Journal of Power Sources 196 (2011) 4826-4831

journal homepage: www.elsevier.com/locate/jpowsour

Contents lists available at ScienceDirect

Journal of Power Sources

Equivalent circuit model parameters of a high-power Li-ion battery:
Thermal and state of charge effects

Jamie Gomez?, Ruben Nelson®, Egwu E. Kalu®*, Mark H. WeatherspoonP®, Jim P. Zheng®

a Department of Chemical & Biomedical Engineering, FAMU-FSU College of Engineering, United States
b Department of Electrical & Computer Engineering, FAMU-FSU College of Engineering, United States

ARTICLE INFO

Article history:

Received 22 November 2010
Received in revised form

20 December 2010

Accepted 21 December 2010
Available online 15 January 2011

Keywords:

Lithium-ion batteries
Equivalent circuit modeling
socC

Temperature

Impedance

ABSTRACT

Equivalent circuit model (EMC) of a high-power Li-ion battery that accounts for both temperature and
state of charge (SOC) effects known to influence battery performance is presented. Electrochemical
impedance measurements of a commercial high power Li-ion battery obtained in the temperature range
20to 50°Catvarious SOC values was used to develop a simple EMC which was used in combination with a
non-linear least squares fitting procedure that used thirteen parameters for the analysis of the Li-ion cell.
The experimental results show that the solution and charge transfer resistances decreased with increase
in cell operating temperature and decreasing SOC. On the other hand, the Warburg admittance increased
with increasing temperature and decreasing SOC. The developed model correlations that are capable of
being used in process control algorithms are presented for the observed impedance behavior with respect
to temperature and SOC effects. The predicted model parameters for the impedance elements Rg, Rs and
Y013 show low variance of 5% when compared to the experimental data and therefore indicates a good
statistical agreement of correlation model to the actual experimental values.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent times, rechargeable lithium batteries (RLB) remain the
top choice for consumer electronics, telecommunication, hybrid
power sources as well as other applications due to their high energy
density, design flexibility and cost. Predicting battery performance
can enhance the convenience, reliability, utility, and mobility of
RLBs [1]. Conventionally, equivalent circuits are used to interpret
data obtained from electrochemical impedance spectroscopic (EIS)
measurements [1]. Conversely, in the ECM approach, the associated
equivalent circuit can be used as the tool to predict battery behav-
ior [1]. A previous work in [2] details a schematic of an ECM that
contains parameters that are important in the analysis of Li-ion
batteries. With the knowledge of the internal workings of a bat-
tery, one can predict the discharge power performance, transient
and dynamic behavior of Li-ion batteries thus suggesting the use
of such models as control algorithms and energy storage designs
[2]. However, the exclusion of temperature and SOC effects, known
to influence battery performance, leaves a knowledge gap gener-
ated in previous works in [2,3] on those parameters analyzed. Thus,
there is a need for an analysis that accounts for the influence of
both temperature and SOC on the ECM proposed in [2]. Such data
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can lead to the development of an improved control algorithm for
battery systems. The objective of this paper is to apply the tech-
nique of ECM in the analysis of the effect of temperature and SOC
on the ECM parameters of high power Li-ion battery. Such result for
a high power Li-ion battery is not available in the open literature.
The behavior of impedance elements present in an ECM under vari-
able thermal and SOC conditions, such as solution resistance, charge
transfer resistance, and Warburg impedance are considered.

2. Materials and methods

The battery used in this experiment was a Sony commercial Li-
ion polymer battery (UP393562) which has a nominal capacity of
800 mAh. Electrochemical impedance system (EIS) measurements
were carried out using Gamry Potentiostat/Galvanostat Reference
3000 machine. Various SOC values between 0% and 100% were
obtained with the Arbin BT2000 Battery test system. The operating
voltage of a typical Li-ion cell is in the 3.0-4.2V range. As a result,
the cell was charged at a constant current of 0.6 A until the voltage
reached 4.2 V. Following this, a constant voltage charge maintained
the voltage at 4.2V until the current decayed to 100 mA. Finally, a
constant current discharge at 600 mA led the battery to approach
the desired SOC until fully discharged at 3.0V. The temperature
range from 20 to 50 °C was achieved using a temperature controlled
chamber. For each new temperature, the battery was allowed to
equilibrate for 24 h before conducting charge/discharge cycles and
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Fig. 1. A simple proposed model circuit for high-power Li-ion battery (L, is the inductor, the Warbug impedance W is characterized by admittance, Yp13 and a time constant,

Bia).

impedance measurements. The generated plots were limited to a
frequency sweep from 20 kHz to 0.01 Hz.

Gamry Echem Analyst software enabled the collection of the
data and the construction of the ECM using the graphical model
editor. No pre-built models in Echem Analyst were used in the
development of the high-power Li-ion battery model.

3. Results and discussion

The data collected showed distinct variation with temperature
of key impedances within the Li-ion cell. A simple ECM, as pro-
posed in Fig. 1, identifies the various impedances of this high power
Li-ion battery. It utilizes an inductor (L) to incorporate the induc-
tive behavior due to electrical energy storage and the geometry of
the electrodes, a modified Randles circuit which contains a resis-
tance in series called the solution resistance (R;), which illustrates
the ohmic resistance of the battery; R-C circuits (R, and Cy) in
parallel which denote the slow migration of Li-ions through sur-
face films of the electrode; a charge transfer resistance (R.) and a
double layer capacitance (Cg) of electrodes; diffusion impedance
of the anode and cathode also known as Warburg impedance,
characterized by admittance (Ygq3) and a time constant (Bq4), and
finally intercalation capacitance (Cj,;) which describes the accumu-
lation and depletion of Li ions within the electrode [2,4]. It should
be noted that the intercalation capacitance was included in this
model to show the variation of open circuit potential with SOC
[2].

Table 1 shows the values of these ECM parameters at a cho-
sen temperature and SOC along with their confidence intervals. It
is noted that parameters such as Yg13 which are strongly depen-
dent on SOC and temperature fall within their confidence interval.

Fig. 2 shows typical (both experimental and modeled) Nyquist
impedance spectra at different temperatures and SOC, where the
independent axis is the real impedance (Z') and the dependent axis
is the imaginary impedance (Z”). At all temperatures and SOC val-
ues, the impedance spectra is comprised of an inductive tail at high
frequencies, which is attributed to the porosity of the electrode
jelly-roll structure and connection leads to the battery; the high
frequency intercept on the real axis represents the total ohmic
resistance of the cell, which includes the electrolyte and contact
resistance, electronic contacts, etc; depressed semicircles at mid-
dle to high frequencies of the spectra can be ascribed to the solid
electrolyte interface layer of the electrodes while the semicircle
in the mid-frequency range is characteristic of the charge transfer
at the electrode/electrolyte interface. The low frequency portion
represents the solid-state Warburg diffusion of lithium ions into
the porous electrode matrix; extremely low frequencies signify
the differential intercalation capacitance of the electrode, which
describes the accumulation of lithium ions within the host material
[2].

At each SOC it is observed that the charge transfer process
depicted by the semicircle becomes more depressed as temper-
ature increases. Also as SOC increases the semicircle increases
in both the x and y directions. It is interesting to note that the
solid-state Warburg diffusion tail becomes increasingly visible as
temperature increases from 30 to 50 °C and as SOC increases from
0 to 100%. This can be explained by an increased diffusion rate at
higher temperatures.

Table 1 illustrates predicted values of ECM parameters that show
distinct changes with temperature and SOC. At high temperatures,
there is a clear decrease in solution and charge transfer resistances
relative to their values at the lower temperatures. Under these same

Table 1
Predicted ECM parameter values for R, R and Yo13 and Z at various temperatures and SOC.

Temperature (°C) SOC (%) Ret prea +0.02 Rs pred = 0.0002 Y013,pred £ 0.01 Zeq,pred £0.002

20 0 0.275 0.0858 45.6 0.1404

10 0.331 0.0868 439 0.1435

50 0.438 0.0898 33.7 0.1489

80 0.529 0.0908 225 0.1492

100 0.665 0.0908 13.2 0.1493

30 0 0.131 0.0836 54.2 0.1169

10 0.182 0.0846 52.5 0.1200

50 0.252 0.0875 423 0.1255

80 0.299 0.0885 31.1 0.1257

100 0.400 0.0886 21.8 0.1258

40 0 0.047 0.081 75.6 0.1006

10 0.093 0.0821 73.9 0.1037

50 0.131 0.0850 63.7 0.1091

80 0.140 0.0860 52.5 0.1094

100 0.206 0.0881 43.2 0.1095

50 0 0.029 0.0781 88.0 0.0921

10 0.072 0.0791 86.3 0.0951

50 0.084 0.0821 76.1 0.1006

80 0.056 0.0831 64.9 0.1009

100 0.091 0.0832 55.6 0.1010
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Fig. 2. Nyquist impedance spectra of high-power Li-ion battery at various SOC and different temperatures: (A) 0% SOC, (B) 10% SOC, (C) 50% SOC, (D) 80% SOC, and (E) 100%

SOC.

conditions there is anincrease in Warburg admittance with increas-
ing temperature. These observed phenomena are discussed later in
the paper. Additionally, a t-test confirms some parameters such
as C; and R3 are not statistically significant. The critical t values
(p=0.002, p=0.001) for 38 degrees of freedom are 2.712 and 3.319.
The calculated t value of 2.74 is less than the above values and gives
a probability of less than 5%.

The effect of temperature and SOC are further illustrated in
Figs. 3-5. The data showed that charge transfer (Fig. 3) and solu-
tion (Fig. 4) resistances decreased with increasing temperature and
decreasing SOC whilst Warburg admittance (Fig. 5) increased with
increasing temperature and decreasing SOC (Table 2).

It is well known that electrons enter the electrode and lithium
ions diffuse into the electrolyte thus allowing charge to be
transferred. Experimental results depicted in Fig. 3 show that
as temperature increases, the charge transfer resistance (Rc)
decreases. Rt is related to the reaction kinetics from Butler—-Volmer
equation for a charge-transfer controlled electrochemical reaction
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Fig. 3. Effect of temperature on charge transfer resistance of high-power Li-ion
battery at various SOC.
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Fig. 4. Effect of temperature on electrolyte resistance of high-power Li-ion battery
at various SOC.
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Fig. 5. Effect of temperature on the Warburg impedance of high-power Li-ion bat-
tery at various SOC.
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Table 2
Model fitting parameters at 50% SOC and 30°C.

ECM parameter Value 95% confidence interval
L1 (nH) 4.74e7 4.67e"7 4.82e7
Rs (m2) 8.51e2 8.37e2 8.65e 2
R (m) 1.5e2 8.82¢3 2.58e2
G (mF) 8.50e~3 -7.57e3 1.48¢-1
R, (mS2) 1.66e2 “1.13e2 7.97e2
C, (mF) 1.10e ! 1.04e! 1.82e"!
R3 (mS2) 2.30e3 2.23e73 7.48e73
C3 (mF) 1.41e2 9.93e 3 3.32e 2
Cy (F) 2.20 1.62 224
Ree (M) 2.52e 1 1.50e1 3.11e!
Cine (MF) 1.48¢3 1.36e3 2.36e3
Yoi3 (S x s11?) 423 409 61
Bua (s112) 13.7 12.7 16.9
700
600 — —e— 0%socC
c —@— 10% SOC
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Fig. 6. Variation of exchange current density at various temperatures and SOC val-
ues.

[5] by:

Reo = oo (1)
where R is the gas constant, T is the absolute temperature in Kelvin
and i, is the exchange current density (ECD). The values of i, were
calculated using Eq. (1) at various temperatures and SOC values and
shown in Fig. 6. As shown in Fig. 6, at a temperature of 30°C and
below, the ECD values are relatively insensitive to both changes in
temperature and SOC values above 0%.

However, above 30°C, it can be noted that as temperature
increases the exchange current density increases hence decreas-
ing Rq. At 0% SOC, the ECD increases with temperature even for
temperatures below 30°C. The variation of ECD with tempera-
ture is expected based on the fundamental equation (see Eq. (2))
that depicts i, as a function of reaction rate coefficient, k - which
itself can be expressed as an exponential function of temperature
(Arrheniusrelationship). However, as SOC decreases towards a fully
discharged condition, exchange current increases. The relationship
between i, and concentration (C) of Li ions is given in Eq. (2)

io = nFk}PKP [ ceieBs (2)

where n is the number of electrons, Fis Faraday’s number, kg and k.
are the anodic and cathodic rate constants, respectively and C; is the
concentration of oxidizing and reducing reagents in their standard
states, I is the product and superscript f is the transfer coefficient.
SOC may be defined as the ratio of the amount (G;) of Li that is
available for extraction to the maximum (C;) that can be extracted

from the electrode (see Eq. (3)).
G
SOC= & (3)

S

Consequently we can write
C; = G5(S0C) (4)
Substituting Eqs. (2) and (4) into Eq. (1) we have

RT

Ret =
© " FnFnk} PRPTI(SOC)G ] B

(5)

where g; and S represent the coefficients of the cathodic and
the anodic reaction, respectively. From the relationship between
ECD and R shown by Eq. (5) it can be deduced that R.; increases
as concentration of Li-ions in the electrolyte increase due to de-
intercalation of Li-ions from the cathode. The rate constants (kq, k¢)
which depend on temperature according to Arrhenius law can be
written as

k; = Age~Fa/RT (6)

where subscriptican be anodic or cathodic, A, is a constant and Eg is
the activation energy. Based on the aboverelationship, itis seen that
as temperature increases the exponential term tends to zero which
relieves the dependence of the rate constant on temperature. So as
concentration of Li-ions increases due to de-intercalation of Li-ions,
Rt increases. It can be concluded that k; and k. do not contribute
to the variation of R with temperature.

A trend similar to that observed for charge transfer resistance is
noted for the solution resistance which also decreases with increas-
ing temperature, as shown in Fig. 4. At low temperatures, the
electrolyte, LiPFg, in ethylene carbonate, leads to high electrolyte
viscosity and poor lithium ion transport since the PFg~ anion is
more stable at lower temperatures [6] thus preventing dissocia-
tion of the electrolyte and consequently hindering release of the
Li*. It was also found that LiPFg is not stable at elevated temper-
atures and decomposes to LiF and PF5 [7]. An examination of the
data of a recent study [8] suggests that the diffusion coefficient of
LiPFg decreases with increasing concentration and decreasing tem-
perature. The increase of ionic conductivity with temperature also
contributes to the ease of Li-ion transport through the electrolyte
across the separator membrane into the electrode.

The Warburg impedance (Z) is often described by Eq. (7)

Z =o(w) ?(1 -j) (7

where the Warburg coefficient is given by Eq. (8)

RT 1 1
o= +
nzeAﬁ Co vV DD CR \V DR

where A is the area of the electrode, C, and Cg are the concen-
tration of the oxidized and reduced species, respectively. Similarly,
D, and Dy, are the diffusion coefficients of the oxidized and reduced
species, respectively.

It can be seen that the Warburg coefficient given by Eq. (8)
has an inverse relationship with concentration. Therefore as SOC
decreases the Warburg coefficient will increase due to reduced
active species concentration. The relationship between the War-
burg coefficient and Warburg admittance shown by Eq. (9) is a
converse trend. The Warburg admittance (Yyq3) increased with
decreasing SOC and increasing temperature as shown in Fig. 5 and it
is expected that the Warburg coefficient will decrease with decreas-
ing SOC and increasing temperature. Consequently, from Eq. (7), it
can be inferred that the Warburg impedance will decrease with

(8)
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Fig. 7. 3D scatter plot of experimental and model predictions showing the effect of
temperature and SOC on charge transfer resistance.
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Fig. 8. 3D scatter plot of experimental and model predictions showing the effect of
temperature and SOC on solution resistance.

increasing temperature and decreasing SOC.

1

= ven ©

3.1. Model discussion and results

The experimental and modeled 3D scatter plots correlating Rs,
Rt and Ypy3 with SOC and temperature are compared and shown
in Figs. 7-9, respectively. The positive correlations shown are dic-
tated by electrochemical processes, primarily transfer of Liions and
electrons which induce charge transfer to and from the electrodes,
migration of Li-ions through the electrolyte as well as diffusion
impedance of the electrodes. Fig. 7 shows an exponential decrease
of Rs with increasing temperature and a slow decrease with no
sharp drops with SOC as indicated by the scatter plot. There was
a 5.1% standard deviation between the predicted and experimental
Rs at p-value close to 1.

S0C /%

90

Temperature / °C

Fig. 9. 3D scatter plot of experimental and model predictions showing the effect of
temperature and SOC on Warburg impedance.
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Fig. 10. 3D scatter plot of experimental and model predictions showing the effect
of temperature and SOC on combined impedances.

A sharp exponential decrease with increasing temperature is
noted in Fig. 8 for Ry at a constant SOC. Results also show that
the effect of SOC on R is more pronounced at lower temperatures
than at higher temperatures. The variance between the experimen-
tal and predicted R differed by less than 2% with a p-value close
to 1 which is indicative of relatively accurate agreement between
proposed circuit model and experimental values. A significant tem-
perature and SOC effect on Yy3 isillustrated in Fig. 9. Y13 decreases
with increasing SOC and increases exponentially with increasing
temperature. The predicted Ypi3 was within 5% variation of the
experimental Ygq3 once again showing good agreement. Fig. 10 is
a 3D scatter plot representing the combination of L, R and RC cir-
cuits (see Fig. 1) to give an equivalent impedance Zeyrcs+gs+1) and
its correlation with SOC and temperature. An exponential decrease
with increasing temperature is noted in Fig. 10 for Zygrcs+ps+1) at
a constant SOC. There was 5.4% variance between predicted and
experimental Zeyrcs + gs + 1)- The following equations (Egs. (10)-(13))
are provided to account for the influence of temperature and SOC on
Ret, Rs and Yp13 as well as equivalent impedance (RCs + Rs + L) which
contributes to the overall equivalent impedance. The experimental
temperature and SOC data obtained for R, Rs and Y13 were used to
fit by Levenberg-Marquardt computational algorithm, the empiri-
cal equations that optimally describe the dependence of these three
parameters on temperature and SOC. Such equations can be utilized
in the development of a control algorithm for a high-power Li-ion
battery.

Ree(R? = 0.983) = —6.26 6 +7.7xSOC+0.1 x T —4.3e2
xSOCxT+1.1xS0C?—7.1e*xT2+1.1e 6 x T3
+0.8xS0C3+1.1e 6 x T3 (10)

Rs(R? = 0.995)=1.1e 6+ 1.1e73 x SOC+ 7.9¢ * x T — 5.8¢3
x SOC? — 1.7e76 x T2 (11)

Yo13(R? = 0.963) = —7.5¢73 —15.1 x SOC +346.2 x T — 17.3
xSOC? —3.38xT2+1.1e2xT>-1.2e 9 xT*  (12)

Zeg(R? = 0.979) = 5.8¢78 +3.5¢72 x SOC + 1.6e 2
x T — 4.54e2 x SOC? — 9.4e™> x T% + 1.9¢72 x SOC>
+1.42e77 x T3 (13)

where SOC is in its fractional form (e.g. 80% SOC=0.8), T is the
absolute temperature in Kelvin and R? gives the coefficient of mul-
tiple determination. It should be noted that impedance parameters
Cint» B14, and Cy appear not to play very critical role within the
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Fig. 11. 3D surface plot of model predicted values of 814 showing its variation with
temperature and SOC.

scope of these results and no discernible pattern of relationship
with temperature and SOC can be inferred at all conditions stud-
ied. However for B4, it was observed that within the range of
temperatures studied, the f14 values initially remain flat as SOC
increases up to 30% SOC, then the values rise and decrease again as
the 100% SOCis approached. For temperatures above 30 °C, after the
above-described relationship with SOC, the values of 814 increase
exponentially with SOC as the 100% SOC value is approached. The
3D surface plot for the behavior is shown in Fig. 11.

4. Conclusion

The effect of temperature and SOC on a Li-ion polymer battery
was investigated. The NLLS fitting procedure consisted of several
iterations which produced the best fit equivalent circuit parame-
ters. Overall, the solution resistance and charge transfer resistance
decreased as temperature increased and SOC decreased. However,

temperature and SOC parameters have the opposite effect on the
Warburg admittance, where a higher temperature and lower SOC
resulted in increased admittance. Models of combined impedances
were created to give the user a plug and chug mechanism to
determine the overall impedance given SOC and temperature. The
behavior of the individual impedances have been shown to be
related to fundamental electrochemical, transport and thermody-
namic properties of the battery and this paper provides insight
as to the critical role temperature and SOC play on these spe-
cific impedances. Based on these results we expect to provide
impedance parameter model correlations as functions of temper-
ature and SOC that subsequently can be used to improve battery
design and control algorithms.
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