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Abstract: The conventional online battery impedance measurement method works by perturbing
the duty cycle of the DC-DC power converter and measuring the response of the battery voltage
and current. This periodical duty cycle perturbation will continuously generate large voltage ripples
at the output of power converters. These large ripples will not easily be removed due to the high
amplitude and wide frequency range and would be a challenge to meet tight output regulation. To
solve this problem, this paper presents a new online battery impedance measurement technique by
inserting a small switched resistor circuit (SRC) into the converter. The first contribution of this work
is that the perturbation source is moved from the main switch to the input-side of the converter, so the
ripples are reduced. The analysis and experimental results of the proposed method show a reduction
of 16-times compared with the conventional method. The second contribution tackles the possible
change of the battery state of charge (SOC) during the online battery measurement process, which
will inevitably influence the impedance measurement accuracy. In this proposed method, battery
impedance at multiple frequencies can be measured simultaneously using only one perturbation to
accelerate measurement speed and minimize possible SOC change. The experimental impedance
results coincide with a high-accuracy laboratory battery impedance analyzer.

Keywords: battery impedance measurement; electrochemical impedance spectroscopy; online mea-
surement; lithium-ion battery

1. Introduction

By perturbing the battery with a small sinusoidal voltage or current at different
frequencies, the related battery impedance-frequency relationship can be obtained. This
technique is called electrochemical impedance spectroscopy (EIS), which is a powerful tool
to investigate the physico-chemical process occurring within the battery, evaluate battery
performance, and monitor the battery system [1-4]. For example, the state of health (SOH)
indicates the remaining lifetime of the battery cell. The impedance of the battery tends to
increase with the decreasing of the SOH [1,5,6]. Conventional EIS measurement is usually
conducted offline by sophisticated and complex laboratory equipment [3,7], which limits
the adoption of EIS in many portable applications [7].

To solve this problem, some online battery impedance measurement methods have
been proposed [1,2,5,8]. These methods can be classified into two categories: external
signal injection and converter-based perturbation [1,2,5,8-11]. Specifically, the first category
mainly uses the external source to generate small current or voltage signals to perturb the
battery. For example, the battery is excited by the motor controller to measure the online
impedance [1]. This method provides accurate results, but its effectiveness is limited to a
motor system. The second category is controlling the duty cycle of the power converter
to perturb the battery [5,8,9]. Power converters are usually an integral part of battery
systems such as the control of battery current and managing charging and discharging
operations [2,9]. These online measurement methods have gained more attention due to
their ease of use [9].
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A converter-based single-frequency perturbation method for online battery impedance
measurement has been presented [2,8]. This method uses a sinusoidal perturbation current
and voltage on the batteries at a selected frequency by sinusoidally perturbing the duty
cycle of the power converter. These single-sine-frequency measurement methods can only
obtain the impedance at a specific frequency [8]. Therefore, it takes a long measurement
time to get the impedance plot at different frequencies. Since the battery impedance
depends on the state of charge (SOC) [1], the results may be inaccurate due to the possible
change of the SOC during a long measurement time. To overcome this issue, various
converter-based multi-frequency perturbation methods have been proposed [5,9,12]. These
methods obtain online battery impedance under different frequencies simultaneously by
injecting a multi-sine excitation, square excitation, or pseudorandom binary sequence
excitation into the batteries.

However, the converter-based duty cycle perturbation methods have a critical short-
coming that the perturbation on the duty cycle will result in unavoidable ripples at the
output voltage [8]. For example, in [8], the output voltage ripple value was around 7% and
9% of the DC output voltage when the perturbation frequencies were 1000 Hz and 100 Hz,
respectively. The scenario would be worse for the multi-frequency measurement method,
which injects a square waveform perturbation into the duty cycle [5,12]. It is known that the
square waveform signal consists of infinite sine waveforms, but the amplitude of the signal
(i.e., battery perturbation current and voltage) will become smaller with the increase of the
harmonic frequency order [5]. Hence, a larger perturbation step needs to be applied to the
duty cycle to increase the measurement accuracy at high harmonic frequencies. However,
a larger perturbation duty cycle will inevitably induce larger output ripples based on the
operational principle of the power converter. Moreover, the square waveform perturbation
step also induces large current spikes to the battery [5,12], and it will accelerate the battery
degradation and cause extra temperature rise [13].

Output voltage ripples are usually one of the key switching power supply specifica-
tions. This is particularly important for noise-sensitive applications such as communica-
tions and medical equipment [14]. As suggested by Texas Instruments [15], the output
voltage ripples are usually designed to be less than 1% of the output voltage. As previously
mentioned, the output ripples in the converter-based duty cycle perturbation method are
around 7%, which is far beyond this tolerable ripple range. As is generally known, to solve
the output ripple problem, the first method is to use a capacitor with large capacitance and
low equivalent series resistance (ESR); the second method is to add an LCfilter; and the
third method is to increase the switching frequency. However, not all these methods are
suitable for this battery impedance measurement case. That is because the ripples are
induced by the perturbation frequency rather than the switching frequency, and the battery
impedance measurement range can go from mHz to kHz [3,6]. It presents a significant
challenge to size a filter to cover this wide frequency spectrum.

To overcome this output ripple problem, a ripple cancellation method has been pre-
sented. In [5], the outputs of two power converters were connected in series, and each
converter had a battery at its input. Two converters were injected with a perturbation
individually, but the two signals were out of phase with each other. Therefore, this method
requires at least two sets of a battery and power converter working together to achieve out-
put ripple cancellation [5]. However, the output voltage ripple issue remains an unsolved
problem for the single power converter system (i.e., one converter per battery pack), which
has been widely used. An example is a data center that adopts a single power converter
approach [16], in which the power converter needs to be disconnected from the DC bus
and connected to an isolated load when the battery is operated under the impedance
measurement mode.

Considering the limitation of previous converter-based impedance measurement meth-
ods, this paper presents a switched resistor circuit (SRC)-based online battery impedance
measurement method with the suppression of output voltage ripples and the battery cur-
rent spike. In the proposed method, an SRC, which consists of a resistor and a controlled
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MOSFET, is added to the input side of the converter. By moving the perturbation source
from the duty cycle of the converter to the input-side of the converter, the output voltage
ripples will be reduced due to the principle of the converter system transfer function.
Moreover, by simply switching the MOSFET of the SRC with a 50% duty cycle at a specific
frequency, the corresponding small square perturbation current/voltage signals will be
superimposed over the battery DC steady-state values. As is generally known, the square
waveform is composed of infinite sine waves with odd-integer harmonic frequencies.
Therefore, the proposed method can measure the battery impedance under different fre-
quencies in one perturbation cycle by using the discrete-time Fourier technique. Therefore,
the proposed method can achieve output voltage ripple reduction and multi-frequency
impedance measurement simultaneously.

This paper is organized as follows. The theoretical analysis of the power converter and
the converter-based duty cycle perturbation battery impedance measurement method are
reviewed in Section 2. The validation of the proposed SRC perturbation method for output
voltage ripple reduction is elaborated from theoretical, simulation, and experiment per-
spectives in Section 3. The multi-frequency impedance measurement of the proposed SRC
perturbation method in online battery impedance and experimental results are reported in
Section 4. Finally, Section 5 gives the conclusion.

2. Background
2.1. EIS Measurement

The battery is a nonlinear device. However, the battery can be assumed as a linear
system in a sufficiently small current and voltage range. By utilizing this characteristic,
the battery impedance can be measured by perturbing the battery with a small-step current
at a specific frequency f and measuring the related voltage response, as given by:

Vbat (f ) jo
Z = 22l (1)
bat (f) Ipat (f)
where Vj,¢(f) is the peak amplitude of the battery voltage, I, (f) is the peak amplitude of
the battery current, and 0, is the phase between the battery voltage and current.
For a 18,650 lithium battery cell, the perturbation current is around 200 to 400 mA,
which is small enough to avoid non-linearity and large enough for noise immunity [2].

2.2. Converter Normal Operation

The boost converter (see Figure 1) is used in this paper as it is the most commonly used
topology in converter-based online impedance measurement due to its circuit simplicity
and smooth input current capability [5,8,12].

When the boost converter is operated under an ideal continuous conduction mode
(CCM), the input impedance of the converter system is given as below:

Re = (1 - Dyc)*Ro ©)

where Ry is the output equivalent resistance and Dy, is the DC duty cycle.
As shown in Figure 1, the current flowing through the battery can be expressed as:

oo — ocv
B4 Zp+ Re (3)
VB = OCV — Ip4.Zp
where Ip 4. is the battery current, V3 ;. is the terminal voltage of the battery, OCV is the

open circuit voltage of the battery, Zp is the internal impedance of the battery, and R¢ is
the input impedance of the converter system seen from the battery side.
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Finally, the output voltage of the power converter (Vo 4.) is given below:

VB dc
pr— _ 4
Vode = 7= Dy, 4

From Figure 1 and the above analysis, it can be known that the battery current, battery
voltage, and output voltage are similar to the DC values when the converter system is
operated under a steady-state CCM condition.

Boost converter (equivalent resistance Rc) Boost converter (equivalent resistance Rc)
PR 1 —
Lot zs x vy |_,,/J A
> : Ry ' 5
Gate Vv, = | G e == Vo: S
el o] w3 " E D:v:, 2
Dég‘_ - IJ:—V :
ac(fy) ‘ v Sy % 1
de 1 v R v
Signal
Converter Normal ' Duty-Cycle Perturbation Converter Normal | SRC Perturbation
Operation i for Impedance Measurement Op i 1 forimg 1" 1ce Measurement
H 1 _ ' —
Duty-Cyle (D) ' % on| Signal of SRC i« fp
[ L, -
o  — J_L,,,,J_li,d“(ff’) OFF| PR —————
I Dy, : (V) '
' Battery Current Spike !
Battery Current (Ig) \ \ \ Battery Current (Ig)
] ]
[ by Ioae(£)
IBac v V Ip e

Battery Voltage (VB) 7777777 '\_I ](\_l 777777 [\_I BatteryVoItage(VB)é
i 1r—' ------ et P S e N2

Output Voltage (VO) '

Output Voltage Ripples

:
Output Voltage(V) | Small Output Voltage Ripple

e e T Vi ()

Vo,de . Vo,de
:

Figure 1. Illustration diagrams for battery impedance measurement methods: conventional duty
cycle perturbation method (left) (Reproduced with permission from [5], IEEE, 2017) and the proposed
switched resistor circuit (SRC) perturbation method (right).

2.3. Review of the Converter-Based Duty Cycle Perturbation Battery Impedance
Measurement Method

For the converter-based online battery impedance method in [5,8,12,17], the duty
cycle is perturbed at a given frequency (f,) around its steady-state value (D). This
duty cycle perturbation will result in small signal AC perturbations of the battery
current and voltage around their corresponding steady-state DC values (I 4. and Vg 4.).
As illustrated in Figure 1, a square wave perturbation signal (d,c), which is under f,
frequency, is added to the DC duty cycle of the boost converter. The detailed duty cycle
perturbation information is given below:

Dge+ %, 0<t<,p

2fp
— ;o dac 1 1
D—Ddc+dac— DdC_ 27 zfp<t§7’ (5)
Dge, otherwise

Based on the principle of the converter transfer function, this small square wave duty
cycle perturbation will inevitably result in output voltage ripples to the power converter,
as shown in Figure 1. As reported by [8], the output voltage ripples are around 9% of the
steady-state DC output voltage, which exceeds the general output voltage ripple require-
ment (should be less than 1%) [15]. Moreover, the duty cycle perturbation will also result
in a large current spike to the battery due to the converter transient characteristic. These
spikes may accelerate the battery’s degradation.
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3. Proposed Switched Resistor Circuit Perturbation Method for Output Voltage
Ripple Reduction

In order to alleviate the aforementioned output voltage ripple problem, a switched
resistor circuit (SRC)-based online impedance measurement method is proposed in this
paper, as shown in Figure 1. An auxiliary branch named the SRC, which consists of a
resistor (R1) and a switch (S1), is added to the input side of the converter.

3.1. Principle of the SRC Perturbation Method

When the switch (S1) of the SRC is turned off, the power converter is under the
normal operation, and the input impedance of the converter system seen from the battery
side is R¢, which is defined in Section 2.2. When the switch of the SRC (S7) is turned
on, the resistor (R1) of the SRC is connected with R¢ in parallel. In this case, the system
equivalent resistance seen by the battery is updated to RE:, which is given by:

/ ReRy
Re = 5————~ (6)
€ (Rc+Ry)

Figure 1 shows that if S; is controlled by a 50% duty cycle under a perturbation
frequency (fp), the SRC acts as a variable resistor switching between R¢ and R/C with fp,. It
can be called impedance measurement mode, in which the DC current and voltage of the
battery are superimposed with small square perturbation signals, expressed as follows:

Re, OStSﬁ (7)
! 1 1
RC’ m<tgﬁ

Re(fp) = {
where Rc(t) is the variable resistor representing the impedance of the converter system.

ocv
IB(fp) = Zs +ﬁc(fp) ®)

Vi(fp) = OCV — Ig(fp)Zp

3.2. SRC Parameter Selection

For a simple demonstration of the perturbation step selection, a 18650 lithium battery
is used as an example. Its voltage range is between 2.5 V and 4.2 V, and the nominal voltage
is 3.6 V [18]. The impedance of this type of battery normally is 30-100 m(). Assuming the
EIS measurement requires a 15 mV perturbation voltage to evaluate the battery impedance,
a 150 to 400 mA perturbation current is required. To meet this requirement, a 10 () resistor
is chosen for the SRC. One drawback of the work is the extra power losses. Since the
maximum current is around 400 mA, the maximum instantaneous power of this resistor
is 1.6 W. Moreover, a multi-frequency measurement method is adopted in this paper to
shorten the measurement time for reducing the potential power loss, and the detailed
explanation is given in Section 4.1. It should be noted that the measurement time is very
short, so the total consumption energy will be less than 2 J in this paper. Finally, a 10 )
with a 3 W resistor and a typical IRF540N MOSFET (rpg = 0.077 Q) are selected for the
SRC in this paper.

3.3. Theoretical Verification of Output Voltage Ripple Reduction in the Proposed SRC
Perturbation Method

When a perturbation is applied to the duty cycle, unavoidable ripples will be added
to the output voltage. To have smaller power converter output voltage ripples, a smaller
perturbation step is preferred. However, if the duty cycle perturbation step is too small, it
cannot generate enough perturbation current for battery impedance measurement. The pro-
posed SRC perturbation mitigates both issues, and this section explains through small-
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signal analysis the capability of the proposed SRC perturbation method compared with
conventional duty cycle perturbation method under the same battery perturbation current.

The small-signal AC linear circuit model of the boost converter operating under CCM
is used for system analysis, as shown in Figure 2. The small-signal AC components of
the duty cycle, switching current, and inductor current are represented by d, is, and i,
respectively. r is derived using the principle of the energy converter [19], as:

r=rp+ Dgcrps + (1 = Dgc)re )

where ry is the inductor equivalent series resistance (ESR), r¢ is the capacitor ESR, rpg is
the MOSFET ON resistance, and rr is the diode forward resistance.

L r Ddcvo,ac dacVO,dc
5 YA 2 S
ol
@dac @VB,ac Dacti docl1 re Ry, <> o

Figure 2. Small-signal model of boost converter operating in CCM (Reproduced with permission
from [20], IEEE, 2019).

The small-signal model can be used to find the transfer function and transient perfor-
mance from the disturbance duty cycle (d4c) to the output voltage (v,,4c) and disturbance
input voltage (vp 4) to the output voltage (v, ac)-

The duty cycle to output voltage transfer function T, can be derived as:

Vo,ac(5) (s — wzp) (s + wWan)
T = = Thx 10
p(s) dac(s) |op0  © 8%+ 20wns + w3 10)
here:
e T _ —rcVo,dc (1)
P (R +rc)(1 — Dye)
. RL(l - Ddc)2 —r
Wap = 7 (12)
1
Wzp = Circ (13)
B (1 — Ddc)zRL +7r
“n = \/ LC(R, +rc) 14
g _ C [T(RL + Tc) + RLT’C(l — Ddc)z] +L (15)
2y/LC(RL +rc)[r + (1 — Dgc)?Ry]
and Ty (0) is:
Vol(1 =Dy )?Ry, —r
Tp(()) _ O[( dc)"Re } (16)

(1= Dge)[(1 = Dge)*Ryp +7]
The input (battery terminal voltage)-to-output voltage transfer function, which shows

the variation of the output voltage of small perturbations in the input, is expressed as follows:

Uo,ac(s) -M S+ Wzn
= Myx
B,ac($) |4,.—o §2 + 20 wps + w?

M‘U(S) = 17)
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where: Ro(1— D) (1-Dy)
_ Teko\l —Uyge) — Pgc
and M, (0) is:
M(0) = 0= Dacle 19)

(1 — DdC)ZRL +r

As previously mentioned in Section 3.2, it can be known that the amplitude of vp 4. (s)
is around 15 mV for battery perturbation. For the duty cycle perturbation method, d, is
suggested to be 0.02 [8]. By applying these values in the calculation, the comparison of
the theoretical transient response of M, and T}, can be obtained, and the results are shown
in Figure 3.

Step Response

0.35 .

X 0.0001473
Y 0.3472

Amplitude

0 , , , . .
0 0.2 0.4 0.6 0.8 1 1.2

Time (seconds) 1073

(@)

Step Response
0.35 T T T

03} 1

Amplitude

01} 1
X 0.0001473
005 L | Y 004269 |

0 , , , . .
0 0.2 0.4 0.6 0.8 1 1.2

Time (seconds) 1073
(b)

Figure 3. (a) Step response of v, 4c due to % =0.02. (b) Step response of v, 4c due to vp 4 = 0.015.
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Figure 3a shows that the stable output voltage ripple is 0.246 V, and the spike voltage
is 0.3472 V. Figure 3b shows that the stable output voltage ripple is 0.028 V, and the spike
voltage is 0.04269 V. When the duty cycle perturbation is negative, the induced output
ripple will be —0.3472 V. Therefore, the total output ripples of the duty cycle perturbation
method will be 0.6944 V, which is around 10% of the DC output voltage, and this value
cannot meet the standard ripple requirement (less than 1%) [15]. The theoretical analysis
shows that the output ripple of the proposed SRC perturbation method (0.028 V) is around
16-times smaller than the duty cycle perturbation method (0.6944 V).

3.4. Simulation Verification of Output Voltage Ripple Reduction in the Proposed SRC
Perturbation Method

To further prove this theoretical conclusion, the proposed SRC perturbation method
and duty cycle perturbation method are simulated, and the regular converter operation is
also simulated for comparison. The specifications of the converter used in this simulation
are given in Table 1, with the additional components for the SRC as follows: a Ry =10 (,
a MOSFET with a 50% duty cycle. In this simulation, a typical electrical battery model,
which consists of one ohmic resistor (Ryy) and one RC pair (Ry1, Cp1), is used to represent
the lithium battery, as shown by the battery model in Figure 1.

Table 1. Parameters of the theoretical analysis and simulation for ripple analysis. ESR, equivalent
series resistance.

Design Parameter Value
Battery OCV 35V
Ryo 0.0322 O
Ry 0.026 O
Cr1 37594 F
Duty cycle D 0.5
Inductor L 4.7 uH
Capacitor C 220 uF
Inductor ESR rp. 0.0028 )
Capacitor ESR 7¢ 0.311 Q)
MOSFET ON resistance rpg 0.077 QO
Diode forward resistance rr 0.072 O
Operation frequency 150 kHz
Perturbation frequency 200 Hz
Output resistor Rp 100

Figure 4a shows the waveforms of the DC duty cycle (D), battery current (Ig 4.),
battery voltage (Vg 4.), and output voltage (Vp 4.) when the converter is operated under
the normal power delivery condition (without any perturbation). Figure 4b shows the
waveforms of the DC duty cycle (D) with a small duty cycle perturbation (d,), the battery
current (Ip), battery voltage (Vp), and output voltage (Vo) when the duty cycle perturbation
(dac) is applied to the converter.

First, the output voltage ripple induced by the converter operational switching fre-
quency is only 15 mV, which is 0.23% of the corresponding DC output voltage. After adding
a 0.02 perturbation signal to the duty cycle, the output ripple value is increased to 849 mV,
which is approximately 13% of the corresponding DC output voltage. As previously men-
tioned, the required perturbation current for a 18650 size battery cell is around 150 to
400 mA. A smaller perturbation duty cycle step (such as 0.01) can bring smaller output
ripples [5]. However, the generated perturbation current for the battery is only 0.1 A, which
cannot meet this current range. The detailed comparisons are listed in Table 2.
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Table 2. Battery perturbation signals” and output voltage ripples’ comparison.

dac Perturbed Current (A) Perturbed Voltage (V) Output Ripples (V) THD

No Perturbation 0 0 0 0.015 0.1%
0.01 0.1095 0.00355 0.471 2.77%

Duty Cycle Method 0.015 0.1648 0.00533 0.681 4.14%
0.02 0.2201 0.00712 0.849 5.48%

Proposed SRC method 0 0.2786 0.009 0.050 0.25%

Moreover, it should be noted that the induced output voltage ripples cannot be simply
solved by adding a large capacitor to the output of the power converter. Because a large
output capacitor will reduce the converter dynamic response speed, so it will have a
negative performance on the control transient performance.

o052f T T T .

== I

L L L I L 1 L L
0.305 031 0315 032 0.325 033 0.335 034

03 035 03 0.305 031 0315 032 0325 033 0335 034 0345 035
Battery Current Battery Current
6 T T T T T T 6 T T T T T T
N N
4 q I 1e [N I ‘ | b
2 B 2 [} ] V“J / l o J
I I I I I L I I I I I h | | | I | | I
03 0305 031 0315 032 0325 033 0335 034 0345 035 03 0305 031 0315 032 0325 033 0335 034 0345 035
Battery Voltage Battery Voltage
3 T T T T T T 3 I T T
Battery Voltage
3 32
At
ER1S s 3R = = s
! I ! I ! L | | ! | I I I I I ! I ! !
03 0305 031 0315 032 0325 033 0335 034 0345 035 0.3 0305 031 0315 032 0.325 033 0335 034 0345 035
65 T T T T T T T 3 8 T T T T T T T T
Output Voltage Output Voltage
6.451 = 7 i
O TV 6 1
6.35 - 849mV
! I ! I I L 1 I 1 I I L I I I L I I
03 0305 031 0315 032 0325 033 0335 034 0.345 035 03 0.305 031 0315 032 0325 033 0335 034 0345 035
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(@) (b)
; T T m|
SRC duty cydle
051 L L 1
ok
03 0305 031 0315 032 0325 033 0335 034 0.345 035
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4k 4
2F =
I I I I I I I I I
03 0.305 031 0315 032 0.325 033 0335 034 0345 035
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32k
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03 0.305 031 0315 032 0.325 033 0335 034 0345 035
T T T T T T T
Output Voltage
7k 4
6 50mV —
I I I I L I I I I
B3 0305 031 0315 032 0325 033 0335 034 0345 035
Offset=0
(0)

Figure 4. (a) Waveforms of the converter under normal power delivery mode (no perturbation). (b) Waveforms of the
converter under impedance measurement mode with duty cycle perturbation. (c¢) Waveforms of the converter under
impedance measurement mode with the proposed SRC perturbation method.

On the contrary, Figure 4c shows the waveforms of the duty cycle to the switch of the
SRC, battery current (Ip), battery voltage (V3), and output voltage (V). The ripple of the
output voltage of the proposed SRC method is only 50 mV, which is around 0.7% of the
corresponding DC output voltage. Compared with the 849 mV (13%) of the conventional
duty cycle perturbation method (see Figure 4b), the output ripples are significantly reduced
by the proposed method. Moreover, it can be observed in Figure 4b,c that the large spike
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of battery current/voltage in the conventional duty cycle method during the transient
switching is automatically eliminated in the proposed method due to the adoption of the
10 Q) resistor.

3.5. Experimental Verification of Output Voltage Ripple Reduction in the Proposed SRC Method

As discussed in Sections 3.3 and 3.4, the output ripple of the proposed method is
around 16-times smaller than the duty cycle perturbation method, both in theoretical
analysis and simulation. Therefore, the final experimental verification results will be given
in this section, as shown in Figure 5, and the experimental platform specifications are
shown in Table 3.

Figure 6 shows the sample waveforms for the PWM voltage of the SRC, battery
voltage, battery current, and output voltage of the power converter of the proposed
SRC perturbation method under a 100 Hz perturbation frequency. It can be found that
the proposed SRC method has smaller output ripples as compared with the duty cycle
perturbation method. In [5], the duty cycle perturbation induced large output voltage
ripples, which were around 0.38 V. However, in the proposed method, the output voltage
ripple induced by the SRC perturbation is only around 0.02 V, which is around 19-times
smaller than the conventional duty cycle perturbation method.

—Oscilloscope 5

| Electronic Load  comm

Figure 5. Experimental bench.

Table 3. Main specification of the experimental prototype.

Design Parameter Value
Battery INR18650
Duty cycle D 0.5
SRC resistor Ry 100,3W
SRC switching duty cycle D 50%
Inductor L 4.7 uH
Capacitor C 220 pF
Operation frequency 150 kHz
Electronic load BK8500
Controller Arduino

Data logger NI 6009
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Figure 6. The experimental waveforms of the proposed SRC perturbation method.

4. Battery Impedance Measurement Validation

After validating experimentally the low ripple battery impedance measurement in
Section 3, this section validates that the proposed SRC perturbation method can accurately
measure online battery impedance.

4.1. Battery Multi-Frequency Impedance Calculation Algorithm

As illustrated in Figure 1, the voltage and current signals under the impedance
measurement mode consist of DC components and small periodic odd-square waves
alternating at f,, which are composed of infinite sine waves with odd-integer harmonic
frequencies. By applying the Fourier expansion to the square functions of voltage and
current over time t, the square perturbations can be represented as:

x(t) = % (sin(cut) + %sin(3wt) + % sin(5wt) + .. ) 20)

where A is the amplitude of the signal (battery voltage and current) and w is equal to 2} 7.

The data acquisition (DAQ), which has an analog-to-digital converter (ADC), is used
to sample the battery current and voltage. The discrete-time Fourier transform (DTF) is
utilized to convert the voltage and current from the time domain to the frequency domain,
which can be expressed as:

27'L’fp1”l . . fpl
N i-sin2 N ] (21)

N-1 o N-1
Xp=Y x cem NI =Y x, - [cos
n=0 n=0

where X is the value of the voltage or current at frequency f,, N is the sampled number of
voltage or current, n is the present voltage or current of the calculation moment (from zero
to N — 1), and x; is the current or voltage at n. After DTF processing, the impedance plot
under the perturbation frequency and its odd-harmonic frequencies can be calculated by:

Ziat fr 3f 5 ) = ‘I’jﬁ;eﬁzw )

where Vp(fy) and Ip(f,) are the amplitudes of battery voltage and current at frequency f,
respectively, and 6, (k) is the phase difference between voltage and current at frequency f,.
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4.2. Online Battery Impedance Test at 50% SOC, 1C Discharge Current Rate

When the battery works in online measurement mode, the battery is connected to
the power converter to deliver the power to the load. Therefore, the perturbation current
is superimposed over a DC current passing through the battery. The battery current and
voltage are sampled and stored by the DAQ, NI 6009, with a 14 bit, 48 kS/s sampling
rate. A commercial battery impedance analyzer (Hoiki IM3590) is connected to the battery
terminal to conduct a reference experiment on a 50 % SOC battery with 1C superimposed
DC current. Because the excitation signal of the commercial battery impedance analyzer
is a sine wave, it needs a long measurement time (up to several minutes) to obtain the
impedance under the low-frequency region. This long measurement time can induce
an SOC change to the battery. Therefore, the measured impedance will be inaccurate.
To avoid this issue, the measurement frequency is chosen from 50 to 500 Hz, which
contains important battery information and has a very short measurement time. For higher
measurement reliability, a simple filter is adopted to check that the each data point is kept
at its surrounding data point region. The filter design method was reported by [21,22].

To validate the correctness of the proposed method, six perturbation frequency values
at 50 Hz, 60 Hz, 70 Hz, 80 Hz, 90 Hz, and 100 Hz were selected to implement in this
experiment. One example under 100 Hz perturbation frequency is given in Figure 6.
The impedance at these six frequencies and their harmonic frequencies (from 50 Hz to
500 Hz) can be obtained by applying the DTF elaborated in Section 4.1. Theoretically, only
0.0846 s (% + ...+ ﬁ) are needed to measure all the signals. From the DFT perspective,
more data points can achieve a higher measurement accuracy. Therefore, ten-cycle data
under one frequency were set as an experimental unit, and the total test time was 0.846 s.
Therefore, in this situation, the power loss induced by the resistor of SRC was around
1.036 J. On the contrary, there would not be extra power loss in the conventional duty
cycle perturbation method Figure 7 shows the battery impedance results measured under
50% SOC, 1C DC discharge current by the impedance analyzer (as the reference), and
the proposed SRC perturbation method. As seen from this figure, the proposed SRC
perturbation method is able to measure the impedance of a battery with a high correlation
with a commercially available high-precision impedance analyzer.

‘© 0.105

0.095

Magenitude(Ohmic
o

Online Battery Impedance under 1C, 50% SOC (Reference)
- =% - Online Battery Impedance under 1C, 50% SOC (Proposed Method)
- _25 E T T T T %

3r P 1

-3.5¢ 1

Phase (Degree

_4-1% x- ¥ L L I
50 100 200 300 400 500
Frequency (Hz)

Figure 7. Online battery impedance under 50% SOC, 1C discharge current rate.

4.3. Online Battery Impedance Tests at Various Battery SOC

The battery is tested under different SOC values to confirm the capability of the
proposed impedance measurement method. Figure 8 shows the comparison of the online
battery impedance obtained under the 20%, 30%, and 50% SOC values by the impedance
analyzer (as the reference) and the proposed SRC perturbation method, respectively. The ex-
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perimental results show a good match, and the overall measurement error between the
reference and the proposed method is less than 5%. Moreover, the overall trend of the
experimental results shows that the magnitude of the battery impedance in the low SOC
region is larger than the middle SOC range. It can be found that with the increase of the
frequency, the phase of the battery impedance shows an increasing trend.
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Figure 8. Online battery impedance results (50 Hz to 500 Hz) under different SOC values (a) under 1C, 20% SOC (b), under
1C, 30% SOC, and (c) under 1C, 50% SOC.

4.4. Online Battery Impedance Tests at Various Discharge Current Rates

Since the charge transfer polarization decreases with the increase of the current [23],
it is necessary to confirm that the proposed method can work correctly in different load
conditions. In this section, the battery is tested under different operation currents, which
are 0.5C, 1C, and 1.5C DC current rates, respectively.

Figure 9 shows the comparison of the online battery impedance obtained under
0.5C, 1C, and 1.5C discharge currents by the reference method and the proposed method,
respectively. The results show a good match. The overall measurement error is less than 5%.
The overall trend is that the battery impedance decreases with the increase in the current
rate. More specifically, there is a 4.5 m() increment from 0C to 0.5C, a 16 m() increment
from 0.5C to 1.0C, and a 2.4 m() increment from 1.0C to 1.5C.
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Figure 9. Online battery impedance results (50 Hz to 500 Hz) under different discharge current rates (a) under 0.5C, 50%
SOC (b), under 1C, 50% SOC, and (c) under 1.5C, 50% SOC.

In [5], the authors stated that impedance is not affected by the current rate. However,
results of this paper show otherwise, which is that the battery impedance is significantly
dependent on the discharge DC current rate. The conclusion of this paper is consistent
with the definition of the Butler-Volmer equation, which indicates that both charge transfer
and diffusion polarization are related to the current [23].

5. Conclusions

In this paper, an efficient online impedance measurement method with reduced con-
verter output voltage ripples is proposed. This paper consists of two main contributions.
The cause of the output ripples in the conventional duty cycle perturbation method is ana-
lyzed. Based on the analysis and proof, a low ripple solution by changing the perturbation
source from the main switch of the converter to the input of the converter through a small
switched resistor circuit (SRC) is proposed and verified in the first part of the paper. The
theoretical analysis, simulation, and experimental results show that the output ripples of
the proposed SRC perturbation method are 16-times smaller than the conventional duty
cycle perturbation method. The second part of this paper uses an SRC-integrated boost
converter to validate that the proposed approach has a high impedance measurement
accuracy, and the results show that the overall measurement impedance error is less that
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5% under different discharge current rates and battery SOC values, as compared with a
commercial impedance analyzer.
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