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EIS study of electrochemical battery discharge on constant load
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Abstract

The impedance of electrochemical battery has been measured using a classical impedance-measurement apparatus to control the
battery discharging into a constant load under current perturbation. This new method can be used even when the discharge current is
greater than the maximum current that could be supplied by the regulation of the impedance-measurement apparatus used. Impedance
measurements were first carried out on sealed Ni—Cd cells with a capacity of 0.65 Ah using the classical modulated current method and
the new proposed method. The results show that the impedance diagrams, obtained during battery discharge through a constant load R,
are identical to those obtained during discharges at a constant current with value U,,_,./R where U, ., is the mean voltage of the battery
during its natural discharge. These comparative measurements validate the proposed impedance-measurement method which can be used
to test all types of batteries or fuel cells. Impedance measurements are presented for sealed lead /acid cells with a capacity of 25 Ah and
battery discharge currents greater than the maximum current that the regulation system could supply. These measurements show that the
proposed method may be used with classical impedance-measurement set to test high-capacity and low-impedance batteries during

discharge into a constant load. © 1998 Elsevier Science S.A.
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1. Introduction

Impedance measurements provide useful information on
electrochemical systems [1] and are proposed as a means
of determining the state-of-charge of batteries. Classical
impedance-measurement set implementing electrochemical
regulation and a frequency response analyser can be used
to measure the open-circuit impedance or the impedance
during forced discharge of electrochemical batteries at a
constant current. Under open-circuit conditions, the battery
does not supply power during the experiment. It is thus
possible to study, under potentiodynamic or intensiody-
namic conditions [2—7], high- or low-capacity batteries or
battery cells at different stages after charging or discharg-
ing. On the other hand, impedance measurements for
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charging or discharging batteries use a modulated current
with an amplitude less than the maximum value (in general
2 A) of the regulation current. This explains why this
method is used to measure the impedance of low-capacity
batteries during operation [8]. Impedance measurement on
cells in an operating telecommunication battery strings
have alternatively been performed with a Fourier-trans-
form signal analyser, using the intrinsic load and power
supply induced noise of the operating battery string as a
signal source [9].

We have developed a new experimental method to
measure the impedance of batteries during discharge. This
method uses classical impedance-measurement set to con-
trol, under sinusoidal current perturbation, a battery dis-
charging into a constant load. In this case, the mean
current flowing through the battery varies with time, how-
ever, the amplitude of the current modulation used for the
impedance measurements, which is imposed by the elec-
trochemical regulation, remains constant.

Examples of impedance measurements carried out on
sealed Ni~Cd cells and sealed lead /acid cells, using the
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classical modulated-current method and the new proposed
method, are presented. The results are compared for low-
capacity batteries for which both methods may be used.
Impedance measurements carried out using the new
method, for cases in which the battery discharge current is
greater than the maximum current that can be supplied by
the regulation system, are presented for high-capacity bat-
teries.

2. Experimental method

The impedance measurements were carried out on bat-
teries with different capacities, namely a Mazda sealed
Ni—Cd type NCR6 0.65 Ah battery and a Hawker sealed
lead /acid Cyclon type BC 25 Ah 2 V cell. The batteries
underwent at least five charge/discharge cycles before
testing.

The Ni—Cd batteries were charged under intensiostatic
conditions according to the manufacturer’s recommenda-
tions. We used a standard charge procedure corresponding
to a 140% of the nominal capacity C, with a current
corresponding to a 1 h capacity variation of C/10. Charg-
ing lasted approximately 14 h and the battery voltage was
limited to 1.55 V. The sealed lead/acid batteries were
charged at an imposed current level until a voltage of 2.3
V was reached, then this voltage was maintained constant
until the battery was completely charged.

The batteries were discharged down to 0.9 V cut-off
voltage for the Ni—Cd batteries and 1.8 V for the sealed
lead /acid batteries.

The impedance measurements were carried out using an
electrochemical-regulation system (Solartron 1286 electro-
chemical interface) and a Solartron 1250 frequency re-
sponse analyser. The measurement set was controlled by a
PC equipped with an HP 83200 IEEE board. The SAMDIE
software developed in our laboratory [10] was used for
data acquisition and plotting of impedance diagram. The
results were processed using Mathematica™ [11] software.

Battery impedance was measured in the 6500 Hz-50
mHz or the 650 Hz—-50 mHz frequency range, depending
on the implemented current-measurement range, in auto-
matic sweep mode from high to low frequency with 8
points per logarithmic decade. A low-pass filter with-a 10
Hz cut-off frequency automatically steps in for frequencies
under 1 Hz.

The Solartron 1286 regulation system was used in
intensiodynamic mode in a two-electrode assembly. The
reference 1 and working outputs on the regulation sysiem
were interconnected to constitute the positive output for
the entire regulation system. The reference 2 and counter-
electrodes outputs, interconnected, constituted the negative
terminal for the regulation system. The connections be-
tween the battery and the regulation system are presented
in Fig. 1(a) for battery impedance measurements during
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Fig. 1. Connections used for the EIS study during discharge of batteries at
(a) constant current or (b) through a constant load.

constant current discharge and in Fig. 1(b) for the study
during constant load discharge.

3. Comparative study of low-capacity Dbattery
impedance during discharge at constant current or
through a constant load

This study was carried out on low-capacity batteries in
view of validating the new measurement method by com-
paring it to the classical method.

A battery may be characterized by its voltage change
with time at an imposed discharge current. The value of
this current may be expressed as 1 h capacity variation, for
example C/10. The voltage variation can alternatively be
expressed as a function of the discharge level given as a
percentage of the nominal capacity. We used the latter
representation because it may be used easily to compare
two different discharge rates. We thus compared the dis-
charge at constant current and the discharge through a
constant load for a given battery.

Discharge of a battery through a constant load R is
carried out with a current

1(t) =U(t)/R (1)
which varies with the battery voltage U(z). The mean
discharge current [ is defined as

mean

Lewn = [1/(R)] fo U(r)dr (2)

The change of the capacity Q(t) with time is then
calculated by

0(1) = (1/R) [U(r)dr (3)

Alternatively, for a discharge at constant current I, we
have

(1) =1l (4

Fig. 2 shows the cell voltage evolution for a Mazda
Ni—Cd type NCR6 0.65 Ah battery, discharged through a
30 € constant load as a function of the percentage of the
nominal capacity calculated as

% capacity = 100Q(t) /C (5)
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Fig. 2. Discharge of a Mazda Ni—Cd type NCR6 0.65 Ah battery through
a 30 () constant load. Evolution of the battery voltage and the current
during discharge as a function of the percentage of nominal capacity. The
mean current discharge is given in full line.

Fig. 2 shows also the evolution of the discharge current
and its mean value during discharge.

In Fig. 3, the voltage variation is compared with that of
the same battery discharged at constant current. The dis-
charge curves are approximately superimposable when the
current used for discharge at constant current takes approx-
imately the same value as the mean current observed for
the natural discharge on the constant load.

The battery impedance was studied under sinusoidal
current perturbation during discharges carried out with a
current approaching C/10 over periods of at least 10 h.
Using the condition of Fig. 1(a), the current imposed by
the regulation system was the sum of a constant current [
and a sinusoidal perturbation with a low amplitude Al In
contrast, the regulation system imposes only the sinusoidal
current with amplitude A7 when the battery impedance is
measured during a discharge through a constant load (Fig.

1(b)).
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Fig. 3. Voltage evolution vs. percentage of nominal capacity for a Mazda
Ni-Cd type NCR6 0.65 Ah. Battery discharged through (@) a 30 Q
constant load or (O) at a constant current I =42 mA. Points A and B
correspond to the impedance diagrams in Fig. 7 and Fig. 12.
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Fig. 4. Voltage evolution vs. discharge time for a Mazda Ni-Cd type
NCR6 0.65 Ah baitery (@) before and (O) after plotting of the impedance
diagrams. Discharge through a 30 () constant load; Al=2 mA, v €
6500 Hz, 50 mHz. Point A corresponds to the impedance diagrams in Fig.
12.

Impedance measurements were carried out every hour
and each diagram was obtained following a discharge of
approximately 8% of nominal capacity. Integration of the
signals corresponding to the current and the voltage was
carried out by the frequency response analyser in auto-
matic and long integration mode, with a maximum of 60
cycles on the measurement channel for the the battery
voltage. Under these conditions, the acquisition time of an
impedance diagram was approximately 7 min. Measure-
ment of the battery voltage before and after plotting of the
impedance diagram was used to check whether the battery
operation was quasi-stationary. We noted that the voltage
variation was less than 4 mV under the above experimental
conditions, for a percentage of discharged nominal capac-
ity between 10% and 90% (see Figs. 4 and 9).

The impedance diagrams show, at the highest frequen-
cies, an inductive behaviour characteristic of the measure-

_lmZ/mQ

Fig. 5. Three-dimensional Nyquist representation of the impedance dia-
gram evolution vs. percentage of nominal capacity for a Mazda Ni—Cd
type NCR6 0.65 Ah battery after correction of the high frequency
inductive part. Discharge through a 30 €} constant load; A/=2mA, v €
6500 Hz, 50 mHz. The battery voltage evolution during discharge is
given in the profile plane.
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Fig. 6. R, + R; evolution vs. percentage of nominal capacity for a Mazda
Ni—Cd type NCR6 0.65 Ah battery discharged through a 30 Q constant
load.

ment set. The high-frequency part of the diagrams pre-
sented below was corrected using the procedure indicated
in the Appendix.

Fig. 5 shows the Nyquist impedance diagrams for a
Mazda Ni—Cd type NCR6 0.65 Ah battery discharging
through a 30 {) constant load as a function of the battery
discharge level expressed as a percentage of its nominal
capacity. The impedance diagrams, corrected in their
high-frequency inductive part, are made up of two coales-
cent capacitive arcs in the 6500 Hz-50 mHz frequency
range. The modulus of the battery impedance increases as
the battery discharges.
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Fig. 7. Nyquist impedance diagrarﬂs for a Mazda Ni—-Cd type NCR6 0.65
Ah battery after correction of the high frequency inductive and resistive
parts: (a) at point A in Fig. 3 (discharge through a 30 £ constant load),
and (b) at point B in Fig. 3 (discharge at a constant current of 42 mA)
with A7=2 mA, v € [6500 Hz, 50 mHz]. The frequency is indicated on
the diagrams.

The impedance of the Ni—Cd battery may be roughly
represented by combining a resistance R, corresponding to
the leads and the connections between the battery and the
regulation system, an internal battery resistance R, and the
impedances of the electrodes which depend on the
charge /discharge level of the battery. The value of R, + R;
is fairly constant during discharge and increases at the end
of discharge (Fig. 6). This characteristic behaviour of the
battery can be reproduced. However, the precise value of
the resistance R, for the battery cannot be determined
accurately in this manner due to the non-reproducibility of
the value for resistance R_ cotresponding to the connec-
tions. We noted a dispersion of approximately 10% for the
values of R+ R; around a mean value for an identical
discharge when the battery is disconnected, then recon-
nected between several identical experiments.

The corrected impedance diagrams for R+ R;, ob-
tained using the two methods (discharge at constant cur-
rent or through a constant load), are practically identical as
shown in Fig. 7 in which two diagrams are shown corre-
sponding to two similar discharge leveis of the battery
(points A and B in Fig. 3).

For a discharge carried out through a constant load R,
the measured impedance Z(v) is

Z(v) =Zs(v)R/(Zs(v) +R) (6)
where Z;(v) is the battery impedance. The measured
impedance is that of the battery provided

ZG(V) <R VVE (Vmin’Vmax) (7)
and therefore
Z(V) zZG(V) VVE(Vmin’Vmax) (8)

which is satisfied for the discharge resistances used in this
work.

The preceding comparative study shows that the battery
impedance diagrams, obtained during discharges through a
constant load R, are identical to those obtained during
discharges at a constant current with a value equal to
U ean/R Wwhere U_ is the mean battery voltage during
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Fig. 8. Voltage and current evolutions vs. percentage of nominal capacity
for a Hawker sealed lead/acid Cyclon type BC 25 Ah 2 V cell dis-
charged through a 1 Q constant load. The mean current discharge is
given in full line.
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Fig. 9. Voltage of a Hawker sealed lead /acid Cyclon type BC 25 Ah 2 V
cell (@) before and (O) after ploiting of the impedance diagrams.
Discharge through a 1 Q constant load; A/ =60 mA, v € [650 Hz, 50
mHz]. Point D corresponds to the impedance diagrams in Fig. 14.

its natural discharge. This study validates the new
impedance-measurement method presented in this paper
for a battery during discharge through a constant load.

4. Impedance of a high-capacity battery during dis-
charge through a constant load

We measured the impedance of a Hawker sealed
lead /acid Cyclon type BC 25 Ah 2 V cell during its
discharge through a 1 ) constant load for which the initial
discharge current of 2.3 A was greater than the maximum
value (2 A) that could be supplied by the regulation
system. The constant-current measurement method could
therefore not be implemented for such a high current. Fig.
8 shows the evolution of the battery voltage and the
discharge current as a percentage of the nominal capacity.
The impedance diagrams were plotted every hour using a
sinusoidal perturbation with an amplitude of 60 mA. The
acquisition conditions for the diagrams were identical to
those indicated above for the Ni-Cd battery. Measurement
of the battery voltage before and after plotting of the
impedance diagram was used to check whether its opera-
tion was quasi-stationary (Fig. 9).

The resulting diagrams, corrected in their high-frequency
inductive part, are made up of two capacitive arcs in the
650 Hz-50 mHz frequency range. The size of the arc
changes with the battery discharge level (Fig. 10). As was
the case for the Ni—-Cd batteries, the value of R + R,
obtained by extrapolating the high-frequency arc, was
practically constant during the discharge of the sealed
lead /acid battery and increased at the end of the discharge
(Fig. 11). -

5. Conclusions

We have proposed, developed and tested a new experi-
mental method for impedance measurements of electro-

Fig. 10. Three-dimensional Nyquist representation of the impedance
diagram evolution vs. percentage of nominal capacity for a Hawker
sealed lead /acid Cyclon type BC 25 Ah 2 V cell after correction of the
high frequency inductive part. Discharge through a 1 Q constant load;
AI=60 mA, ve [650 Hz, 50 mHz]. The battery voltage evolution
during discharge is given in the profile plane.
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Fig. 11. R.+ R; evolution vs. percentage of nominal capacity for a
Hawker sealed lead/acid Cyclon type BC 25 Ah 2 V cell discharged
through a 1 () constant load.

chemical batteries during discharge. This method uses a
classical impedance-measurement set to control, under si-
nusoidal current perturbation, a battery connected in paral-
lel to the load into which it discharges.

Impedance measurements were carried out on Mazda
sealed Ni—Cd type NCR6 0.65 Ah batteries using the
classical modulated-current method and the proposed
method. The results show that the impedance diagrams,
obtained during battery discharge through a constant load
R, are identical to those obtained during discharges at a
constant current with value U, /R where U, is the
mean voltage of the battery during its natural discharge.
These comparative measurements validate the proposed
impedance-measurement method, which can be used to test
all types of batteries or fuel cells.

Impedance measurements using the new method were
carried out on a Hawker sealed lead /acid Cyclon type BC
25 Ah 2 V cell during discharge through a 1 €} constant
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load. The battery discharge current was then greater than
the maximum value (2 A) that could be supplied by the
regulation system. The constant-current measurement
method could therefore not be used. The amplitude of the
sinusoidal signal (60 mA) used during this study repre-
sented 2% of the mean value of the discharge current. The
obtained results show that it is possible, using the method
proposed in this article, to study with classical impedance-
measurement set, the impedance of high-power and low-
impedance batteries during their discharge through a con-
stant load or more generally through an impedance Zp(v)
which verifies the condition Z;{(v) < Z,(v) in the whole
frequency domain.

Impedance diagrams of lead /acid and Ni—Cd batteries
are made of high frequency inductive and resistive parts
and two capacitive arcs. It is generally assumed [3] that the
inductive part is due to the electrode geometry and connec-
tions inside the cell and that high frequency resistance is
due to the connections, the separator and the electrolyte
resistivity. The first capacitive loop is related to the elec-
trode porosity and the second depends on electrode reac-
tion kinetics controlled by mass transport [3].

Note that our article is focused on the method and
operating mode for EIS measurements carried out with
electrochemical batteries. Explanation of the impedance
diagrams is beyond the scope of this work.

Appendix A

The impedance diagrams for batteries during discharge
often show inductive behaviour for the high frequencies, as
is shown in the impedance diagram for a Mazda Ni—Cd
type NCR6 0.65 Ah battery measured in the 6500 Hz—50
mHz frequency range following discharge of 46% of its
nominal capacity through a 30 £ constant load (Fig. 12(a)
and point A on the diagram in Fig. 4). In this experiment,
the connections between the measurement set and the
battery were those presented in Fig. 1(b) and the amplitude
of the sinusoidal signal was 2 mA.

The inductive behaviour at high frequencies depends on
the battery studied as well as on the measurement set and
the connections with the battery [1,5,12]. Certain authors
have suggested running a blank test in which the battery is
replaced by a resistor with a resistance equal to the low-
frequency limit of its impedance and using the resulting
diagrams to correct the impedance diagram for the battery
(51

We consider that the resulting diagrams are due to the
combination of the battery impedance in series with an
inductance or to a circuit formed by the parallel combina-
tion of an inductance and a resistance. For example, for the
Mazda Ni—Cd type NCR6 0.65 Ah battery, the imaginary
high-frequency part of the impedance diagrams varies in a
linear manner with the frequency (Fig. 13) and the mea-
sured impedance is that of the battery in series with an
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Fig. 12. Nyquist impedance diagram for a Mazda Ni—Cd type NCR6 0.65
Ah battery: (a) plotted at point A in Fig. 4 (discharge through a 30 Q
constant load), and (b) following correction of the high-frequency induc-
tive part with A7=2 mA, v € [6500 Hz, 50 mHz]. The frequency is
indicated on the diagrams.

inductance. The value measured at different discharge
levels of the battery remains constant throughout a given
experiment. The mean value of the inductance obtained
from eight impedance diagrams during the discharge of the
Ni—Cd battery through a 30 Q constant load with a mean
current of 41.3 mA and an amplitude modulation of 2 mA
was 7.6 wH. This value was used to correct the impedance
diagrams (Fig. 12(b)).
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Fig. 13. High-frequency impedance imaginary part vs. frequency for the
impedance diagram in Fig. 12(a): (@) experimental results are fitted to a
(——————) self-inductance impedance.
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Fig. 14. Nyquist impedance diagram for a Hawker sealed lead /acid
Cyclon type BC 25 Ah 2 V cell: (a) plotted at point D in Fig. 9 (discharge
through a 1  constant load), and (b) following correction of the
high-frequency Ryp /Lyp part with A7=60 mA, v < [650 Hz, 50
mHz], the frequency is indicated on the diagrams.

For the Hawker sealed lead /acid Cyclon type BC cell
25 Ah 2 V cell, the imaginary high-frequency part of the
impedance diagrams does not vary in a linear manner with
the frequency, as is shown in the example in Fig. 14(a).
The impedance is that of the battery in series with a circuit

made up of an inductance and a resistance in parallel. The
value of these components was measured by parametric
identification of the imaginary high-frequency part of this
circuit and that of the measured impedance. The value
obtained for the inductance during discharge is approxi-
mately constant and the value of the resistance R in-
creases with the battery discharge level. The mean value of
the inductance obtained on the basis of eight impedance
diagrams during the discharge of the sealed lead/acid
battery through a 1 Q constant load was 1.6 wH. The
determined Ly and R, values were used to correct the
impedance diagrams (Fig. 14(b)).

The determined values of L, (Ni—Cd battery) or of
Lyr and Ry (sealed lead /acid battery) may vary from 10
to 20% during successive experiments between which the
battery connections are modified. This confirms that the
inductive behaviour observed at high frequencies depends
on the measurement set and on the system connections.
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