promising advantages and 
successful results when used in hybrid electric 
vehicles (HEV).  Their high nominal voltage, 
high energy density, long life and none 
memory effects were the other reasons for 
preferred applications in HEV. Though, the 
new battery model presented here was 
developed by using Matlab/Simulink and 
related mathematics for Lithium-ion batteries, 
the complete model given at the end included 

the necessary changes to accommodate other 
battery models like Lead-acid, NiMH etc. 
 
The simplest, generic battery model which was 
presented by MathWorks Inc. [4], is simulated 
here using Simulink. 
VBat : Nonlinear battery terminal voltage (V) 
E0 :Constant or open circuit voltage (V) 
Exp(s) :Exponential zone dynamics (V) 
Sel(s) : Represents the battery mode. Sel(s) = 0 
during battery discharge, Sel(s) = 1 during 
battery charging. 
K  : Polarization constant (Ah−1) or polarization  
resistance (Ohms) 
i*  : Low frequency current dynamics (A) 
i   : Battery current (A) 
it  : Extracted battery capacity (or q) (Ah) 
Q : Maximum battery capacity (Ah) 
A : Exponential voltage (V) 
B : Exponential capacity (Ah)−1 
For aLead-acid battery the governing equations 
for charging/discharging are given by: 
For discharging [4]: (i*>0): 
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For a Lithium-ion battery the governing 
equations as given in [4] were presented for 
reference: 
For discharging (i 
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For charging (i*<0): 
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For Nickel-cadmium and NiMH [4]: 
For discharging (i* > 0): 
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For charging(i*< 0): 
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The Lithium-ion battery model which was 
given by MathWorks Inc. [4] can be simulated 
as given by Fig.1. Dynamic Lead-Acid battery 
model which was presented by Saiju, R. et alin 
[5] was revisited and simulated here for 
analysis. The model defined in [5] was specially 
selected for comparison as it was based on the 
specific gravity (SG) of the battery acid to 
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batteries like Lithium-ion, Lead-acid, Nickel-
cadmium, or Nickel-Metal-Hydride(NIMH). 
The other contributions made in this paper are 
the new table of battery parameters which 
reduces the modeling error within 2% of the 
known experimental results. Model can be used 
explicitly to test the fast charging/discharging 
processes of actual batteries with high currents. 
Also, the new model is capable of simulating a 
wide range of battery terminal voltage 
variations than the existing models that can 
accommodate around 1 to 1.5 volt change when 
charging/discharging takes place. In addition 
to the above contributions in this paper, a 
modified improved dynamic battery model is 
presented for the model given by Saiju et al [5], 
which can be used to simulate for a wide range 
of battery terminal output variations. 
 
This paper is organized as follows. Section 2 
describes the dynamic modeling of battery 
types and their associated physics with the 
governing mathematical relationships. 
Temperature effect on battery parameters have 
been discussed in section 3. The new dynamic 
battery model is presented in section 4 along 
with the solutions to the prevailing questions 
raised by many researchers. Known 
experimental results have been used to test and 
validate the new model in section 5. In table-1 
presents the accurate improved battery 
parameters for the generic equation which lead 
to reduce the percentage error less than 2% 
compared with the existing battery models. 
Conclusion is given in section 6. 
 
2. Dynamic Modeling of Lithium- 
            ion, Lead-acid, NiMH Batteries 
 
An accurate mathematical model is a starting 
point for a development of any superior 
dynamic battery model. Modeling approaches 
to Lithium-ion, Lead-acid or NiMH battery 
systems are quite similar with minor changes to 
the governing equations that represent the 
chemistry of each type. During the recent past 
Lithium-ion batteries have become very 
popular due to promising advantages and 
successful results when used in hybrid electric 
vehicles (HEV).  Their high nominal voltage, 
high energy density, long life and none 
memory effects were the other reasons for 
preferred applications in HEV. Though, the 
new battery model presented here was 
developed by using Matlab/Simulink and 
related mathematics for Lithium-ion batteries, 
the complete model given at the end included 

the necessary changes to accommodate other 
battery models like Lead-acid, NiMH etc. 
 
The simplest, generic battery model which was 
presented by MathWorks Inc. [4], is simulated 
here using Simulink. 
VBat : Nonlinear battery terminal voltage (V) 
E0 :Constant or open circuit voltage (V) 
Exp(s) :Exponential zone dynamics (V) 
Sel(s) : Represents the battery mode. Sel(s) = 0 
during battery discharge, Sel(s) = 1 during 
battery charging. 
K  : Polarization constant (Ah−1) or polarization  
resistance (Ohms) 
i*  : Low frequency current dynamics (A) 
i   : Battery current (A) 
it  : Extracted battery capacity (or q) (Ah) 
Q : Maximum battery capacity (Ah) 
A : Exponential voltage (V) 
B : Exponential capacity (Ah)−1 
For aLead-acid battery the governing equations 
for charging/discharging are given by: 
For discharging [4]: (i*>0): 
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For a Lithium-ion battery the governing 
equations as given in [4] were presented for 
reference: 
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For charging (i*<0): 
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For Nickel-cadmium and NiMH [4]: 
For discharging (i* > 0): 
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For charging(i*< 0): 
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The Lithium-ion battery model which was 
given by MathWorks Inc. [4] can be simulated 
as given by Fig.1. Dynamic Lead-Acid battery 
model which was presented by Saiju, R. et alin 
[5] was revisited and simulated here for 
analysis. The model defined in [5] was specially 
selected for comparison as it was based on the 
specific gravity (SG) of the battery acid to 
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calculate the battery terminal voltage and the 
open circuit voltage ( OCV ). Also it was noted 
that the model defined in [5] has not included 
any temperature effect and the change of OCV  
due to SOC . 
 

 
Figure1 – Battery model given by MathWorks 
Inc Ltd [4].  
 
As the SG changes nonlinearly in every fraction 
of a second when discharging, unlike in the 
case of the open circuit voltage OCV , or in the 
case of the current measurements, practical 
difficulties could arise in the implementation of 
the dynamic model. However, compared to 
impedance spectroscopy test or hybrid pulse-
power capability (HPPC) and the current 
impulse tests utilized by many 
manufacturers/researchers in [1,7, 8, 10], the 
SG test and the direct current measurement 
from the battery are cost-effective [1, 8] and 
may be more visual than expensive HPPC and 
the current impulse tests.  
As described before, from the simulation results 
in [5] it was noted that the model can handle 
only 1volt change of the battery terminal 
voltage. It was modelled by using the equation 
(7) given below:  

SGVOC  84.0 .                                 .…(7) 
When examined carefully, the equation (7) does 
not seem to give the correct results based on a 
SG value of 1.2 for the battery acid. The result 
obtained for the maximum OCV  would be 
2.04V according to (7) which is unrealistic. It 
was noted that simulation results used a 12V 
battery with a capacity of 90Ah. Therefore, 
more appropriate equation based from 
reference, Ross MMD [6]is used to calculate 
the OCV . Thus the OCV is assumed to be given by 
equation (8),[6]: 

)exp(4836919.11360.17422968.168 SGSGVOC   

)log(/00077765.0)log(0027.169 21 SGSGSG 
                                                             .…(8) 

The specific gravity of the battery acid is an 
implicit function of the gassing effect gasi . 

Details can be referred in [6]. 
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                                                                           .…(9) 
SG is the specific gravity of the acid and the 
SGfull and SGempty are the specific gravities when 
the battery is fully charged and when the 
battery is fully discharged respectively. AhD is 
the number of Ah that would have to be 
discharged from a fully charged battery to 
bring it to the current state. The parameter I is 
the normalised charge current and I is negative 
when discharging. The Simulink block diagram 
for the dynamic model presented in [5] is 
shown by Fig.2. The generic battery model 
presented by MathWorks Inc [4] has not taken 
into account of temperature and gassing effect 
(for Li-Ion batteries the effect can be considered 
as minimal for certain applications)  
I_bat : Battery current 
I_gas : Gassing effect 
V_bat: Battery terminal voltage  
SOC : State of charge 
AhD : Ampere.hour discharged 
Ahnom: Nominal ampere hour of the battery. 
DK: Fit parameter corresponding to the  
discharge capacity of reference cell at an  
 infinitesimal discharge current 
Ah   : Ampere.hour  

 
Figure 2– Simulink block diagram for Saijuet  
al [5]. 
 
The block diagram presented by Fig.2. was 
used the empirical equation (7). This model is 
improved and modified by the author to yield 
correct simulation results by using equation (8). 
The dynamic battery model presented by Saiju 
et al [5] can be validated with the improved 
modified model presented by the author as 
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given by Fig.3. Due to ongoing research work 
many experimental parameters from [5] were 
not available for simulations. The temperature 
effect was taken into account when calculating 
the DK fit parameter and the gassing effect. 
 

 
 
Figure 3 - Modified improved battery model 
for Saiju et al [5] 
 

 
Figure 4- Simulation results of Saiju et al [5] 
improved model. 
 
3. Temperature Effect on Batteries 
 
The temperature makes a difference on three 
battery parameters of an equivalent electrical 
circuit battery model. They are the polarization 
voltage K, battery constant E0 and exponential 
coefficients A & B (eq.10). The polarization 
voltage represents the change of cell voltage 
from its open-circuit voltage when charging 
and discharging takes place. To make the 
model simpler, the thermal effect on A has been 
ignored since A&B are highly related [7]. The 
coefficient B takes a significant difference on the 
exponential part of the characteristic curve as 
given in [7]. The mathematical relationships as 
given in [7]: 

2)( CTBTATfxn                 .…(10) 
),,,( 0 CBEKfn     .…(11)  

The equation for the battery terminal voltage, 
Eas given in [7]: 

E(q,T) = E0– iRintS                             .…(12) 
Where: 
RintS: Battery internal series resistance 
T:Ambient temperature of the battery cell 
E0: Battery constant 

2410218.4028.0876.0)()( TTTfTxk
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                                                                         .…(13) 
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Combining equations (10),(11),(12),(13),(14),(15) 
and (16) a generalized equation is presented as 
in Kroeze R et al [8]: 
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.… (17)     
Where: 
E(q,T): No load voltage(V) 
E0: Battery constant voltage(V)                                                                                                              
K: Polarization voltage(V) 
Q: Battery capacity(Ah) 
A,B: Exponential constants 
q: Charge or extracted capacity(Ah) 
Simulation data: 
Kref  = 0.05 (Polarization voltage) 
Q     = 0.830(Ah)(Battery capacity) 
E0_ref = 3.55 Volts; Aref=0.35(Exponential Coeff.) 
Bref    = 0.18 (Exponential Coeff.) 

 
Dynamic model developed using equation (17) 
for the Tan et al [9] model is given by Fig. 5.  

 

 
Figure 5 - Dynamic battery model for the Tan 
et al [9] with the temperature effect 
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4. New Dynamic Battery Model 
 
The author’s model presented here is a, 
modified new improved dynamic battery 
model taking into consideration of the 
electrolyte temperature, cyclic charging and 
discharging, and the voltage stabilization 
effects. In this new model the battery terminal 
voltage variation is calculated by taking into 
account of transient and steady state behaviour 
of battery internal resistance with respect to 
SOC. The new modified model is a combination 
of the following battery models: Erdinc et al [7], 
Kroeze R et al [8], Tan et al [9]and the Chen et 
al [10] model. The key feature of this model is 
that:it can be applied to all types of Li-ion, 
Lead-acid and Nickel Metal Hydride (NiMH) 
batteries. 
 

 
 
Figure 6 – Block diagram of the new battery  
                   model 
 
For electric vehicle and hybrid energy systems 
modeling, various equivalent electrical circuit 
models such as Shepherd’s model, the RC 
model and the Thevenin model are very widely 
used [13,19]. An improved Thevenin’s model 
which is also named as dual polarization (DP) 
model in literature [15] has been used here as it 
can be used to model any types of battery 
mentioned above.  By comparison, the DP 
model has the best dynamic performance and 
provides the most accurate state of charge 
(SOC) estimation [13, 15]. In addition to the DP 
model discussed above, the circuit diagram 
given by Fig.7. represents the improved 
Thevenin’s equivalent electrical circuit which 
includes an additional loop to simulate the self-
discharging phenomenon due to prolonged 
storage of battery systems. The circuit 
parameter Rself(T,n,SOC) signifies the resistance 
due to self-discharging and as it has a very high 
impedance and therefore the current passes 
through Rselfis negligible [18] when normal 
discharge current is applied. However,Rself 
highly depends on the long storage time, 
ambient temperature, SOC, and n (when n is a 

very large number). The parameter n(orN) 
signifies the number of cycles the battery 
charging/discharging takes place. Combined 
impedance of RintS, Rcyc in series with parallel 
RC loops as shown by Fig. 7 is sometimes called 
the Warburg impedance [14]. 
 

 
 
Figure 7 – Equivalent electrical circuit model 
 
The variable equivalent internal impedance of 
the battery which is equal to the battery 
equivalent internal impedance consists of a 
series resistors composed of SRint and cycR , and 

two RC networks composed of TSR , TSC , 

TLR and TLC . The battery equivalent internal 

impedance ( SRint ) contributes to the 
instantaneous drops in the battery terminal 
voltage as given in [7]. The passive circuit 
elements TSR and the TSC shown in Fig.7, 
represent the fast dynamics associated with the 
reaction kinetics between the electrical charges 
at the electrode’s surface barrier and the 
charges in the electrolyte. The TSR is the charge 
transfer resistance and the capacitance 

TSC models the electrochemical double layer 

capacitance. The TLR and the TLC circuit 
elements represent the slower dynamics of the 
cell in the order of hours. They are more 
representative of the battery chemistry related 
to the diffusion processes in the electrolyte and 
active electrode material. All these parameters 
are functions of the ambient temperature, 
electrolyte temperature, SOC, and the battery 
current. The components of RC networks (two 
loops as shown in Fig. 7) are responsible for the 
short and the long-time transients in the battery 
internal impedance. Ideally this equivalent 
circuit should include two additional parallel 
loops to account for hysteresis phenomena of 
the battery. When the additional loops are 
included, both the short hysteresis and the long 
hysteresis behavior [13] of the battery can be 
predicted. The hysteresis phenomenon is 
caused due to parasitic behavior of the 
capacitors and is considered to be minimal and 
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therefore it is being ignored in this model but 
could be included if and when necessary. From 
Fig.7., by using the Kirchhoff’s law, the 
equations (18) and (19) could be derived. 

TSTSTS CR
V

C
i

dt
dV 11  .   ….(18) 

TLTLTL CR
V

C
i

dt
dV 22  .  ….(19) 

stabcycsocbat VVVRRiTSOCVV  21int )(),(

 t
GT eCCT




 )(                                       

                                                                         ….(20) 
The effect of SRint , TSR , TSC , and TLC due to 
the battery SOC  can be calculated as in [7]. The 
improved new modified generic equation is 
presented here with as shown by equation (21): 

)exp()( 21 SOCCCSOCR ggcg 

).exp( 43 SOCCC gg                               ….(21) 

The constants 1gC , 2gC , 3gC and 4gC are 
presented in the table 1. below: 
 
Table. 1 - Improved new 
constants 1gC , 2gC , 3gC and 4gC  in equation 21. 

)(SOCRcg  1gC  2gC  3gC  4gC  

)(int SOCR S  1.21 -52.1 0.0435 0.00941 

)(SOCRTS  0.1562 -24.37 0.04669  

)(SOCCTS  1100 .1500 -1200 -7.100 

)(SOCRTL  1.321 -34.72 0.0491 0.0071 

)(SOCCTL  5200 -
0.2585 

-8350 -19.4 

 
Battery internal resistance change due to cyclic 
effect is assumed to be given by the empirical 
equation (22), as in [7]: 

 nRcyc  .                                                  .…(22) 
In equation (22), nis the discharge/charge cycle 
number and ξ is a constant. The constant λ is 
normally taken to be equal to ½ according to 
[7]. The modified governing equation used for 
the development of the new model is given by 
equation (20). As the battery terminal voltage is 
a function of SOC and the battery temperature, 
battery model given by Fig.6. is further 
modified to include the ambient temperature 
and the terminal voltage stabilization effects 
(Fig. 13). The Model differs from the other 
models as the CTS and the CTL effect that will 
create a transient effect on the internal 
resistance of the battery which causes the 
capacitive feedback effect. This causes the 

terminal voltage discharge deceleration along 
with the SOC. All existing models discussed 
above used the battery current Ibat along with 
the impedances to model the Battery terminal 
voltage. In this model Voc(SOC) which will 
vary according to the SOC has been taken into 
account(more accurate than using current) to 
calculate the feedback effect of the terminal 
battery voltage than Ibat. In equation (20) the 
parameters CT, CG and ρ are constants to 
generalise the electrolyte temperature effect 
due to electron transfer which causes the 
nonlinear behaviour of rate of reaction and the 
ionization of electrolyte. The battery open 
circuit voltage Voc is defined as the difference 
of the electrical potential between the two 
terminals of a battery, when there is no external 
load connected [7]. As the value of battery open 
circuit voltage is strongly dependent on battery 
SOC, it can be calculated (equation 23) as given 
in [7]. 
 
Voc(SOC) = -1.031 x exp(-35 x SOC) + 3.685 
+0.2156 x SOC – 0.1178 x SOC2 
+0.321xSOC3                                                                            .….(23) 
 
The battery SOC can be expressed as given in 
[2],[19]: 

  dt
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iSOCSOC
usable

bat
init

                       
….(24) 

Where: 
Ibat: Battery current (A) 
SOC: State of charge  
SOCinit  : Initial state of charge  
Cusable     : Usable battery capacity (Ah)  
T: Electrolyte temperature (oC) 
t : Time (seconds) 
 
5. Simulation Results of the  
            Improved New Dynamic Model 
 
In this section and in the conclusion mainly, the 
new model simulation results will be compared  
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simulation results with the existing models 
with fast-discharging 
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therefore it is being ignored in this model but 
could be included if and when necessary. From 
Fig.7., by using the Kirchhoff’s law, the 
equations (18) and (19) could be derived. 

TSTSTS CR
V

C
i

dt
dV 11  .   ….(18) 

TLTLTL CR
V

C
i

dt
dV 22  .  ….(19) 

stabcycsocbat VVVRRiTSOCVV  21int )(),(

 t
GT eCCT




 )(                                       

                                                                         ….(20) 
The effect of SRint , TSR , TSC , and TLC due to 
the battery SOC  can be calculated as in [7]. The 
improved new modified generic equation is 
presented here with as shown by equation (21): 

)exp()( 21 SOCCCSOCR ggcg 

).exp( 43 SOCCC gg                               ….(21) 
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)(SOCRTS  0.1562 -24.37 0.04669  

)(SOCCTS  1100 .1500 -1200 -7.100 

)(SOCRTL  1.321 -34.72 0.0491 0.0071 

)(SOCCTL  5200 -
0.2585 

-8350 -19.4 
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with  the simulation results from existing 
battery models and known experimental data 
from Tan et al [9] and the Chen et al [10] 
experiments. 

 
Figure 9 – Comparison of the new model 
simulation results with the existing model 
 

 
Figure 10 – Comparison of the new model 
simulation results with the existing models  
 

 
Figure 11 – Comparison of the new model 
simulation results with known experimental 
results from Chen’s et al [10] experiment. 
 
The new parameter values as given by table 1 
was generated by using powerful Simulink tool 
boxes and is another by product to validate the 
new model and can be used to model future 
battery models. In addition, by comparing Fig. 
4 and 9 modified improved battery model 
presented for Saiju et al [5] can be validated as 
the simulation results are very successful. 
 
 

5.1  Extension of the New Model to Include 
       the Ambient Temperature Effect. 
 
The model presented by Fig.6 is further 
developed to include the ambient temperature 
fluctuations. The eq. (20) given earlier defines 
the electrolyte temperature change due to 
electron transfer between the anode and the 
cathode. This equation is further modified to 
include the ambient temperature effect and will 
be discussed in this section in detail. 
 

 
Figure 12 – Comparison of the new model 
simulation results with known experimental 
results from Chen’s et al [10] experiment 
 
The available battery capacity Cusable varies 
depending on the capacity fading. The effect of 
capacity fading and other cyclic resistances 
were included in the extended new model and 
the constants were evaluated when tuning. The 
values of RintS,RTS, CTS, RTL and CTL  due to 
battery SOC can be calculated as given below 
[7]: 
RintS(SOC)= 0.1562 x exp(-24.37 x SOC) +0.07446                                                    
                                                                         .…(25)                                                                      
RTS(SOC)= 0.3208 x exp(-29.14 x SOC) + 0.04669. 
                                                                         ….(26) 
CTS (SOC) = 752.9 x exp(-13.51 x SOC) +703.6.
                                                           ….(27) 
RTL (SOC) = 6.603 x exp(-155.2 x SOC) + 0.04984.
                                              ….(28) 
CTL (SOC) = -6056 x exp(-27.12 x SOC) +475.                                
                                                                         .…(29) 
In addition to the equations (18), (19), (20), (21), 
(22) (23) and (24), the ambient temperature 
effect of the model is defined by the equations 
(30), (31), (32),(33) and (34) given below: 

)0,0()(),( OCVOC VTxTqV OC  

+ Bqx
k BA

qQ
QKTx 










exp)( .   ….(30) 

 
254 106.61097.4986.0)( TTTx OCV

  .
                                  ….(31)                                                             
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2410218.4028.0876.0)( TTTxk
  ...(32) 

241063.9055.0733.0 TTxB
 .  ….(33) 

 
The constants A and B are the constants 
associated with the exponential term in 
equation (30). The symbol Q is the total battery 
capacity in Ah and the q is the available battery 
capacity which is normally symbolizes as 
Cusable, at any instant. OCV is the battery open 
circuit voltage at the start. The equation (20) 
given earlier is now modified to include the 
ambient temperature effect and is given by 
equation (34): 

),()( 21int TqVVVRRiV OCcycsbat   

+   t
GTstab eCCTV   .  ….(34) 

 

 
Figure 13 – Block diagram of the new model 
extended to include the ambient temperature 
effect. 
 

 
Figure 14 –Temperature effect of the new 
model in comparison with the Tan et al [9] 
exp. data 
 
The new model represented by Fig. 13 includes 
the ambient temperature effect in addition to 
the internal electrolyte temperature change due 
to electron diffusion. 
 

The constants used in the dynamic model were 
selected carefully within the constraints of the 
manufacturers’ parameters. Battery internal 
resistance cannot increase beyond 0.1 Ohms. 
CGR18650A cylindrical Li-ion battery 
specifications were considered to study input 
data where necessary. Maximum value for SOC 
is 1 and the minimum value can be zero or 0.1 
[19]. The model can be used to model hybrid 
vehicle battery systems of  Li-ion, Lead acid or 
NiMH batteries. The simulation results were 
very good and the proposed new model can be 
identified as an accurate new model to apply 
for dynamic modeling. 
 
6. Conclusion 
 
Simulation results from Fig.11,12 and Fig. 13 
confirm the model accuracy and the average 
error is within 2% which is a successful 
achievement in modeling. With the known 
experimental results from Tan et al [9] and 
Chen et al [10] experiments, the new model 
simulation results can be validated. Extension 
of the new model which was given by Fig.13 
that includes the ambient temperature effect 
was validated with the comparison of 
experimental results from Tan’s et al [9]. This 
simulation results and the experimental data 
are shown by Fig. 14.  From the simulation 
results it was observed that the battery cell 
temperature cannot increase more than 380C 
and the ambient temperature can decrease as 
low as -100C for which the model proved to be 
working successful. When the temperature 
increases more than 380C the behavior of the 
battery terminal voltage is unusual [20] as 
expected and therefore it is necessary to deploy 
a proper cooling system to avoid further 
increase in the electrolyte temperature. The 
simulation results show that the model can 
accommodate a wider range of battery terminal 
voltages than the existing models. The new 
battery model presented here could provide 
satisfactory results and offer good solutions for 
many questions that simulation engineers face 
with. It is currently being used to develop 
reliable hybrid energy power systems. Thus the 
model developed in this paper are proving to 
be extremely useful for both simulation and 
estimation studies. 
 
 
 
 
 
 
 

ENGINEER 60



ENGINEER 8  

2410218.4028.0876.0)( TTTxk
  ...(32) 

241063.9055.0733.0 TTxB
 .  ….(33) 

 
The constants A and B are the constants 
associated with the exponential term in 
equation (30). The symbol Q is the total battery 
capacity in Ah and the q is the available battery 
capacity which is normally symbolizes as 
Cusable, at any instant. OCV is the battery open 
circuit voltage at the start. The equation (20) 
given earlier is now modified to include the 
ambient temperature effect and is given by 
equation (34): 

),()( 21int TqVVVRRiV OCcycsbat   

+   t
GTstab eCCTV   .  ….(34) 

 

 
Figure 13 – Block diagram of the new model 
extended to include the ambient temperature 
effect. 
 

 
Figure 14 –Temperature effect of the new 
model in comparison with the Tan et al [9] 
exp. data 
 
The new model represented by Fig. 13 includes 
the ambient temperature effect in addition to 
the internal electrolyte temperature change due 
to electron diffusion. 
 

The constants used in the dynamic model were 
selected carefully within the constraints of the 
manufacturers’ parameters. Battery internal 
resistance cannot increase beyond 0.1 Ohms. 
CGR18650A cylindrical Li-ion battery 
specifications were considered to study input 
data where necessary. Maximum value for SOC 
is 1 and the minimum value can be zero or 0.1 
[19]. The model can be used to model hybrid 
vehicle battery systems of  Li-ion, Lead acid or 
NiMH batteries. The simulation results were 
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identified as an accurate new model to apply 
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achievement in modeling. With the known 
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of the new model which was given by Fig.13 
that includes the ambient temperature effect 
was validated with the comparison of 
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are shown by Fig. 14.  From the simulation 
results it was observed that the battery cell 
temperature cannot increase more than 380C 
and the ambient temperature can decrease as 
low as -100C for which the model proved to be 
working successful. When the temperature 
increases more than 380C the behavior of the 
battery terminal voltage is unusual [20] as 
expected and therefore it is necessary to deploy 
a proper cooling system to avoid further 
increase in the electrolyte temperature. The 
simulation results show that the model can 
accommodate a wider range of battery terminal 
voltages than the existing models. The new 
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