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Development of an Equivalent Circuit for Batteries
Based on a Distributed Impedance Network

Mehdy Khayamy , Adel Nasiri , Senior Member, IEEE, and Okezie Okoye

Abstract—This paper presents an original equivalent battery
model based on a distributed RC circuit. The model virtually
includes an infinite number of time constants to reflect the battery
behavior, especially during the dynamic stress test. The model
has much fewer parameters than the traditional battery model
and so reduces the parameterization effort significantly. The self-
discharge is inherently implemented in the model as well. The sec-
ond order partial differential equation of the model is derived and
both explicit and numerical solution approaches are introduced to
incorporate the model in any simulation environment or analytical
response analysis. Incorporating the effect of the state of charge
on the parameters of this model is more easily accomplished by
changing the trends of the parameters as opposed to each of them
individually. The model matches to various battery type and it is
validated on a 30AhLithium-Ion battery from 1C to 8C discharge
pulse current. Furthermore, the results are compared to the classic
battery model.

Index Terms—Battery model, electrical equivalent circuit,
distributed model, parameter estimation.

I. INTRODUCTION

BATTERIES have existed for a long time, and recently their
application are increasing rapidly in a wide range from

small toys to electric vehicles all the way to a microgrid peak
shaving storage. Battery simulation is a well-known technique
to substitute actual battery setup testing to save time and cost
during prototyping of battery operation, battery-based power
electronic converter control systems, and battery charger design
[1], [2].
The battery simulation has been carried using a mathematical

model or electrical equivalent circuit (EEC). EEC can help
with the real-time diagnostic of the battery-based drive system
as well [3]. To reflect the behavior of a battery, EEC usually
involves an internal voltage source, a resistor, and one to three
series elements of parallel RC branches. The internal voltage
represents the majority of the stored energy on the battery

Manuscript received July 7, 2019; revised September 29, 2019, December 2,
2019, January 5, 2020, and March 24, 2020; accepted April 19, 2020. Date of
publication April 22, 2020; date of current version June 18, 2020. This work was
supported by theNational Science Foundation under Grant 1650470. The review
of this article was coordinated by Prof. M. Preindl. (Corresponding author:
Mehdy Khayamy.)

Mehdy Khayamy and Adel Nasiri are with College of Engineering and
Applied Science, Electrical Engineering Department, University of Wisconsin-
Milwaukee, Milwaukee, WI 53211 USA (e-mail: mkhayamy@uwm.edu;
nasiri@uwm.edu).

Okezie Okoye is with College of Engineering and Applied Science, Electrical
Engineering Department, University of Wisconsin-Milwaukee, Milwaukee, WI
53211 USA, and also with Cummins Inc., Columbus, IN 47201 USA (e-mail:
okezieowen@gmail.com).

Digital Object Identifier 10.1109/TVT.2020.2989715

and the rest are on the capacitors. The open circuit voltage
at the equilibrium state represents state of charge (SOC). The
terminal voltage variation to a sudden load change is mod-
eled by the resistor. The RC branches represent various time
constants in the battery charge or discharge voltage response
[4]–[6].
The battery voltage response seems to be composed of su-

perposition of several time constants. Finding RC parameters
depend on the application and the cell chemistry however, a
common practice is to define three average time constants for
three time intervals for the RC branches. These time intervals
depend on the simulation requirement can be second, minute,
and hours [2] or tens of seconds, minute, and tens of minutes [7].
These time constants could be selected too short for the battery
charger design transient check or relatively long for system level
simulation of electric vehicle applications.
Although numerous RC circuits are needed to realistically

model a battery from a short to a long time span, the number of
RC elements is usually limited by the parameterization effort.
Several successful algorithms attempts have been developed to
determine the parameters of RC circuits with optimization or
analytical methods [7]–[10].
The parameters are also temperature dependent. Finite el-

ement method (FEM) [11] and computational fluid dynamics
(CFD) [12] are utilized to extract the temperature dependency
of the parameters. Analytical methods are also used to determine
these dependencies [13], [14] and two-dimensional look-up
tables for parameters based on SOC and temperature are sug-
gested [15], [16]. One of the reason that limits the number of
RC branches is parameter estimation. The fact that at each SOC,
the set of RC parameters that model the behavior of the battery
are not unique, makes the parameters versus SOC curve or table
to be chaotic. Beside SOC and temperature, internal voltage,
resistances and capacitances of the EEC can be influenced by
the state of health (SOH) of the battery [17]. Usually, papers
which consider SOH, assume the constant temperature [18].
Beside the aforementioned popular classic battery EEC, other

EECs have been proposed throughout the years. A parallel
parasitic branch with a diode is considered at the terminals of
the battery to model the loss charge current which does not
increase SOC [19]. A float charge model is proposed in [20]
to investigate the effect of the float charge technique. Bode
plot technique has been used to assess the battery impedance
in the frequency domain and suggest a transfer function [21].
A purely resistive internal impedance but highly nonlinear and
current dependent has also been suggested [22]. The application
ofWarburg element in the battery model [13], [23] and Randle’s
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Fig. 1. The conventional electrical equivalent circuit of the battery.

equivalent circuit [24] are also investigated. A voltage source
connected in parallel with a capacitor through resistors are
suggested in [25]. [26] finds an exponential-based function that
relates the open circuit voltage and the SOC.
Distribution of the voltage across RC branches for various

charge and discharge current is investigated [27]. The separa-
tion of the terminal voltage to the internal voltage source and
the voltages across RC branches to estimate SOC has been
addressed [28].
The results of curve fitting to find the parameters in various

operating points is usually does not follow a pattern when the
number of RC circuit increases because the solution is not
unique. The chaotic dependency of parameters to SOC discour-
ages the simulation of more than three RC branches. Recent
research shows at least five RC circuits are required to model an
aged battery with a reasonable precision [29].
The accuracy of this simulation depends on the accuracy of

the model and the model depends on several parameters that
change with operating conditions.
This paper, inspired by the classic EEC, suggests an original

model for the battery which overcomes the problems of the
existing models. It contains unlimited time constants with very
limited parameters. Applying the effect of SOC and temperature
on the model is much easier as well because it requires changing
the trend of the parameters as opposed to their values. This
paper is the first to suggest a distributed impedance network
with energy storing component to model the behavior of the
battery.

II. BATTERY MODELING

Depends on the purpose of the study or application, a battery
can be modeled with various fidelity. The simplest form is a
constant voltage source, E. By adding a resistance, R0 some of
the terminal voltage variation during charge/discharge can be
modeled. However, these two simple component do not capture
the dynamic time dependent behavior of the battery and that is
whyRC branches are added to themodel. The values of threeRC
branches are representing three time constants to approximate
the voltage response in a certain time interval. Themost common
EEC of a battery is shown in Fig. 1.
As the battery charge or discharge the terminal voltage varies

even at the no current. That was the motivation to have a
nonlinear look-up table for the value ofE as a function of SOC.
One of the complication is the time constants are SOCdependent
and there are look-up tables for them as well. Some batteries
require 4 or 5RC branches to properly model the dynamic over
a relatively larger time interval. Furthermore, the set of RCs to

Fig. 2. The suggested equivalent electrical equivalent circuit for the battery.

Fig. 3. The concept of discrete and continuous parameter distribution.

model the battery at each SOC aren’t unique leading to chaotic
look-up table trend over the SOC.
The natural progression of the model would be to add more

RCs for with various time constant to capture all the dynamics
and to smooth the transition of the time constants from one to
another and extend the limited time intervals of the model, the
concept of unlimited distributed RC branches is introduced. To
have uneven RC parameters, the distribution of the parameters
are varied over x, which is defined as the per-unit distance
between the positive and negative of the battery model. It is
considered that x is between 0 and 1.
–Fig. 3 shows the concept of discrete versus continuous of

parameter distribution. Fig. 3 is drawn only for the sake of
conceptual presentation and not to scale. The three RC systems
look like the average of the distributed system which is the
combination of several differential RC branches.
Having the three RC branches replaced with the distributed

network and looking at the trend of the parameters, it can be
concluded that R0 in the conventional model is a part of the RC
network when the relative value of the capacitor to the resistor
is negligible. The internal voltage source also can be part of the
RC network when the capacitor is huge and the value of resistor
is high enough to prevent fast discharge and the only charge loss
is due to the battery self-discharge.
The suggested RC network for the battery model is presented

in Fig. 2. The distribution of the impedance over x is unique
to any battery and called characteristic impedance. The general
form of the characteristic impedance can be exponential, (1),
polynomial or simply linear. In this paper, the exponential char-
acteristic is adopted. In (1), c0 and r0 are the magnitude of the
exponential distribution of the resistive and capacitive branches
and cd and rd are the exponential decay constant.

C(x) = c0e
−cdx (1a)
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Fig. 4. One element of the characteristic impedance.

R(x) = r0e
−rdx (1b)

III. MODEL FORMULATION

Fig. 4 shows one element of the suggested battery model.
Elemental voltage, U , is the voltage across one element of the
model. Although the current is independent of x throughout the
model, the ratio of the elemental capacitor current, Ic, to the
resistor current, Ir, is different at any part of the network and
the total current is the summation of them as in (2).

I = Ir(x) + Ic(x) (2)

The current in the resistive path at each element of the network
is described by (3).

Ir(x) =
V (x+∆x)− V (x)

R∆x

Ir(x) =
1
R

V (x+∆x)− V (x)

∆x
(3)

The capacitor elemental current is described by (4).

Ic(x) =
C

∆x

∂ (V (x+∆x)− V (x))

∂t

Ic(x) = C
∂

∂t

V (x+∆x)− V (x)

∆x
(4)

If the length of the elements gets small enough, it results in
infinite elements. In other words when ∆x gets close to zero,
(5) is obtained.

lim
∆x→0

V (x+∆x)− V (x)

∆x
=

∂V

∂x
(5)

By substituting (5) into (3) and (4) and eventually in (2), the
characteristic equation which is a second order partial differen-
tial equation that describes the suggested model is obtained as
(6).

I(t) =
1

R(x)

∂V (x, t)

∂x
+ C(x)

∂2V (x, t)

∂t∂x
(6)

IV. THE SOLUTION TO THE CHARACTERISTIC EQUATION

The explicit solution for equation (6) for exponential distri-
bution of the resistance and capacitance, as well as a numerical
solution to an arbitrary distribution, are provided. For the explicit
solution the current is considered to be constant and for the
numerical analysis, the current can have any arbitrarywaveform.
As ∆x tends to zero, the elemental voltage, U becomes the

Fig. 5. The typical charge profile.

partial derivative of the voltage with respect to x, (7).

U(x, t) =
∂V (x, t)

∂x
(7)

Considering (7), equation (6) can be simplified to (8) which is a
first order ODE in time at any x.

I(t) =
1

R(x)
U(x, t) + C(x)

∂U(x, t)

∂t
(8)

A. Initial Voltage Distribution of a Fully Charged Battery

The initial distribution of the voltage across x is necessary for
both of the solutions. Fig. 5 shows a typical charge profile with
the constant current and constant voltage regions. The charge
process starts when SOC is low enough and the battery voltage
is at the discharged voltage,Vd. The battery is being chargedwith
the maximum limit current until the voltage reaches the charged
voltage, Vc. To keep the voltage constant at Vc, the current needs
to reduce. The charging cycle typically ends when the charging
current gets lower than a minimum current, Ilow [1].
Considering the battery model as a network of RC branches,

when the system is fully charged, the whole current passes from
the resistive branch in Fig. 2. In the case of the battery model,
this current is close to zero. Therefore, the voltage across each
element has the same shape of the resistance of that element and
the total voltage scaled to have the accumulated value Vc. The
initial voltage distribution across x is described in (9).

U(x, 0) = U0c =
Vc∫ 1

0 R(x)dx
R(x) (9)

For the exponential distribution it is (10).

U0c(x) =
Vcrd

1− e−rd
e−rdx (10)

Hence, the initial voltage distribution is (11).

V0c(x) =

∫
U0cdx =

−Vc

1− e−rd
e−rdx + k (11)

parameter k = V (1, 0) which is the integral constant can be
found with the constraint that V0c(1) = Vc as

k = Vc +
Vc

1− e−rd
e−rd (12)

The initial voltage distribution is (13):

V0c(x) = Vc

(
1− e−rdx − e−rd

1− e−rd

)
(13)
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Since the voltage, V , at each point is measured with respect to
the negative port of the battery model, the initial voltage is zero
at x = 0 and is Vc at x = 1. Halving another battery cell with a
different voltage rating, only Vc needs to be changed in (13).

B. The Explicit Solution

The explicit solution is insightful about the behavior of the
battery and the determination of its parameters. Equation (8)
in Laplace domain is (14) which requires the initial voltage
distribution over x.

1
s
I =

1
R
U + C (sU − U0c) (14)

Substituting (10) into (14) and arranging it in term of U , results
in (15).

U =
1

c0e−cdx

s+ 1
c0r0e−(cd+rd)x

(
1
s
I + Vc

c0rd
1− e−rd

e−(cd+rd)x

)

(15)

By taking inverse Laplace, U can be converted back to the time
domain as (16).

U =

(
Vc

rd
1− e−rd

− r0I

)
e−rdxe

−t
c0r0

e(cd+rd)x

+ r0Ie
−rdx

(16)

The term τ(x) = c0r0e−(cd+rd)x is the time constant of each
element. To find the voltage, integral ofU needs to be calculated.
The challenging term is defined as J in (17). A new variable of z
is defined to simplify the integral and rewrite J in term z instead
of x.

J =

∫ 1

0
e−rdxe

−t
c0r0

e(cd+rd)x

dx (17)

z =
1

c0r0
e(cd+rd)x (18)

e−rdx =

(
1

c0r0

) rd
rd+cd

× z
−rd

rd+cd (19)

dx =
1

(rd + cd)z
dz (20)

J =
1

rd + cd

(
1

c0r0

) rd
rd+cd

×
∫ 1

c0r0
e(cd+rd)

1
c0r0

z−(
rd

rd+cd
+1)e−tzdz (21)

The integral in terms of z has a solution in term of Ei(a, x)
which is an exponential integral function with order a (22).

∫
z−(a+1)e−tzdz = −z−aEi (a+ 1, tz) (22)

Therefore J is (23).

J(t) =
1

cd + rd
Ei

(
rd

cd + rd
+ 1,

t

c0r0

)

− 1
cd + rd

e−rdEi

(
rd

cd + rd
+ 1,

t

c0r0
e(cd + rd)

)

(23)

Having J , the battery voltage is determined by integrating U in
(16) as (25).

Vb(t) =

∫ 1

0
U(x, t)dx (24)

Vb(t) =

(
Vc

rd
1− e−rd

− r0I

)
J(t) +

r0
rd

I(1− e−rd) (25)

In summary, the battery terminal voltage can be found from (26)

Vb(t) =

∫ 1

0

∫ t0

0

(
1

C(x)

(
I(t)− 1

R(x)
U(x, t)

))
dtdx

(26)

C. The Numerical Solution

The numerical solution provides flexibility in choosing any
parameter distribution and current waveform. To numerically
solve equation (6), time step and space step need to be cho-
sen to discretize time interval, ∆t, and space interval, ∆x.
∆t depends on the total simulation time and kind of needed
transient response.Thehigher the accuracy, lower∆x, the higher
computational load will be. In this manuscript, for the sake of
the fine figures ∆x = 0.01 is chosen which results in a great
precision and 100 RC branches.
For the standard trapezoidal numerical integration, equation

(8) for any xi the element voltage can be found as (27).

U(xi, ti+1) =
∆t

C(xi)

(
I(ti)−

1
R(xi)

U(xi, ti)

)
(27)

The terminal voltage is (28).

V (xi+1, ti+1) = ∆xU(xi, ti+1) + V (xi, ti+1) (28)

The voltage of eachRC element needs to be calculated using
eq. (27) and added together by eq. (28). Selection of the ∆x
depends on the application. A higher ∆x can be selected for
faster computation or a lower ∆x for better accuracy. It is a
trade off between the accuracy and computation. The suggested
EEC enables us to arbitrary increase the accuracy, if needed,
without being worry about a huge set of parameter estimation.

D. Computation Requirement

When the battery current waveform is predefined or constant,
an explicit closed-form solution is preferable because of themin-
imal computational requirement. If the battery currentwaveform
is unpredictable the numerical solution can be applied.
The computational requirement of the suggested EEC and

the classic battery model is discussed as follows. For a classic
battery model, the terminal voltage is the sum of the internal
voltage, three RC branches, and a resistive voltage drop which
makes it 5 series components. The computation is comparable to
the suggested EEC with∆x = 0.2. However, it requires several
high precision look-up tables to store the values of E,R0, and
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each of the RCs. Usually, the resolution is 50 value, one for
each 2% SOC.
A∆x lower than 0.2 can be selected for better accuracy. It is a

trade-off between the accuracy and computational requirement.
The suggested EEC enables us to arbitrary increase the accuracy,
if needed, without worrying about a huge set of parameter esti-
mation.∆x = 0.1means twice the classic model computational
time but it does not require look-up table memory fetching.

V. THE CHARACTERISTIC IMPEDANCE

The nature of the characteristic impedance for a Lithium-
Ion battery is discussed in this chapter. The parameters of the
characteristic impedance are unique for each battery.

A. The Effect of SOC

The distribution of the parameters as a function of SOC in
the conventional battery model is usually chaotic [23], [27] and
the more RC elements, the more chaotic it would be. One of the
main reason is the curve fitting algorithms or the optimization
methods to find the parameters. Since the solution is not unique
a battery at a certain SOC can be defined by higher τ1 and lower
τ2 or the other way around even in the case of two RC branches.
Thesemultiple solutions cause relatively sharp suddenvariations
in the trend of parameters versus SOC. On the other hand, one
of the restrictions of having more RC branches is finding the
parameters in a meaningful manner with a coherent trend.
Applying the SOC dependency to the suggested model is

much easier. Since the capacitor represents the stored energy
in the battery, it can not be changed. The resistance on the other
hand can be increased. r0 in eq. (29) is the magnitude of the
resistance distributionwhen the battery is fully charged. r0 needs
to be adjusted as the battery loses charge. A simple quadratic
resistance increase is suggested here as (29).

r0(DOD) = r0
(
1+ (k1DOD + k2DOD2)

)
(29)

DOD = 1− SOC (30)

where DOD is depth of discharge. When the battery is fully
charged (SOC = 1, DOD = 0), r0(0) = r0. r0(DOD) in-
creases as DOD increases from 0 to 1 and the rate of change
is defined by k1 which multiplies by DOD and k2 which is the
coefficient of DOD squared.

B. Matching the Parameters

Acylindrical lithium-ion cell, VL30PFe, [30], is used to adopt
the model. The battery is 30 A 1 C with the voltage range of 3.1
to 3.5 V. To find the parameters of the characteristic impedance
of (1), MATLAB Simulink Design Optimization has been used
to find the parameters of the model to match the actual hardware
data.
Table I shows the parameters of the impedance distribution

described in (1). Fig. 6 shows the trend of the characteristic
impedance for a Li-ion battery. Fig. 6(a) shows the value of
resistor and capacitor of the characteristic impedance versus
x. The trajectory of the characteristic impedance is shown in
Fig. 6(c) as well.

TABLE I
PARAMETER OF THE CHARACTERISTIC IMPEDANCE

Fig. 6. Characteristic Impedance: (a) resistance and capacitance distribution;
(a) time constant distribution; and (c) impedance trajectory of capacitor versus
resistance.

VI. INTERPRETATION OF THE MODEL

Fig. 7(a) is the voltage distribution, U , during a constant
current charge and discharge when the battery is being charged
with a constant current.
Both resistance and capacitance at the beginning of themodel,

close to the terminal or when x tends to 1, are very low. The
capacitors are being fully charged fast and the voltage across
them at the steady-state is simply the current multiplied by the
resistance which is negligible. The deep capacitance, when x
is close to 0, is very high and the current does not increase the
voltage bymuch. The voltage when x ≈ 0.5, however, increases
significantly by the charge current as it is shown in Fig. 7(a),
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Fig. 7. Charged and Discharged voltage profile by constant rated current: (a)
elemental voltage; and (b) accumulated voltage.

Charged curve. Similarly, the constant current discharge cur-
rent can cause a negative voltage in the middle range of the
model,Discharged. The transition from charged to discharged,
Discharging, and discharged to charged, Charging, are also
shown in Fig. 7(a). Fig. 7(b) shows the accumulated voltage
across the model, V , as (24).
To illustrate how voltage and current are changing in the

model, Fig. 8 is shown. The vertical axis is x with the distri-
bution of R(x) and C(x) shown in Fig. 6(a). Figs. 8(a), 8(b)
are the share of current in the resistor and capacitor branches
respectively. For the low capacitance part of the model, when x
is close to 1, the 30 A charging current almost entirely passed
from the resistive path of the model and almost nothing from
the capacitive path because the capacitance are so small they
get completely charged almost immediately (Figs. 8(a), 8(b)
upper left corners). For the high capacitance part of the model,
when x is close to 0, almost all of the current passes from the
capacitive branch because they take a long time to charge and
their voltage doesn’t change much as the current passes leaving
almost no current from the resistive paths (Figs. 8(a), 8(b) lower
left corners). A similar explanation applies to the discharge on
the right hand side of the figures.
To show the voltage variation during charge or discharge,

Fig. 8(c) shows the difference between the voltage distribution
during equilibrium state and the voltage distribution when the
battery is getting charged or discharged with a constant current.
The change of the voltage on the low impdedance side of the
model is negligible and the voltage across the high capacitance
elements doesn’t change much by current. The only section that
changes on a short term with a charge or dischage current is the
middle part. It is shown on Fig. 7 as well.

Fig. 8. Voltage and current during charge and discharge at constant current: (a)
resistive branch current; (b) capacitive branch current; and (c) voltage difference
with a gradual fully charged profile.

Oneof the observation is that the sudden reversal of the current
from charging to discharging or the other way around causes
twice the current in the capacitor branches.
Considering the typical charge curve (Fig. 5), as soon as the

voltage increases in themiddle of the x the accumulated voltage,
V , reaches to the charged voltage and after that the current needs
to decreases to reduce the inflated voltage in the middle and
provide more time for the deeper and higher capacitor area of
the model to charge. The voltage of a battery getting charged
and discharged for a long time with a minimal current is shown
in Fig. 9.
Fig. 5 shows the charge process with CC and CV regions.

The corresponding voltage at several stages of charge is shown
in Fig. 10 as well as Fig. 11. Fig. 11 illustrate how the suggested
model explains the concept of deep charging and how the voltage
distribution changes as the battery is getting charged in the
constant voltage region. The deeper capacitors, C(x) when x
is closer to 0, are getting charged and since they have a higher
capacitance, with the same voltage the battery keeps a higher
energy. The explanation of sub-figures in Fig. 11 are similar to
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Fig. 9. Charged and Discharged voltage profile when charged and discharged
for a very long time by very small current: (a) elemental voltage; and (b)
accumulated voltage.

Fig. 10. The profile of voltage in a gradual charging process including CC and
CV: (a) elemental voltage; and (b) accumulated voltage.

Fig. 8. Over the CV region, to keep the voltage constant, the
charging current is getting lower and lower as time passes.

VII. THE SYSTEM RESPONSE TO THE PULSE LOAD

Two pulse loads have been applied to the model as well as
actual battery cell at 1 C which is 30 A and 8 C which is 240 A.
The battery current and voltage in addition to themodel terminal

Fig. 11. Voltage and current during a charge cycle including the constant
current and the constant voltage: (a) resistive branch current; (b) capacitive
branch current; and (c) voltage difference with a gradual fully charged profile.

TABLE II
COMPARISON METRICS FOR THE TRADITIONAL AND DISTRIBUTED EECS

voltage are shown in Figs. 12 and 13 which shows the model
response matches the actual voltage of the battery cell.
Figs. 12(c) and 13(c) show the error percentage between the

terminal and model voltages. Table II shows the root-mean-
squared error (RMSE) and absolute average error between the
actual and modeled voltages for both load profile for the clasic
and the suggested distributed model. The average of error for
1 C is very low as shown in Fig. 12(c) and Table II. For 8 C the
average error is still very low but there is a difference for a few
sample times between the drastic voltage drop of the model and
the cell for a 240 A load. It is worth mentioning that the voltage
of the battery is dropped to 2.7 V in Fig. 13(b) which is lower
than the minimum steady-state battery voltage at 0 SOC but it
doesn’t mean the battery SOC is lower than 0% and as soon as
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Fig. 12. The voltage and current of the battery and model during 1 C pulses:
(a) current; (b) voltage; and (c) voltage difference.

the high current pulse load turns off for an enough long time,
the voltage recovers to a value in the range of 3.1–3.5 V. A 16
bit analog to digital converter board is used for this project.
A traditional EEC with 3-RC branches is modeled as well

and the parameters are found with the sameMATLAB Simulink
Design Optimization which we used for the suggested model.
The model response matches the actual voltage with a great
accuracy and the scaled parameters are shown in Fig. 14 which
shows the chaotic variation of various parameters with respect
to SOC.

Remark 1: Although the method is computationally more
demanding compared to the traditional EEC, it does not need
heavy look-up tables to store the value of various traditional
model parameters versus SOC. Since the values of traditional
EECparameters donot have a predictable pattern versusSOC, an
accurate SOC estimation and high-resolution parameters versus
SOC data are needed to rely on the model to predict the behavior
of the battery. Parameter estimation versus SOC can be done at
each 2% SOC [29]. If a more precise model is required, more
parameter estimation and heavier loop-up tables are needed. The
suggested EEC is not sensitive to SOC.

Fig. 13. The voltage and current of the battery and model during 8 C pulse:
(a) current; (b) voltage; and (c) voltage difference.

Fig. 14. Scaled parameters for EEC with 3 RC branches.

Remark 2: To incorporate the effect of the temperature into
the model, scaling up r0 and c0 rather than cd and rd might be
enough. The relation between r0 and c0 and temperature needs
to be found.

Remark 3: Aged batteries are usually distinguished from a
brand new batteries by their reduced capacity and excessive
heating during charge or discharge. Since the suggested model
does not have an ideal internal voltage source, and it is comprised
of capacitors and resistors, it seems like a perfect opportunity to
incorporate the SOH.
There are two exponential curve describing the capacitance

and resistance distribution for the suggested model. The effect
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of the battery usage aging and calendar aging might on the main
parameters of c0, r0, cd, and rd needs to be investigated.

VIII. CONCLUSION

A realistic, high precision electrical equivalent circuit for the
battery is suggested in this paper. The model consists of infinite
number of time constants to adapt the dynamic response of the
battery model to any battery terminal voltage responses. Expo-
nential parameter distribution is chosen for the elemental RC
branches and the equation describing the distributed model has
been derived. Instead of the internal voltage, three RC branches
parameters and series resistance look up tables versus SOC
which are common for the classic EEC, the model requires the
resistance and capacitance distribution functions to incorporate
all of the aforementioned roles. Both of analytic and numerical
solutions of the model were derived. The model naturally incor-
porates self-discharge. The model predicts the dynamics of the
battery voltage response by including distributed time constants.
Despite the vast range of time constant, the model requires few
parameters and hence, it is easier to find the parameters with a
coherent trend.
Both of the classic EEC and the suggested distributed EEC

has been adapted to a cylindrical lithium-ion cell and 1C and 8C
load step pulses have been applied to the system. It is shown the
distributed model can track the dynamic response of the battery
with a higher accuracy thanks to its infinite time constants.
Future work could focus on incorporating the effect of the

temperature as well as aging on the parameter distribution
function.
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