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Abstract

In a recent communication, a method for extracting the equivalent circuit parameters of a lead acid battery from sparse (only three)
impedance spectroscopy observations at three different frequencies was proposed. It was based on an equivalent circuit consisting of a
bulk resistance, a reaction resistance and a constant phase element (CPE). Such a circuit is a very appropriate model of a lead-acid cel
at high state of charge (SOC). This paper is a sequel to it and presents an application of it in case of nickel/metal hydride (Ni/MH)
batteries, which also at high SOC are represented by the same circuit configuration. But when the SOC of a Ni/MH battery under
interrogation goes low, The EIS curve has a positive slope at the low frequency end and our technique yields complex values for the
otherwise real circuit parameters, suggesting the need for additional elements in the equivalent circuit and a definite relationship between
parameter consistency and SOC. To improvise the previous algorithm, in order that it works reasonably well at both high and low
SOCs, we propose three more measurements—two at very low frequencies to include the Warburg response and one at a high frequency
to model the series inductance, in addition to the three in the mid frequency band—totally six measurements. In most of the today’s
instrumentation, it is the user who should choose the circuit configuration and the number of frequencies where impedance should be
measured and the accompanying software performs data fitting by complex nonlinear least squares. The proposed method has built
into it an SOC-based decision-making capability—both to choose the circuit configuration and to estimate the values of the circuit
elements.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Nickel/metal hydride batteries; Electrochemical impedance spectroscopy (EIS); Equivalent circuits

1. Introduction such as potassium hydroxide, a metal case and a sealing
plate equipped with a safety valve. In the cylindrical type,
We have witnessed a spate of research in the introductionthe positive and negative electrodes are separated by the
of new electrochemical systems for memory backup appli- separator and coiled in a spiral inside the case, being sealed
cations. In our pursuit of high rate, high capacity batteries, by the sealing plate through an insulation gasket. In the
Ni/MH batteries have emerged as efficient button cells, very prismatic type, the positive and negative electrodes are sep-
useful for PCs and notebook computers. They are comingarated by the separator and stacked in layers inside the case,
to the market in different sizes and shapes. Gauged with thebeing sealed by the sealing plate. The kinetic parameters
results, they are promising, and research in the area of newof Ni/MH battery electrodes can be estimated from linear
generation Ni/MH technologies seems to be on the rise. Ac- micro-polarization, Tafel polarization or by small signal
cordingly, the need to characterize these cells as accuratelyelectrochemical impedance spectroscopy (HIS2]. Also
as possible, and estimate their SOC with least effort is a using EIS data, the charge/discharge mechanism of metal
matter of immediate concern. hydride electrode can be modelg3-6]. In the rest of the
Ni/MH batteries are composed of a positive electrode paper, we discuss the equivalent circuit approach to inter-
made of nickel hydroxide, a negative electrode made of a pret EIS data and explain how one might arrive at a more
hydrogen-absorbing alloy, a separator, alkaline electrolyte appropriate circuit model from sparse impedance measure-
ments made at discrete frequencies. Our approach chooses
the circuit model based on the calculated parameters and
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2. Equivalent circuit modeling of Ni/MH battery This has to say that a proper choice of circuit configuration
is also a task of determining SOC.

For an accurate model of any electrochemical device, one
might employ a rigorous theory taking all the factors into
consideration, but in practice that becomes too complicated.3. Choice of circuit configuration and extraction of
So, equivalent circuits may be used to relate the dynamical parameters
behavior of a battery. The small-signal behavior of an equiv-
alent circuit model bears a correspondence with the terminal  To derive an electrical circuit using the sparse EIS data, we
properties of the battery over a band of frequencies. Thus, should have in mind what configuration or circuit topology
arriving at a good model from the EIS data continues to we wish to use. For this purpose, we selected the two circuit
be a challenge. The traditional approach in extracting theseconfigurations shown ifrig. 2a and bcircuit-2b being a
equivalent circuits is to collect as much EIS data as possible superset of circuit-2a. The Warburg element is denoted by
and subject it to complex nonlinear least squares algorithm. w in Fig. 2h
Champlin[7] identified the importance of sparse observa-  As can be noted irFig. 1, at the onset of the Warburg
tions and proposed a technique involving measurement ofresponse we find an upward rise in the Nyquist plot. Let the
real and imaginary parts of impedance of a celhdt-2) Warburg impedance treated as a general CPE be expressed
discrete frequencies to evaluate the component values of aras
equivalent circuit consisting ofricircuit elements. The con-

figuration chosen is a series RL circuit and few parallel RC 4W = Dw(2rpHiw — Zw () +IZw (D ()
sections all connected in series. _
In a recent communicatiofi8], we proposed a tech- Let Z(f) = Z'(fi) + jZ"(fi) denote the measured

nique that elicits equivalent circuit parameters from sparse impedance at frequendy, with Z" andZ” to represent real
impedance data. The method relies on an equivalent circuitanNd imaginary parts respectively. At two low frequencies
consisting of a bulk resistance, a reaction resistance and dL1 andfiz2, we wish to consider the slope of the curve
constant phase element (CPE). The simplicity in the circuit Z"(fL1) — Z"(fL2)
topology chosen i8] is justified by the principle of par- ™ = Z'(fi2) — Z'(fin) (2)
simony called “Occam’s razor” highly favored in scientific w2 H
philosophy. According to Boukamj9], it is recommended It is proposed to use circuit (b) it > 0, and circuit (a) if
that if the value of chi-square could decrease by 10-fold, in- M < 0. If m > 0 prevails, we shall propose the following
troduction of a new circuit element is justified in the circuit  trivial relations to get the Warburg values as:
model. In our experience with the Ni/MH cells, we found 2
that the equivalent circuit used [B] is good for cells with Yw = ;arctar(m) (3)
high SOC. But as SOC falls we find an upward bend shown SinGTyw/2)
in an oval in the Nyquist plot dfig. 1for 95% and 5% SOC. Dy = — 4)

It is known that at low SOC, the kinetics of the cell are 2rfiZ"(fra)¥yw
greatly retarded and this can be modeled by a series Warburgpae shall also select three mid frequencigs, fw2, fuz
impedancg10]. The Warburg response has a unit slope in (fys, > fu2, > fu1), and extract values dkr, CPE and
the Nyquist plane. We might view it as a special case of CPE R, ¢ using the algorithm presented [i8].
element whose impedance is of the forfDiy (jw) VW with To estimatel, as we suggested i8], we need a high
Yw close to 0.5. The Warburg response might not show up at frequency measurement . Ignoring the real part of the
high SOC as prominently as at low SOC, unless we measure

at much lower frequencies. Thus, we need to modify the Re
equivalent circuit by adding this extra element at low SOC. /\/\
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Fig. 2. Two circuit configurations chosen to fit EIS data for: (a) high

Fig. 1. Nyquist plot of EIS of a N/NH cell with 95 and 5% SOC. SOC and (b) low SOC.
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impedance at the far-end high frequerfgy we write the

Rs c1 c2 L1
AN I }
following approximate expression faras: m CR\Z/\—l

_Z'(fw)
L= (5)

Rs C1
Thus, Egs. (2)—(5)permit extraction of the additional cir- ; |
cuit elements in addition to the ones[B]. At low-end of R (b)
frequencies, we find that the negative reactance of the War-

burg impedance dominates thatR§—CPE section. Let us Fig. 3. Two circuit configurations chosen to fit EIS data using Solartron
denote the impedance offered byRyy, Rr and the CPE as: S| 1280B over the frequency band 1-10,000 Hz at discrete 21 frequencies.
nrs .

Bvre

Zzarc(f) = j27fL + Rint + 1 Rr — by the RC sections, and since the impedance is dominated
+ RRAo(jw)VZ© by inductance at the high frequency end, we also include an
= Z'zarc(P) +iZ"zarc () (6) RL section.Fig. 3bdoes not have this inductance but it has

a series resistance, one RC section adgsgkc impedance
involving a constant phase element.

Next the experiment is repeated with the method outlined
Zint(H) = Zzarc(H) (7) in the present paper using the six frequengiesl.58, 15.85,
63.1, 251.2, 10,000Hz. Table 1furnishes the circuit ele-
ment values and a statistical comparison of all the models is
made inTable 2 In particular, we computed three somewhat
equivalent statistics: (a) correlation coefficigrtietween the
Zim(H = ZiL(H +iZin (N (8) me_asu_rec_j and interpqla_\ted impedance, (b) error norm [|E]|,
which is just the Euclidian norm of the error, and (c) per-
cent relative error defined a86 = 10Q| E||/||x||, wherex
Ziw(H = Zhpre(H 9) stands for measured real and imaginary pgrts of impedance

appended as a data vector. Froable 1¢ we find that when

Then, if we are to interpolate the impedance at all the other
frequencies based on the parameters of the circliign2a

But if the algorithm picks the circuit ifrig. 2b(which hap-
pens if m> 0), indicating medium or low SOC, we suggest
the following interpolation formula:

where

for all f,
4 H 1 1!
S B Zoarc(D i Z7anc(H) < ZR () 10 Table 1 o ‘
int(f) = 70 ( i 7/ (= A ( ( ) Values of the elements for the circuit in: (Rjg. 33 (b) Fig. 3b and (c)
w(h, ZARC D =zZw(h using Egs. (2)—(5)and circuits 2a and 2b
for f < fus, soc
Zi (D = Zgarc(D (11) 95% 65% 35% 5%
for f> fus (a) Circuit 3a
Th ' laorithm like the ab h builtsin decisi Rs 0.038328 0.037838  0.042862  0.075998
us, an algorithm like the above has a built-in decision 07903 2711 3564 2057
making ability tq rely on the Warburg reactance for_ lowSOC R, 0.087744 0.030237  0.025531  0.032995
at low frequencies and on the CPE element at mid frequen- ¢; 0.40835 0.26479 0.19985 0.045788
cies and on the series inductance at far-end high frequency Re 0.02892 0.023984  0.018568  0.023937

Ly 7.5939E-7 7.2315E-7 7.4886E-7 6.0951E-7

by the “brute-force” rule based knowledge acquisition and
1.174E-13 1.174E-13 1.3949B-7 1.174E-13

has the potential to emerge as a robust technique.
(b) Circuit 3b

Rs 0.038201 0.033976  0.035918  0.074651
. ) C1 12.35 0.80907 0.90384 0.20763
4. Simulation examples Ry 0.046716 0.013266  0.006833  0.008916
Ao 0.63602 8.175 16.9 12.99
In this paper, we took the EIS measurements on a Ni/lMH  vzc 0.85116 0.41125 0.24605 0.28644
battery at four different SOCs, viz., 95, 65, 35 and 5% and R 0.10966  0.10379 2.596€11 2.596E11
at 21 discrete frequencies in the range 1 Hz—100 kHz using (c) Present method
Solartron S| 1280b and the accompanying ZPlot and ZView  Slopem —0.3304  0.2164 0.5111 0.4117
software for finding the equivalent circuit parameters. For ~ Circuit chosen 2a 2b 2b 2b
f comparison, we first considered fitting the en- Rin 0.038 0.0371 0.0421 0.0667
purposes o p n, \ fitung Re 0.1249  0.0447 0.0343 0.0786
tire 21 point EIS data with the choice of two circuits shown Ao 0.6745  0.8943 1.2891 2.8178
in Fig. 3a and lusing these software utilities. These circuits  yzc 0.8357  0.769 0.6828 0.3569
gave better fit compared to other options. The bulk series L1 7.4311E-7 7.1165E-7 7.4437E-7 6.2826E-7
resistance is represented By. The circuit inFig. 3apri- Dw 98139 17.8276  11.9451
Yw 0.1357 0.3008 0.2486

marily attempts to fit the data by two time constants shown
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Table 2 Rs c1 CPE1
N
(a) Correlation coefficient, (b) error norm, and (c) percent relative error I 7
for the circuits 3a, 3b, and 2& 2b combination at various SOCs. R R2
SOoC
0, 0, 0, 0,
95% 65% 35% 5% L T -

(a) Correlation coefficient T @Q =

Circuit 3a 0.9991 0.9989 0.9989 0.9989 ™ 5 01

Circuit 3b 0.9787 0.9589 0.9536 0.9886 E 0 g

Present method 0.9994 0.9983 0.9994 0997 2 & = 0.05
(b) Error norm = & B

Circuit 3a 0.9991 0.9989 0.9989 0.9989 -0.05 O 0

Circuit 3b 0.9787 0.9589 0.9536 0.9886 ’ 0;22! par[tJ ;fZ =0Z15 " ' ' Usrea\ ﬁtg 1 e

Proposed method 0.9994 0.0119 0.0069 0.0088 -
(c) Percent relative rms error

Circuit 3a 3.75 3.75 3.52 3.71 E

Circuit 3b 19.2 24.54 24.99 12.07 g 5

Proposed method 3.04 4.7974 2.6683 2.003 S0C = 95% E

= o]
E o

SOC is 95%, the algorithm has picked the configuration of .05 2 = Tiils
circuit 2a yielding lessee% and bettep. And for SOC of imag fit2

o L . . .
5%, circuit 20b is selected by the algorithm giving the least Fig. 5. (Clockwise from top right) The Nyquist plot of EIS for
€% of 2.003%. SOC= 95% Measured and calculated values of real part and imaginary

Also in a series of figureBigs. 4-10we provide the EIS parts of impedance using circuit 3b shown pe- x line. Percent relative
data measured and interpolated both in the complex Nyquisterror= 19.2%.
plane (a), as well as real and imaginary parts separately in
(b) and (c) in each. The = x line in Figs. (b) and (c) shows  of the former.Figs. 8 and dikewise show the results for
ideal case when the interpolated and observed values coin<ircuits 3b and 2b. Lastly, to underscore the importance of
cide. InFig. 7, we find the interpolated EIS based on circuit fitting EIS data to a suitable circuit configuration, we show
3a deviating from the measured data at low frequencies with in Fig. 10 the result of applying the sparse algorithm with
a downward trend (shown by an arrow) running repugnant
to the idea of passive Warburg response at low SOC, dis-
favoring the use of discrete RC sections in stead of circuit
elements CPE or W that exemplify a continuous distribution ‘ /\/\
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Fig. 4. (Clockwise from top right) The Nyquist plot of EIS for  Fig. 6. (Clockwise from top right) The Nyquist plot of EIS for
SOC= 95% Measured and calculated values of real and imaginary parts SOC= 95% Measured and calculated values of real part and imaginary
of impedance using circuit 3a shown an= x line. Percent relative parts of impedance shown on= x line. Percent relative errce 3.04%.
error = 3.75%. The algorithm selects circuit 2a.
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Fig. 8. (Clockwise from top right.) The Nyquist plot of EIS for SG€5%
Measured and calculated values of real part and imaginary parts of
impedance using circuit 3b shown om = x line. Percent relative
error=12.07%.

Fig. 7. (Clockwise from top right.) The Nyquist plot of EIS for SG£5%
Measured and calculated values of real part and imaginary parts of
impedance using circuit 3a shown on = x line. Percent relative
error= 3.71%.
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Fig. 9. (Clockwise from top right.) The Nyquist plot of EIS for SG£5% Measured and calculated values of real part and imaginary parts of impedance
of circuit 2b shown ony = x line. Percent relative erree 2.0083%.
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Fig. 10. (Clockwise from top right.) The Nyquist plot of EIS for SGE5% Measured and calculated values of real part and imaginary parts of
impedance taking circuit 2a shown on= x line. Percent relativeerree 52.76%.

three mid-frequency points to the case of 5% SOC. The approach it varied widely in the range 4-25% for different
values obtained are quite anomalous in that complex resultsSOC. The circuit topologies chosen are consistent with the
are obtained, which is a sure revelation of low SOC becausePhysical processes involved in the battery and the computa-
circuit 2a is appropriate for high SOC and a wrong choice tional complexity of the proposed method is less than that
for low SOC. The shaded circles Figs. 6, 9, and 18how  Of nonlinear least squares technique.

the discrete values used in the sparse algorithm.
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