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Abstract: The battery impedance is an important indicator of battery health status. In this paper, a
magnetic coupling-based impedance measurement method for electrochemical batteries is proposed.
Without affecting the energy injection stage, the designed suppression resistance can minimize the
influence of the primary circuit response, and the under-damped oscillation waveform containing the
battery impedance information can be directly obtained on the primary inductance. The change of
the mutual inductance value within a certain range will not affect the measurement results. Therefore,
the measurement system has high stability and robustness. By utilizing the discrete Fourier transform
(DFT)-based algorithm to calculate the damped oscillation parameters, the battery impedance is
accurately derived from the calculated attenuation coefficient and damped oscillation frequency. The
accuracy of this method under different coupling parameters is analyzed and verified by simulation
and experiment on a Li-ion battery, which could be employed to estimate the state of charge (SOC).
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doi.org/10. 142274 . . . .
ol-org/103390/ en14227450 Electrochemical batteries have become widely used as energy storage devices for

electric or hybrid vehicles [1,2], portable electronics [3], and renewable energy storage [4,5].
Therefore, monitoring the battery performance is important to ensure the safety and
reliability of the battery-based energy systems.

The battery impedance is widely recognized as an important parameter because it
provides useful information on the performance of the battery, including the state of charge
(SOC) and other performances. Thus, various electrical battery models have been pro-
posed and reported, which are electrical equivalent models using a combination of voltage
sources, resistors, capacitors, and inductors [6-9]. The battery impedance parameters of
published maps and institutional affil- € €quivalent circuit are reflective of electrochemical reactions and transport processes.
{ations. These factors are affected by the internal thermal condition of the battery, charging current,

and ionic concentrations. To identify the battery parameters, electrochemical impedance

spectroscopy (EIS) is an attractive method, which is achieved by injecting AC small volt-
age/current at different frequencies into the battery and measuring its response [8-13].
Thus, the complicated impedance network can be fitted with the impedance spectra. How-
ever, EIS requires expensive and cumbersome equipment for a wide range of frequency
sweep, making it difficult to be applied in industrial measurements. A cost-effective
method is to measure the battery’s ohmic resistance at a certain high frequency (typically
conditions of the Creative Commons 1 KHZ). The SOC of the battery can be estimated by comparing the measured impedance
Attribution (CC BY) license (https:// ~ With long-term collected experimental data [12,13].
creativecommons.org/licenses /by / Nowadays, the magnetic coupling-based impedance measurement is considered as a
40/). significant method, which is used in the inductive power transmission (IPT) system [14-17].
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The literature [14-17] proposes a load identification method based on energy injection and
energy dissipation. However, the load identification methods in [14-16] do not consider
the mutual inductance variation, which is typical for the practical operation of IPT systems
with variable magnetic coupling between the primary and secondary coils. The mutual
inductance variation is taken into account in [17], but the calculation accuracy is poor.
The above measurement method obtains the load impedance value indirectly through
the secondary circuit reflection impedance of the coupling circuit, so the accuracy of the
measurement result depends on the given mutual inductance value. The data processing
method based on the zero-crossing detection and the peak point of the attenuated signal
has poor stability and accuracy, especially for the measurement of small resistance, such as
Li-ion batteries whose resistance is usually less than 1 ().

In this paper, a magnetic coupling-based impedance measurement approach for the
electrochemical battery is presented. The proposed measurement approach enables the
primary and secondary sides of the coupling circuit to work in different damped oscillation
states, so that the secondary side waveform containing the battery impedance information
can be directly distinguished by analyzing the waveform characteristics, eliminating the
effect of the primary circuit on the measurement result, and reducing the requirement for
the accuracy of mutual inductance. The detection method based on magnetic coupling has
the electrical isolation capability, and the change of the mutual inductance value within
a certain range will not affect the measurement results, so the measurement system has
high robustness. By utilizing the discrete Fourier transform (DFT)-based algorithm to
calculate the damped oscillation parameters [18], the battery impedance is accurately
derived from the calculated attenuation coefficient and damped oscillation frequency.
Finally, the accuracy and stability of this method under different coupling parameters are
analyzed and verified by simulation and experiment on a Li-ion battery to estimate the
state of charge (SOC).

2. Principle of Battery Resistance Measurement
2.1. Simplified Electrical Battery Model

An electrical battery model can be represented with open-circuit voltage (OCV),
resistors, capacitors, and inductors of an equivalent circuit, as shown in Figure 1a. The
ohmic resistance, R,, represents the electrolyte resistance. Cp; and Rcr represent the double
layer and charge transfer effects on the electrodes. Warburg impedance Zyy represents the
diffusion due to the concentration polarization. The parasitic inductance L, represents the
battery’s external/internal connections. OCV represents the battery open-circuit voltage.

Rer
—P A f:f oo """ W—60—
L, R, Zy OCV L, R, OCV
CDL
(a) (b)

Figure 1. Equivalent circuit of electrical battery model: (a) Full battery impedance model; (b) Simpli-
fied battery impedance model.

The battery parameters including R,, Cpr, and Rcr are used as the indicators of
reflecting the SOC and other battery performances [6-8,10]. To simplify the circuit analysis
and reduce the size of the measurement circuit to improve the practicality, 20 kHz was
chosen as the measurement frequency. When the measurement frequency is high, the
battery impedance model can be simplified by a voltage source in series with a resistor
and inductor, as shown in Figure 1b. At this time, the battery equivalent impedance is
inductive. According to the study of EIS, the parasitic inductance L. is usually less than
1 uH [8].
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2.2. Measurement Principle

The schematic diagram of the measurement system is shown in Figure 2. M is the
mutual inductance. L; and L; are the loosely coupled inductors with coupling coefficient k
(k<<1),whereL =Ly =L k= M/+/LiL, = M/L. C; and C; are the compensating capac-
itors, where C; = C; = C. Ry 1 and R are the line resistances, while R;; = Rj» < 2+/L/C.
Ly is the battery parasitic inductance, which is usually less than 1 pH. E is the battery
open-circuit voltage. Ry is the battery equivalent resistance, meeting Ry + Ry < 2v/L/C.
R is the suppression resistor with a large resistance value, meeting R; > 2+/L/C. Uy, is
the DC power supply. 1y is the observed signal, which represents the voltage across the
inductor L.

0;
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Figure 2. Measurement system.

There are two operation stages in the process of the measurement. The system equiva-
lent circuit in different operation stages is shown in Figure 3.
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Figure 3. System equivalent circuit in different operation stages: (a) Energy injection stage; (b) Detec-
tion stage.

1st stage: Switches Q; and Q, work in the complementary mode, where the duty
cycle is 50% and the switching frequency is at or near the natural resonant frequency wy,
which is given by
1
wo \/E
In this stage, since the circuit works in a resonant state, the large parallel resistance R;
can be ignored. The square voltage source U, transfers energy to the detector through the
mutual inductance. After the circuit goes into the steady state, L, and C; in the detector are
charged; meanwhile, L1 and C; in the receiver are also charged, as shown in Figure 3a.
2nd stage: Switches Qq and Q» are turned off. The series diodes D1 and D, are used
to prevent the current from flowing through the freewheeling diode of the MOS transistor.
After that moment, the equivalent circuit is shown in Figure 3b. The circuit operates in
free-range response, and the response uy 1 can be expressed as

diy (t diy (t
ML1(i’):L ;E)—FM iﬁ(f)

M

@)
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Due to the loose coupling relationship, the current response of the primary and
secondary circuit can be recognized as decoupled. The response of the four-order circuit
can be simplified to a linear superposition of two independent responses: the primary
two-order response and the secondary two-order response.

As shown in Figure 4, the response uj1 is composed of the primary self-response,
described as ur1,, and the secondary reflected response, which is equivalent to a voltage
source M-di, /dt, as described as u; 1.

Ry,

Figure 4. Composition of response uj 1.

For the primary self-response, the primary circuit works on the over-damped oscilla-
tion, due to

Rj+Rp1 > 2vVL/C. 3)
Assuming the initial condition uc 1= = Up and iy |t = 0, thus, urj, can be de-
scribed as i
t
up1a(t) =L Z;i ) _ Ape 1t 4 Appe™! 4)

where Aj; and Ay are the voltage amplitude, and &1 and «; are the damping coefficient,
which can be derived and simplified as

by = Rd'2i‘LRL1

alzbl—w/b%—w%

ap = by + /b2 — W} (5)

2
A = 28 1CUy ~ Uy

ap—aq RﬁC
2
Ap = —1% 10Uy ~ —U,
12 r— 0 0

Similarly, the secondary circuit works on the under-damped oscillation. The open-
circuit voltage of the battery can be regarded as a constant value due to the high measure-
ment frequency. uy 1, is derived by

dia (1)

upp(t) = M It

= Aye ! sin(wyt + ¢) (6)

where Aj; is the voltage amplitude, ¢ is the initial phase angle, a3 is the damping coefficient,
and wy is the operating frequency, which can be given by

_ Ry+Rp
A3 = 3(L+Ly)
1

Y= I LC @)

wd:,/w%—a%

Therefore, the observed signal 111 can be expressed by

uri(t) = Ape ™ + Appe 2 + Are ! sin(wyt + @). (8)
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The battery resistance Ry and battery parasitic inductance L, can be obtained by the
calculation of the damping coefficient a3 and the operating frequency w; in the signal uy 1.

In the under-damped series circuit, with determined inductor L and capacitor C, the
parasitic inductance Ly can be derived by (7) and is expressed as

1
Ly=——5———1L. 9
= W21 a)C ©

Similarly, the battery resistance Ry is expressed as

2063

R,= — =59
C C(wiag)

— Rp». (10)

According to (10), the accuracy of the battery resistance depends on the calculation
accuracy of the damping coefficient a3 and the operating frequency w; and the given
compensating capacitance C.

Additionally, the line resistance Ry can be calculated by the same method in the
under-damped circuit composed of the resistance Ry, inductance L, and capacitance C
when the battery is not connected.

2.3. Error Signal Analysis

In the measured signal uy 1, it can be seen from (8) that the primary self-response uy 1,
is the possible source of error. Due to ap >> a3, the signal Ajpe %" quickly attenuates to
nearly zero and has little effect on the measurement accuracy by discarding the previous
part of the waveform data. The main source of error is the signal Ajje~%!. According to
(5), when the designed inductance L and compensation capacitance C are determined, the
increase in the resistance value R; is beneficial to suppress the voltage amplitude A of the
error signal and accelerate the decay rate ap. However, this does not mean that the larger
the suppression resistance R, the better. When the circuit is working in the 2nd stage,
the primary initial current 7; is not exactly equal to 0. So, when the resistance R is large,
voltage spikes will be generated across the resistance to affect the safety and reliability of
the circuit.

Figure 5 shows the waveforms of the primary side inductor voltage ;1 under different
suppression resistance R; and mutual inductance M. R, = 0.2 Q). Other parameters of the
measuring circuit are listed in Table 1. As shown in Figure 5a, the observed signal up
in the 2nd stage is the over-damped oscillation waveform on the primary side when the
mutual inductance M = 0. Therefore, when the mutual inductance value is 10 uH, the
observed voltage 1 in the 2nd stage will introduce the interference error of the primary
side, as shown in Figure 5b. By increasing the resistance of the suppression resistor, the
response error on the primary side will be suppressed, so that the obtained inductor voltage
waveform up 1 is a purely under-damped response on the secondary side, as shown in
Figure 5c.

Table 1. Simulation parameters.

Parameter Name Value
Ly, Ly/uH 42
Cl ’ Cz / LLF 1.5
RLl ’ RLZ /mQ) 50
Lx/uH 0.5
Battery voltage E/V 4.2
Peak input voltage U;./V 10
Switching frequency fs, /kHz 20

Sampling frequency fs/MHz 10
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Figure 5. Simulation waveforms of primary side inductor voltage u;; under different suppression
resistance Ry and the mutual inductance M. (a) R; =15 Q and M =0. (b) R; =15 Q and M = 10 pH.
(¢) Ry =1000 (Y and M =10 nH.

3. DFT-Based Estimation of Damped Oscillation Parameters

3.1. DFT-Based Calculation Method
Assuming the observed signal 1y 1 is a pure under-damped wave, and it is defined as

x(t) = Ae Pl sin(27 fot + @) (11)

where A is the maximal amplitude, f is the resonant frequency in hertz, ¢ is the phase in
radians, and B is the decay rate.

The sampling frequency in the measurement system is f; = 10 MHz, and the sampling
sequence is shown in Figure 6, which is expressed as

x[n] = Aejjfrgn sin (Zn];gn + (p) (12)

S

where ¢ is the logarithmic decrement, § = B/fo, n =0, 1, ..., N—1, and the number of
samples is N = 3000.



Energies 2021, 14, 7490

7of 11

Figure 6. Under-damped waveform.

The DFT of signal (12) is defined as
N-1 .
VK] = ) x[n]e /<" (13)

where wy = 2n/N)k,k=0,1,2,... , N — 1.

Its angular frequency w,1/fs lies either between the DFT bins wg and wg,1 or wg and
wgk—1, where the DFT bin for wi has the highest magnitude.

By using the Bertocco-Yoshida algorithm [18], the first-order difference ratio of the
DFT spectrum can be described as follows:

_VIK-1]-VIK]
R= VK VK1 (14
Then R
A = ek r (15)

re—J27n/N _ Rei2n/N

—e WK 4 pmiWK-1
r= . . (16)
—e JWK+1 | e JWK

and the decay rate p and resonant frequency f( are expressed as

IB = *Re{ll’l()x)} 'fs
fo=Im{In(A)} - fo/27 (17)

3.2. Constraint Range of Measurement Object

Although the proposed method is suitable for calculating the decay rate and resonant
frequency of the under-damped oscillation waveform, the logarithmic decrement has
certain limitations on the calculation accuracy.

The estimation accuracy for test signals with fo = 20.1 kHz is analyzed under different
values of J. As shown in Figure 7, the calculation accuracy of the decay rate B and resonant
frequency fo decreases as the logarithmic decrement 6 increases. Especially when 6 > 1,
the accuracy of the decay rate § decreases significantly. Therefore, to guarantee that the
calculating accuracy of the decay rate p and resonant frequency fy is higher than 98%, J
needs to be restrained within 1.

Comparing (12) and (6), 6 can be expressed as

Ry +R
5o 27 27Tl _ 27 _2r a8)
w4 L [RetRy 2 AL+L) V4Q2 -1
(L+Ly) C [2(L+Lx)] (Ry+Rp2)*C

where Q is the quality factor of the secondary circuit.
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Figure 7. Calculation accuracy of decay rate B and resonant frequency fy.

To ensure that the measurement method based on the DFT algorithm has high accuracy,
the quality factor of the circuit needs to be large. This provides guidelines for the circuit
parameter design.

Due to J < 1, the measurement range of battery internal resistance can be derived as

L+L,

R 0.314
x < C

- Rp2 (19)

According to (19), under the limitation of the accuracy of the DFT algorithm, the
measurement range of the battery resistance depends on the designed circuit parameters L
and C. This condition is much stronger than the conditions that make the circuit work in
the under-damped oscillation state.

3.3. Detection Error of Battery Resistance

Although [18] shows that this method has high accuracy under the interference of
Gaussian white noise, whether it has high accuracy for the source of error in this letter
requires simulation and experimentation to verify.

Define 1 as an estimation of the relative magnitude of the error signal, which is
expressed as y1 = A11/A;.

Define -, as the ratio of the damping coefficient, which is expressed as

aq 2(L+ Lx)

= -~ 20
727 C(Rx + Rp2)(Rg+ Rpq) 20)

The size of v; and 7, is the main parameter to measure the effect of the error signal,
which is related to the mutual inductance M and the primary side resistor R;. By selecting
the appropriate circuit parameters, v, << 1. R; = 10 kQ). Thus, the measurement accuracy
of the resistance Ry can be analyzed by using M as the variable. The calculated resistance
is expressed by R;;, and the measurement error ¢ is expressed by € = R;; — Ry. Other
parameters of the measuring circuit are listed in Table 1.

As shown in Figure 8, this simulation result shows the changes in measurement error
¢, where the mutual inductance values are 2 uH, 5 uH, 10 uH, and 20 pH. When the battery
resistance Ry changes from 0 to 1000 m(), the measurement error ¢ approximates a linearly
decreasing process and the variation range of the measurement error does not exceed
12 mQ). The change of the mutual inductance value within a certain range from 5 to 2 pH
has a little influence on the measurement results. The simulation result shows that the
proposed method is also suitable for measurement occasions with high coupling factors
when the mutual inductance value is 20 uH.
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Figure 8. Detection error curve.

4. Experiment Result

In this section, the experimental platform is demonstrated in Figure 9. In the exper-
imental system, the stm32f407 was selected as a controller of the load detection control
system, and MOSFETs (Vishay, America) (SI2327DS and SI2324DS) were selected as the
switch devices of the half-bridge inverter circuit. The high-speed sampling chip AD9220
was selected to sample the inductor voltage at 10 MHz. The platform can be used to test
the resistance of batteries. The ambient temperature during the battery resistance test is
20 °C.

Battery/
Resistor

Coupled Coils

Figure 9. Experimental platform.

To verify the accuracy and practicality of the proposed method, experiments are
conducted to detect the electrical network formed by series connection of standard resistors,
inductors, and voltage source. The standard resistors have different resistance values, the
inductance value is 1 pH, and the voltage source is 4.2 V. As shown in Figure 10, for
standard resistor resistance Ry between 100 and 500 m(), the accuracy rate of the load
detection is more than 98%.

To examine the effects of the SOC value on the resistance of the Li-ion battery, the
measurement is performed at different SOC values, ranging from 100% to 0%, for different
C-rates (1/4, 1/2 and 1C) when the frequency of the power converter is at 20 kHz. The
line resistance can be measured by shorting the secondary circuit when the battery is not
connected. This part can be subtracted from the final measured impedance to obtain the
battery resistance. The contact resistance is included in the final measured resistance, but
this does not affect the study of the trend of battery resistance as the SOC changes.
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Figure 10. Detection accuracy and error.

It can be observed in Figure 11 that the overall trend of the internal resistance of the
battery is to decrease first and then increase as the SOC decreases. Among three different
discharge rates, the battery resistance at 1C is the largest. The battery resistance varies little
when the SOC decreases from 100% to 20%, and the battery resistance increases significantly
when the SOC decreases from 20% to 0%. Therefore, this measurement method is suitable
for the detection of deep battery discharge.

551

—=—1/4C
—e—1/2C
501 —s—1C
g 4
E
" 40

351

30

0 10 20 30 40 S0 60 70 80 90 100
SOC (%)

Figure 11. Battery resistance at various SOC values and C-rates.

5. Conclusions

This paper has presented a magnetic coupling-based resistance measurement method
for electrochemical batteries. The proposed measurement circuit enables the primary and
secondary sides of the coupling circuit to work in different damped oscillation states so
that the secondary side waveform containing the battery impedance information can be
directly distinguished by analyzing the waveform characteristics, eliminating the effect of
the primary circuit on the measurement result and reducing the requirement for accuracy
of mutual inductance.

By utilizing the discrete Fourier transform (DFT)-based algorithm to calculate the
damped oscillation parameters, the battery impedance is accurately derived from the calcu-
lated attenuation coefficient and damped oscillation frequency. The measurement range of
the battery resistance is given according to the calculation accuracy of the DFT algorithm.

It can be seen through simulation that this measurement method has high accuracy.
The change of the circuit mutual inductance value within a certain range will not affect the
measurement results.

The standard resistance has been measured repeatedly by experiments to prove that
the method has high accuracy, and the experiment confirms the change of battery resistance
under different SOC values and different C-rates, which can be used to infer the SOC of a
Li-ion battery.
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