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Abstract: In this paper, we propose a novel parameter initial value estimation method of
Lithium-ion battery for state of charge (SOC) estimation by using Local Regression Modeling
(LRM) and Vector Fitting (VF). To estimate SOC accurately using nonlinear Extended Kalman
Filter(EKF), an adequate set of initial parameters of the battery model are required. Therefore,
we apply LRM and VF method to derive the initial parameters and the battery model
from a constructed database of frequency response data. In addition, we demonstrate the
SOC estimation method using EKF by the determined initial value and model. Finally, the
effectiveness of the proposed method is shown via several experimental results.
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1. INTRODUCTION

In recent years, as interest in energy and environmental
problems has increased, massive integration of renewable
energy is considered. But renewable energy fluctuates the
power generation output due to the weather conditions.
Therefore, if large amount of renewable energy is inte-
grated into the power system, the power system will be
unstable due to frequency and voltage fluctuations. In
order to suppress output fluctuation, introduction of sec-
ondary batteries is considered necessary. For this, battery
management system (BMS) is necessary for the secure and
efficient operation of the secondary battery(Dickson, H. et
al. 2019). In this paper, we focus on lithium-ion batteries,
a kind of secondary batteries with high energy density
and high charge/discharge efficiency, more specifically, we
focus on SOC estimation, which is one of the important
functions of BMS.

SOC estimation of lithium-ion batteries is executed
using the values of measured current, voltage, and temper-
ature. Many researchers have done excellent works related
to the SOC estimation method using Kalman filter (Maral,
Partovibakhsh. et al. 2015; Htet, Aung. et al. 2015) or
Ho observer (Cong-zhi, Liu. et al. 2017) and so on. In
recent years, a method for simultaneously estimating both
SOC and internal impedance of equivalent circuit model
was proposed (G, Plett. 2004), which is modeling voltage
transients caused by battery open-circuit voltage, current,
internal resistance and polarization, and using non-liner
Kalman filter such as extended Kalman filter or unscented
Kalman filter (G, Plett. 2006). However, when executing
estimation using nonlinear Kalman filter, the estimation
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accuracy varies greatly depending on the initial value
setting. Therefore, some scheme is required for setting the
initial value so that the estimation accuracy is improved.

In our previous research(Natori, K. et al. 2015), we
dealt with this problem by calculating the initial pa-
rameters of the circuit model by using vector fitting (B,
Gustavsen. et al. 1999) and applied nonlinear Kalman
Filter to the initial parameters. In our previous research,
frequency response data is assumed to obtained in advance
just before SOC estimation. However, it takes about 10
minutes to get frequency response data, so it is unrealistic
in an experimental environment. In this paper, process-
ing time in a real environment is shortened by obtain-
ing frequency response data under various conditions in
advance, construct the database, and estimate frequency
response data at the requested time from database values
using local regression modeling proposed in (Shigemori, H.
2010). Estimation of initial parameters is executed to use
vector fitting for estimated frequency response data. And
SOC estimation is done to apply nonlinear Kalman filter
to estimated initial parameters of the equivalent circuit
model.

2. PROBLEM FORMULATION

2.1 Battery model

In this paper, we consider the equivalent circuit model
of lithium ion battery shown in Fig. 1. Ry and L is the
resistance due to the migration process in the electrolyte
and the inductance due to the spiral structure of cylin-
drical lithium ion, and multiple RC parallel circuits is the
resistance due to the charge transfer and diffusion pro-
cesses. Here, the current direction in which the battery is
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charged is positive. At this time, the relational expression
derived from the equivalent circuit model is as follows:
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where OC'V is the open-circuit voltage having a relation-
ship with SOC as shown in Fig. 2. This relationship is
represented by the approximate function of SOC-OCV
characteristics focy in (3).
OCV(t) = foen (SOC(t)) 3)
Here SOC(t) is: .
1
SOC(t) = SOC(t _— i(T)d 4
()= SOC() + gogee | i1 @)
where t( is the estimated start time and Q¢ is the rated
capacity of the lithium ion battery. The above equations

(1)-(4) are discretized by the forward Euler method. The
state vector xj of the system at time k is defind as follows:

T
xp = [SOCk Rog Ly mig’ - kaT] (5)
1 1 77
=V —— —

A discrete-time state equation and observation equation is
expressed as follows:
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where s is the sampling time[s]. We apply extended
Kalman filter for (7)-(9) to estimate SOC. Jacobian F},

H,, of state equation and observation equation is given as
follows.
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The algorithm for the simultaneous estimation method of
SOC and parameters applying the extended Kalman filter
to the above equation is as follows:

Step 0 : Set the initial value
set initial values of &g, Qo, Ro, Poo
Step 1 : Prediction

SOCy, +

Ts .
—
3600 QNc
Ro
. Ly
Lrt1|k = Xlkk

XNk

Je1 = foov (SOCK) + Roir + Li,

T — Tk—1
Ts
Vg + Var +o 4 Vv

Pk+1\k = kakwﬁg +Q
Step 2 : Observation
Uk+1lk = Yk — kt+1k

Step 3 : Update b . 1
Kyt1 = Py Hy, [HkPk+1|ka +Rk]
Tri1jkt1 = Briaje T Krt10r41k
Priijgy1r = Popape — K1 He P

where Py;, is the state error covariance matrix. The accu-
racy of the simultaneous SOC and parameter estimation
method using extended Kalman filter may depend on the
initial value of state vector because it is using nonlinear
Kalman filter. Therefore, in this paper, we set the main
goal as follows to estimate the initial value of the battery’s
internal impedance of state vector accurately.

~ Goal ~

In the simultaneous SOC and parameter estimation
method using nonlinear Kalman Filter, the goal is to
estimate the initial value of internal impedance close
to the true value without using frequency response
data at the time when SOC estimation is requested.
Here, we assume frequency response data acquired in
advance under different conditions can be used.

J
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3. INITIAL PARAMETER VALUE ESTIMATION
USING THE FREQUENCY RESPONSE DATABASE

In our proposed method, frequency response data un-
der different acquisition conditions are acquired in advance
and stored in the database. Frequency response data at
the requested time are estimated from data base values by
using local regression modeling, and the initial parameter
values are estimated using vector fitting for the estimated
data.

3.1 Frequency response data estimation using local regression

modeling

Local regression modeling (LRM) is a technique to ob-
tain a predicted value by extracting unknown relations be-
tween explanatory variables and objective variables from
the database, and execute linear approximation to ap-
ply multiple regression analysis for the neighborhood of
the explanatory variables. We decided to use the local
regression model because it can properly linearize the
nonlinear relationship between the explanatory variable
and the objective variable compared to the global multiple
regression model. The frequency response data is known
to have strong nonlinearity as shown in Fig. 7.

First, it is known that the frequency response data
changes with the charging rate, SOC and temperature,
hence the frequency response data are stored in the
database when the charging rate SOC and temperature
conditions are changing. Next, the acquired conditions
are standardized so that the mean is 0 and the vari-
ance is 1. Here, the explanatory variable under a cer-
tain condition 7 is set as ®; = [Zsoc ¢ Zr i, and the
real part and imaginal part of frequency response data
at K frequency points si, ---, sx are set as Gp; =
l9r i(s1) -+ gri(s)l, Gri = [g1i(s1) -+ gri(sk)]
And, database ®;, Gg ;, Gr ; is given as follows, where
m is the number of explanatory variable conditions.

¢=[oF o5 - oL]"
Gr = [Ggl GEQ G’ZI;m]T

Gr=[cf, 67, - 61, ]
From the database ¢ constructed from (11), the neigh-
borhood of the request point for which the initial value is
to be predicted is based on the weighted Euclid distance

D (¢, ¢q) =\/(¢¢ —g) W1 (¢: — dg)T , and extract p sets
from the ones with small D(©;, ©,) values. The method of
collecting k information vectors in order of distance from
the request point is called the k-NN method. Here, the
extracted p pairs from the neighborhood are defined as
follows:

T
o=1[of 6] ... o] ] (14)
gR:[g£1%7};2"'g£p]T (15)
T
Gr=[97,97, - 97, (16)

where 0; = [Zsoc j Zr ], and Zsoc j is the stan-
dardized value of the database explanatory variable SOC
squared, Z7 ; is a value standardized by natural logarithm
of the explanatory variable T of the database, and ¥R ;
and ¢ ; are the real and imaginary parts of the frequency
response data corresponding to a certain condition j. For
(14) to (16), the weighted multiple regression analysis is

used to calculate the real part Gg, and G, of the
frequency response data at the request point. The weighted
multiple regression analysis is expressed as follows:

GR 4(s0) = 0,[OTAB | IAGT G R (s4) (17)
Gr 4(50) = 0,]0TAO | 1AOTY 1 (54) (18)
e=[1 0] (19)

where Gg 4(s,) and Gy 4(s,) are the estimated values of
the real and imaginary parts at the frequency point s,
(a=1,2,--- ,K), and ¥r(s,) and ¥(s,) are the column
vector corresponding to the frequency point s, in ¥ and
4 ;. The weight A of the weighted multiple regression
analysis is as follows:

A =diag[A1 A2 -+ Ap] (20)
Aj = exp(—d (05, 6,)?) (21)
D(8;, 8,) =\/ (6; —64) W2 (0, — 6,)T (22)

By calculating (17) to (19) at all frequency points, the
frequency response data at the time when SOC estimation
is required can be estimated.

8.2 Parameter initial value estimation using vector fitting

Vector fitting (B, Gustavsen. et al. 1999) is a method
for modeling transmission lines inside mobile devices and
in-vehicle electronic devices, and approximate frequency
characteristics of transmission line with rational function
in polar residue form. As a representative method for mod-
eling the inside transmission line, Levenberg-Marquardt
method is often used. This method is generally more ac-
curate than vector fitting, but has a high computational
cost. In this paper, one of the objectives was to make the
processing time in the real environment shorter than the
sampling time, so we decided to use vector fitting, which
requires a shorter calculation time than the Levenberg-
Marquett method. In vector fitting, consider approximat-
ing the frequency response function F(s) with a rational
function of order N as fjgllows.

Tn
F(s) ~

B>
where, s = jw, and w represents the angular frequency.
Also, r, and p, are real residues and poles, and d and h
are real constants terms and proportional terms. Vector
fitting is a method of solving by replacing these poles
pn and residues r,, with their respective linear problems.
First, the unknown function o(s) is placed as follows, and
it is assumed that the product of o(s) and F(s) can be
expressed as follows: N

+d+sh (23)

o(s) = - f"ﬁn +1 (24)
T;V_ r
a(s)F(s) = Z . :Lpn +d+sh (25)

And p,, is the initial pole given as a known value. 7, is
an unknown and a residue of o(s). Furthermore, o(s) and
o(s)F(s) is assumed to have the same poles. Now, substi-
tuting (24) into (25) and rearranging, (26) is obtained.

N N -
F(s) = <Z - inﬁn +d+sh> _ (Z - i"ﬁn> F(s) (26)

n=1 n=1

At this time, since (26) can be regarded as a linear

equation with unknown variables r,,, d, h, and 7, (26) for

K measurement points can be expressed as follows:
rXx =7f

Where ¥, X and f are defined as:

(27)
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1 1 1 F(s1) F(s1)
— 51— - - ~
S1—p1 1 — PN 1 —P1 1 — PN
v = : : :
1 1 F(sk) F(sk)
— — 1 SK — —
SK —P1 SK —PN SK —P1 SK —PN
X=[r - rydhin-in]
T
f=[F@s1) - F(sk) |

Here, ¥ is a K-by-2N + 2 matrix, and if there are enough
measurement points, the matrix is an over-determined
system. Hence the residue r,, can be obtained by singular
value decomposition. Next, if we put ¢(s) = o(s)F(s), q(s)
and o(s) can be expressed as follows:

N HnN:11(S — 2p)
Q(S) =h N -

anl(s — Pn)

N ~

n= (5 - Zn)
o(s) = Lz (8= 2n)
Hn:1(5 - pn)

where z, and Z, are the zero points of ¢(s) and o(s),

respectively. Both are unknown. From (26) and (27), F(s)
is transformed into:

F(s) = q(s) —h ny:1(5 — Zn)

o(s) T (s — zn)

n=1

Here, comparing (23) and (30), it is clear that the pole
pn, of F(s) is equal to the zero point %, of o(s), and if
the zero point Z, of o(s) can be calculated, the pole p,
of F(s) can also be calculated. Therefore, we obtain the
pole p,, of F(s) by calculating the zero point Z, of o(s).
As a method of calculating the zero point Z, of o(s), we
use the fact that the eigenvalues of the following matrix
correspond to the zero point Z, of o(s). In short, the pole
pn(zero point Z,) of F(s) can be obtained by finding the
eigenvalue of (31).

(28)

(29)

(30)

Q=A-b-é&" (31)

where A is a diagonal matrix with the initial pole p,, as
a diagonal element, b is a column vector with all elements
1 and &7 is a row vector with elements as a residue 7, of
o(S) obtained by solving (27). The pole p,, obtained above
is not an exact solution because it uses p, given as the
initial pole. Therefore, the obtained eigenvalue (pole p,,)
is replaced with the initial pole and (27) is solved again,
and the eigenvalue of (31) is calculated using the new p,
obtained by solving (27). By repeating this procedure, the
pole approaches the true value. In summary, the vector
fitting algorithm is as follows.

Step 0 : Set the initial pole
give the initial pole p,, (n=1,2,---, N)

Step 1 : Calculate reside r, and d, h
Calculate the residue r,,, constant term d, and propor-
tional term h by singular value decomposition of the
least squares solution

Step 2 : Calculate pole p,
Calculate pole p, by finding eigenvalue of (31)

The frequency response approximation function F'(s)
can be obtained by repeating Step 1 and 2 above.

Consider the correspondence relationship between the
frequency response approximation function F(s) calcu-
lated by vector fitting and the equivalent circuit model
in Fig. 5. To apply Laplace transform for each of the

passive elements of resistor R, inductor L, and parallel
circuit R,C), as shown in Fig. 5, we can obtain relational
expression as (32)-(34).

V(s)=RI(s) (32)
V(s) = sLI(s) (33)
1
R Cp
V()= 1) = —7—1(s) (34)
sR,Cp+1 s+ 3 1Cp
Ry
R i L i ‘J\/\/\/T <
MA—" —I0—
v v ‘—!7!’—‘
Fig. 3. Passive circuits
d A _Tl/pl _7"“\"/pN
1/71 1/rN

Fig. 4. Equivalent circuit model of F(s)

Here, comparing (23) with (32) to (34), we can find
that the constant term d corresponds to the resistor,
the proportional term h corresponds to the inductor,

and the fractional expression - corresponds to the

multiple RC parallel circuits. Therefore, if the frequency
response function F(s) can be derived, the entire internal
impedance part of Fig. 1 can be expressed as shown in Fig.
6. In this paper, the initial value of the internal impedance
can be estimated from the frequency response data by
using vector fitting with the frequency response data

estimate obtained in the previous section G, = Gg 4 +
iGr ¢ as F(s).

4. VERIFICATION BASED ON EXPERIMENTAL
DATABASE

4.1 Ezperimental conditions

We explain about the flow of data collection experi-
ments. First, the sample battery is charged by constant
current of 1[A] until the voltage value is set to V = 4.2V.
After that, the battery is charged for 3 hours with constant
voltage of 4.2[V]. In this paper, this charging state is called
fully charge state, that is, SOC = 1.0, and the value
of SOC in the subsequent experiments is calculated by
current integration method. After the fully charged state
is reached, constant current discharge is executed from the
fully charged state, we collected frequency response data
for database used for local regression modeling under each
condition, that SOC is in the range 0.3 to 0.8 in increments
of 0.02(26 data), and temperature is in the range 15 to
30[°C] in increments of 5[°C](4 data). That is, the con-
dition number of the explanatory variables is 26 x4=104.
Along with the above frequency response data acquisition
experiment, the open-circuit voltage was obtained when
the SOC was varied in the range of 0.8 to 0.3 in a constant
temperature bath at a constant temperature of 25 degrees,
and the SOC-OCV characteristics graph was obtained
(see Fig. 2). The graph of SOC-OCV characteristics ap-
proximate function f,.,(SOC) is obtained using multiple
regression analysis. The average error rate of approximate
function in (35) is 2.83x1075 and accurate approximation
is achieved.

12877



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

foen (80OC) = 2.96 x 10*SOC® — 1.35 x 10°SOC?
+2.66 x 10°50C® — 2.94 x 10°50C”
+1.99 x 10550C° — 8.52 x 10150C?
+2.24 x 10*50C* — 3.26 x 10350C*
+1.56 x 10250C? 4 1.90 x 101SOC + 1.32 (35)

Furthermore, in order to verify the effectiveness of the
proposed method, a discharge experiment was performed
in which 1[A] constant current discharge was repeatedly
performed every 180[s] from the initial conditions deter-
mined randomly as shown in Table 1. In addition, fre-
quency response data under each condition was acquired
just before the discharge experiment. Fig. 5 shows the
current obtained in the discharge experiment, Fig. 6 shows
the voltage, Fig. 7 shows the frequency response data. And
the order of the RC parallel circuit is set N = 5.

Table 1. Conditions of experimental data

Initial SOC value
55.6 [%]

Initial T value
22.5 [°C]

Current [A]

|
o
»

0 200 400 600 800 1000 1200 1400 1600 1800
Times [s]

Fig. 5. Current time responce of discharge

3.8F

b
=N
T

Voltage [V]
bl
=

b
o

0 200 400 600 800 1000 1200 1400 1600 1800
Times [s]

Fig. 6. Voltage time responce of discharge
x10°
6 fqﬂons\
- - N
£

0.06 0.065 0.07 0.075 0.08 0.085
Real

Fig. 7. Frequency response

4.2 Internal tmpedance initial value estimation result

The results of estimating the frequency response data
using the proposed method are shown below. Also the de-
sign parameters used in the proposed method in this paper
are shown in the following. Thek-division cross-validation
method was adopted for all the frequency response data
for the database acquired in the previous section, and it
was determined as follows by trial and error.

g=16 (36)

1 0 10
Wl:[o 0.08}’W2:[0 1.2} (37)
p1=—0.1, p2 = —1, p3 = —10, ps = —50, p5 = —1000  (38)
Fig. 9 shows the results of estimation by the proposed
method using the above design parameters. As can be
seen from this figure, it is confirmed that the shape of
the frequency response data can be imitated. In addition,

the estimation time of the frequency response data in this
paper (calculation time by the proposed method) is about
0.02 [s], which is shorter than the sampling time 1 [s] of
the current and voltage values. Hence it can be said to be
realistic. The estimated internal impedance obtained by
the proposed method is effective.

4.8 SOC estimation result

The results of SOC estimation using the initial value of
the internal impedance estimated in the previous section
are shown below. The design parameters used for the
extended Kalman Filter in this paper are also shown in the
folllowing. The value of Qq, Ro, Pojo under each condition

was determined by trial and error as follows.

Qo = diag[10™2 1073 1078 107* 10% 10°
107* 102 1072 10~* 102 1072
1072 10° 107* 1073 1072 107%]T

Ro=10x10"%

Pyjo = diag[107% 107% 107° 10° 10 10°

105 10* 107! 10° 10° 1073
106 107! 107* 10% 1072 10797

Using the above design parameters, the SOC estimation
results under each condition are shown in Fig. 10, and the
error from the true value is shown in Fig. 11, and Fig. 12
shows the estimation errors of the comparison target and
the proposed method. In addition, using unsuitable design
parameters (5Qo, 5Ro, 5P|o), the estimation results of
SOC under each condition are shown in Fig. 13, and the
error from the true value is shown in Fig. 14, respectively,
and the estimation error of the comparison target and
the proposed method are shown in Fig. 15, respectively.
However, as a comparison target for SOC estimation,
we used the estimation results using the initial values
estimated by applying vector fitting to the frequency
response data (Figs. 9 and 12) acquired immediately before
the discharge, and the estimated SOC obtained by the
current integration method was adopted (S, Piller. et al.
2010). Looking at Fig. 11, it can be seen that there is
a SOC shift due to a shift in the initial value near the

&0
£
i) * estimated value (using frequency data)
o estimated value (using database)
0 * measured value
0.065 0.07 0.075 0.08 0.085 0.09

Real
Fig. 8. Frequency response estimation result

58

= = =estimated value(using frequency data)
o estimated value(using database)
—true value

56

554*

Q 570
O52
@

50F
480

0 200 400 600 800 1000 1200 1400 1600 1800
Times [s]

Fig. 9. SOC estimation result
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estimated start time. From Fig. 12, when the end time
approaches, it can be seen that the estimated value using
the proposed method is close to the comparison target.
In fact, looking at the result Fig. 14, it can be confirmed
that there is an error in the estimated value as the end
time is approached for the design parameters that are not
appropriate. From this, it was confirmed that the error of
the initial value of internal impedance can be reduced by
giving appropriate design parameters Qo, Ry, and Pyo.
From the above, it can be concluded that the internal
impedance initial value estimated by the proposed method
can be used for the SOC and parameter simultaneous
estimation method by nonlinear Kalman Filter.

S
8
=}
5} ”
Q - - ;‘
o = = =estimated error(using frequency data) H
@ o estimated error(using database) :
i
~0.05 I I I I . I L I
0 200 400 600 800 1000 1200 1400 1600 1800
Times [s]
Fig. 10. SOC estimation error

0.05

= The difference using freqency data and using dalabasc‘

0 200 400 600 800 1000 1200 1400 1600 1800
Times [s]
The difforence fronency data and datahace
58

Fig 11

= = =estimated value(using frequency data)
- estimated value(using database)
— true value

200 400 600 800 1000 1200 1400 1600 1800
Times [s]

Fig. 12. SOC estimation result
() Ty Dy T e T PO T S|
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=05 - — i
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Fig. 13. SOC estimation error
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200 400 600 800 1000 1200 1400 1600 1800
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14. The difference frequency data and database

o

Fig.

5. CONCLUSION

In this paper, we focused on the the estimation of SOC
of lithium-ion batteries, and proposed the method for esti-
mating the initial value of internal impedance using high-
order equivalent circuit model. In the proposed method, we

collected the frequency response data when the SOC and
temperature conditions are changing and constructed the
database. Next, we estimate the initial value of the internal
impedance by estimating the frequency response data at
the time using the database and local regression modeling
at the time when the SOC estimation request was made,
and applying vector fitting to the estimated value. In the
verification of the effectiveness using experimental data,
the internal impedance initial value and the SOC were
estimated using the discharge experimental data under two
randomly determined conditions. The internal impedance
initial value estimation results suggest that the proposed
method is effective for initial value estimation, and we
find that the internal impedance initial values estimated
by the proposed method from the SOC estimation results
can be applied to the SOC and parameter simultaneous
estimation method using a nonlinear Kalman filter.
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