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The accurate estimation of state-of-charge (SOC) is one of the most important core functions
of a battery management system (BMS), which provides the essential information needed for
battery management, monitoring, and status analysis. This paper presents an online SOC
estimation method based on AC impedance. A circuit for sensing the voltage and current of the
battery is also proposed. The sensed values can be utilized to calculate the AC impedance and
then accurately estimate the SOC of a Li-ion battery. First, a 1 kHz sinusoidal ripple is injected
into an 18650 Li-ion battery and the AC impedance values are measured from 0 to 100%
charging status in 10% increments. The correlations between SOC and AC impedance are then
determined by linear regression. In terms of practical application, we simply use the sensing
circuit to measure the battery AC voltage and current and calculate the AC impedance. This
AC impedance allows a fairly accurate estimation of the battery SOC. To validate the accuracy
of the proposed method, a power analyzer was used to actually measure SOC. The average
error in estimating SOC is within 4%. This encouraging result shows that the proposed method
can provide a simple and practical solution for online estimation of the SOC of Li-ion batteries.

1. Introduction

Because traditional cars and trucks powered by fossil fuel account for most of the global
greenhouse gas emissions, the electric vehicle industry is seeing rapid development. Consumer
electronics is also booming thanks to the rapid advances in electronics technology. The power
that drives electric cars and consumer electronics products mostly comes from secondary
(rechargeable) batteries, most of which are Li-ion devices.!> However, the accurate estimation
of the state of charge (SOC) of batteries is crucial to the battery management system (BMS).?
Currently, methods used for measuring battery SOC include Coulomb counting, open-circuit
voltage, ampere-hour, internal resistance, and Kalman filtering.

Of these, Coulomb counting is the simplest method and the easiest to implement. It starts
with the measurement of battery capacity. The battery SOC is then calculated from the battery
output current and time. However, the process takes too long to achieve fast measurement of
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battery SOC.®) In the open-circuit voltage method, SOC estimation is achieved by comparing
open-circuit voltages. However, the load on the circuit has to be disconnected and the battery
must return to electrochemical equilibrium before this can be done, so the SOC cannot be
obtained in real time.® The ampere-hour method calculates battery SOC by multiplying the
current flowing in or out of the battery by the time of flow. However, in addition to current,
battery capacity is affected by temperature and other factors and this may lead to errors in
calculation.”) In the internal resistance method, SOC estimation is carried out by measuring
the internal resistance of the battery, but rather expensive instrumentation is needed for this.
The method cannot be used when the battery is under load.®) The battery SOC measurement
methods mentioned thus far herein require that the battery be isolated from the system, which is
both inconvenient and likely to cause errors.’)

This paper presents a method of sensing the battery voltage and current circuit through
the measured value to calculate the battery AC impedance and estimate the battery SOC
by a method in which a 1 kHz sinusoidal ripple is fed into a 18650 Li-ion battery. The AC
impedance is measured between 0 and 100% SOC. The relationship between the SOC of the
battery and the AC impedance is then determined by linear regression. The error rate of the
SOC estimation using this method is less than 4%.

2. AC Impedance Analysis of Li-ion Batteries

The rapid development of the portable electronics industry has led to the development
of Li-ion batteries, which are now the most widely used portable power source. Li-ion
batteries exhibit various properties which depend on the anode materials used, and different
materials are used for different applications. Figure 1 shows the equivalent circuit of a Li-
ion battery. In this figure, £} is the ideal battery voltage; L. denotes the electrode inductance
between the anode and cathode; R, represents the ohmic resistance created by the electrode
metals, electrolyte concentration and welding points; Cp refers to the capacitance formed by
the double-layer effect, where the valence charges on the electrode surface attract ions with
opposite charges; Rcr is the charge transfer resistance, which affects the speed a charge moves
between electrode surfaces; and Zy represents the Warburg impedance, created by ion diffusion
when the chemical reaction is strongly affected by reactants approaching or products escaping
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Fig. 1. Equivalent circuit of Li-ion battery.
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from electrode surfaces. In addition, the AC impedance of the battery changes under different
charging frequencies. In the high-frequency region (>1 kHz), a passivation layer is formed. In
the medium- and low-frequency ranges (<1 Hz and 1 Hz—1 kHz, respectively), the battery is in
the charge transfer and electron transition states, respectively.

In Fig. 1, the Warburg impedance occurs only in the low-frequency range and parasitic
inductance is prominent in the high-frequency range. To simplify the equivalent circuit inside
the battery, the small signal frequency which was injected by the sensing circuit in this study
was 1 kHz so that the battery Warburg impedance and the parasitic inductance associated
with the low- and high-frequency ranges can be neglected. The simplified equivalent circuit is
shown in Fig. 2.8-10)

Sensing the battery voltage with the current inside the circuit was accomplished by feeding
a sine wave and charging voltage to a voltage/current converter circuit, as shown in Fig. 3. The
Vs(f) driven by operational amplifier (OPA) to control the switch of metal-oxide-semiconductor
field-effect transistor (MOSFET) and then converted into an AC current through Rg resistance.
According to the analysis described, the AC impedance of the battery can be calculated by
measuring the battery ripple voltage and current. The input signal is provided by a sine wave
generator circuit with a DC voltage added, as shown in Eq. (1). The waveform is shown in Fig. 4.
It can be found that the sine wave level increases with the DC voltage, so the sine wave can be
completely input to the switch and will not be cut off. The output signal of the voltage/current
converter runs through the resistor Rg and generates a current, which is shown in Eq. (2). The
voltage signal across the battery is derived from this current passing through the battery, shown
in Eq. (3). The waveform is shown in Fig. 5.
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Fig.2. Simplified equivalent circuit of Li-ion Fig. 3. Voltage/current converter circuit.

battery.
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i(t) = [dc +1,, sin(wt + 0)

V(1) = Vayg + Vi sin2af)

i

Vavg

Fig. 4. Sine wave with a DC waveform. Fig. 5. Waveforms of AC current and battery
voltage.
vs (D) = Vavg + Vy sin 2nf1), @

where V,,, is the average DC voltage and ¥, is the peak value of the sine wave signal.

i) =

t
V;() = I + I sin (wt + 6), ?)

N

where /. is the average current and /,, is the value of the peak sinusoidal current.
v(t) = Vge + Vpsin (wi) , €))

where V. is the DC voltage and V}, the value of the peak battery sinusoidal voltage.
As shown in Eq. (4), the battery impedance is obtained by dividing Egs. (2) by (3).

Z="/-6 @)

Lastly, the impedance Z in Eq. (4) is transformed into the complex form shown in Eq. (5).
Z=7-j7" =\Z|.-90 ®)

where Z'is the real part of the impedance (the resistance component); Z", the imaginary part (the
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reactance component); |Z|, the maximum value of the AC impedance equation; and 6 the phase
angle of AC impedance, the phase difference between battery voltage and current.

Figure 6 shows the internal circuit of the battery voltage and current sensing circuit that
consists of an adder, a voltage/current converter, and bandpass filter.

As shown in Fig. 7, the sine wave is generated using the sine wave generating circuit. The
elements Ry, Ry, C1, and C; are designed to produce a 1 kHz sine wave. The design formula
is shown in Eq. (6). It should also be noted that R4 divided R3 must be greater than or equal to
2 so that it will produce a shock. The output of the sine wave easily becomes unstable, so the
output oscillation voltage of full-wave rectifier must go through the regulator circuit. The OPA2
output is a negative rectified voltage. The voltage is then passed through the 1S1588, R7, and Cy
filter to obtain a negative DC voltage, which is almost equal to the peak output of the oscillation
output. This negative voltage is applied to the G pole of the junction FET (JFET) to control the
resistance between the D-S poles.

1
fo= T—————= ®)
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Sine Wave | + Voltage/Current Battery
Generator N % Converter "|  Charging —l
y
DC Voltage Currfant Voltz?ge
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Fig. 6. Block diagram of battery voltage and current sensing and AC impedance calculation.
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Fig. 7. Sine wave generation circuit.
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where f; is the frequency of the sine wave for the Wien bridge oscillator, and R; = R, and C; =
Cs.

To allow the sine wave to pass through the voltage of the voltage/current converter, we need
to use a non-inverting adder to boost sine wave level, as shown in Fig. 8. The output voltage of
the adder is expressed in Eq. (7).

R14) Viin + Vavg (7)

=11+ —
VS() ( R13 2 )

where Ry = Ri2 = R3 = R4, so that the output vy(#) can be equal to Vy;, with the addition of V.

Utilizing the voltage/current converter the sine wave is injected into the battery and the
battery sine wave voltage can then be obtained. Since the ripple voltage is too small to measure,
the study uses the band-pass technique to filter high-frequency noise and battery DC voltage,
so that the battery voltage and current sensing circuit produce better measurements. As shown
in Fig. 9, a band-pass filter is designed to determine a resonance frequency of 1 kHz and a
bandwidth of 200 Hz, and then to calculate R;s, Ri6, and R;7 using Egs. (8)—(11).

fr = BQ, ®

where f; is the resonant frequency, B is the frequency bandwidth, and Q is the quality factor.

1
Ris = , 9
"~ 2rABC ©)
where 4 is the voltage gain, and Cs = Cg = C is the designed capacitance.
R
Ri6 = 21 (10)
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Fig. 8.  Non-reverse adder. Fig. 9. Band-pass filter.
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3. Linear-regression-based SOC Estimation

The AC battery impedance measurement procedure works as follows: A sine wave with
a DC offset is fed into the voltage/current converter, and the current is then injected into the
battery. The magnitude of the current used to charge the battery can be adjusted through the
variable resistor in the voltage/current converter. The AC impedance is then calculated by
measuring the AC voltage and AC current across the battery. The measurements were taken
at 11 points: 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100% SOC, and the correlation was then
determined by linear regression. A simple linear regression model is shown in Eq. (12), and the
sample linear regression equation was obtained using the least-squares method as shown in Eq.
(13). This was then used to calculate the equation governing the relationship between the AC
impedance of the battery and the SOC. Once this is done, the battery SOC can be obtained at
any time by simply measuring the AC impedance and substituting it into the equation.

Yi=pBo+ BiXi + &, 12)

where Y; represents the i-th observed value; X;, the independent variable corresponding to the
i-th observed value; fo, the intercept; f1, the slope; and &;, the random error.

Yi= bo+ b1 X;, (13)

where ¥; represents Y the average of estimates for specific X;, and by and b; represent the
unbiased estimates of fy and Sy, respectively.

The experiment was conducted as follows. First, a sine wave from the AC generator circuit
was added to the charging voltage. The signal was fed into the voltage/current converter so
that a ripple voltage was added to the DC current. To avoid a short circuit and overcome the
difficulty of measuring the battery voltage, which is greater than the ripple voltage, the ripple
voltage and charging current were fed into an INA128 IC and a band-pass filter before being
measured. The AC impedance of the battery was measured at 11 SOC points, and linear
regression was used to determine the relationship between AC impedance and SOC. Using this
method, the SOC of the battery can be determined at any time, simply by measuring the AC
impedance. A flow chart of the experiment is shown in Fig. 10.

4. Experimental Results and Discussions

ICR-18650M Li-ion batteries were used in the experiment, and their specifications are shown
in Table 1.

The method presented in this paper was used to test the relationship between the AC
impedance of the battery and the SOC over a range of 0 to 100% SOC. A charging signal of 1
kHz was used. The AC impedance for 0, 50, and 100% SOC is shown in Figs. 11-13.

Using the voltage and current measured by oscilloscope, after a simple calculation, we can
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Fig. 12. (Color online) Battery AC voltage and

charging current at 50% SOC.
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Fig. 13. (Color online) Battery AC voltage and
charging current at 100% SOC.
Fig. 10. Experiment flow chart.
Table 1
Specifications of ICR-18650M Li-ion battery.
Item Specifications
Rated capacity 2800 mAh
Rated voltage 37V
Maximum charging voltage 42V
Minimum discharge voltage 3V
Maximum charging current 28A
Maximum discharge current SA
Internal resistance AC (1 kHz) 70 mQ
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get the size of the battery AC impedance. The AC impedance between 0 and 100% SOC is
shown in Fig. 14.

It can be seen that the AC impedance of the battery changes because of the different SOC,
and it was found that the larger the SOC of the battery, the smaller the impedance. The use of
this battery impedance trend can be used to estimate the actual battery SOC.

The equation governing the relationship between battery AC impedance and the SOC, as
shown in Eq. (14), is determined by linear regression from SOC data obtained at 11 points
between 0 and 100%. The estimated AC impedance at the points is obtained by substituting the
data into the equation. The comparison between the AC impedance, estimated and measured,
is shown in Table 2. The average error was 1.567% and the highest individual error was less
than 4%. Figure 15 shows the AC impedance, estimated by linear regression, in the range of 0
to 100% SOC.

¥: = 67.911809 — 0.132418X;, 14)

where Y; is the AC impedance in mQ and X; is the battery SOC, the ratio of the remaining
battery capacity over total capacity as a percentage.

To verify the relationship between battery SOC and AC impedance, an impedance analyzer
was used to measure the AC impedance of five batteries at 11 points in the range of 0 to 100%
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Fig. 14. (Color online) Battery AC impedance between 0 and 100% SOC.

Table 2

Accuracy analysis of the AC impedance estimated by linear regression approach.

Battery SOC AC impedance by AC impedance by Error

(%) measurement (m€2) linear regression (m€) (%)

0 69.92 67.91 2.874

10 64.74 66.58 2.763
20 64.74 65.26 0.796
30 61.87 63.93 3.222
40 61.87 62.61 1.181
50 61.87 61.29 0.946
60 59.71 59.96 0.416
70 59.71 58.64 1.824
80 57.55 57.31 0.418
90 57.55 55.99 2.786

100 54.67 54.66 0.018
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Fig. 15. (Color online) Battery SOC estimated from battery AC impedance by linear regression.

0.068

0.066

0.064

0.062

0.06

0.058

0.056

0.054

Fig. 16. (Color online) AC impedance of five Li-ion battery samples over the range of 0 to 100% SOC.
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Fig. 17. (Color online) Average AC impedance of five Li-ion battery samples over the range of 0 to 100% SOC.

SOC with a charging signal of 1 kHz frequency. The relationship between the AC impedance
and SOC of the samples is shown in Fig. 16. The average AC impedance of the five batteries
confirms that the AC impedance becomes smaller as the state of charge grows, as shown in Fig.
17, where the x-axis represents SOC and the y-axis AC impedance of the batteries.

5. Conclusions

An online method for the estimation of SOC of Li-ion batteries based on the battery AC
impedance has been presented. The method can be used when the battery is under load. The
AC impedance of the battery can be quickly calculated with battery voltage and current sensing
circuits measuring the voltage and ripple current. Fast SOC estimation can be achieved by
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substituting the AC impedance into a linear equation governing the relationship between
the battery SOC and AC impedance. Unlike the open-circuit methods, there is no need to
isolate the load and wait for the battery to return to electrochemical equilibrium before the
measurements are taken. No expensive instruments, such as those used for measurement of the
internal resistance, are required. The 1.567% average error rate and largest single error of less
than 4% make this method useful and reliable.
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