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ABSTRACT

The concept of hybrid battery system is proposed in this thesis.
The key of hybrid battery system is the equivalent circuit represented battery
characteristics. Therefore, the equivalent circuit of lead acid and lithium ion
batteries are developed. The measurement method and tested circuit for getting
battery model are also proposed by using charging current terminal voltage and
impedance angle of tested batteries. The proposed equivalent circuit are validated
under both time and frequency responses using MATLAB/Simulink and PSIM 9.0.
The results show that the proposed equivalent circuit is accurate adequately. The
results of this study can be used to design the hybrid battery system including
battery monitoring and charger system in the future.
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RELATIONSHIP BETWEEN TEMPERATURE
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doyayaunseeu (excitation signal) wamsladaauns
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nanauauevesdygunszualni uanelamaauns
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2.4.2 nsudnsdaya (Data Presentation)
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2.6.1 One-RC Branch Equivalent
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2.6.2 Two-RC Branch Equivalent

Vocv
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2.6.3 Finite Warburg impedance Model
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[Secretf[Authorized party onhRank[A]

SPC-KMT-E0001

2. Module specifications
2.1. Basic configuration

Table 2.1 The outline of module specifications

Item Specifications
Name 27 6V-40Ah secondary battery module on vehicle
Model number AMO1202CCAQSA
Nominal capacity 40Ah
Nominal voltage 276VDC
Nominal energy 1104Wh
Weight 14k g (Approx.)
Storage temperature range e, =
Environmental temperature) 30 55 deg.C (No condénsation)
Operating temperature range b ;
(Cell temperature) -30 ~ 55deg C (No condensation)
Operating ambient humidity range 15 ~ 85%RH
Dimensions H: 1487 8mm L :3585mm W 122.65mm
Main terminals M6 Extra Low head Cap Screw (Recess: T20Hexalobular)
Type name of connector on CMU SMOBB-CPTK-1A-TB (Manufactured by JST)
18V ~ 2.4V (Cel 1.6 ~ 2.7V)
Ontirgig (e (s (Voliage threshol 1 3V/3 0V @ cal)
- 48V (12 x4.0V) orless
Absolufe maximum faling | (The definition of maximum rating voltage is that operating circuit
volkage on CMU doesn't become malfunction)
High - ["Consumption current Each cell: 40mA or less
voltage | (Not operating cell | (Current doesn't flow through module terminals but through each
system | balancing) cel)
€ Sulancing St m‘gﬁ)ﬁ:&@ is 2.8V)
270pA or less in each cell
Dark current (Current doesn't flow through module terminals but through each
cell).
Rated supply voitage 12V
L% Operating voltage 8 ~ 18V
e
:Y,tegm Consumption current In operating (Including in cell balancing): 17mA of less
Dark current OmA
Damp proof CMU board is applied damp-proof material
insulated resistance ltxvohn and ovefa(ln\pplnd voltage: DC1000V, between high and
A . Applied voltage: AC2500V for 1 minute
Dlslectrc svengh voliage (Between high and low voltage terminal)
Operating alttude range 1,000m or less
Accessories e
o .« | Communication cable
mmﬁons are out of TOSHIBA's (Operation check: Packaged 1 pcs per 1 module )

| Spaifatians Beinionl dats o129 128
® Botalve rot for the fral ratuat. Thos
W€ 9.0t 1o Fargd WITTAL gAY oo

Confidential

3Ul 3.2 Data Sheet wasuUALAET TOSHIBA
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Electrochemical Impedance Spectroscopy (EIS)

Part 1 — Basic Principles

Keywords

Electrochemical impedance spectroscopy; frequency
response analysis; Nyquist and Bode presentations

Summary

Electrochemical Impedance Spectroscopy or EIS is a
powerful  technique for  the characterization  of
electrochemical systems. The promise of EIS is that, with a
single experimental procedure encompassing a sufficiently
broad range of frequencies, the influence of the governing
physical and chemical phenomena may be isolated and
distinguished at a given applied potential.

In recent years, EIS has found widespread applications in
the field of characterization of materials. It is routinely used
in the characterization of coatings, batteries, fuel cells, and
corrosion phenomena. It has also been used extensively as
a tool for investigating mechanisms in electro—deposition,
electrodissolution, passivity, and corrosion studies. It is
gaining popularity in the investigation of diffusion of ions
across membranes and in the study of semiconductor
interfaces.

Principles of EIS measurements

The fundamental approach of all impedance methods is to
apply a small amplitude sinusoidal excitation signal to the
system under investigation and measure the response
(current or voltage or another signal of interest1). In the
following figure, a non-linear i-V curve for a theoretical
electrochemical system is shown in Figure 1.

1 This signal is typically voltage or current but can be any other
signal of interest, e.g. in the case of Electrohydrodynamic (EHD)
impedance spectro—scopy, the signal is rotation speed.
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Figure 1 - Potential and current modulation recorded during an
impedance measurement

A low amplitude sinewave AE-sin(wt), of a particular
frequency w, is superimposed on the DC polarization
voltage Eo. This results in a current response of a sine wave
superimposed on the DC current Ai-sin(wt+@) . The current
response is shifted with respect to the applied potential (see
Figure 2).
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Figure 2 — Time domain plots of the low amplitude AC moduleation
and response

The Taylor series expansion for the current is given by:
A‘—(di) AE+1 £ AE* +
"), T \aE)

If the magnitude of the perturbing signal AE is small, then
the response can be considered linear in first approximation.
The higher order terms in the Taylor series can be assumed
to be negligible.
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The impedance of the system can then be calculated using
Ohm’s law as:

E

This ratio is called impedance, Z(w), of the system and is a
complex quantity with a magnitude and a phase shift which
depends on the frequency of the signal. Therefore by
varying the frequency of the applied signal one can get the
impedance of the system as a function of frequency.
Typically in electrochemistry, a frequency range of 100 kHz
- 0.1 Hz is used.

The impedance, Z(w), as mentioned above is a complex
quantity and can be represented in Cartesian as well as
polar coordinates.

In polar coordinates the impedance of the data is
represented by:

Z(w) = |Z(w)|e?®

Where |Z(w)|is the magnitude of the impedance and ¢ is
the phase shift.

In Cartesian coordinates the impedance is given by:
Z(w) =Z'(w) — j- Z"(w)

where Z'(w) is the real part of the impedance and Z"(w) is
the imaginary part and j = =1 .

Data presentation

The plot of the real part of impedance against the imaginary
part gives a Nyquist Plot, as shown in Figure 3. The
advantage of Nyquist representation is that it gives a quick
overview of the data and one can make some qualitative
interpretations. While plotting data in the Nyquist format the
real axis must be equal to the imaginary axis so as not to
distort the shape of the curve. The shape of the curve is
important in making qualitative interpretations of the data.
The disadvantage of the Nyquist representation is that one
loses the frequency dimension of the data. One way of
overcoming this problem is by labeling the frequencies on
the curve.

The absolute value of impedance and the phase shifts are
plotted as a function of frequency in two different plots
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giving a Bode plot, as shown in Figure 4. This is the more
complete way of presenting the data.
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Figure 3 — A typical Nyquist plot
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Figure 4 — A typical Bode plot

A third data presentation mode involving a 3D plot, is
available. In this presentation mode the real and imaginary
components are plotted on the X and Y axis, respectively
and the logarithm of the frequency is plotted on the Z axis
(see Figure 5).

The relationship between the two ways of representing the
data is given by:

1ZI? =(Z')* + (-2")?
-
tan(@) = —-

Alternatively, the real and imaginary components can be
obtained from:

Z' =|Z|cosp
—2" = —|Z|sing

Page 2 of 3



' n Mefl' Ohm Autolab Application Note EIS01 83

Electrochemical Impedance Spectroscopy (EIS)

Part 1 — Basic Principles
Autolab s.v. p
w @ @
o o
. 500 5
5 400 B2
o @300 5
2 R1200 o
[+]
e 100 >
o o
[+3
o 047200 400 2. (@) ©
6’#?0 400 50% )8-_1
1 1
1000 e -
10000 (2)
Frequon

Figure 5 — 3D projection plot

Date
1 July 2011

Page 3 0of 3



L. Metrohm

Autolab s.v.

Autolab Application Note EIS02

84

Electrochemical Impedance Spectroscopy (EIS)

Part 2 — Experimental Setup

Keywords

Electrochemical impedance spectroscopy; frequency
response analysis; Nyquist and Bode presentations; data
fitting; equivalent circuit

Summary

A typical electrochemical impedance experimental setup
consists of an electrochemical cell (the system under
investigation), a potentiostat/galvanostat, and a frequency
response analyzer (FRA). The FRA applies the sine wave
and analyses the response of the system to determine the
impedance of the system:.

The Electrochemical Cell

The electrochemical cell in an impedance experiment can
consist of two, three, or four electrodes. The most basic
form of the cell has two electrodes. Usually the electrode
under investigation is called the working electrode, and the
electrode necessary to close the electrical circuit is called
the counter electrode. The electrodes are usually immerses
in a liquid electrolyte. For solid-state systems, there may a
solid electrolyte or no electrolyte.

Two electrode cell

A two-electrode configuration for the cell is used when
precise control of the potential across the electrochemical
interface is not critical (see Figure 1).

CE WE
RE

Figure 1 — Schematic overview of the two electrode setup

This arrangement is used to investigate electrolyte
properties, such as conductivity, or to characterize solid-
state systems.

The impedance is measured between the RE and the S.

Three electrode cell

A three-electrode configuration for an electrochemical cell is
most common for typical electrochemical applications. A
third electrode (the reference electrode) is used to
determine the potential across the electrochemical interface
accurately (see Figure 2).

RIE

NN
CE WE

Figure 2 — Schematic overview of the three electrode setup

Since the absolute potential of a single electrode cannot be
measured, all potential measurements, in electrochemical
systems are performed with respect to a reference
electrode. A reference electrode, therefore, should be
reversible, and its potential should remain constant during
the course of the measurement.

The impedance is measured between the RE and the S.

Four electrode cell

A four-electrode cell is used to analyse processes occurring
within the electrolyte, between two measuring electrodes
separated by a membrane. In this configuration, the working
electrode and the counter enable current flow (see Figure
3).

RE

|

e (f)

WE

(@)

Figure 3 — Schematic overview of the four electrode setup
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This kind of a cell is usually used to study ion transport
through a membrane or to perform electron or ion
conductivity measurements. A four-electrode configuration
is also necessary for measurements on low impedance
solids where the influence of contact and wire resistance
should be minimal.

The impedance is measured between the RE and the S.

Main experimental parameters

The main experiment parameters can be divided in the
parameters or seitings of the potentiostat and the
parameters or settings of the FRA.

Instrumental settings
Potentiostatic or Galvanostatic Mode

EIS measurements can be done in the potentiostatic or
galvanostatic mode. In the potentiostatic mode, experiments
are done at a fixed DC potential. A sinusoidal potential
perturbation is superimposed on the DC potential and
applied to the cell. The resulting current is measured to
determine the impedance of the system.

In the galvanostatic mode, experiments are done at a fixed
DC cument. A sinusoidal current perturbation is
superimposed on the DC current and is applied to the cell.
The resulting potential is measured to determine the
impedance of the system. Typically impedance experiments
are done under potentiostatic control. In some cases, e.g.
electrodeposition at constant current and battery research,
impedance experiments can be performed under
galvanostatic control.

DC potential or current

Impedance measurements allow the investigation, in detail,
of the various phenomena occurring at a certain dc potential
(or current) of interest. This DC value is also referred to as
the bias potential (or current). In Figure 4 a typical current
potential curve for a corrosion of iron in passivating solution
is shown.

EIS measurements, in this case, can be performed at the
following bias potentials or currents:

e Open circuit potential (OCP), corrosion potential or zero
current

e Potential or current in the active region

Autolab Application Note EIS02 85
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« Potential or current in the passive region
» Potential or current in the limiting current plateau region

Limiting current plateau

Active regon

g

Passive regon

loglil

|-
L

Figure 4 — Different regions in the polarization curve

Note: care must be taken when doing the experiments at
OCP. A typical impedance scan takes around 10 minutes.
For certain systems, the OCP can drift during the course of
the impedance experiment. If the OCP is measured at start
of the impedance scan and the potential bias fixed at that
value at the beginning of the scan, then as the experiment
progresses, the OCP can change due to changes in the
electrode surface. As the bias potential is fixed at the
beginning of the experiment, this can result in a difference
between the OCP and the potential applied to the working
electrode causing in errors. It is desirable that OCP is
measured dynamically at each frequency or the
measurements are done under galvanostatic control at zero
current, thus eliminating the problem.

FRA Parameters or Settings
AC Mode - Single sine or Multi sine

Typically measurements are done in the single sine mode.
Multi- sine (6 or 15) can be used to save time when
measuring very low frequencies.

Perturbation (sine wave) amplitude

It is important that the impedance response of a system is
linear. The linearity condition implies that the impedance
response is independent of the perturbation amplitude. This
can be achieved by using small amplitude perturbations. A
very small value can give rise to poor signal to noise ratio
and hence noisy data. A large value can result in the
violation of the linearity condition. Typically a value of 10 mV
is used for most electrochemical systems.

Experimentally, one can verify the linearity condition by
performing the same experiment at different perturbation
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amplitude. The range for which the impedance is
independent of the perturbation amplitude provides the
acceptable range. The largest value in this range can be
used to give the highest signal to noise ratio.

Integration time

As the amplitude of the perturbation is decreased the signal
to noise ratio becomes poor. To improve the signal to noise
ratio an average of measurements over several sine waves
or cycles can be taken. This process of averaging is also
referred to as integration and the time needed to measure is
called the integration time. Increasing integration  time
increases the signal to noise ratio.

Wait for steady state

During a scan when a new frequency is applied, one needs
to wait for some time for the system to stabilize before
measurements can start. This can be achieved by skipping
the first few cycles.

Frequency range

In theory one must choose the widest possible frequency
range to capture all the time constants of the system. In
practice the frequency range is constrained by the
instrument limitations and system considerations.

The highest frequency of an impedance scan is often limited
by the high frequency limit of the potentiostat and the slow
response of the reference electrode. Typically potentiostats
can go up to 1 MHz.

The measurement time at each frequency is the inverse of
the frequency. Hence, a very low frequency limit can result
in a very long time for the collection of a complete scan. For
example the measurement of one data point at a frequency
of 1 mHz will take 1000 s. For systems that are changing
with time (e.g. due to corrosion, growth of a film etc.) this
implies that the system has changed during the course of
the data collection. Therefore, the low frequency limit should
be chosen to ensure minimal change in the system during
data collection.

A frequency range of 100 kHz — 0.1 Hz is typically used for
most electrochemical systems. The total measurement time
for this frequency range is around 10 minutes.
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Frequency distribution

The frequency can be distributed over the frequency range
linearly, logarithmically or with a square root distribution.
The most common distribution is logarithmic distribution.
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Summary

The characterization of electrochemical systems with
impedance spectroscopy requires the interpretation of the
data with the help of suitable models. These models can be
divided into two broad categories: equivalent circuit models
and process models. The models are regressed to
experimental data to estimate parameters that can describe
the experimental data adequately and can be used to
predict the behavior of the system under various conditions.

Equivalent circuit models

The equivalent circuit models are most commonly used to
interpret impedance data. These models are built with the
help of well-known passive elements such as, resistors,
capacitors, and inductors and distributed elements such as,
constant phase element and Warburg impedance. These
elements can be combined in series and parallel to give
complex equivalent circuits. A certain physical meaning is
then assigned to the various elements of the equivalent
circuit.

Resistance, R
The circuit element resistance, R, has an impedance of:

ZR=R

The impedance is independent of frequency and has no
imaginary part. The current through a resistor is always in
phase with the voltage. In NOVA, the R element is
represented by the following symbol:

R =5000Q

Some examples of the use of Resistance, R, to describe
electrochemical phenomena are:

Ohmic resistance, Rn

The potential drop between the reference electrode and the
working electrode, is the ohmic resistance, or the
uncompensated resistance and can be modelled using R.
The ohmic. resistance depends on the conductivity of the
electrolyte and the geometry of the electrode. For a rotating
disc electrode, the ohmic resistance is given by:

where, k is the specific conductivity of the bulk electrolyte, r
is the radius of the disc.

For more complex geometries the ohmic resistance is
determined experimentally and  can be estimated by
impedance spectroscopy.

In a Nyquist plot, the intersection of the impedance data with
the real part of the axis at the high frequency end gives the
ohmic resistance.

Polarization resistance, R,

An electrode is polarized when its potential is forced away
from its value at open circuit. Polarization of an electrode
causes current to flow due to electrochemical reactions it
induces at the electrode surface. The magnitude of the
current is controlled by reaction kinetics and diffusion of
reactants both towards and away from the electrode.

When an electrode undergoes uniform corrosion at open
circuit, the open circuit potential is controlied by the
equilibrium between anodic and cathodic reactions resulting
in anodic and cathodic currents. The open circuit potential is
the potential where the two currents are equal. The value of
the current for either of the reactions is known as the
corrosion current. When the two reactions are under kinetic



| £ Metrohm

Autolab s.v.

control, the potential of the cell can be related to the current
by the Butler-Volmer equation:

i = ig(efa — eke)

where, i is the measured cell current, i, is the exchange
current, n is the over potential, 8, and g, are the anodic and
cathodic Tafel coefficients, respectively.

For small n the above equation can be transformed to:

i o Babe (i)
0" B+ B \R,

The parameter, R,, the polarization resistance behaves like
a resistor. If the Tafel constants are known, one can
calculate the i, from R,. The exchange current, i, can be
used to calculate the corrosion rate, for example.

Capacitance, C
The circuit element capacitance, C, has an impedance of:

1
Z, =—

JjoC

The impedance of capacitors is a function of frequency and
has only an imaginary part. A capacitor's impedance
decreases as the frequency:is raised. The current through a
capacitor is phase shifted -90° with respect to voltage. In
NOVA, the C element is represented by the following

e

C = 1.00 pyF

Some examples of the use of capacitance to describe
electrochemical phenomena are provided below.

Double layer capacitance, Cy

An electrical double layer exists at the electrode/electrolyte
interface. This double layer is formed as ions from the
solution approach the electrode surface. Charges in the
electrode are separated from the charges of these ions. The
separation is of the order of angstroms. The value of the
double layer capacitance depends on many variables
including  electrode  potential, temperature, ionic
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concentrations, types of ions, oxide layers, electrode
roughness, impurity adsorption, etc.

Coating capacitance, Cc
For polymer coated substrates, the coating capacitance C,
is given by:

A
Cc= do

Where, ¢ is the dielectric constant of the coating, ¢, is the
dielectric constant of vacuum, A is the area of the coating, d
is the thickness of the coating.

Typical dielectric constants of coatings are in the range 3-4
and of water around 80. When water penetrates the coating,
its dielectric constant increases, resulting in an increased
coating capacitance. Hence, €, can be used to measure the
water absorbed by the coating.

Constant Phase Element, CPE

Modelling an electrochemical phenomenon with an ideal
capacitor assumes that the surface under investigation is
homogeneous which is normally not the case. This lack of
homogeneity is modelled with a Q element, used to
represent the CPE:

!
%0 = YoGar
where, Y, is the admittance of an ideal capacitance and n is
an empirical constant, ranging from 0 to 1. It is noteworthy
that when n = 1, the CPE behaves as a pure capactitor,
while when n = 0, the CPE behaves a pure resistor.
Furthermore, when n = 0.5, the CPE is the equivalent of the
so-called Warburg element, described below. In NOVA, the
Q element is represented by the following symbol:

—

Y0 = 1.00 yMho
N = 1.000

Double layer capacitance and coating capacitance,
described in the previous section, are usually modelled with
a CPE.
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Warburg Impedance, W

In electrochemical systems, diffusion of ionic species at the
interface is common. The Warburg impedance was
developed to model this phenomenon. Several expressions,
based on different assumptions, are used to describe
diffusion impedance. Under the assumption of semi-infinite
diffusion layer, the impedance is:

1

Yojw

Zw=

where, Y, is the diffusion admittance. A Warburg impedance
is characterized by having identical real and imaginary
contributions, resulting in a phase angle of 45° | n NOVA,
the W element is represented by the following symbol:

.—W-C

Y0 = 100 uMho

Under the assumption of a finite diffusion layer thickness
(Nemst hypothesis), the diffusion impedance is modelled by:

2o = Yiotanh(B,/jw )

where, B is given by:

Where 3 is the diffusion layer thickness and D is the
diffusion coefficient. It is noteworthy to point out than when
B is large, the Z,, is reduced to a Z,.

For a rotating disc electrode, the diffusion layer thickness is
given by:

1.61- D1/3y1/6
F=

V®@prpg

where v is the kinematic viscosity of the solution and wgpy, is
the angular frequency of the rotating disc electrode. In
NOVA, the O element is represented by the following
symbol:
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Q—O»-C

Y0 = 1.00 mMho
8 = 0.100

Inductance, L

The impedance of an inductance, L, is given by:
ZL =_](UL

The impedance of an inductor increases with frequency.
Like ~capacitors, - inductors. have only an imaginary
impedance component. But current through an inductor is
phase shifted 90°degrees with respect to the volta ge.

The impedance of an electrochemical cell can sometimes
appear to be inductive due to adsorption of reactants on the
surface and can be modeled using Inductance.

Inductive behaviour can also result from non-uniform current
distribution, inductance of cell cables, slow response of
reference electrodes and potentiostat non-idealities. In
these cases, the appearance of inductance indicates an
error in the EIS measurement. In NOVA, the L element is
represented by the following symbol:

e

L = 100 uH
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Summary

The passive circuit elements, described in the previous note
on data analysis, can be combined in series and parallel to
build equivalent circuit models, which can then be used to
model the various phenomena going on at the interface. In
this note the use of the circuit elements to build models is
described.

Model 1 - A resistance and capacitance in series
Ao o
R C

Model 1 can be used, for example, to mode! a metal with an
undamaged high impedance coating.

186MF
I
14M |
k B,
12M F -
10M | ¥ : .
€ goes2k | )
N
6.0E+2k |
40E+2k 4
20E+2k F i ‘
00} i
500.00 k 0.0000 500.00 k
b))

Model 2 - A resistance, a capacitance and an
inductance in series

e\ e |o

Model 2 can be used to model the response of a
supercapacitor.

16MfE
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12MF
1.0M
C' 80E#2k
N
60E+2k
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Zor 3
20E+2k

00

L2OE+2k i AN 1
-500.00 k 0.0000
Z(Q)

50000 k

Modei 3 ~ A resistance and a capacitance in parallel
(Randles circuit)

The Randles circuit is one of the simplest and most common
cell models. It includes a solution resistance, a double layer
capacitor or a CPE and a polarization resistance. It is used
to model corrosion processes and is often the starting point
for other more complex models.
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¥ I Y Y ! Model 5 — Two Randles circuits in series
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Model 6 — A complex circuit

-~

C or OPE —0
L] w .
‘ RQ
|
| w Model 6 can be used, for example, to describe the
Ret impedance of an organic coating on a metal substrate in

VAR
contact with an electrolyte.

i Model 4 - Mixed kinetic and diffusion control
|

Model 4 can be used to describe electrode processes when
both kinetics and diffusion are important,
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Q) Non uniqueness of models

It is important to keep in mind that the equivalent circuit
modelling is a method that aims at matching a theoretical
model of an electrochemical interface with an experimental
set of data. Proper assignment of the circuit elements can
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only be performed when the sufficient information on the
chemical and electrochemical phenomena taken place at
the interface is available.

Moreover, it is important to keep in mind at all times that
several arrangements of circuit elements are possible for a
given set of data and that some equivalent circuits are
mathematically identical (see application note #15).
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Summary

In the previous application note on equivalent circuit models,
an overview of the different circuit elements that are used to
build an equivalent circuit model was given. It was shown
that these circuit elements provide the building blocks for
more complex models. After identifying a suitable model for
the system under investigation, the next step in the data
analysis is estimation of the model parameters. This is done
by the non-linear regression of the model to the data. Most
impedance systems come with a data-fitting program.
Although these programs can be used as a black box, care
must be taken to avoid problems.

Weighting the data
The fitting of a model to data is the minimization of the
objective function, J, using a non-linear regression routine:;

=27 25 3)°
/=Z( 'sz,, ) +Z(;.k jie)
k T x

W
where:

Zyx, Zj are the real and imaginary data
2.k, 2, are the real and imaginary model
W, x» W, are the real and imaginary weights

There are several different weighting strategies that are
possible. The three most common strategies are described
in this section.

No weighting
In impedance spectroscopy the value of low frequency data

points is usually much larger than that of the high frequency
data points (sometimes by several orders of magnitude).

Wer = Wie=1

When no weighting is used then the low frequency points
would have higher weight than the high frequency points.
This “introduces a bias and can give large errors in
parameter estimation. Therefore, this weighting shouid not
be used.

Proportional weighting
Usually at high and low frequencies the imaginary part of
the data goes to zero.

Wr,k X Zr,k
Wir = Z],k

In that case proportional weighting can cause numerical
problems because of division by zero. Therefore, this
weighting should not be used.

Modulus weighting

Weighting the data by the absolute value of impedance is
the most recommended weighting strategy and is the default
weighting in the AUTOLAB software.

W= W, = 12|

Initial Guess

The models in impedance spectroscopy are highly non-
linear in parameter space, which implies that the objective
function can have several local minima. An initial guess of
the parameters is required to begin the regression
procedure. A poor choice of the initial guess can result in
the procedure terminating at a local minimum with, for
example, wrong estimates for the model parameters. A
good initial guess requires some experience. An
examination of asymptotes and inflexion points in the
Nyquist and Bode diagrams can give some clues for making
a good initial guess.
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In the following figure the errors that can be introduced due
to bad initial guess are illustrated. The circles represent the
experimental data. The solid line is the result of fit to the
data using a good initial guess, and the dotted line
represents the result with a poor initial guess. One can see
that a poor initial guess can result in poor fit of the model to
the data.
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Non-uniqueness of circuit models

The impedance spectrum, shown in the following figure,
shows two clearly defined semi circles.
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An equivalent circuit that consists of two RC time constants
can model this spectrum. The two RC time constants can be
produced by combining the resistances and capacitances in
three different ways resulting in three equivalent circuits
shown in the following figure. All three circuits when fitted to
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the data would give an identical fit, with only the circuit
parameters being different.

In this case, there is no unique equivalent circuit that
describes the spectrum. One cannot assume that an
equivalent circuit that produces a good fit to a data set
represents an accurate physical model of the cell. One
needs prior knowledge or complementary experiments to
determine the appropriate model for the data. This is one of
the limitations of impedance spectroscopy.

Equivalent Circuit Models with Two Time Constants

The three equivalent circuits shown above are
mathematically identical.

Date
1 July 2011

Page 2 of 2



L) Metrohm

Autolab s.v.

Autolab Application Note EIS06

95

Electrochemical Impedance Spectroscopy (EIS)
Part 6 — Measuring raw signals in EIS

Keywords

Electrochemical impedance spectroscopy; frequency
response analysis; Nyquist and Bode representations; raw
data; Resolution plot, Lissajous plot

Summary

Electrochemical Impedance Spectroscopy (EIS) involves the
study of the variation of the impedance of an
electrochemical system with the frequency of a small-
amplitude AC perturbation. In practice, the time-domain of
the input and output signals are converted.into a complex
quantity that is a function of a frequency. The input and the
resulting output signals are hardware and software
processed to yield a frequency dependent transfer function.
More details about the instrumentation and the data
conversion process are described in the available literature.

The Nyquist, Bode phase and Bode modulus plots are the
most often used data plots in impedance spectroscopy.
These plots are representations of calculated (processed)
data. Because of this, it is difficult for the user to evaluate in
real time or after the measurement if the measured data
fulfils all the above conditions. Moreover, if the Nyquist and
Bode plots do not show the expected behavior of the
system, it is difficult for the user to pinpoint the cause of the
problem (e.g. noise in the system, lack of sensitivity etc.).

In this application note, the advantage of recording the raw
time domain data for each individual frequency during an
electrochemical impedance measurement is described.

Experimental conditions for a valid EIS measurement

From the experimental point of view, in order for the
electrochemical impedance measurement data to be valid,
three conditions have to be fulfilled:

» Linearity: the applied AC amplitude must be small
enough so that the response of the cell can be assumed
to be linear, in first approximation, but still large enough
to measure a response. (see Figure 1).

o Stability: the overall state of the system must not
change significantly during the acquisition of the data.

The choice of the frequency range and measurement
conditions have an influence on this condition.

s Causality: The measured AC response of the system
must be directly cormrelated to the applied AC stimulus.
The shielding of the cell from outside perturbations is
important in this case.
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Figure 1= Example of a linear i-V response which fulfils the linearity
condition

Possible tests for the validity of EIS data

Kronig-Kramers (KK) test

The Kronig-Kramers (KK) relations are mathematical
properties which connect the real and imaginary parts of any
complex function. These relations are often used to relate
the real and imaginary parts of a complex transfer function
(like electrochemical impedance, Z). During the KK test, the
experimental data points are fitted using a special model
circuit which always satisfies the KK relations. If the
measured data set can be represented with this circuit, then
the data set should also satisfy Kronig-Kramers
assumptions. More details regarding the KK test can be
found in the Impedance spectroscopy tutorial, in Nova and
also in the specified reference material.

Satisfaction of the Kramers-Kronig test is a necessary but
not sufficient condition for meeting the above mentioned
requirements.
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Monitoring the raw signal (time domain)

In impedance spectroscopy, the raw signal is the actual
applied sinwave and the resulting response (AC and DC).
These can be recorded individually for each frequency
during a frequency scan. Even though there are other
experimental methods which can be used for the
assessment of consistency of the electrochemical
impedance measurements, monitoring the raw signals and
recording the specific plots for each individual applied
frequency in the dataset is one of the most convenient ways
to get a fast and reliable image over the validity of the
measurement.

Advantages of recording the raw data in EIS

In the Autolab Nova software, during a frequency scan, the
values of the following six signals are denved from a
synchronized measurement of the potential and current sine
waves in the time domain:

* Frequency (Hz): the frequency of the applied sinewave.

o Time (s): the time coordinate, cormresponding to the
measured data point in the spectrum.

» Z, modulus (Ohm): the modulus of the measured
impedance.

e Z’, real part (Ohm): the real part of the measured
impedance.

e -Z”, imaginary part (Ohm): the imaginary part of the
measurement impedance.

* -Phase (°): the phase shift.

Ten additional signals can be recorded in Nova, using the
dedicated FRA sampler (see Figure 2):

= Potential (DC) and Current (DC): the DC component of
the potential and current, respectively.

« Time domain (s): contains the relative time coordinates
of the measured sinewaves.

» Potential and Current resolution (%): the measured
resolution for Potential and Current, respectively,
expressed in % of ADC range.

« Potential (AC) and Current (AC): the raw values of the
Potential (in Volt) and the Current (in Ampere).

» Frequency domain (Hz): the frequency component of
the power spectrum of the Potential and Current.

» Potential and Current frequency domain (a.u): the

magnitude of the spectral power of the Potential and
Current, expressed in arbitrary units.

Autolab Application Note EIS06 96
Electrochemical Impedance Spectroscopy (EIS)
Part 6 — Measuring raw signals in EIS
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Figure 2 — Sampling the raw data in NOVA

The ten additional signals which represent the raw,
measured signals can be used to build additional plots in
Nova. To add these signals to the measurement, the FRA
sampler window (shown in Figure 2), is used. Details on
how to setup the Nova software to sample the raw signals
and build -the specific plots, can be found in the Nova
Technical note #15 ~ Raw FRA data available on
www.metro utol m.

These plots can be used very conveniently for a clear and
correct evaluation of the fulfillment of the linearity and
causality conditions (e.g. Lissajous plot, E.c and isc vs time,
see Figure 3, Figure 4, Figure 5 and Figure 6).

Lissajous plot

The Lissajous plot typically shows the AC Potential on X
axis and the AC Current on the Y-axis. When the linearity
condition is respected, the plot exhibits a central symmetry
with respect to the origin of the plot (see Figure 3). The plot
shape changes from a straight line to a perfect circle,
depending on the phase shift.

A non-linear response can be observed in the Lissajous plot
when the central symmetry of the plot is not respected, as
illustrated in Figure 4.
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Figure 4 — A Lissajous plot showing a non-linear response

Resolution plot

The resolution plot typically shows the AC Current and/or
AC Potential resolution on the Y-axis versus the time
domain data on the X-axis. Alternatively, the raw AC Current
and/or Potential can be used instead. The resolution plots
will indicate if the sensitivity of the system is high enough so
that the errors in the processed data will be minimal.

Figure 5 shows an example of resolution plot with enough
resolution on both signals (AC current and AC potential).
The impedance data derived from these signals will be very
accurate. On the other hand, Figure 6 displays low
resolution values for the recorded AC cument. The
impedance data derived from these raw values will be less
accurate.

Autolab Application Note EIS06 97
Electrochemical Impedance Spectroscopy (EIS)
Part 6 — Measuring raw signals in EIS

100 T ¥ e v ' v 160
8 480
8) 60
. 40F 140
(3 z
& 200 120 5
g of 40 §
3 -0 4-20 ¥
3
& 40F a4 O
80k --60
S0 b - -80
T i i L R L 1
- [ 00005 0001 00015 0002 0.0025 e
Time domain ($)

Figure 5 — A resolution plot showing large resolution values for both
Potential (AC) and Current (AC)
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Figure 6 — A resolution plot showing large resolution values for
Potential (AC) but low resolution for the Current (AC)

Conclusions

It is clear that analyzing the raw measured signal, besides
the classical Nyquist and Bode plots, is a very
straightforward and easy to use tool which can help the user
to make sure that the linearity, stability and causality
conditions-are fulfiled and, if necessary, to pinpoint the
source or -error(s) in an electrochemical impedance
measurement
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Abstract

The concept of hybrid battery system is proposed in this
thesis. The key of hybrid battery system is the equivalent circuit
represented battery characteristics. Therefore, the equivalent
circuit of lead acid and lithium ion batteries are developed. The
measurement method and tested circuit for getting battery model
are also proposed by using charging current terminal voltage and
impedance angle of tested batteries. The proposed equivalent
circuit are validated under both time and frequency responses
using MATLAB/Simulink and PSIM 9.0. The results show that the
proposed equivalent circuit is accurate adequately. The results of
this study can be used to design the hybrid battery system including

battery monitoring and charger system in the future.
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