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ABSTRACT

In this research, a novel battery charge system with
embedded diagnosis function is proposed by using online
impedance spectroscopy. The impedance spectroscopy technique
is employed to investigate the impedance variation of the battery
thereby estimating the state of health of the battery. A small
voltage perturbation is applied to the battery by the voltage
controller of the bidirectional converter with no additional
hardware and the impedance of the battery is then calculated by
the digital lock-in amplifier embedded in the DSP of the charger.
The design procedure of the proposed charger is detailed and the
feasibility of the system is verified by the experiments.

1. Introduction

Recently some research results have found that the battery
aging can be estimated by monitoring the internal impedance of
the battery. Through the periodical monitoring of the variation of
the internal impedance in the battery State-Of-Health (SOH) of it
can be estimated. If this diagnosis function can be implemented
in the charger, the reliability of the battery based system can be
significantly improved since the SOH can be monitored during
every charge process.

In this research, a novel intelligent charger for lead-acid
battery is proposed. This proposed charger employs the CC/CV
method to charge the lead-acid batteries and impedance
spectroscopy technique is applied by using the voltage control of
the charge converter. The parameters of the equivalent circuit
model are then extracted by using complex nonlinear least-
squares fitting and the values are compared to the parameter set
of the fresh lead-acid battery to estimate the SOH of the battery.
It is advantageous that the proposed method is applicable to any
type of the charge converter and can be implemented with no
additional hardware.

2. Proposed intelligent charger with embedded

battery diagnosis function using online impedance
spectroscopy technique

Fig.1 shows the block diagram of the proposed intelligent
charger with embedded diagnosis function using online
impedance spectroscopy technique. The charger system consists
of a bidirectional DC/DC converter, a lead-acid battery and a
DSP that performs the digital control of the charge converter and
diagnosis for the battery. The operation of the charger can be
simply classified by two main functions, charge operation and
impedance spectroscopy operation. Normally the charger charges
the battery by CC/CV method until it is fully charged and then
the impedance spectroscopy is performed to get the impedance
spectrum of the battery. In order to calculate the battery
impedance at each frequency, a small sinusoidal voltage
perturbation is applied to the terminal of the battery by the
voltage control of the converter and the current response with
respect to the voltage perturbation is then measured over the
measurement frequency range. The Digital Lock-In Amplifier

(DLIA) implemented in the DSP is used to calculate the ac
impedance of the battery at each frequency. Since the DC/DC
converter is bidirectional, the battery can be charged and
discharged within one cycle of perturbation, hence maintain the
charge of the battery same before and after the test, thereby
ensuring the linearity of the test.

Q

A

L
Y b
Cout

N . . T
. g lbc Q. L iSR! || ead-acid
Gnd{?| * Vius Tlink Fﬁ‘] T V,,.:;__cbi battery

Rectifier
Current
Controller

Controller
Selector

Voltage
Controller

Impedance Look-n Current/Voltage
Calculation Amplifier Measurement

2

Parameter Parameter
Analysis Extraction

State of
health
Esitimation

% Impedance

Vier|  AC sweeping
signal

Warning? I

Digital Signal Processor

Fig. 1 The block diagram of the proposed intelligent charger

3. Design of the voltage and current controller for the
proposed intelligent charger
By applying the small-signal modeling technique to the
charge converter including R-C model of the lead-acid battery,
the control to output voltage (Gw) and the control to inductor
current (Giq) transfer function can be obtained as followings:
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In the design of the voltage controller, the selection of the
crossover frequency is important because the perturbation should
not be distorted for the accurate impedance measurements. Since
the impedance measurements need to be performed from 0.1
[Hz] to 1 [kHz] to get the useful impedance spectrum, the
bandwidth of the closed-loop system should be selected ten times
higher than the highest frequency of measurements in order to
avoid the distortion. Thus, the bandwidth of the voltage loop is
selected at 10.0 [kHz] in this case. In the design of the current
controller, the bandwidth of the closed-loop system is chosen at
3.0 [kHz], 1/20 of the switching frequency, because the charge
process does not require high dynamics. The control to output
current and voltage transfer functions were obtained with the
following parameters: Veus = 30.0 [V]; D =0.48; L = 160.0 [pH];
Cour = 10.0 [uF]; C» = 90000.0 [F] and Ry = 30.0 [mQ]. Finally,
the current controller and the voltage controller for were
designed as followings:
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4. Digital lock-in amplifier embedded in the DSP
DLIA technique is used to calculate the impedance spectrum
with the measured voltage and current. It is a popular signal
extracting technique due to its precise measurement performance
even in the presence of high noise levels. The small ac signal
detected by the DLIA can be expressed as

X[n] = Asin(Z;rJJ:n + 9]+ ZAW sin(Zn’ ?“ n +9nej 3)
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The detected signal is then multiplied by the in-phase and
quadrature-phase reference signal, respectively. Thus,
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By filtering the ac component in (4) and (5) by using MAF
(Moving Average Filter), the magnitude and phase of the input
signal can be computed as in (6) and (7).
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5. Parameter extraction of the battery model
The lead-acid battery can be modeled by the well-known
Randle’s equivalent circuit as in Fig. 2.
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Fig. 2 The equivalent circuit model of the lead-acid battery
The impedance of the equivalent circuit model of the battery
in Fig. 2 can be calculated as (8).
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The complex nonlinear least-squares fitting can be used to
estimate the value of the battery parameters. The complex
impedance ‘Z’ can be written as a function of the angular
frequency as followings.

Z=[f(0:6); 6,=R,R,,C, ©)

The parameter Rs, Ry and Cu can be estimated by minimizing
the function ‘®’.
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Where ‘y;’ is the actual measurement data; Z; is the
impedance calculated by the model. ® is minimized by
setting 60 /06, =0; 6,=R, R, C, . If the approximated

P’
parameters have a variation (A), the following expression can be
obtained by using Taylor series expansion.
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The value of ARs, ARp, and ACus are then calculated by using
(10) and (11). Consequently, Rs, R, and Ca are updated by AR,
ARy, and ACa, respectively. The calculation is repeated until the
value @ converges to a certain limit in order to obtain the best
estimated value for the battery model parameters.

Z(@),, = Z(w), + LAC, (11)
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6. Experimental result
Fig. 3 shows the charge profile of the lead-acid battery using
the proposed charger. As shown in the figure, impedance
spectroscopy is performed from 0.1Hz to 1 kHz frequency range
after the battery is fully charged.
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Fig. 3 Charge profile of the lead-acid battery by the proposed charger
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Fig. 4 Nyquist impedance plots of the battery by the impedance
spectroscopy performed by the instrument and the proposed converter

Fig. 4 shows Nyquist impedance plots measured by the BPS
instrument and the proposed converter. As shown in the figure,
two results are well matched each other and the Chi-Square value
was calculated as 0.91% representing the strong correlation
between two results. The estimated value for Rs, R, and Car by
using (10) and (11) in this case are Ry = 44.5 [mQ], R, = 98.9
[mQ] and Ca=30.7 [F].

7. Conclusion and Future Work

A novel lead-acid battery charger with embedded diagnosis
function using online impedance spectroscopy was proposed.
The impedance spectrum of the battery was successfully
measured by the proposed charger. In the future, the parameter
variation of the battery will be monitored over the life cycle and
the equation will be built for estimating the State-of-Health of
the battery. The SOH of the battery can be estimated by
comparing the current parameter values to the reference values.
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