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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 has been used in this paper to develop the new
battery model as it can be directly applicable to
Energy storage systems are crucial for the connect with other dynamic models like hybrid
future Smart Grid and Hybrid Vehicles. Their energy systems and electric vehicle modeling.
ability to store energy has changed the Internal resistance of any battery model along
traditional ~ power  system’s  definition. with the thermal effect is also important to get
However, the benefits are hard to quantify accurate results. Thermal (temperature) effect is
because of the complexity of different useful up to a certain level to carry the electrons
applications and  modeling difficulties. from one electrode to the other through the
Dynamic modeling has become even harder to electrolyte while increasing the rate of reaction.
count all aspects of battery life cycle, self- Once the saturation temperature is reached
discharging, gassing effect, diffusion process, temperature effect beyond that level could be
acid stratification, state of charge etc[1]. harmful to the battery life [3].
Analysing various battery models presented by The effect of temperature is included explicitly
previous researchers, it was found that there is in this paper along with all other variables in
a need to include generic representative models the new dynamic battery model. The model
with high accuracy and transient effects. presented here is being validated finally with
the comparison of simulation results and with
Battery models can be classified according to known experimental data. The simulation
their modeling areas as given in [2]. They are results show that the model can produce more
mainly classified as Electrochemical, accurate and repeatable results than the
Mathematical, ~Electrical and Polynomial. existing models. This feature is discussed later
Electrochemical models use the fundamental in the paper with the comparison of known
battery chemistry while mathematical models experimental results. The model was developed
use empirical equations and polynomial models by considering the battery open circuit voltage
to study their responses in terms of polynomial change due to discharging and charging
expressions. Electrical models employ the currents. The other key feature of the model is
passive circuit elements like capacitors, that it could be used to model any type of

inductors and resistors to model electrolyte,
electrode, polarization resistances along with
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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 wusing 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)
Eo: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™) 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)™

For aLead-acid battery the governing equations
for charging/discharging are given by:

For discharging [4]: (*>0):

Si(t,i%,i, Exp) = Eg— KAQL_I' * 71(.%11 + Laplace*l(EL(s) oj
—it

—it Sel(s)
(1)
For charging [3]: (i *<0):
o o O . 9 . [ Exp(s) 1
fo(it,ixi, Exp) = E; K'it+0.l.Q'l K.Q_it.zt+Laplace (Sel(s) .Sj
(2

For a Lithium-ion battery the governing
equations as given in [4] were presented for
reference:

For discharging (i

*>():

fiGit,ixi)=E, - K. Q —i*—K. 0 —.it + A.exp(—B.i)
QO —it —it

For charging (i*<0):

o g . o . .

t =E,-K. i*=K. dt+ A —B.it
fo (it i%,i) = E, 17010 i o it + A.exp(—B.t)
For Nickel-cadmium and NiMH [4]:

For discharging (i* > 0):
St ixi, Exp) = E) — K. ?iz ix—K. Q?it dt +Laplace7][§%((ss))%j
For charging(i*< 0):

0 0 o Es) 1
S5 (it i%,i, Exp) = E, Kii‘il‘JrO.l‘Ql K‘Q—il (it + Laplac (Sel(s) ‘s]

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 (Voc ). Also it was noted
that the model defined in [5] has not included
any temperature effect and the change of V¢
due to SOC.
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’ -
» ) Switch "D
Charg.eq. Ebat

Figurel - 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 voltageVgc, 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:

Voc =0.84+S8G . e (7)

When examined carefully, the equation (7) does
not seem to give the correct results based on a
5G value of 1.2 for the battery acid. The result
obtained for the maximum Vpc 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
theVpc. Thus the Vyis assumed to be given by
equation (8),[6]:

Voc =-16822968+174.1360x SG —1.4836919exp(SG)

~169.0027x SG"? xlog SG) —0.00077765/ log( SG)
...(8)

The specific gravity of the battery acid is an

implicit function of the gassing effectigas.

Details can be referred in [6].

SGfu/l - SGempty
DK

SG = SG ,,,;, — AhD[

...(9)
SG is the specific gravity of the acid and the
SGtun 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 [ 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
Ahyom: 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
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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.
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Figure 3 - Modified improved battery model
for Saiju et al [5]
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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 Ey 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]:

x, = f(T)= A+BT +CT*> ....(10)
n=f(K,Ey,B,C) ...(11)
The equation for the battery terminal voltage,
Eas given in [7]:

E(q,T) = Eo- iRins ...(12)
Where:

Rins: Battery internal series resistance
T:Ambient temperature of the battery cell

Eo: Battery constant

x,(T) = f(T)=0.876—0.0287 +4.218x 107 T

...(13)
xg(T) = f(T)=0.733—-0.045T +9.63x107* >
...(14)
xo(T) = () =0.986+4.97x10*T-6.6*10°T
....(15)
E(q,T):EO—K*( 0 J+Aexp_Bq ....(16)
O-¢q

Combining equations (10),(11),(12),(13),(14),(15)
and (16) a generalized equation is presented as
in Kroeze R et al [8]:

E(q,T) = x,o(T)x Ey — x, (T) % K( 0 ] + Aexp ™

... (17)
Where:
E(q,T): No load voltage(V)
Eo: Battery constant voltage(V)
K: Polarization voltage(V)
Q: Battery capacity(Ah)
A,B: Exponential constants
g: Charge or extracted capacity(Ah)
Simulation data:
Kief =0.05 (Polarization voltage)
Q =0.830(Ah)(Battery capacity)
Eo_ref = 3.55 Volts; Arr=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.
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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.

OUTPUT
Vbcu

INPUT

—

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 Fig7. 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 R(T,n,SOC) signifies the resistance
due to self-discharging and as it has a very high
impedance and therefore the current passes
through Rsads negligible [18] when normal
discharge current is applied. However,Rqr
highly depends on the long storage time,
ambient temperature, SOC, and n (when # is a

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

141 Va
Rips R
R‘rs Rn
i Crs Cn

éwh

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 Rjytgand Rcyc, and
two RC networks composed of Rpg, Crg,
Rypand Cpp. The battery equivalent internal

(Rints) the
instantaneous drops in the battery terminal
voltage as given in [7]. The passive circuit

impedance contributes  to

elements R7g and the Crgshown 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 R7g is the charge
the
Crgmodels the electrochemical double layer

The R7y and

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

transfer resistance and capacitance

capacitance. the Cry circuit
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therefore it is being ignored in this model but
could be included if and when necessary. From
Fig.7., by wusing the Kirchhoff’'s law, the
equations (18) and (19) could be derived.

an__i N

- -1 ...(18)
dt  Crs RrsCrs
ot __ " ...(19)
dt  Crp R Crp
Vbat :I/oc(SOCT)+i(Rints +Rcyc)+Vl +V2 +ﬂVstab
p
+T(Cp+Cg)e !
....(20)

The effect of Rints, Ry, Crg, and Cpp 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):
R, (SOC) = Cyy xexp(—C,p x SOC)
+Cy3 xexp(Cyy x SOC). ....(21)
The constants Cg1, Cgp, Cg3 and Cgqare

presented in the table 1. below:

Table. 1 - Improved new
constants C1, Cgp,Co3and Cgy in equation 21.

ch (SOC) | Cg Cq2 Cg3 Co4

Rints(SOC) | 1.21 521 | 0.0435 | 0.00941

Rpg(SOC) | 01562 | -24.37 | 0.04669

Crg(SOC) | 1100 | .1500 | -1200 | -7.100

Rpp (SOC) | 1321 | 3472 | 0.0491 | 0.0071

Cyp (SOC) | 5200 | - 8350 | -19.4
0.2585

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

Ry =&xn’, ..(22)

In equation (22), nis the discharge/charge cycle
number and ¢ is a constant. The constant 1 is
normally taken to be equal to % 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 Fig6. 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 Crs and the Crp 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 I,; 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 Ipa. In equation (20) the
parameters Cr, Cc and p 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 SOC?
+0.321x50C3

The battery SOC can be expressed as given in
(21,[19]:
SOC=S0C,

init

bat

—2—x dt

usable

. (24)

Where:

Iyar: Battery current (A)

SOC: State of charge

SOCinit : Initial state of charge

Cusavle : Usable battery capacity (Ah)
T: Electrolyte temperature (°C)

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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Figure 8 - Comparison of the new model
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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.
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Figure 9 - Comparison of the new model
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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.
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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, Crs, RTL and Cm. due to
battery SOC can be calculated as given below
[7]:

Rins(SOC)= 0.1562 x exp(-24.37 x SOC) +0.07446

Rrs(SOC)= 0.3208 x exp(-29.14 x SOC) + o.'dlié%z).
Crs (SOC) = 752.9 x exp(-13.51 x SOC) +7(§§66)
R1L (SOC) = 6.603 x exp(-155.2 x SOC) + 0...0.4.1(928741.
CrL (SOC) = -6056 x exp(-27.12 x SOC) +47“5'.‘(28)

..(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:
Voc(q.T) = xy,. (1o (0,0)

9 j+Aexp_xBBq :
q

....(30)

+xk(T)K(

(T)=0.986+4.97x10 4T - 6.6x107°T2 .
...(31)

oc
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x; (T)=0.876 —0.0287 +4.218 x 10472 ..(32)

xp =0.733-0.055T +9.63x 107472 . ....(33)

The constants A and B are the constants
associated with the exponential term in

equation (30). The symbol O is the total battery
capacity in A/ and the g is the available battery
capacity which is normally symbolizes as
Cusable, at any instant. V¢ 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):

Vbar =i(Rints +Rcyc)"‘Vl +V £Voc(g,T)

+ Bgap +T(Cr +Cg e P/
S
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Figure 13 - Block diagram of the new model
extended to include the ambient temperature
effect.

Hew model comparison with exparimental datn

""""—.—-q-.-.a..-.

r.

£

*  Experimantal dotn from Tan et ol at aflc

Best fut eurve bor Tan el al enp. data

Error

Hew model simulation st 30°C

. (battery terminal volmage)( V]

a8

1] EI_ ;I |1.|_. ;I F__!_I ;I gl I}

Sirmalatian bnefs)
Figure 14 -Temperature effect of the new
model in comparison with the Tan et al [9]
exp. data

000 LM 14m

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 38°C
and the ambient temperature can decrease as
low as -10°C for which the model proved to be
working successful. When the temperature
increases more than 38°C 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.
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