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Abstract Stable operation of a battery system that is used as an energy source is achieved based on the
battery SOC. As a representative SOC estimation method, EKF has been used, which enables the
estimation in real-time and shows the battery's robustness to noise. To estimate the SOC accurately
using EKF, the battery's internal characteristics have to be modeled. Since the SOC estimation tolerance
depends on the battery parameters, an accurate equivalent circuit of the battery cell is required. This
paper proposes a step-by-step parameters extraction method that reflects the internal characteristics
appeared when the battery is charged or discharged. In the first step, a model considering the hysteresis
and diffusion voltage characteristics is established to include the internal non-linear characteristics. In
the next step, the parameters are extracted by discharging the battery every 5% SOC to consider the
parameters’ variability according to the SOC changes. In the last step, the variability of the parameters
is analyzed by a statistical indicator, MAPD. The results show that a linear tendency and an irregular
variability of the parameters are observed for each SOC at the Middle Level and Low Level. SOC
estimation that uses parameters average value at the Middle Level and updated values for each 5% SOC
at the Low Level can reduce the computational burden and estimation error. The proposed approach
is expected to enhance the computing speed and the estimation accuracy required for the use of EKF.
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Fig. 1. Circuit model based on R, R,
dependent source OCV(z(t))
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Where, V, denotes the terminal voltage of battery

cell, Ve denotes the OCV of cell, V; denotes the

voltage applied to internal resistance &;, and V)
the

resistance f2;.

applied to diffusion

voltage

denotes

Voc(500)

Fig. 2. Equivalent circuit for charging/discharging
test. Capacitance ¢, means the capacity of
battery cell
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Fig. 3. Electrical analysis of battery operation
(a) Equivalent circuit at each mode (b) Current-time
plot representing pulse wave load current of battery
cell and voltage-time plot representing the terminal
voltage of batter cell
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Table 1. Equipment lists used in experiment

Equipment
(Manufacturer) Model Name
Controller & NI PXI NI PXI-1082
measurement Controller
(National Instruments) NI DAQ NI PXI-6229
OPS Series
DC (1CH Outpu)
Programmble
Power Supply Power supply OPE-QI Series
(ODA Technologies) (2CH Output)
DC GW Instek
Power supply GPS-3303
Electric load
(ODA Technologies) LF10000-C
_ Software NI LabVIEW 2018
(National Instruments)

(b)

Fig. 4. Experiment equipments for charging/discharging
test
(a) Controller, Power supply, DAQ (b) DC Electric load

Table 2. Samsung SDI INR18650-35E specifications
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Fig. 5. Circuit for charging/discharging test

(a) Designed circuit diagram (b)  Proposed

Parameter Value
Minimum discharge capacity (@) 3,350 [mAh]
Charging voltage (V) 4.20 (N
Discharge cut-off voltage (V,,;,) 2.65 [N
C-rate 3,400 [mAl

measurement PCB for the test

4 A SF(minimum discharge capacity)
HiE ] AIRAPF Bk A 85 ol F
A ¥ (charging Voltage)= HiEZ]E F4517] sl
HiElg] o] kel A Z7], W A A

Fig. 5.(b)oll AFEH 3|2 AA}9] AF2 Table 3]
WA e} 2k
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Table 3. Elements list & part name for circuit design

Item Part Name Value
Shunt Resistor WSR2R0100FEA 10 [mf2
Resistor 3216 SMD 100 (2
10 [&421
Capacitor 3216 SMD 1 [nA
Relay Switch G2RL-2 DC5 -
Relay Driver ULN2803A -
Op-amp HA17741 -
Battery Holder Coms BB521
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| ‘

System Program
Initialization Termination
T
i Yes
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Stage

Measuring
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No Yes Charging
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Fig. 6. Flowchart of charging & discharging program
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Fig. 7. Flowchart of parameter estimation program
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Table 4. Measured Charge & Discharge Capacity
Values and Calculated Coulombic Efficiency

Item Value
Charge Current Capacity (@, 4,ge) 3379.33 [mAhl
Discharge Current Capacity (Qdischur'ge> 3275.49 [mAAl
Coulombic Efficiency (1) 0.97
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Charge-Discharge Curve at Room Temp
Cut-off CHG Voltage, 4.2[V] __ |

Voltage [V]
w
=~

@
)

Middle Level @203

SOC 20 % ~ 80 %

420 ----noq- oo AoRCHGVotage. 220y
! 1
4 Low
Level !
38 (0~20%) | !
3.6 ! 5
| High
! Level
i

w

1
——Charging Curve
—Discharing Curve

T

Cut-off DSG Voltage, 2.65[V] _!

26 1 1

28

0 20 40 60 80 100
SoC [%]
(a)

Charge/Discharge Data with Various C-rate

Voltage [V]
@
=

3 . -5 C/30 Charging
3 -o- C/30 Discharing
-0 C/8 Charging
-0+ C/8 Discharing
——C/4 Charging
26 ——C/4 Discharing

0 20 40 60 80 100
State of Charge [%]

b

Fig. 8. Test result of battery charging/discharging
program
(a) Constant Charging/Discharging Curve with 1/30
C-rate (b) Charging/Discharging Curve with 1/8, 1/4
C-rate
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Battery Periodic Discharge Data

6
—Discharging Curve
4 > Descend Start Point
""""" o +1 Sample Point
4 Ascend Start Point
—EI/L Input Current
3.5 4
= <
(2] '
g s sg
o £
> <
2
25
1
2
0
0 1 2 3 4 5 6 7
Time [sec] %104
(@
3 Period 8 & 9 Discharge Curve
3.95
39
3.85
5
S 38
5
8 3.75
o
> 37
3.65
3.6 - —Discharging Curve
P> Descend Start Point
3.55 " O +1 Sample Point
4 Ascend Start Point
3.5
23 24 25 2.6 27 2.8
Time [sec] «10%

b

Fig. 9. Periodic charging/discharging test result of
parameter extraction program
(@) Full cycle curve for extraction of model
parameters (b) Enlarged curve between 8, 9 cycles
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Fig. 10. Parameter extraction results of resistive
parameters

Battery Capacitive Parameters
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Fig. 11. Parameter extraction results of capacitive
parameters
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Where, Xgocz is the parameter value of higher

SOC, Xgpcz is the parameter value of lower SOC.
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Where, n denotes the number of parameter

values in the result, X, denotes the mean value
of each model parameters at each intervals, X

e

denotes the extracted parameter value.

Table 7. Mean value and MAPD of each parameters
at middle level & low level
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