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An equivalent electrical circuit model based on parameters taken from ac impedance measurements obtained from a Li-ion
polymer battery is simulated in a Matlab/Simulink environment. The model representation contains relevant parameters, including
ohmic resistance, slow migration of Li-ions through the surface layers, faradaic charge transfer process, solid-state diffusion of
Li-ions, and charge accumulation (intercalation capacitance) within the host material. The model also takes into account the
non-homogeneous distribution properties (e.g, particle size, pore geometry) of the electrode which account for deviation from the
ideal finite space Warburg behavior. The simulated and experimental results are compared and demonstrate that the impedance
model can accurately predict the discharge power performance and transient and dynamic behavior of the Li-ion polymer batteries.
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The increased demand for the limited available fossil fuels and
increasing environmental concerns have spurred worldwide interest
in the use of alternative energy and storage systems, particularly for
electric and hybrid-electric vehicle applications."2 Because of safety
issues and the wide variety of shapes and sizes required for various
applications, much attention has been focused on research and de-
velopment of advanced lithium-ion and lithium-ion polymer sys-
tems, which can deliver increased energy and power densities.”
The optimization of battery performance is determined by various
material properties; therefore, modeling the effects of transport
properties on electrochemical performance can result in improved
cell design, reduced testing time, and accurate modeling of battery
behavior, which is required for embedded power systems.7 One of
the primary challenges is the development of simple electrochemical
models that are cost effective and can accurately predict important
battery parameters (i.e., mechanisms that contribute to aging, battery
run-time, power response, and energy consumption). These param-
eters are critical to cell efficiency and can easily be implemented in
circuit-based simulator programs (e.g., Pspice, electronic work-
bench) for prototype evaluation and hardware optimization.

The galvanostatic charge discharge behavior of lithium-ion bat-
teries was modeled by Doyle et al.” using concentration solution
theory, which uses a mathematical model to describe lithium-ion
transport in three regions of operation. These regions include trans-
port in solution, and the two solid phases of the composite elec-
trodes for which boundary conditions are applied. Their mathemati-
cal model accurately describes the charge—discharge behavior of the
electrochemical cell. However, this model requires a detailed under-
standing of the complex physical and chemical processes, which
may not be available or may not be understood by an electrical
engineer.9 Additionally, to many engineers these equations present
additional complexities that may increase simulation time.

A time domain model mapped from impedance data in the fre-
quency domain was developed by Buller et al.,'" which accurately
modeled the dynamic behavior of an electrochemical capacitor and a
lithium-ion battery. However, for these models nonlinear distribu-
tion properties in the low-frequency portion of the impedance spec-
trum and battery run-time is not considered. These circuit-based
models are very useful and simple because they allow the complex
electrochemical process to be replaced by a simple electrical circuit,
which correlates well with battery dynamics.

The current model takes into account the nonhomogeneous dis-
tribution properties of diffusion, including the nonlinear response to
current magnitude and direction (i.e., positive and negative cur-
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rents). The proposed model also includes an accurate representation
of the dc nonlinear behavior in addition to the dynamic and transient
response of the electrochemical cell under various load conditions.
Additionally, similar techniques” proposed in previous work were
used to elucidate the power and energy performance of an electro-
chemical double-layer capacitor (EDLC). The model involves the
mapping of the impedance spectra from the frequency domain to the
time domain for the EDLC. A nonlinear circuit, which includes re-
sistors, capacitors, inductors, and nonlinear electrical components,
were used to describe the cell at various equilibrium points. In this
work, we focused our attention on modeling the performance of a
lithium-ion polymer battery manufactured by Sony Corporation.
This cell has a typical electrode structure Li Cq as negative electrode
and Li;_,Co0O, as positive electrode material.

Experimental

The battery used in this experiment was a commercial Li-ion
polymer battery with a nominal capacity of 800 mAh (UP383562A,
Sony Co.). To determine the equivalent circuit for this battery, elec-
trochemical impedance (EIS) measurements were carried out at vari-
ous states of charge (SOC) using a Solartron 1250B frequency re-
sponse analyzer controlled by Zplot and Corrware software
(Scribner Associated). Additionally, positive charge and negative
discharge currents were used to elucidate the dependency of charge
transfer resistance R, on dc charge and discharge currents. The fre-
quency spectrum for this current work was limited to frequencies in
the range of 20 kHz to 1 mHz, operating in galvanostatic mode with
a signal amplitude of 100 mA and dc current /;, from +0.8 to
—0.8 A in increments of 0.1 A. Additionally, impedance spectra
were recorded in the bias potential window from 4.15 to 3.0 V, in
increments of 0.2 V. Impedance measurements were conducted only
after the dc potential had a 6 h stabilization period at 25°C.

For constant dc current discharge measurements, the cell was
charged at a constant current of 0.5 A until the voltage reached
4.15 V, then shifted to constant voltage charge mode until the cur-
rent decayed to 50 mA. The cell was then discharged at 1 C
(800 mA), 3 C/4 (600 mA), C/4 (200 mA), C/10 (80 mA) to 3.0 V
(100% DOD). Pulse charge—discharge was also conducted at 94%
SOC using constant step pulses (0.6 A, 1s), (-0.1 A, 1), (=1 A,
1s), (0.5 A, 15s) for a duration of 4 s and repeated for 20 s. DC
charge/discharge and pulse studies were all carried out at ambient
temperature on an Arbin BT2000 battery test system.

After collecting the experimental impedance spectrum, the vari-
ous processes were fitted to an equivalent circuit using the frequency
limits from the experiment. The model was then validated by com-
paring the simulated and experimental voltage profiles for several
current pulse profiles.
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Figure 1. Impedance spectrum for Li-ion polymer battery (Sony
UP383562A) at an OCP of 4.0 V (/4. = 0,84.3% SOC).

Results and Discussion

Impedance response of Li-ion polymer battery.— Figure 1
shows the result of the typical impedance spectra taken at 4.0 V
(84% SOC) for a fresh commercial polymer cell, where Z’ and Z"
are the real and imaginary impedance response of the battery, re-
spectively. The impedance spectra comprised an inductive tail at
high frequencies, which is attributed to the porosity of the electrode
jelly-roll structure and connection leads of the balttery,lz’13 the high-
frequency intercept (~1.262 kHz) on the real axis represents the
total ohmic resistance (~0.12 ) of the cell, which includes the
electrolyte resistance, contact resistance, electronic contacts, etc.;
depressed semicircles at middle to high frequencies (25.18-502 Hz)
can be ascribed to the solid electrolyte interface layer of the elec-
trodes (at the film electrode/solution interface); the semicircle in the
mid-frequency (0.0796-25.18 Hz) range is characteristic of the
charge-transfer kinetics at the electrode/electrolyte interface,'*'> the
low-frequency (0.0796 Hz to 1 mHz) portion of the impedance can
be assigned to the solid-state Warburg diffusion of lithium ions
into the porous electrode matrix. At extremely low frequencies
(Cipt = —1/0Z", ® — 0) the impedance response is associated with
the differential intercalation capacitance of the electrode, which de-
scribes the accumulation of lithium ions within the host material."

To investigate the nonlinear dependency of impedance at differ-
ent dc charging and discharging currents (/y.), the complex imped-
ance spectra shown in Fig. 2 were collected at 84% SOC in the
frequency range of 20 kHz to 0.01 Hz. The part of the impedance
spectrum in the frequency range of 20 kHz to 0.796 Hz shows little
variation with current magnitude and direction, therefore, R-C cir-
cuit elements used to model this portion of the impedance spectrum
can be considered constant. It can also be observed that the charge-
transfer resistance is strongly dependent on the magnitude of charge
and discharge currents. The nonlinear change in the charge transfer
resistance slowly increased with increasing negative discharge cur-
rents and decreased with positive charge currents. For low charge
and discharge currents (<0.5 C), a <2% deviation in the open-
circuit potential (OCP) was observed between measurements; how-
ever, the SOC was adjusted to 84% for consecutive measurement
due to larger deviations that would be observed for higher charge
and discharge currents.

Equivalent circuit modeling and parameter estimation.— The
charge-transfer kinetic reaction between an ionic and an electronic
conductor is inherently slow and can only proceed at an accelerated
rate when the potential energy barrier between the two conductors
has been overcome by the reaction species.17 This potential barrier is
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Figure 2. Impedance spectra as a function of dc charge and discharge cur-
rent at 84% SOC.

termed activation polarization and is the rate-limiting step for
charge transfer between the electronic and ionic conductor. Gener-
ally, the relationship between the current density, the faradiac ex-
change current density, and the electrode surface over potential n
can be described by the Butler—Volmer equation, which is given by1

i= i{exp(%n) - exp(— —n(l I;TQ)FW]” [1]

Here, i is the current density, i, is the exchange current density, o is
the charge transfer coefficient, n is the number of electrons per
molecule reduced or oxidized, F is Faraday’s constant, R is the gas
constant, and 7 is the absolute temperature in Kelvin. The two ex-
ponential terms on the right-hand side of Eq. 1 represent the forward
and reverse electrode reaction process, respectively. At equilibrium
potentials, the exchange current density is the current exchanged
between the ionic and electronic conductor.'’

The typical nonlinear dependency of faradaic charge transfer re-
sistance R, on current (i.e., positive and negative) was observed in
the impedance spectra in Fig. 2. The charge-transfer resistance at the
electrode-electrolyte interface can then be determined by differenti-
ating Eq. 1 and taking its reciprocal, which result in the following
equation

i di  ignF naF
Ry (m) = dn " RT [tx eXp<—RT n) +(1-a)
n(l — o)F )

X - 2
eXP( " ] (2]

RT
Ry ~ — (3]

ionF

When the activation over potential is a few millivolts, Eq. 2 can be
approximated by Eq. 3. The value of i, and its variation with SOC
can then be calculated using Eq. 3. Similarly, the Warburg diffusive
behavior that is usually observed in the low-frequency portion of the
impedance spectra with a 45° incline can be represented by a trans-
mission line model having a value given by the finite-space Warburg
(FSW) element®®

coth VioT,
w = f\w [ [4]
VioT,
Here, R,, is the effective distributed ionic impedance of the elec-
trodes, T, is the diffusion time constant, and w is the angular fre-
quency. Assuming uniform distributed double-layer capacitance be-
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Figure 3. Typical impedance response of FSW and FLW elements.

havior along the inner wall of a cylindrical pore, then the classical
45° Warbur§-type response in the complex plane would be
observed.”'*? However, the low-frequency portion of the impedance
spectra in the complex plane (Fig. 1) cannot adequately be modeled
using the classical FSW impedance element given by Eq. 4. The
nonlinear impedance response observed in the complex plane at low
frequencies is believed to be due to the nonuniform distribution
properties of the electrodes, which include particle size, pore size,
shape (pore geometry), etc.”>2¢

To more accurately model the low-frequency portion of the im-
pedance spectra (which consists of nonuniform solid-state diffusion
of Li* under finite transmission lines condition with reflective
boundary conditions), we adopted the equivalent circuit proposed by
Levi et al.”> which consists of the finite length Warburg (FLW)
element in series with intercalation capacitance, C;,. The governing
equation for the FLW element can be expressed in terms of the
distributed impedance of a transmission line containing three param-
eters with well-defined physical meaning and is given by27

Zy = Ry 20T [5]
NVJjOT,

Here, R,, is the ionic impedance of the porous electrode, T4
= ¢%/D is the diffusion time constant with D as the diffusion coef-
ficient, € is the length of the diffusion region in the electrode, and w
(in radians per second) is the angular frequency. The major differ-
ence between the FSW and the FLW element is that the latter re-
sembles a resistor at low frequencies and the former a capacitor as

shown in Fig. 3.
Figure 4 shows the equivalent circuit used to fit the ac impedance
spectra recorded at a range of potential voltages from 3.42 to 4.15 V

(measurements were taken at OCP after a 6 h rest period) shown in
Fig. 5. The impedance of the porous electrodes can be represented
by a modified Randles equivalent circuit that contains series resis-
tance R,, which represents the ohmic resistance of the battery, in-
cluding the electrolyte, electronic contacts, particle-to-particle con-
tact resistance, etc.; R, and C, describe the slow migration of Li*
through the surface ﬁlms;M’ls‘%’z&29 R and Cy represent the fara-
daic charge transfer resistance and double-layer capacitance of the
electrodes, respectively. The solid-state diffusion of Li* is described
by the FLW element, while the accumulation of Li* within the elec-
trode matrix is described by the intercalation capacitance Cj,. The
effective impedances, including charge transfer resistance R and
diffusion impedance Zy, of the anode and cathode, cannot be sepa-
rated and resolved into their individual spectra; therefore, their im-
pedances are lumped together to effectively represent the total im-
pedance of the electrochemical cell.*

The optimum parameters in the circuit were determined by the
method of nonlinear least square (NLLS) fitting procedure. The use
of the intercalation capacitance Cj, in the model takes into account
the accumulation and depletion of Li*, which results in the variation
of OCP with SOC. The Warburg diffusion impedance in the complex
plane occurs with a distinguishable and nonoverlapping time con-
stant; therefore, the Warburg impedance in this model can be placed
in series with the parallel faradaic charge transfer resistance and
double-layer capacitance. From the experimental impedance spectra
shown in Fig. 5a-d, good agreement can be observed over a wide
range of frequencies and SOC.

The dependency of R on /4. and SOC is shown in Fig. 6 for the
experimental (symbol) and simulated (solid line) values of charge
transfer resistance. Equation 2 was used to estimate the charge trans-
fer resistance as a function of charge and discharge currents. The
simulated curves were constructed using parameters arbitrarily as-
signed similar to those in Ref. 20, (i.e., a = 0.64, n = 0.62, and i; a
function of SOC). The results showed that Eq. 2 can be used with
great accuracy to calculate R. In Table I, a minor dependency on
SOC is observed for ohmic resistance R, surface film resistance
(Rf], sz, Rf3), and Capacitance (Cf], sz, Cf’;)

The optimum values of the complete impedance parameters at
various SOC (99, 87.85, 59.78, 7.31, 2.88, and 1.33%) and Iy. = 0
are summarized in Table I. The results showed that the elements are
SOC dependent; however, the charge transfer resistance showed the
most significant dependency on SOC. It should also be noted that
the ohmic resistance R, and double-layer capacitance Cg showed
minimal variation with the state of charge.

The experimental data points for each circuit element in Table I
can be estimated by inserting these parameter values into a lookup
table. Equations obtained from fitting that relate the continuous
charge in magnitude of each element to the change in battery state of
charge can also be used. These equations can then be used in a
numerical simulator to represent the polarization impedance for
mass and charge transport processes. In this particular experiment,
the latter was chosen. The change in magnitude for each element

Charge transfer kinetics
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Table 1. Fitted parameters with state-of-charge variation at 7. = 0.
SOC (%) 99 87.85 59.78 7.31 2.88 1.33
L (pH) 0.7769 0.7926 0.78722 0.49685 0.50253 0.75653
. (mQ) 116.96 119.07 120.56 82.074 88.106 115.53
Ry (mQ) 10.498 10.498 13.122 14.998 15.596 17.111
Ry, (mQ) 13.015 13.015 14.02 17.92 19.874 22.412
Rp; (mQ) 12.759 12.759 11.785 15.654 16.279 19.096
Cy; (mF) 12.593 12.593 11.672 8.2548 8.4584 10.447
C, (mF) 93.656 93.656 105.74 98.663 96.163 123.04
Cp; (F) 1.361 1.361 1.421 1.989 1.699 1.996
Cy (F) 2.700 2.624 2.528 2.635 2.578 2.576
R (mQ) 63.236 67.766 97.347 211.30 237.44 258.38
R, (mQ) 139.67 152.19 138.03 165.51 157.98 204.79
T (s) 120.7 129 124.9 110.9 103.5 118.3
0.5 0.5 0.5 0.5 0.5 0.5
Ci (F) 1669 2269 2429 613.4 319 191.3
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with state of charge in addition to linear and nonlinear curve fitting
is shown in Fig. 7a-h. The solid line represents the estimated change
in magnitude of parameters with SOC using the inserted equations;
the observed plots from fitting are closely matched to the discrete
experimental data points obtained from impedance measurements. It
should be noted that all simulations, including cell voltage vs SOC,
pulse response, and Ragone plot, are dependent on parameters that
are extracted from impedance spectra, which are SOC dependent;
however, the charge transfer resistance R, not only depends on
SOC but also on the current magnitude and direction. Therefore, it is

omitted from Fig. 8-13. Parameters with minimal SOC dependency
can be set to constant values during charge—discharge simulations.

Transmission line model Li—ion polymer battery.— According
to our previous analysis, the FLW element is a suitable approach to
describe the low-frequency portion of the impedance spectra, which
consists of solid-state diffusion of lithium-ions and charge accumu-
lation in the electrode matrix at low frequencies. To illustrate the use
of this impedance model in real-time applications requires a time-
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Figure 8. Parallel R-C circuit used to approximate solid-state Warburg dif-
fusion.

domain representation of the impedance spectra in the frequency
domain. According to Ref. 27, the impulse response of the Warburg
impedance from Eq. 5 is given by

k h—\ 2B 2n - 1)*w%K2
—= tanh(—]\f‘jw) -0 exp(%t [6]
Vjw ky ki 5 4k

Comparing the parameters on the left-hand side of Eq. 6 to Eq. 5
leads to constant values for k; and k,

k1=_=RW [7]

- IR
k= M Bw [8]
Cw Cw

The impulse response for a simple parallel R-C circuit shown in
Eq. 9 has the same characteristic response as that of Eq. 6. There-
fore, from the comparison of the two equations it is possible to
represent the Warburg impedance as a series combination of parallel
connected R-C circuit elements

1/c 1 -t
oz exp| [9]
jo + 1/RC C RC

Comparing the constants in Eq. 9 with those in Eq. 6 lead to
values for the resistors and capacitors in the parallel R-C network,
which is given by

ky
Co=—5 10
e [10]

8k
! [11]

R =———
" 2n - 1)w?

The equivalent R-C circuit that can describe lithium-ion diffu-
sion is depicted in Fig. 8. The discrete components are distributed
over the length of the network. The more capacitor resistor pairs that
are added to the network, the higher the order of accuracy in the
dynamic response. The equation that describes the voltage behavior
across each parallel R-C network is given by

vn(t) = ILRn(l - eit/RnCn) [12]

Figure 9 presents the complete representation of the electro-
chemical system using discrete nonlinear electrical components. The
equilibrium potential Uy[ V] is modeled by a SOC-dependent voltage
source that depends on the availability of active material or energy

Figure 9. Schematic representation of lithium polymer battery derived from
impedance response.
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Figure 10. Dependency of OCV on SOC.

stored in the electrodes.’' This dependent voltage source can be
determined by charging the cell to various SOC, then after a rest
period of 6 h, fixed values of the OCP are stored in a look-up
table.”” The disadvantage of using this method for SOC estimation is
that it can be time consuming and dependent on other factors (e.g.,
temperature, age, pressure, and history of operating point). How-
ever, these additional dependent factors are not considered in this
model. For this experiment, the OCV shown in Fig. 10 was deter-
mined experimentally at an operating point after a rest period of 6 h
using constant current-constant voltage charge protocol and a cutoff
current of 50 mA.

Equation 13 shows one common technique employed to estimate
SOC. This simple technique, better known as columbic counting
(i.e., current integration), relates the charge or current drawn from
the cell to the OCP of the cell. The charge consumed during char§ef
discharge is a direct indictor of remaining SOC and is given by 2

| T
SOC(T) =1 3600Q0L i(t)dt — SOC(0) [13]

Here, i(7) is the charging/discharging current, SOC(0) is the initial
state of charge of the battery, and Q is the nominal capacity of the
battery with SOC =< 1. The battery is considered fully charged when
SOC(T) = 1, which in this case corresponds to an OCP of 4.17 V.

The dynamic response to arbitrary load currents can be described
by the equivalent circuit in Fig. 9. In this equivalent circuit, R-C
circuit elements describe the depressed semicircles observed at high-
to mid-frequency (632-0.796 Hz) in the impedance spectra. Using
the method of the NLLS procedure, three R-C circuit elements were
found to be adequate for approximating this part of the impedance

spectrum. The terminal voltage can then be described by
di
Vi = U[SOCW] = iRy = 2 Vi = L
3

— Ry (1 — eeCa) — v, [14]

Here, Uy[SOC(7)] is the OCP of the battery, Vy, is the voltage drop
associated with surface films at the electrode-electrolyte interface,
and V,, is the voltage drop ascribed to the slow Warburg diffusion
process. The effect of the inductor voltage on the model is minimal
because only pulse current or constant current charge—discharge is
used in this model, which will result in an inductor voltage zero.

Model evaluation using Matlab/Simulink— To investigate the
validity of the present model under constant current discharge and
pulse load (i.e., charge—discharge) conditions, the model was imple-
mented in numerical simulator Matlab/Simulink. We applied several
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discharge currents (C/10, C/4, 3 C/4, 1 C) at 100% SOC (fully
charged, ~4.15 V) to the model until it reached a cutoff voltage of
3.0 V. Figures 11a-d show the comparison between the experimen-
tal and simulated cell potential. The following characteristics were
observed; at high and low discharge rates, a steep voltage drop is
observed reflecting the ohmic polarization of the cell, an almost
linear region reflecting additional overvoltages (i.e., activation over-
potential and concentration overpotential), followed by a very steep
slope at the end of discharge, which reflects the depletion in the
available active material. The simulated terminal voltage in response
to current demands agrees accurately with the experimental result at
high and low discharge rates.

- - - - Simulation

Experimental

Voltage(V)

0 2 4 6 8 10 12 14 16 18 20
0.8 Time(s)

& o
Hh O

Current(A)

-0.8
1.2

o
N
.h.
ol

8 10 12 14 16 18 20

Time(s)

Figure 12. Comparison between simulated and experimental battery voltage
in response to applied current pulse.
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In order to confirm the validity of the impedance model to large
current pulse applications, step current profile (0.6 A,1s) to
(=0.1 A,15s) to (=1 A,1s) to (0.5A,1s) was applied to the test
cell at 94% SOC. The experimental and simulated voltage in re-
sponse to step profile during a 20 s time duration is depicted in Fig.
12. In this range, the experimental voltage varied from a maximum
value of 4.15 V to a minimum value of 3.78 V. In addition, a maxi-
mum error of 1.9% between the experimental and simulated termi-
nal voltage was observed. It can be observed that the experimental
terminal voltage and simulated voltage response show relatively ac-
curate agreement.

Power performance of Li-ion polymer batteries.— An  impor-
tant parameter for energy storage devices (ESDs) in various appli-
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Figure 13. Computer simulation of Ragone plot for Sony UP383562A LIP
cell.
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cations includes the optimization of energy and power densities. In
addition to increased pulse power demands in digital communication
devices and in hybrid electric vehicle applications, batteries are ex-
pected to have increased energy density capability. One method for
comparing the battery capability to deliver both maximum power
and energy is to use Ragone plots, which are displayed on a log-log
plane, the relationship between power and energy densities. From
these plots, the optimum working point can be determined, which
indicates where the power density (i.e., fast discharge) and energy
densities (i.e., slow discharge) are highest.”” Computer simulation
can be a powerful tool for modeling Ragone plots for which com-
parative analysis (e.g., performance) can be made between various
batteries.** This can prove to be an efficient and effective method for
choosing a battery for an application-specific design.

For an ideal battery (i.e., without leakage) the energy delivered to
a load can be described by33

2Rs00P
E=——F—7—7F—— [15]
Uy — VU — 4RsP
Here, Uy is the battery voltage, R is the ohmic impedance of the
cell, P is the power delivered to the load, and Q) is the capacity of
the battery. From Eq. 14, the maximum energy and power capability
for the ideal ESD can also be determined and is given by

Emax = QOUO [16]
U2
P = 1 [17]

S

Batteries, however, show strong nonlinear behavior and are strongly
dependent on properties such as ohmic impedance (e.g., electrolyte
conductivity, electronic contacts, etc.), ionic impedance, electrode
thickness, and temperature, ete.? For ESD, these properties can
more accurately be mapped from impedance data to model the
power and energy density relationship. From the equivalent circuit
in Fig. 9, which was mapped from impedance data in the frequency
domain to the time domain, the energy and power density at the load
can be defined by

= Lf U®D)i(r)dt [18]
mT 0

E:f P()dt [19]
0

where m is the mass of the energy storage device, T is the discharge
time duration, U(7) is the time-dependent load voltage, and i(7) is
the time-varying current, which is dependent on

(o _ PO

i(1) 00 [20]
In order to evaluate the power and energy capabilities of Sony
UP383562A LIP battery, Eq. 18 and 19 were integrated into the
equivalent circuit model of our battery (Fig. 9). Simulation started at
a maximum voltage of 4.15 V (fully charged), and then discharged
to a cutoff voltage of 3.0 V using constant power discharge (i.e., the
power is held constant by continuously adjusting the voltage and
current). At the end of discharge, the specific energy was determined
using Eq. 18. To generate the Ragone plot from simulation, the
simulations in the previous step were repeated using constant power
discharge in the range of 0.5-22 W.

Figure 13 shows a Ragone plot (specific energy vs specific
power), which was generated from the experimental and simulated
data for cell UP383562A. From this plot, key observations are
made. Our simulation indicates that this cell can achieve a maxi-
mum energy density of ~171 Wh/kg compared to the experimental
value of 167 Wh/g. To determine the Ragone plot experimentally,
the cell was discharged from the fully charged state (4.15 V) for a

minimum discharge potential (3.0 V) using constant power dis-
charge protocol. The predicted maximum deliverable specific power
obtained from simulation was ~500 W/kg.

Conclusion

A generalized impedance-based model, which takes into account
nonhomogeneous battery dynamics, has been developed using non-
linear lumped elements. Experimental results have demonstrated
that the equivalent circuit in Fig. 4 can accurately be used to model
the dynamic and transient response of lithium-ion polymer batteries.
The equivalent circuit model was obtained by collecting impedance
data over a range of frequencies and SOC, and then the method of
NLLS fitting was used for the optimization of circuit parameters.
The charge transfer resistance R-r was the only parameter observed
to be a function of both SOC and current magnitude and direction.
This relationship can be elucidated by conducting EIS analysis using
a constant dc current with a small sinusoidal stimulus current super-
imposed. The time-domain model can then be developed from the
frequency response, which can adequately model the nonlinear per-
formance during pulse charge—discharge sequence and constant dc
charge—discharge current. The terminal voltage can be described
well, theoretically, over a wide range of potentials. The experimental
results showed that computer simulation can be useful in under-
standing real-time battery performance, which can result in reduced
cost and accelerated design cycles, optimization of battery software,
and hardware control for diverse applications. Additionally, compo-
nents of this model include accurately modeling battery run time and
correctly predicting the overall trend in specific energy vs specific
power densities (Ragone plot). It has also been shown that computer
simulation can also be useful when device capability is limited (i.e.,
the ESD in this experiment had a limited maximum discharge cur-
rent); however, simulation does not have this limitation, which al-
lows the projection of power vs energy at higher discharge rates.
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